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The effects: A of  external mass  loadings upon phosphorus concentra-
tions in the Highland Lakes,  a ser ies  o f  seven reservoirs in Central Texas,
were  examined. The watersheds of  the reservoirs are being subjected to
increasing urban development, and concern has been expressed wi th  respect
to  the potential  e f fec t s  of domestic wastewater  discharges and urban
s to rmwate r  runoff upon wa te r  quality.  A continuously-stirred tank r eac to r
model  was developed for the series of  impoundments and applied to the
analysis o f  long-term phosphorus concentrations. The model  constructed a
phosphorus mass budget for each reservoir that accounted for the annual
influx o f  mass  f rom tr ibutar ies ,  s to rmwater  runoff,  precipitation, wastewater
t rea tment  fac i l i t i es ,  and re leases  f rom upstream reservo i r s ;  r emova l  of mass
from the water  column as a first-order decay process ;  and transport o f  mass
out of  the impoundment through releases from the dam.  Point and nonpoint
source mass loadings o f  phosphorus to the reservoirs were defined for
historical and projected future conditions within the watersheds. Historical
loading es t imates  were utilized for model calibration, which entailed adjust-
ment  of  the first-order reac t ion  ra te  based upon observed  concentration da ta .
The model  was employed for simulation of  future phosphorus concentrations
in the Highland Lakes under several sets  o f  alternative conditions for the
period 1984-2000 .  The interrelationships o f  water  quality through the series
of  reservoirs were examined in order t o  assess the e f f ec t s  of  mass loadings to
ups t ream rese rvo i r s  upon phosphorus concentra t ions  in  lower  reservoirs”,
Implications o f  fealternative point and nonpoint source control  measures were ;
demonstrated by? the modeling exercises.  The simulations provided a pe r spec=fi
tive on the relative significance of watershed management or nutrient
control  measures in  either contiguous or upstream watersheds.
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CHAPTER 1 .0

INTRODUCTION

The predominant feature o f  the surface water resources o f  Central Texas is the
chain o f  reservoirs that impounds the wa te r s  of  the Colorado,  Llano, and Pedernales
Rivers~—the Highland Lakes.  These seven reservoirs ,  shown in Fig. 1 -1 ,  include Lake
Buchanan, Lake Inks, Lake Lyndon B .  Johnson, Lake Marble Falls,  Lake Travis, Lake
Austin, and Town Lake. (It is perhaps arguable whether or not Town Lake should be
c lass i f ied  as one of  the  Highland Lakes;  none the less ,  i t  was  included in this analysis.)
The impoundments provide flood control, water  conservation, hydroelectric power,
water  supply, andgi'ecreation. In addition, they contribute to  the distinct character o f  .
the Central  Texagarea.

Lake Buchanan is the uppermost impoundment in the series o f  reservoirs,  and its
water level fluctuates greatly according to the inflow from the Colorado River and the
needs  o f  the downstream reservoirs .  Only sma l l  communi t i e s  and deve lopments  are
located on the shoreline. Lake Inks is maintained at  a constant level below Lake
Buchanan. This small  reservoir  is the site o f  a popular state park. Below Lake Inks
lies the constant—level Lake Lyndon B. Johnson (Lake LBJ). Formerly Lake Granite
Shoals, the reservoir  was  renamed in honor o f  the 36 th  President o f  the United Sta tes ,
who frequently cruised i ts  waters accompanied by a flotilla o f  secret  service agents
and curious boaters. The unregulated Llano River is a tributary to the reservoir. The
small  communities of Kingsland and Granite Shoals, and numerous subdivisions and
developments,  are situated along the shoreline. Lake Marble Falls is next downstream.
This constant level  reservoir is relatively smal l  and narrow. Residential areas and the
community o f  Marble Falls are fixtures on i t s  shorel ine.

Below Lake Marble Falls lies Lake Travis, the largest of  the Highland Lakes.
Lake Travis receives additional inflow from the Pedernales River. Several  large
deve lopments  and subdivisions are  s i tuated on the reservoi r .  The water  l eve l  of  Lake
Travis fluctuates greatly in response to inflow and downstream uses.  The constant
level Lake Austin l ies below Lake Travis. The reservoir is long and narrow, and
relat ively shallow for mos t  o f  i ts  length. Along i t s  shoreline are numerous res ident ia l
dwellings and weekend homes ,  and several large developments are currently be ing -
created within it’sfiwatershed. The reservoir and its shoreline are incorporated within"
the City o f  AustiE, and the eastern end of the watershed in particular i s  becoming
heavily urbanized.  The l owermos t  impoundment  in the chain of Highland Lakes is
Town Lake, situated within the City o f  Austin. This small  reservoir is relatively
narrow and shallow and receives  a substantial amount o f  urban runoff.

1 .1  NEED FOR STUDY

The Highland Lakes are an important water resource in the central Texas area.
Considering the impor tance  o f  these reservoirs,  relatively li t t le e f for t  has been
expended in water quality management.  This is undoubtedly a consequence o f  the
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prevalence o f  excellent water  quality in the Highland Lakes and an historic lack of
significant wastewater discharges. Water  quality data collect ion has historically been
sporadic  and l imi ted  in s cope .  A singular except ion was  the comprehensive study of
Lake Lyndon B .  Johnson conducted by the Center for Research in Water Resources at
The University o f  Texas at Austin in the early 1970 ' s .  That multifaceted study was
conducted to  investigate the e f fec t s  o f  a new s team-elec t r ic  generat ing s ta t ion ,  which
u t i l i z ed  the  reservoir ' s  waters  for  once-through cooling. With the increasing develop-
mental  pressure on the watershed, additional scientific study of  the Highland Lakes is
urgently needed.

Present ly,  the Highland Lakes are generally characterized by a high quality o f
water,  but their scenic watersheds are being subjected to continually increasing urban?!
development pressure. Increased urbanization may be  accompanied by increased:
s tormwater  runoff—- and pollutant loadings,  which could conceivably acce le ra te  t he

I?
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natural eutrophication process in the waterbodies, impact water supply and treatment,  -
and impair recreational act ivi t ies.  Developmental pressure has recently been mos t
intense within the watersheds o f  Lake Travis, Lake Austin,  and Town Lake .  A complex
of wa te r  quality cont ro l  measures has e i ther  been  promulgated o r  proposed.  Water-
shed ordinances have been enacted or  proposed that se t  forth developmental guide-
lines, wi th  the basic intent o f  controlling urban runoff in an at tempt to maintain
acceptable  wate r  quality in the reservoi rs .  For example ,  in an e f fo r t  t o  prevent  o r
mitigate the deterioration o f  Lake Austin and maintain a high quality water  supply,
the City o f  Austin instituted in 1980  a complex o f  structural and nonstructural
s tormwater  runoff control  measures for the Lake Austin watershed.  A similar
deve lopmenta l  ordinance was  recent ly  promulgated for the  watershed of  Lake Travis.
One o f  the volatile ongoing issues concerns protection o f  water  quality in Barton
Creek and Barton Springs (tributary to Town Lake),  which entails s tr ict  developmental
controls  in the immed ia t e  watershed,  adopted in 1981 ,  and proposed controls  over  an
extensive recharge area o f  the underlying Edwards Aquifer. Debate and opposition
have materialized with regard to  the proliferation of wastewater discharges which
may accompany future developments.  In 1983 ,  the Texas Water Development Board
enacted a rule prohibit ing addit ional  discharges of was tewate r  t o  Lake Travis and Lake
Austin.

With these immediate water  quality concerns, attention has typically focused
upon a single reservoir  for each  issue,  when in f ac t ,  t he  Highland Lakes are an-
interdependent Series o f  reservoirs. That is, when attention has focused upon, for‘
example, water-shad ordinances to  control runoff water  quality into Lake Austin,
relat ively l i t t l e  analysis was  devoted to the long~term wa te r  quality character is t ics  of
the re leases  from Lake Travis or development within i ts  watershed.  To the present
t ime ,  there have been no supporting studies to demonstrate the efficacy o f  runoff
control within a single watershed for maintenance of long-term reservoir water
quality.

A need exists to investigate the implications o f  point and nonpoint source
controls upon water  quality in the Highland Lakes. A comprehensive analysis of  the
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entire chain o f  Highland Lakes is required to  evaluate the efficacy o f  wa te r  quality
management strategies and concepts .  The utility o f  runoff control, the effectiveness
o f  advanced wastewater  treatment or  nutrient removal ,  or other concepts  should be
examined for the series o f  reservoirs as a long-term wa te r  quality management
exerc i se .  For th is  purpose ,  a mathemat ica l  mode l  w i th  pred ic t ive  capabil i t ies is  an
indispensable analytical  t oo l .

The thrust of  the present  invest igat ion revolved around a continuously—stirred
tank reac tor  (CSTR) model and the analysis of long—term phosphorus concentrations.
The modeling sys tem was  structured for analysis o f  the Highland Lakes as a series o f
interconnected reservoirs .  The interrelationships o f  water  quality among the Highland
Lakes, for exam Ie the relationship between pairs of. sequential reservoirs, were ‘
examined in order t o  assess the e f fec t  of upstream loadings or controls upon?
concentrations ofnph'osphorus downstream. As a key aspect in the management o f ?
water  quality in~3‘any particular reservoir,  the relative significance o f  watershed 5“

management or nutrient control in either contiguous or upstream watersheds was
investigated.

Phosphorus is one o f  the primary nutrients in algal nutrition, and relationships
have been demonstrated in numerous waterbodies be tween the to ta l  phosphorus
concentration and the standing crop o f  phytoplankton. Perhaps the key water quality
concern within the Highland Lakes is the prospec t  o f  algal  nuisance condit ions,  which
could potential ly become  manifest  under increased influx of  nutr ients .  The modeling
exerc i ses  we re  devised t o  demons t ra te  the  implicat ions o f  poin t  and nonpoint source
cont ro l  measures  upon phosphorus levels  in the  study rese rvo i r s .  A t  the  ou t se t ,  i t  was
rea l i zed  that  the development  and execut ion  of  such a model ing analysis might no t
provide def ini t ive  conclusions,  due to l imi ta t ions  o f  the available data  base .  Howeve r ,
the analysis was  expected  t o  identify management strategies with a likelihood o f
success,  and define the additional data needs, so that a systematic data collection
effort  and water quality management strategy could be implemented.

Complet ion o f  this study, hopefully, will provide impetus for continued interest
and research in the Highland Lakes system. As a result of the study, a mathematical
model  for phosphorus is available and on-line for immediate reference and use.  Future
data requirements and research needs have been identified, necessary to  effect  mode l
refinement and enhance predictive capability.
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1.2 OBJECTIVE;

The overall object ive o f  the study was to develop a water  quality model  for the
series o f  Highland Lakes that can be  used to  assess the e f fec t s  o f  point and nonpoint
source loads upon reservoi r  phosphorus concentrat ions.  The speci f ic  ob jec t ives  o f  the
study are summar ized  be low:

i) conduct  a thorough, sys temat ic  compilation and evaluation o f  phosphorus
data for  the Highland Lakes, presently available from several  sources;



ii) est imate present and projected point and nonpoint source phosphorus loads
within the  individual watersheds o f  t he  study reservoirs;

iii) develop a mathemat ica l  mode l  fo r  the  Highland Lakes ,  ba sed  upon the
concept  of a s e r i e s  of  continuously—stirred r eac to r s ,  tha t  can be  u sed  to
inves t iga te  water  qual i ty  in ter re la t ionships  through the  ser ies  of reser—
voirs ,  i . e . ,  t o  evaluate  the  e f f ec t s  of upstream mass  loadings  of  phosphorus
upon water  qual i ty  downs t ream;

iv)  employ  the mathemat ica l  model  t o  obtain long—term, time—dependent
predictions of phosphorus levels  in the  reservoirs i n  order t o  evaluate the
util i ty of currently implemented or envisioned nonpoint source controls and
point  _s‘ource effluent l imitations and the implications upon water  quality’gi
for  both the ser ies  of Highland Lakes and individual reservoirs;

Q
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v) identify future data and research needs fo r  continued study of the Highland
Lakes,  with an ult imate object ive  o f  the development of  a more  definitive
water  quality management plan.

1 .3  SCOPE OF STUDY

The scope  of  the present study is  desc r ibed  be low in  order  t o  def ine  the  level  of
e f fo r t  a s soc ia t ed  wi th  fulf i l lment  of  t he  pr imary  ob j ec t i ve s .  The  mos t  s ignif icant
l imi ta t ion  encountered was  the l ack  of a substant ial  wa te r  qua l i ty  da ta  base .  In
several  r e spec t s ,  da ta  l imi ta t ions  inf luenced  the  s e l ec t i on  and appl icat ion of analytical
me thodo log ie s .

Li t e r a tu re  Rev iew

The present study included a review of pertinent l i terature, which provided
exposure to  re la ted  water quality modeling activit ies,  wi th  emphasis on the  various
methodologies available for simulation of reservoir sys tems.  As  related t o  the concept
o f  reservoir phosphorus modeling,  the l i terature was surveyed for  pertinent informa—
tion on nutrient behavior, trophic state analysis, and the characterization of
phosphorus mass  loads. Literature sources included numerous scientif ic  and engi—
neering journals _.and published reports .  Literature pertaining specifically t o  the
Highland Lakes was also reviewed,  including several publications by the Center  for
Research in  WatefiResources at The Universi ty of Texas at  Austin.

Da ta  Inventory and Analysis

Phosphorus data  fo r  the  Highland Lakes ,  avai lable f rom severa l  sources ,  we re
compi led  and evaluated.  To  complemen t  t he  phosphorus data ,  chlor ide  da t a  were
compi led  fo r  analysis of a conservat ive  cons t i tuen t .  Da ta  sources  inc luded the  Texas
Department  of Water Resources (TDWR), U.S. Geological Survey (USGS), The
Univers i ty  of  Texas at Austin Cen te r  fo r  Research in Water  Resources (CRWR),  and
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the City o f  Austin. (Since the t ime these data were  compiled and the present analyses
were  conducted, the Lower Colorado River Authority has acquired additional sampling
data on the reservoirs.) Data  were  also compiled for major tributaries o f  the
reservoirs .

Da ta  analysis included several  ac t iv i t i e s .  Phosphorus and chloride data  were
examined for spat ial  and tempora l  t rends .  Da ta  s e t s  approximating s teadynsta te
hydrologic conditions and defining periods o f  discernible  concentrat ion t rends were
isolated to support the analysis o f  phosphorus and chloride budgets on the series o f
reservoirs.

Hydrological data were also compiled.  For major tributaries, flow frequency
statistics and daily discharge data were obtained. The operating scheme for the?
interconnected series o f  reservoirs was identified, and data for reservoir releasesf5 f
inf lows,  and evaporation were  obtained from the  Lower  Colorado  River  Authority;"
(LCRA) .

Point and Nonpoint Source Loads

Data were  compiled to describe point and nonpoint source loadings o f  phosphorus
and chloride in the study area. Point source information was obtained from the permi t
fi les o f  the TDWR. Nonpoint loadings were est imated through analysis o f  available
water  quality data,  primarily stormwater data col lect ion activities conducted in the
Austin area by the USGS and routine tributary monitoring activi t ies of the  TDWR and
USGS.

Model  Development and Simulation o f  Phosphorus Concentrations

A mathematical model  for phosphorus was developed and applied to the Highland
Lakes, based upon representing the series o f  reservoirs as a network o f  continuously—
stirred tank reactors (CSTR’s). The model was employed for simulation of levels of
both a conservative and a nonconservative constituent,  v iz . ,  chlorides and phosphorus.
Chloride leve ls  we re  s imula ted  for  assis tance in mode l  cal ibrat ion.  The modeling
f ramework  was  s t ructured for analysis of  the interrelationships of  wa te r  quali ty
through the ser ies  of  reservoi rs .  Simulations emphas ized  long- te rm,  t ime-dependent
prediction o f  phosphorus concentrations. The model  was  employed for simulation o f  ,3
future phosphorus": concentrations up to the year 2000 under several se t s  o f  alternativeé
conditions. Ten fienarios were formulated to represent a range o f  future development“;I
conditions.

Implications of  Controls Upon Water Quality

The model  was  employed  to  evaluate the  e f f ec t s  o f  nonpoint source  cont ro ls  and
point source eff luent  l imi ta t ions  upon levels  o f  phosphorus for  bo th  the se r i es  of
Highland Lakes and individual reservoirs.  Defini t ion o f  the interrelationships o f  water
quality among the series o f  reservoirs enabled assessment of  the e f f ec t s  o f  upstream



mass loadings upon constituent concentrations downstream. As a key aspect in the
management o f  water  quality in any particular reservoir ,  the relative significance o f
wate r  quality management  or cont ro l  in e i ther  contiguous watersheds  or  upst ream
reaches  was  evaluated.

Future Research Needs

Based on the modeling exercises,  future data requirements and research needs
were  identified. Future studies should address continued monitoring o f  water  quality
and provide for model  ref inement  and. enhancement o f  p red ic t ive  capabi l i ty .
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CHAPTER 2 .0

LITERATURE REVIEW

2.1  RELATED CONCEPTS OF WATER QUALITY IN RESERVOIRS

The pr incipal  wa te r  quality concern i n  lakes and reservoirs  i s  typically focused
upon eutrophicat ionwthe enr ichment  or  f e r t i l i za t ion  of  a waterbody.  The t e rms
"eutrophic" and "oligotrophic" were introduced by C .  A.  Weber in 1907 as synonyms for
"rich in nutrients" and "poor in  nutrients" in conjunction wi th  a study o f  German peat
bogs (Rodhe, 1969). Eutrophication is a naturally‘occurring process, which may be
accelera ted  through man's  ac t iv i t i es .  Natural eutrophication is  a consequence o f
nutr ient  or  organiéimatter enr ichment  originating,  fo r  example ,  f rom the  eros ion of
soil  and rock  which releases minerals and nutr ients  t o  the water-body.  Through the
influx o f  sil t  and the process  o f  ecological  succession, filling o f  the lake basin may
ultimately occur in the aging process .  Contributing to  accelera ted ,  or cultural,
eutrophication are external loadings associated wi th  human influence, such as
was tewa te r  d ischarges ,  nonpoint source runoff from agricultural  land, and s to rmwater
runof f  f rom urban a reas .

Edmondson (1974) emphasized separation o f  the concepts  o f  ra te  o f  nutrient
supply, nutrient concentration, biological productivity,  population density, and ecolo—
gical succession. In a clarification of the nature of eutrophication and lake
productivity, he  pointed out tha t  eutrophic means "well fed", not "highly productive."
The spec t r e  of  eutrophic lakes genera tes  concern  because  they are l ikely t o  p roduce
dense populations o f  particular kinds o f  algae. Though a lake that  displays a severe
algal nuisance is likely to  be  eutrophic, a eutrophic lake, perhaps with a naturally rich
nutrient supply, does not necessarily produce algal nuisances. Differences exist  in the
response o f  lakes  t o  nutr ient  supply,  attributable to  conditions such as c l imate ,
morphomet ry ,  wa te r  res idence  t ime ,  and. the  thickness  of  t he  ep i l imnion  (Edmondson,
1974) .  Edmondson's comments  may be  particularly apropos for an introduct ion to  the
study o f  the Highland Lakes.  The vast majority o f  existing information on eutrophi-
cation concepts  was  developed for waterbodies  located in Europe, Canada, and the
northern regions o f  the United S ta tes ;  further, much o f  the literature i s  devoted to
natural  l akes .  Impoundments  such as the Highland Lakes  may display charac ter i s t ics
qui te  d i f fe ren t  frogn natural  l akes .  Fo r  example ,  t he  deepes t  wa te r s  of  an impound-
ment are usually '1 ca ted  near the dam,  rather than in the center o f  a l ake ;  re leases .
from an impoundment of ten  originate from the hypolimnion, as opposed to  surface
outflow from a natural lake. With respect to morphometry, Fruh, e t  a1. (1966)
discussed the  significance o f  mean depth.  A deeper  lake wil l  usually have a relatively
sma l l  euphotic  zone ,  re la t ive  t o  the  t o t a l  vo lume .  S t ra t i f i ca t ion  of  deep  lakes  also
contr ibutes  t o  the removal  o f  nutr ients  f rom the euphotic  zone  during the  warm—
weather months by isolation in the hypolimnion. The peculiarities of  the Highland
Lakes and other reservoirs in the Southwest may af fec t  the relevance o f  some  o f  the
existing l i terature on eutrophication.
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In t e rms  o f  water  quality, reservoirs are of ten o f  primary importance among the
various hydrologic units of  a watershed due to  their multiple uses such as water  supply
and conserva t ion ,  f lood con t ro l ,  and rec rea t ion .  Wi th  the  cont inual  sed imenta t ion
assoc ia ted  wi th  the  o f t en  substant ial  de ten t ion  fea tures ,  reservoi rs  f requent ly funct ion
as the  u l t ima te  rece iv ing  body for  numerous  subs tances .  Aquatic envi ronments ,  and in
particular, impoundments,  may  ul t imate ly  r ece ive  and concen t ra te  vir tual ly all  na tura l
and cultural contaminants produced in a watershed, attributable not  only t o  was te -
water discharges but also to  increased erosion and runoff (Reid and Wood, 1976). Thus,
the significance o f  pollutant generation and transport throughout a watershed is of ten
magnified within the extant watercourses.

The present modeling analysis focused upon tota l  phosphorus. In a variety o f
waterbodies ,  relatioiiships have been  demonst ra ted  be tween  the  concentration o f  to ta l
phosphorus and the standing c rop  o f  phytoplankton or i t s  sur rogate ,  chlorophyl l -a
(Schindler, 1977; Dillon and Rigler, 1974, Dillon, 1975; Jones and Bachmann, 1976;
Canfie ld  and Bachmann,  1981) .  Phosphorus i s  one  of the  pr imary nutr ients  in algal
nutrition and is frequently assumed to  be  the  algal nutrient o f  primary concern
(Schindler, 1971, 1977; Edmondson, 1974; Lee,  e t  a1., 1978). At any particular point in
t ime ,  phosphorus may or  may not be  the l imiting nutrient in the Highland Lakes.
Reported results o f  algal assays on the series o f  reservoirs  have indicated possible
algal growth limitation by phosphorus, nitrogen, or  iron (Huang, e t  a1., 1973 ;  Floyd,
e t  a1., 1969; Fruh and Davis, 1969b). In many waterbodies, phosphorus is present in
short  supply compared to  n i t rogen.  Further, certain algae are able to  u t i l ize
a tmospher ic  n i t rogen when  other  external  inputs are def ic ien t .  Cont ro l  o f  external
loadings of  phosphorus i s  technica l ly  more  easi ly  achievable than con t ro l  o f  n i t rogen
loadings,  particularly wi th  point  source  discharges.  Even if phosphorus i s  no t  l imi t ing
initially, in many instances control  o f  phosphorus input could decrease  the  available
phosphorus concentration in a waterbody sufficiently t o  render phosphorus the  l imiting
nutrient (Lee, e t  a1., 1978).

This chapter  contains a review o f  li terature relevant t o  the present analysis,
with an emphasis upon the modeling o f  phosphorus and i t s  relation t o  eutrophication.
Additional information from the literature is interspersed throughout the remaining
chapters  where  i t s  appl icat ion i s  pe r t inen t .

2 .1 .1  L imi t i ng  Nut r i en t
*-<

The identifii?tion o f  a l imiting nutrient involves the examination o f  t he l .
availability and uti iza t ion o f  specif ic  elements for  algal nutrition. The concept  is
embodied by Liebig's "law o f  the minimum",  which asserts that a nutrient present in
minimal supply, relative to  the requirements o f  an organism, l imits  growth.  It is
frequently assumed that ei ther o f  the macronutrients nitrogen or phosphorus is
l imiting t o  the growth o f  photosynthetic organisms. Growth l imitation may  also be
attributable to  a shortage of  one or  more micronutrients.  Other factors,  such as light
l imi ta t ion ,  should also be  cons idered .
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There ex i s t  d i f f e ren t  approaches for  ident i f ica t ion  of a l imi t ing  nut r ien t ,  which
may  yie ld  disparate resul ts  for  spec i f i c  wate rbodies  (Verhoff ,  1974) .  The  stoichio—
met r i c  l imi t ing  nutr ient  i s  de te rmined  by the  pr inciple  of conservat ion of  mass .  The
s to i ch iome t r i c  compos i t ion  of  algal ce l l s  i s  employed  to  de te rmine  the nutr ient  tha t ,  if
to ta l ly  dep le ted ,  wil l  l im i t  t he  production of b iomass .  Ra t ios  fo r  the  concentra t ion of
each  available nutr ient  t o  the s to i ch iome t r i c  requi rement  are de te rmined ,  w i th  the
lowes t  r a t io  denoting the  l imi t ing  nutr ient .  Wi th  this  approach,  only a single nutr ient
may  be  l imi t ing  a t  any one t ime ,  and i t  i s  usually carbon, ni t rogen,  o r  phosphorus.

An alternatgive approach ident i f ies  a k ine t ic  l imi t ing  nutr ient .  Wi th  this ,
technique,  a substance i s  def ined  as l imi t ing  if an increase  in  i t s  concentra t ion  results?:
in an increased algal g rowth  r a t e .  More  than one nutrient  can sa t i s fy  the cr i te r ion  and {:-

thus be  l imi t ing?  L imi t a t i on  may  involve bo th  macronutr ients  and micronutr ients
(Verho f f , 1974) .

In accordance wi th  the s to ich iomet r i c  composi t ion  of  algal  p ro top lasm,  a
ni t rogen to  phosphorus r a t i o  of  approximately  16:1 i s  general ly accep ted  t o  be  required
for  algal  g rowth :

106  C02  + 16  NO_ + 111303; + 122. H20  + 18H+ + t r ace  e l emen t s  + energy3
P1 11'

C106 H263O 110 N 16 P1  + 13802

which descr ibes  a s teady  s t a t e  be tween  photosynthet ic  product ion (p) and he te ro -
trophic respiration (r) (Stumm and Morgan, 1970). The a tomic ra t io  of 16:1 is
equivalent  t o  a mass  r a t io  of  7 .2 :1 .  The  n i t rogen  to  phosphorus ra t io  may  exhibi t
var ia t ion ;  fo r  example ,  Ras t  and Lee  (1978) repor t  a mean  a tomic  r a t i o  o f  27:1 fo r
algae f rom natural  wa te r s  i n  the  southeastern Uni ted  S t a t e s .  Theore t ica l ly ,  if  t he
n i t rogen  to  phosphorus ra t io  in  a waterbody i s  l ower  than 16:1, ni t rogen l imi ta t ion  i s
ind ica ted ,  and conversely,  phosphorus l imi ta t ion  i s  impl ied  for  r a t ios  in excess  of  16:1.
The  val idi ty of applicat ion of  the  s to ich iomet r i c  ni t rogen to  phosphorus ra t io  t o  assess .
nutr ient  limitation? i s  perhaps quest ionable ,  s ince  luxury uptake of e i ther  phosphorus o r
n i t rogen  by phy’tEplankton has been demons t ra ted ,  and ni t rogen f ixa t ion  may also»
occur .  The fo rms  of  the  nutr ients  mus t  be  considered for  evaluation of  nutr ient
l im i t a t i on  o r  t rophic  s t a t e .  Fo r  example ,  Lee  and Jones  (1980) indica te  that  a mass
ra t i o  of  avai lable n i t rogen ( ammonia  and n i t ra te  ni t rogen)  t o  available phosphorus
(soluble or thophosphate)  i n  excess  of  7.2:1 ind ica tes  a phosphorus l imi t ed  condi t ion.
Sawyer ' s  (1947, 1952.) widely  used cr i te r ia  suggest  that  nutrient concentra t ions  in
excess  o f  0 .30  mg/ l  inorganic ni t rogen and 0 .01  mg / l  inorganic phosphorus may  produce
algal  b looms  of  nuisance densi ty .  Sawyer ' s  c r i te r ia  thus ind ica te  an inorganic n i t rogen
to  phosphorus r a t io  of 30:1 by weigh t ,  o r  a 66:1 a tomic  r a t i o .
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2.91.2. Phosphorus Forms  and Behavior

Phosphorus i s  the  e l emen t  mos t  o f t en  focused  upon in  eutrophicat ion s tudies .
Numerous  s tudies  have documen ted  the  impor t ance  o f  phosphorus i n  algal  nutr i t ion,
and. i t  is  frequently iden t i f i ed  as the  l imi t ing  nutr ient  fo r  b io log ica l  product iv i ty
(Schindler, 1971, 1977; Edmondson, 1974; Lee,  e t  al . ,  1978). However, l imitation by
ni t rogen  or  t r ace  e l emen t s ,  such a s  i ron ,  has also been  demons t r a t ed  (Fruh,  1967 ;
Huang, e t  a l . ,  1973) .  Phosphorus is  o f t en  p re sen t  i n  su r face  wate rbodies  in re la t ive ly
sma l l  natura l  concent ra t ions ,  compared  to ,  for  example ,  ambien t  l eve l s  o f  n i t rogenous
compounds .  External phosphorus loadings t o  a wa te rbody  may  be  as soc ia ted  w i th  bo th
poin t  and nonpoinl sou rces .  Po in t  source  loadings originating f rom was t ewa te r
d ischarges ,  particularly domes t i c  was t e s ,  can  contr ibute  substant ia l  nutr ient  loadings .
Nonpoint  sources  a r e ‘va r i ed ,  and include po ten t i a l ly  large loadings f rom agricul tural
and urban s to rmwate r  runof f .

Phosphorus ex i s t s  in severa l  fo rms  within a wa te rbody .  His tor ica l ly ,  the bulk of
available da t a  in mos t  s i tuat ions  consis ts  of  e i t he r  t o t a l  phosphorus o r  d i sso lved
orthophosphate phosphorus measu remen t s ,  or  bo th .  Hutchinson (1957) dist inguished
four relevant  ca t egor i e s  in l imnolog ic  s tud ies :  soluble  phosphate  phosphorus,  ses ton ic
acid-soluble phosphate phosphorus (mainly  fe r r i c  and perhaps  ca lc ium phosphate) ,
organic soluble  (and colloidal)  phosphorus,  and organic  se s ton ic  phosphorus.  Aquatic
phosphorus fo rms  are d i f fe ren t i a t ed  in to  operat ionally-defined ca tegor ie s  i n  p rac t i ce .
Soluble and par t i cu la te  f r ac t ions  are d i f ferent ia ted  by  passage o f  a s ample  through a
0.45—11 m membrane  f i l t e r ;  Since this f i l t ra t ion  does  no t  assure a true separat ion of
suspended and dissolved f rac t ions ,  the American Public  Hea l th  Assoc ia t ion  (APHA,
e t  a l . ,  1981) employs  the  contemporary  te rminology  " f i l t rab le"  t o  deno te  that  por t ion
of  s ample  which passes  through the  f i l t e r ,  and "nonf i l t rable"  t o  deno te  the  r e t a ined
suspended f rac t ion.

Labora tory  analyses for  phosphorus  are  desc r ibed  by the  Amer ican  Public Heal th
Associa t ion  (APHA,  e t  a l . ,  1981) .  Two  genera l  p rocedures  compr i se  the  analysis fo r
phosphorus:  convers ion of  those  fo rms  of  i n t e r e s t  t o  d issolved or thophosphate ,
fo l lowed  by co lo r ime t r i c  de t e rmina t ion  of  dissolved or thophosphate .  The t o t a l
phosphorus,  and its f i l t rable  and nonfi l t rable  componen t s ,  may be  subdivided
analyt ical ly in to  three chemica l  fo rms  o f  r eac t i ve ,  acid—hydrolyzable, and organic
phosphorus.  Phospwtes measured co lo r ime t r i ca l ly  wi thout  pre l iminary  d iges t ive  s t eps  "
are  r e fe r r ed  t o  as r eac t i ve  phosphorus,  which  includes  pr imar i ly  inorganic ortho-
phosphate ,  w i th  some  condensed phosphates  (polyphosphates) .  Bo th  f i l t rable  and non-v
fi l t rable  r eac t i ve  phosphorus may  be  de t ec t ed .  Acidw-hydrolyzable phosphorus i s
de t e rmined  wi th  mi ld  ac id  hydrolysis a t  boi l ing~water  t empera tu re .  Fi l t rable  and
par t icula te  condensed fo rms  are conve r t ed  by  hydrolysis t o  f i l t rable  or thophosphate .
Some  organic phosphorus is  unavoidably conver ted  t o  or thophosphate  during the
hydrolysis p rocedure .  Organic phosphorus fo rms  are conver ted  t o  or thophosphate  by
severe  oxidat ive  d iges t ion  of  the organic ma t t e r .  Bo th  f i l t rable and nonfi l t rable
f rac t ions  of  organic phosphorus may  occur .

The in ter re la t ionships  of  t he  var ious phosphorus fo rms  in  su r face  wa te r s  are
depicted in Fig.  2.5-1 (from Stumm and Morgan, 1970). Dissolved inorganic ortho~
phosphate const i tu tes  the p r imary  source  for  b io log ica l  g rowth  in  the aquatic
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env i ronment ,  though o the r  fo rms  may  also be  u t i l i z ed ,  There is  evidence  that  t he
phosphorus cycle in  a reservoir i s  ex t r eme ly  ac t ive .  Sugges ted  phosphorus turnover
t imes  include approximate ly  f ive minutes  for  t he  exchange be tween  dissolved
inorganic  phosphate  and phytoplankton.  Sedimentwwater  exchanges have  been
es t ima ted  at  15  days fo r  ab io t ic  p roces se s  and 3days  for  bac te r ia l lynmedia ted
processes (Hayes and Phillips, 1958).

Sediment -wa te r  in te rac t ions  are  an impor t an t  e l emen t  of  t he  phosphorus  cyc le
In many reservoi rs ,  a ne t  t ranspor t  o f  phosphorus t o  the  sed imen t s  has  been
demons t r a t ed ,  whiph is  e f f ec t ed  by  the sed imenta t ion  o f  par t icula te  phosphorus.
Under  anaerobic  obnditions, sed iment s  tend to  re lease  dissolved phosphorus t o  the
overlying wa te r .  :Thus, in  a s t r a t i f i ed  rese rvo i r ,  a buildup o f  phosphorus in  the
hypolirnnion may  occur. Transport  across  the  the rmoc l ine  can del iver  a po r t ion  of  this
supply t o  the  euphot ic  zone ,  and at  seasonal  over tu rn ,  mixing of  ep i l imnet ic  and
hypol imnet ic  wa te r s  can  e leva te  the  mean  concent ra t ion  in the  upper wate r  co lumm
However ,  in an aerobic  env i ronment ,  a por t ion  of  t he  phosphorus is  again re turned  to
the  sed iment s  by sorpt ion  onto  par t icu la te  i ron  (Baca ,  e t  a l . ,  1976) .

The accumula t ion  of  soluble  phosphate in  an anoxic hypolimnion may be
a t t r ibu ted  t o  two  mechan i sms :  (1) decompos i t i on  o f  p lankton de l ivered  by sedimenn
tat ion,  and (2) reduction of phosphate—containing ferr ic  iron precipi tates (Stumm and
Morgan, 1970).; The exchangeable  phosphorus is  p r imar i ly  t he  d i sso lved  in t e r s t i t i a l
f rac t ion  in  the sed imen t  ma t r ix .  A sorption—desorption equil ibrium ex i s t s  be tween  the
in te r s t i t i a l  phosphorus and the  phosphorus sorbed  on to  the  sed iment  pa r t i c l e s  (Baca ,
e t  al . ,  1976). It  is reported by Hutchinson (1957) that an oxidized mud surface
preven t s  diffusion of  phosphate  and ferrous  ions  f rom deepe r  layers  i n  the  s ed imen t ,
s ince the  fer rous  i ron is  a lways  p resen t  in excess ,  and, when ox id ized ,  p rec ip i ta tes  al l
o f  the  phosphate .  I t  i s  emphas i zed  that  the  in te rac t ion  of  phosphate  wi th  fe r r ic  i ron  i s
a chemica l  r eac t ion  dependent  upon prevail ing concent ra t ions  of  f e r r i c  i ron ,
phosphorus, and pH (Stumm and Morgan, 1970).

As discussed in the  in t roduc tory  s ec t i on  of  this chap te r ,  the  present  mode l ing
analysis focused  upon to t a l  phosphorus concent ra t ions .  Soluble or thophosphate i s  t he
fo rm mos t  readi lyavai lab le  for  algal  nu t r i t ion .  Howeve r ,  examina t ion  of  only soluble
orthophosphate wfiuld l ikely omi t  a subs tant ia l  po r t ion  of  the  phosphorus supply.
Though a por t ion?  of  ex terna l  loadings of  t o t a l  phosphorus i s  ini t ial ly lost  v i a '
s ed imen ta t ion ,  subsequent  solubi l iza t ion r eac t ions  in the  in te rna l  phosphorus cycle
may re in t roduce  addi t ional  supplies of  algal  nu t r ien ts ,  Lee ,  e t  a l .  (1978) e s t ima te
tha t  o f  t he  t o t a l  ex te rna l  phosphorus load ,_ the  biological ly  available phosphorus load  i s
approximately  the  soluble orthophosphate plus twenty  pe rcen t  of  the  d i f fe rence
be tween  the  t o t a l  phosphorus and soluble or thophosphate .

2.2. PHOSPHORUS AND EUTROPHICATION MODELING

As descr ibed  in  the  in t roduc to ry  chap te r ,  an in tegra l  ob jec t ive  o f  th i s  study was
the deve lopmen t  and appl icat ion of  a wa te r  quali ty mode l  fo r  t o t a l  phosphorus
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concentrations within the system o f  Highland Lakes.  Water  quality modeling for
reservoirs covers the gamut o f  sophistication f rom simple t o  complex.  For the  present
study, the  deve lopment  o f  a mode l  o f  sufficient sophist icat ion for ut i l izat ion in water
quali ty managemen t  planning was  des i red .  A r ev i ew  o f  s e l ec t  r e se rvo i r  wa te r  qual i ty
model ing ac t i v i t i e s ,  w i th  emphasis  on phosphorus and eut rophica t ion ,  i s  p re sen ted
be low.

There is no single model  universally acceptable for all object ives  or  applicable to
all situations. Required formats  fo r ,  say, modeling long—term chemical  constituent
behavior or  simulation o f  successional phytoplankton dynamics are markedly different .
The mos t  appropriateLmodeling approach is  dictated not  only by study object ives but
also by the  natureiand extent  o f  available input da ta .  Certain codes may also require
an inordinate  amount  of  computa t ional  time—«an expense  which mus t  o f t en  be  taken
in to  cons idera t ion .  Three  genera l  approaches  t o  mode l  deve lopment  we re  observed  by
Levins (1966):

(1) sacrificing generality to  gain realism and precis ion;
(2.) sacrificing realism to  gain generality and precision; and
(3) sacrificing precision t o  gain realism and generality.

It was suggested that there ex is t s  a tendency for  development o f  eutrophication
models in accordance with approaches (1) and (3).

2 .2 .1  Empir ica l  Models  for  Trophic Analysis

A family o f  s imple empirical  models  has been  developed in recent  years for
analysis o f  the general trophic s ta te  o f  a waterbody.  These models  are basically
empirical  formulations which rela te  specific characteristics o f  a reservoir or  external
nutrient loadings t o  a gross trophic delineation.

Vollenweider (1968) formulated a phosphorus loading versus mean depth relation—
ship,  thus developing the  original  t rophic mode l  i n  this  ca tegory .  Vol lenweider  p lo t t ed
the annual areal  phosphorus load  and mean  dep th  of  severa l  wa te rbod ies  and de t ec t ed
consistent positioning in accordance with trophic s t a te .  As indicated in Fig .  2—2., the
graph was  segm’e‘fiited into eutrophic, mesotrophic,  and oligotrophic zones.  The
permissible loadinaboundary be tween  the oligotrophic and mesotrophic  categories was“
determined to  be

L = 0.025 20'6
while the  excess ive  loading demarca t ion  was

L = 0.050 20'6
where L = areal phosphorus loading, g/mZ/yr

z = mean depth, m

14

"t
ai

ls
.

3 '
3 :

«4
‘1



The delineations o f  trophic s ta te  recognized that  larger waterbodies ,  as  character ized
by greater  depths, could assimilate more  substantial phosphorus loadings before
achieving an excessive loading condition.

Vollenweider 's original approach was  subsequently modif ied by plott ing the areal
phosphorus load a s  a function o f  t he  areal  hydraulic load (Vollenweider,  1975 ,  1976 ,  as
r epo r t ed  by  Rast  and Lee ,  1978) .  The r a t i o  of  mean  depth t o  hydraulic res idence  t ime
i s  equivalent t o  the hydraulic loading (LT"1), defined as the  inflow (L3T"1) per  unit
area  (L2). The reyised diagram is  shown in Fig .  2 -3 .  The hydraulic residence t ime
(volume divided by? the outf low) i s  the reciprocal o f  the flushing ra te  o f  a waterbody. _
A waterbody withEa shorter residence t ime ,  or faster flushing r a t e ,  could be  expected
to  assimilate larger. phosphorus loadings without manifestation of nuisance conditions.
Vollenweider 's  analysis was  based  upOn a s imple mass balance mode l  for to ta l
phosphorus that  accounted  fo r  mass  in f low and ou t f low and a first—order decay  r a t e  i n
the  wa te r  co lumn.  According to  Dil lon and Rigler  (1974), Vol lenweider  assumed that
the  steady—state phosphorus concentrat ion and loading were  re la ted as fo l lows:

C = L
z l0+p5

phosphorus concen t ra t ion ,  mg / l
phosphorus loading,  g/mZ/yr
mean depth, m
flushing rate (= outflow/volume),  y r "1
phosphorus sedimentation coefficient, yr‘1

where

Q
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With the  assumption tha t  t he  sum o f  the flushing r a t e  and sed imenta t ion  coeff ic ient
could be  approximated  by  the r ec ip roca l  of  the  hydraulic r e s idence  t ime ,  and tha t  the
cri t ical  phosphorus concentration for  departure  f rom ol igotrophic  condit ions was
0 .01  mg/l ,  the boundary line for permissible loading conditions was  defined as

g, L = 0.01 2/:
where T = lgdraulic residence t ime  (= volume/outf low),  T

The excessive phosphorus loading was assumed to  be  tw ice  the  permiss ible  loading,
based upon a cr i t ical  phosphorus concentration o f  0.02. mg/l .

In a further modificat ion o f  the phosphorus loading versus hydraulic loading
diagram, shown in Fig. 2—4, Vollenweider (1975, 1976, as reported by Rast and Lee,
1978) incorporated the  e f f ec t s  o f  the  phosphorus sedimentat ion r a t e .  Based upon
available da ta ,  t he  phosphorus sed imen ta t ion  r a t e  was  approximated  by

0' = 10 /2
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With this assumption, the boundary line for permissible loadings was  def ined as

L = 0.1 + (0.01 m)

and the  excess ive  loading de l inea t ion  was  s e t  at

L = 0.2. + (0.02 2/1?)

The modif ied diagram indicates the existence o f  a range o f  values o f  the  ratio o f  mean
depth t o  hydraulig: residence t ime for which the cri t ical  phosphorus loading is
relatively constant. In this region of  the boundary lines, the capacity for  assimilation _
of phosphorus loadings does not  increase with increases in depth or decreases in
residence t ime .  *-

Analyzing the to ta l  phosphorus budgets  o f  severa l  lakes in  southern Ontario,
Dillon (1975) concluded that a number o f  lakes were  not  accurately depic ted  by the
Vollenweider phosphorus loading—mean depth relationship, which he at tr ibuted t o  the
omission o f  flushing rate as a model  parameter  (flushing rate i s  defined as the rat io o f
annual discharge to  lake volume) .  Dillon reasoned that the rapid passage o f  a large
volume o f  water  low in nutrients would mathematical ly  yield a high loading ra te ,  but
would no t  necessarily resul t  i n  eutrophic conditions.  Internal processes ,  particularly
sed imen ta t ion ,  a l so  a f f ec t  t he  phosphorus dynamics  i n  an impoundment .  The f ract ion
o f  the  phosphorus input  10st t o  the  sed iment s  was  r epor t ed  to  range f rom
25-50 pe rcen t .  Da ta  fo r  severa l  lakes ind ica ted  tha t  high r e t en t ion  coe f f i c i en t s  are
characteristic o f  lakes with a low flushing ra te  as  wel l  as those wi th  low phosphorus
loading.

Dillon and Rigler (1974) introduced a retention coefficient into Vollenweider's
simple phosphorus budget model  as a substitute for  the  sedimentat ion ra te  t e rm .  The
retent ion coeff ic ient ,  R ,  was expressed as

_ -29  a ____.._P
R - 1 L/z  .. 1 9 +0

such that g
3 _ Rp

6 ‘ ”ER
It was proposed that the re tent ion coeff icient  be  calculated experimental ly as

a — 1-  Q°C°w
' exp _, ZIQiCi

where Qo = outflow volume, L3 T"1
(21 = inflow volume, L3 T’1
Co = outflow concentration, ML'3
Ci  = inflow concentration, ML '3
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Employing the re tent ion  coef f i c i en t ,  the s teady-state  solu t ion  to  Vollenweider's model
formulation was written as

.— EAL-.31C — 20

Using this formulation for the steady—state concentration, Dillon (1975) proposed
the following parameter  to  express the  e f fec t s  o f  flushing rate  and retent ion ra te ,  as
wel l  as phosphorus loading, in  determining the  degree  o f  eutrophy o f  a lake:

L(1-R)
O

This parameter indicates that increases in both flushing and retent ion rate  reduce the
e f f ec t  o f  a g iven loading. A plot  o f  Dillon's model  is  depicted in Fig .  2 -5 .  The
equation for  the  boundary lines is

L (1 - R)
0

where the terms have been previously defined. Classification o f  lakes is based upon
boundary l ines that  represent steady-state  phosphorus concentrations o f  0 .01  mg/l and
0 .02  mg/ l  for  permissible and exces s ive  conditions,  respect ive ly .

=zC

A graphical eutrophication model was developed by Larsen and Mercier (1976)
that examined the mean phosphorus concentration o f  the incoming runoff versus
nutrient retention.  The mode l  was  based upon the steady-state solution to  a s imple
phosphorus mass  balance. Trophic categories o f  eutrophic, mesotrophic ,  and Oligo-
trophic were  delineated,  as shown in Fig. 2—6, employing boundary values o f  0.010 mg/l
and 0.020 mg/ l  o f  phosphorus. The vert ica l  axis  represents  the  potent ia l  phosphorus
concentrat ion that would be  attained if the  mater ia l  ac ted  as  a conservative substance
(the incoming phosphorus is  defined as the  annual phosphorus supply divided by  the
annual water  supply). The horizontal axis expresses the aggregation o f  processes that
affect  the potential  phosphorus concentration through sedimentation.  The relative
positioning o f  lakes on the Larsen-Mercier plot  and the Dillon (1975) graph i s ‘
equivalent, becaus§ both  express the same information.

A graphical method  ut i l iz ing the  cr i t i ca l  loading technique was  deve loped by
Baca, e t  a1. (1976) for the preliminary assessment of lake trophic state.  Differential
equations were wri t ten  to  describe the phosphorus balance in the water  column and the
sediments,  and the steady—state solutions were used to  develop the crit ical  loading
rate  graph. The method accounted for the ef fects  o f  flushing rate ,  mean depth, and
sediment-water interactions on the equilibrium total  phosphorus concentration. For
application,  annual average water  outf low,  lake surface area, historical annual loading
ra te ,  historical  phosphorus concentrat ion,  and, if under consideration, the  e s t imated
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new annual phosphorus loading rate are the parameters  required. The graphical display
of loading rate versus lake parameter (defined as the loading rate divided by the
average phosphorus concentration) is shown in Fig. 2 -7 .  The "dangerous" line
corresponds to  a to ta l  phosphorus concentration o f  40  11 g/ l ,  which was  related by the
authors to  a Secchi  depth o f  1 .5  m and a chlorophyll-a level  o f  15  ug / l .  The line
denoted as "admissable" denotes a tota l  phosphorus o f  10  11 g/l,  which corresponds to  a
Secchi  depth o f  5 .0  m and chlorophyll-a o f  3 ug / l ,  according to  Baca,  e t  a1. (1976).
The method was applied to  Lake Washington, Lake Mendota, and Shagawa Lake
( located in Washington, Wisconsin, and Minnesota, respect ive ly) ,  wi th  good agreement
be tween  pred ic te  results  and observed data .  For Lake Washington, the  method
correct ly  tracked the  pre—loading trophic s tate ,  the heavy-loading equilibrium state ,  A
and the  post—nutrient diversion trophic s ta te .  The case o f  Lake Mendota supported the
observed lack o f  a .  discernible change in trophic state following nutrient diversion. In
fact ,  the  results indicated that an order o f  magnitude decrease in the phosphorus
loading would be  necessary to  a f f ec t  the trophic s ta te .  For Shagawa Lake, improved
trophic s tatus  was  indicated fol lowing nutrient diversion.

Imboden (1974) presented a two-compartment lake model, considering an
epilimnion and hypolimnion, with phosphorus as the l imiting nutrient.  Imboden
developed a family o f  curves depicting the tolerable annual phosphorus areal loading
rate  as a function o f  mean depth for  different hydraulic loading factors  (water  inflow
per unit t ime  per  lake surface area) as shown in  Fig .  2—8. The cri terion employed to
distinguish the  onset  o f  eutrophy was  a hypol imnetic  dissolved oxygen decrease  o f
1 mg/ l  during a l 80 -day  duration o f  the  midsummer stagnation period.

Simplified empirical models  such as those described above have been tes ted  and
compared in several studies.  The models  have been shown to  be  e f fec t ive  tools  for
water  quality management planning. Bradford and Maiero (1978) ut i l i zed  both  the
Dil lon and Imboden models  to  assess  the  potent ia l  for  cultural eutrophication in  a
proposed reservoir in New Jersey .  The models  indicated that  stringent phosphorus
control measures would probably be  required to  prevent eutrophication in  the
reservoir.  Predictions o f  the Vollenweider, Dillon, and Larsen-Mercier models  were
compared for 39  lakes sampled in conjunction with the US  Environmental Protection
Agency's (EPA) National Eutrophication Survey (Hern, 1979). The Dillon and Larsenr
Mercier models  ofitperformed the  Vollenweider model  in an a t t empt  to  rank the lakes
re la t ive  to  their  ambient  phosphorus concentrat ion and trophic s ta te .  The Vollen¥
weider phosphorus loading relationship generally correlated wel l  wi th  the trophic
state,  using data for 38 lakes in the U.S. (Rast and Lee, 1978). Tapp (1978) examined a
number o f  waterbodies in the southeastern United States  and concluded that the
Vollenweider model ,  Dillon model ,  and Larsen—Mercier model  were useful for prelimi—
nary evaluation o f  eutrOphication problems.  It was  recommended that further work
was  needed to  re late  trophic s ta te  and impairment o f  use  to  enhance the  applicabil ity
to  southeastern waterbodies ,  because  of  innate d i f ferences  in  chemica l  parameters
and turbidity.

Application o f  s imple trophic models ,  such as Vollenweider's model ,  to the Twin
Lakes Watershed in Ohio was discussed by Cooke,  e t  a1. (1974). The Twin Lakes have
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areas of 36 .8  hectares  and 34 .02  hec t a r e s ,  and vo lumes  of 13.38 x 105  m3  and
14.8  x 105  m3 .  Inflow rates ,  phosphorus sed imen ta t ion  ra tes ,  and out f lows vary widely
from mon th  t o  mon th  in  the  Twin  Lakes .  The  authors argue that  u se  of averages i s
inappropriate,  and simple trophic models  may not be  applicable to small watersheds
with small  lakes o f  l ow mean depth. Nutrients generated from relatively minor
disturbances in  a small watershed may  have a significant impact  on the nutrient
budget of  a small lake. Conversely, larger watersheds with larger lakes may respond
more  slowly to small disturbances in  the watershed. Prediction of  lake recovery may
be  more  successful wi th  a large lake.

The phosphor-ifs budget models  o f  Vollenweider and Dil lon~Rigler  were  applied to
reservoirs in southern Africa by Thornton and Walmsley (1982). Both models
successfully predicted) steadyvstate phosphorus concentra t ions ,  bu t  further develop—
ment  was suggested before  the models could be  uti l ized t o  predict trophic status.
Higgins and Kim (1981) compared predicted steady-state phosphorus concentrations for
the Vollenweider and Larsen—Mercier models to  data for  18 Tennessee Valley Authority
(TVA) reservoirs. Results indicated that phosphorus sedimentation and retention
coefficients  incorporated within the simple completely mixed mass  budget models
developed for natural lakes are not directly applicable to  the TVA reservoirs. The
apparent settling velocity (vs = Oz) in the TVA reservoirs was  significantly greater than
the  value assumed by Vollenweider.  Vol lenweider ' s  relationship fo r  phosphorus
removal  was  more  closely approximated  i n  reservoirs  wi th  incoming phosphorus
concentra t ions  l e s s  than 0 .025  mg / l .  I t  was  suggested that  morphomet r ic  character-
i s t i c s  of  the  TVA reservoirs  l im i t ed  the  applicabil i ty of the s imple mass  budget
models.  Canfield and Bachmann (1981) examined data from 704  natural and artificial
lakes and concluded that the phosphorus sedimentation coefficient integral t o  the
Vollenweider model  should be  es t imated as

o = 0.129 (L/z)°°549
Different  formulations were also calculated for  natural and artificial lakes.  Predicted
total  phOSphorus concentrations with the Vollenweider model  were  improved with
incorporation of this  modification.

The empiricalféphosphorus models  described above are relatively simple to  apply, .
and their utility fa  water quality management planning has been demonstrated.
Where the models  are employed, i t  would be  prudent t o  consider the data bases that
were used in their formulation. The various data bases included primarily lakes in  the
northern United Sta tes ,  Canada, and Europe. The empirical models  may thus be
inappropriate for  use  in different geographic or  cl imatic  regions. Reckhow (1979)
recommended that an empirical mode l  should not  be  applied outside the bounds of the
data se t  used t o  construct the model  without prior verif icat ion of the applicability.
His  evaluat ion of several  models  ind ica ted  the possibi l i ty  of  predic t ive  b iases  fo r
cer ta in  types o f  sys tems ,  fo r  example ,  phosphorusrpoor or phosphorus-rich lakes .
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2 .2 .2  Mathemat ical  Models

In addition t o  t he  simple empirical models described in  the preceding section,
more complex mathematical models of reservoir water quality have also been
developed. These models are generally designed for digital computer application.
Advantages o f  computer simulation include rapid computation t ime ,  time-variable
solutions, and ability to consider numerous variables.

2 .2 .2 .1  Chemical  Models

A mathematifial modeling analysis for  long-term reservoir  wa te r  qual i ty  was
presented by O'Connor and Mueller (1970). The model was applied to  the  concen—
t ra t ion of chloridesrin the  Grea t  Lakes .  Each  l ake  was  t r ea t ed  as a comple te ly  mixed
body of  wa te r ,  and a mass  balance was  constructed which u t i l i zed  inf lows,  out f lows,
sources,  and sinks of material. Good agreement was  obtained be tween the calculated
and observed chloride levels. Chloride sources i n  upstream drainage basins were  shown
to  have a significant e f fec t  on concentrations in downstream lakes. The authors
concluded that their analysis could provide a f ramework for  development of  a
coordinated water  quality management plan for  each individual lake and the entire
sys tem.

Chapra (1977) developed a mathematical  model for  simulation of to ta l
phosphorus budgets  fo r  each of  the Grea t  Lakes .  The  mode l  employed var iables
re f lec t ing  human development  in  the  basin t o  der ive  waste  sources  i n  order  t o
es t imate  the  long-term e f f ec t  of human act ivi t ies  on water quality. The basic
framework of  the O'Connor-Mueller (1970) model  was  ut i l ized,  though a nonconser-
vative substance, phosphorus, was analyzed as opposed to the conservative material
chloride. Average annual values were simulated and each lake was  treated as a
completely mixed system, with the exception of  Lake Erie ,  which was segregated into
three subbasins. PhOSphorus input was simulated with a waste source model  based on
variables such as population and land use.  The model  incorporated a phosphorus sink to
the sediments  a s  a one—way first-order reac t ion ,  on the  assumption that  the  ne t  flux of
phosphorus on an annual basis  i s  i n to  the  sediments .

An historicalésimulation for  the period 1800-4970 was conducted. Resu l t s .
indicated that Lakemntario was the  only lake significantly influenced by an upstream
lake, implying that the recovery of  Lake Ontario is dependent upon conditions in  Lake
Erie,  which would require a coordinated waste abatement program for both lakes. The
model results  disPIayed acceptable correlation coeff icients  for both  loadings and
concentration of  phosphorus. Generally, phosphorus concentrations were  overesti-
mated,  implying that in—lake losses to  the sediments  may be  higher than calculated in
the analytical 1" ram ework.

A future simulation for  the  period 1970—2000 was also conducted in  order t o
predict  the magnitude and ra te  of recovery of the Great Lakes under an idealized
phosphorus removal  program which assumed a point source effluent l imitat ion of
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1 mg/ l  t o t a l  phOSphorus. Simulation resul ts  we re  in terpre ted  wi th  r e spec t  t o  t rophic
s t a t e  under the assumption that  mesot rophy is  bounded by 10  11 g/ l  and 20  1.1 g/l  of t o t a l
phosphorus ( f rom Di l lon ,  1975) .  Resu l t s  indica ted  that  al l  lakes  would  recover  t o  sub--
eutrophic  levels  by 1985 ,  w i th  t he  except ion of one of t he  Lake  Er ie  subbasins, and
further ,  an ol igotrophic  s t a t e  was  p red ic ted  fo r  Lake Michigan. Wi th  th is  analysis, t he
usefulness  of the  mode l  i n  evaluating the  e f f ec t s  of present  po l i c i e s  on future wate r
qual i ty  was  demons t ra ted .

In order  t o  demonst ra te  the e f f ec t s  of  decreasing o r  el iminating phosphorus
inputs to l akes ,  Lor‘enzen, e t  al .  (1976) developed  a s imple  phosphorus budget  mode l
and applied i t  t o  Ljéke Washington. The  authors point out  the  general  need  to  apply
phosphorus mode l s  to: a ‘number  of  l akes  where  his tor ica l  da t a  a re  adequate  in  order  t o
develop and ref inei re l iable  predic t ive  too ls .  The  mode l  was  developed to  simulate
long—term changes result ing f rom mod i f i ed  loading ra tes ,  ye t  r ema in  as s imple  as
possible.  A comple te ly  mixed  sys tem was  assumed,  wi th  a phosphorus balance that
considered input, ou t f low,  loss  t o  sed imen t s ,  and re lease  f rom sediments .  An
exchangeable or  re leasable  sed iment  phosphorus concentra t ion was  employed to
account fo r  phosphorus re ta ined  in  the  sed iments .  Re lease  of  phosphorus f rom the
sed iments  was  represen ted  by  f i rs t -order  k ine t i c s  fo r  long—term calculat ions .

Fo r  application to Lake  Washington,  annual phosphorus loading ra tes  fo r  the
per iod 1931 t o  1967 were  e s t ima ted .  Per t inent  parameter  values used  in the
s imula t ions  included the  fol lowing:  spec i f i c  r a t e  of  phosphorus transfer  t o  the
sed iments  of. 36  m/yr ;  spec i f ic  ra te  of  phosphorus t ransfer  f rom the  s ed imen t s  of
0 .0012  m/yr ;  f rac t ion  o f  to ta l  phosphorus input  t o  sed iment  that  i s  unavailable fo r  the
exchange process  of  0 .6;  concentra t ion  of to ta l  exchangeable phosphorus in  the
sediment  a t  t ime  equal  ze ro  of  240 nag/l; in i t ia l  concent ra t ion  o f  to ta l  phosphorus i n
the  wa te r  column of 0 .015  ing/l .

The  calculated and observed  annual average to t a l  phosphorus l eve l s  i n  Lake
Washington are displayed graphically i n  F ig .  2,-9. Model  calculat ions ind ica ted  that
the  sed imen t s  approach s teady s ta te  s lowly ,  w i th  impl ica t ions  on lake  recovery  ra tes .
The impor tance  of a l ake ' s  h i s to ry  and ini t ia l  s t a t e  was  demonst ra ted .  Fo r  example ,  if
high phosphorus loading r a t e s  are of  insuff ic ient  duration for  sediment  equi l ibra t ion,  a
quick  recovery  mayjbe anticipated i n  response t o  nutrient  diversion.  If  sed iment s  are 7
equi l ibrated,  longefi r ecovery  t imes  may  be  requi red  to  achieve new steady-state
phosphorus concentrat ions.  Lorenzen ,  e t  a1. (1976) po in t  out that  the i r  analysis i s  no t
applicable to  a lake changing f rom oligotrophic t o  eutrophic w i th  a per iodic  anaerobic
hypolitnnion, due to  t he  e f f ec t  upon re leasable  phosphorus f rac t ion .  Howeve r ,  i t  may
be  possible  t o  employ revised annual average parameter  values to represent  per iods of
aerobic  and anaerobic condit ions.  Sens i t iv i ty  analyses ind ica ted  that  1-10 percent
variation in  phOSphorus loading r a t e s  d id  no t  great ly a f f ec t  mode l  predic t ions .

The  predic t ion  of  long-term lake recovery ,  as  r e la ted  to  available phosphorus,
was studied by Welch, e t  a1. (1974;). Their work was based upon observations from two
waterbodies ,  Lake  Washington and Lake Sammamish ,  which had exper ienced nutr ient
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budget manipulations. Nutrient diversion from Lake Washington produced measurable
indications of recovery:

i) 70 percent decrease in  mean winter phosphorus content,  from 63 to
20 ug/I;

ii) spring—summer chlorophyll-a decrease  f rom 28 to  8 ug / l ;
iii) summer mean Secchi depth increase from 1.0 t o  2.5 m.

In contras t ,  no  not iceable  response was  de t ec t ed  af ter  nutr ient  divers ion f rom Lake
Sammamish.  Limnological distinctions between the two lakes were  described to
account for  the  differing degree o f  response. Hypothetical response curves were
developed to  relate  plankton biomass (in terms of chlorophyll- a) to  the annual income
r a t e  of  phosphorus, (surface loading ra te /mean  depth) .  I t  was postula ted that lake
response is  not  necessarily linearly related to  nutrient enrichment.  Thus, the response
of  a lake to a change in  i t s  nutrient income would be  dependent upon the relative
posi t ion  of  the lake under exist ing condit ions on i t s  response curve.  Fo r  Lake
Sammamish,  the  lack of  significant react ion to  nutrient diversion could thus be
explained by hypothesizing that the reduction in  the nutrient income occurred on the
asymptotic portion of  a response curve that allows fo r  only a small amount o f  lake
response (change in  phytoplankton b iomass)  for  a unit increase in  nutrient income.  The
relatively gradual response to  nutrient income in  Lake Sammamish suggested the
influence o f  an internal mechanism controlling the availability o f  phosphorus. There is
evidence that  t he  internal  phosphorus concent ra t ion  i s  cont ro l led  by i ron .  Fol lowing
lake turnover,  the phosphorus concentration increases, but i t  i s  rapidly complexed by
ferric hydroxides and resedimented before i t  can be  u t i l i zed  by phytoplankton. The
hypothetical response curve for  Lake Washington i s  approximately linear up to  a
certain po in t  where  i t  gradually l eve l s  o f f .  Thus, i t  i s  assumed that  nutrient diversion
from Lake Washington occurred on the linear portion of  the response curve, producing
a marked e f fec t  on biomass.

Welch,  e t  al. (1974) at tempted to  predict  the observed phosphorus content i n
Lake Sammamish.  Gross compartment models were employed, which considered
phosphorus input, outflow, and exchange with the sediments .  Two  layers were  assumed
during the  pe r iod  of  s t ra t i f ica t ion;  at  o ther  t imes ,  the  water  column was completely
mixed. Results elf two model formulations that differed in  their treatment of_
phosphorus exchang wi th  the sediments were compared. The f irs t  model was based  on
a ne t  loss  of  phosphorus t o  the sed imen t s ,  proport ional  t o  the  phosphorus concent ra t ion
in  the lake.  The  second model  considered phosphorus sedimentation and release rates
separately. Both  formulations uti l ized a phosphorus stratif ication adjustment factor in
place of  the effect ive  flushing volume to  es t imate  the  actual amount of  phosphorus
leaving the l ake .  Annual steady-state values fo r  phosphorus sedimentation and
sediment release were es t imated from the nutrient budget: sed imenta t ion—~ 2.7 g/mz,
r e l ea se—- 2 .2  g/m2 , r e t en t ion—- 0 .5  g /mz  .

The models were used to  predict the response of  a 30  percent s tep  reduction in
phosphorus income.  The first model  predicted a sizable reduction in  phosphorus
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concentration, while the second model predicted a rapid, but  slight, change, which
more  closely resembles the observed response on Lake Sammamish.  The assumption in
t he  second  mode l  o f  a cons tant  s ed imen t  release r a t e ,  and the  f ac t  that the  ra te  is
largely due to  the  anaerobic nature o f  the lake,  had a s ignificant  bear ing on the
resul ts .  Fo r  Lake  Sammamish ,  the predict ions  support  the  impor tance  of  sed iment
exchange as a factor in phosphorus content ,  i n  spite of moderate  reductions in
phosphorus income (Welch, e t  al . ,  1974).

A general trophic analysis presented by Imboden (1974) was described in the
previous section on, empirical models. The general analysis was developed with a two~
compartment mass; balance model  for  phosphorus. The system considered an epliminon
and hypoliminionfiwith compar tments  for  particulate and dissolved phosphorus. The
mode l  was  based  sen a sys tem of  four  equations involving the following parameters:
dissolved and part iculate  phosphorus concentrat ions ,  hydraulic loading,  phosphorus
loading, exchange coef f ic ien t  be tween  the  layers,  ve loc i ty  of  sedimenta t ion,  rate
coefficients  o f  photosynthesis and mineralization, and the exchange o f  phosphorus at
the sediment-water interface. Se t s  of  model  coefficients  were established for the
summer stratification period and fo r  winter circulation conditions.

A predictive model  for  phosphorus in  lakes was  developed and verified by
Snodgrass and O'Melia (1975). The model simulated summer stratification with
compartments for  a distinct epilimnion and hypolimnion, and homothermal winter
conditions with a single compartment .  Each compartment  was t rea ted  as completely
mixed  to  negate horizontal  concentration gradients ,  and the  hypolimnion was  assumed
aerobic at all t imes .  Da ta  required for  predict ions  included phosphorus loading,
hydraulic loading, and mean depth. Phosphorus release from the sediments was not
considered. Removal o f  phosphorus from the water column was represented as a first—-
order sedimentation process  occurring over  the sediment—water interface at the lake
bo t tom.  Bo th  soluble orthophosphate and particulate phosphorus were  included in  the
modeling analysis.

The authors inves t igated an observed relat ionship be tween  p red ic t ed  phosphorus
concentrat ions and mean depth:  a tendency fo r  phosphorus concentrat ions t o  increase
with  increasing lake depth in both the epilimnion and hypolimnion (reported by o the r .
researchers as wefl). Emphasis was placed upon possible mechanisms for  transporting
particulate phosphirus to  the lake sediments. First ,  a depth-dependent exchange of"
phosphorus across the thermocline was developed. Empirical studies from several
sources were  reviewed, which evidenced increased eddy diffusion, or vertical turbulent
exchange, wi th  increased mean depth. The stability across the thermocline was lower
for  deep lakes than shallow ones. In e f fec t ,  this reaction removes particulate
phosphorus f rom the  epil imnion to the hypolimnion a t  a fas te r  ra te  i n  deep lakes than
in  shal low ones.  The  second removal  mechanism considered was  natural  aggregation or
coagulation. Model results indicated the importance o f  flocculation in phosphorus
removal.

Results of  the  modeling e f for t  demonstrated the model 's utility for predicting
the temporal response of  a lake to sudden changes in  nutrient inputs. A sensitivity
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analysis indicated  that  predict ions  are mos t  sens i t ive  t o ,  in decreasing order ,  the  input
loading rate of phosphorus, the settling coefficients, and the decomposition
coefficients (particulate phosphorus removed by decomposit ion t o  soluble ortho-
phosphate). Sensitivity was also noted to  vertical exchange across the thermocline.
Pr ior i t ies  for  cos t -e f fec  t ive limnological studies of  a general nature were  suggested by
the results of Snodgrass and O'Melia (1975). Emphasis should be  placed on nutrient
inputs, settling o f  the  lake sediments ,  and decomposi t ion of organic mater ia ls  when
investigating total phosphorus relationships and concentrations.

Lorenzen (19,74) reviewed the  formulation of three models to demonstrate the
e f f ec t s  of  different assumptions fo r  the  nutrient exchange process  upon predictions of
lake  recovery .  The three  mode l s  all  employed idea l i zed  assumptions of comple te
mixing, inflow andioutflow of nutrients, and average annual constituent values. The
simplest formulation was Model  I ,  in which a ne t  annual loss o f  nutrients t o  the
sediments was assumed, the loss proportional to the average nutrient concentration in
the water  column (this is essentially Vollenweider's framework). ModelI l  treated
nutrient  f luxes in to  and out of t he  sed iments  as independent  processes ,  w i th  the
assumption that the concentration i n  the  sediments remained fairly constant over
t ime .  In Model III, depletion of  nutrients i n  the sediments was considered, that is, the
sediment concentration was variable. A coupled set  of  differential equations
describing the change in  nutrient concentrations in  the water column and in the
sed iments  was  required .  Comparison of  mode l  predictions under four se t s  of
hypothetical lake condit ions y i e lded  some  ve ry  d i f ferent  resul ts .  The resul ts
i l lustrated the e f f ec t  of  ini t ial  lake conditions which are no t  at  a s teady state wi th

nutrient loading rates. In such a case,  i t  is  possible to reduce nutrient loads, and still
show an increase in the average nutrient concentration in the lake.

2 .2 .2 .2  B iochemica l  Models  of  Lower  Trophic Levels

A more complex category of mathematical models for  simulation of biological—
chemical behavior has been developed in order to relate nutrient concentrations to
phytoplankton concentrations. The models  generally require more  extensive para-
meter specifications and input data than do the chemical models described in the
preceding section._

, 4

Schnoor andi'Connor (1980) utilized simplifying assumptions for kinetics and
transport equations to  develop an alternative nutrient-phytoplankton modeling
approach. The mode l  considers completely mixed systems o f  one or two  compartments
(i.e., an epilimnion and hypolimnion). Both inorganic and organic nutrient fractions are
analyzed, and phytoplankton are s imula ted  on the  basis  of nutr ient  concentrat ion.
Kinetic coefficients are required for  sedimenta t ion,  hydrolysis (mineral izat ion of
organic nutrient t o  inorganic nutrient), phytoplankton uptake of inorganic nutrient
(autocatalytic growth), and phytoplankton death rate (sum of the endogenous decay
and predation rates) .  The authors concluded that the total phosPhorus concentration
in  a lake was cont ro l led  by the sed imenta t ion  ra te ,  which contro ls  phosphorus loss  to
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t he  sed imen t s .  This sedimenta t ion  ra te  represents  t he  e f f ec t i ve  r a t e  of organic
nutrient and phytoplankton sinking velocities with respect  t o  the mean  depth of the
waterbody. Remaining kinetic coefficients  for  hydrolysis, growth, and death o f
phytoplankton determine the partitioning o f  nutrients among the organic, inorganic,
and phytoplankton fractions. The mode l  was  calibrated and verified with data se ts  for
Lake Lyndon B .  Johnson, Texas and simulations were  per formed for  Lake Ontario of
the  Great  Lakes.  Schnoor  and O 'Connor  (1980) ident i f ied  several  advantages of  their
s impl i f ied  eutrophicat ion mode l  over  the  genera  of lake p rocess  mode l s  based  on
nutrient loading typified by the Vollenweider approach: the  capability of separating
the ef fec ts  o f  or anic nutrient inputs f rom inorganic inputs (bioavailabil i ty) ,  the
calculation o f  nonsteady-state blooms and periodicities,  the direct  determinatiOn o f
phytoplankton standing crop, and a be t te r  understanding o f  the nutrient flux rates v ia
phytoplankton growth and death, organic nutrient hydrolysis, and sedimentation.

Schnoor and O'Connor (1980) discussed the  application of the steady-state
solut ion of their  mode l  using phosphorus data for  81  northeastern and north-central
Uni ted  Sta tes  lakes col lected in  conjunction wi th  the USEPA National Eutrophication
Survey. Of  the total  phosphorus present,  phytoplankton accounted for 10-40  percent,
dissolved phosphorus 35-75 percent,  and organic phosphorus 0-40 percent .  A general
pattern o f  increasing eutrophic tendency with increasing percentage of  organic phos—
phorus was  evidenced.  Predicted steady-state concentrations of  total phOSphorus were
conver ted t o  chlorophyll—a. Comparison to  measured chlorophyll-a concentrations
showed considerable sca t te r .  This analysis pointed out the need for  a more  detailed
time-variable solution for  water  qual i ty  management  applicat ions (Schnoor and
O'Connor, 1980) .

Modeling techniques for  the  simulation of  algal growth in eutrophic environments
were described by Bierman, e t  a1. (1974). Cel l  growth was treated as a two-step
mechanism involving separate nutrient uptake and cel l  synthesis processes with an
in te rmedia te  nutrient s torage capaci ty .  An  algal g rowth  curve was  descr ibed f rom an
example  calculat ion for  t he  case of  a single algal spec ies  wi th  phosphorus as the
primary growth regulating nutrient. Model  results  indicated a lag be tween  the
decrease in phosphorus concentration in the water column and a subsequent increase in
algal growth,  an ef fec t  attributable largely to luxury uptake o f  phosphorus. Under _
these conditionsgfa cell growth rate was  independent o f  the external phosphorus
concentration. Akihosphorus l imi ted  system with  two  algal species was simulated t o "
demonstrate  the  e f f ec t s  of spec ies  compet i t ion .  An  applicat ion was  also made  to  a
system l imi t ed  by bo th  phosphorus and ni t rogen.

Algal growth dynamics in  Shagawa Lake, Minnesota were modeled by Larsen,
e t  a1. (1974). The available data base for  the lake included one year of  detailed
measurements of available phosphorus (orthophosphate phosphorus), available nitrogen
(sum of ammonia, nitrite,  and nitrate),  and algal biomass (as chlorophyll-a). The model
formulat ion included input variables of l ight  in tens i ty ,  available phosphorus, available
ni t rogen,  and f l owra t e .  The contents  of  the lake were  t r ea t ed  as comple te ly  mixed ,
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and biomass was simulated as chlorophyll-a. Algal dynamics and nutrient concen—
trations were  expressed as three coupled differential equations. Simulation results
indicated a spring algal bloom (as observed), with the timing and magnitude o f  the
bloom sensitive to the hypothesized loss coefficient for algal biomass. Simulation of
the  observed late summer algal bloom was  accomplished only wi th  the  addition o f
nutrient supply from the sediments and nitrogen f ixation.

Cordeiro, et  a1. (1974) described a two—layer lake model  for simulation o f
seasonal microbial populations and nutrient concentrations. The model  considered not
only nutrient transport through the lake, but also nutrient cycling, i . e . ,  the exchange
of  carbon dioxide; nitrogen, or oxygen with  the atmosphere. Each layer included
categories  for organic and inorganic chemical  species.  Five  mechanisms of  nutrient
transfer were  included: convect ion,  diffusion,  sedimentation,  chemical  react ion,  and
biological  react ion .  Growth k inet ics  for  three  general  algal groups and three  groups of
bacter ia  were s imulated.

An aquatic ecosystem model for simulation of phytoplankton and nutrients was
developed by Lassiter and Kearns (1974). The chemical system included organic and
inorganic components o f  carbon, nitrogen, and phosphorus. Six species of phyto-
plankton were included, with growth rates a function o f  inorganic chemical concen-
tration and light intensity. Simulation results for a hypothetical system indicated the
importance o f  rates  o f  secret ion  and decomposit ion o f  organic mater ia l s  in  the  t iming
of  algal growth.  I t  was  postulated that fast—growing algal spec i e s  may dominate the
early growing season, while  slower-growing forms  wi th  the  capabil ity to  use  lower
nutrient concentrations may dominate late—season growth.

2.2 .2 .3  Comprehensive Ecosystem Models

Ecosystem models represent a category of  complex mathematical models. The
increased complexity is  generally a consequence o f  the incorporation o f  a smaller
computational grid (i.e., smaller and more numerous completely mixed cells) or
additional variables.

Patten (1974) reported that eutrophication studies typically address only the .
primary producti’oii subsystem of lake ecosystems. Such models consider nutrient
loadings and phdfiasynthetic energy inputs as exogenous drives, and incorporate"
internal processes to deal with algal nutrition, nutrient dynamics, and hydrologic
transport, ignoring the remainder o f  the lacustrine ecosystem. Patten (1974) argued
that the  appropriate minimal conceptual miit for  eutrophication modeling i s  the whole
ecosys tem.  Since  ecosystem components  are mutually dependent,  points for control o f
eutrophication exist  throughout the  ecosys tem.  Further, control  measures  d irec ted  at
sensit ive  points  in  the  ecosys tem may be  amplif ied in  propagation to  produce
significant results.

A complex model  for simulation o f  water quality in a river~reservoir system was
developed for  the Hydrologic Engineering Center  (HEC) of  the U.S .  Corps o f  Engineers
(BBC, 1975). The model was essentially a combination of previously developed
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reservoir and stream models.  The stream model  simulated one—dimensional transport
through fully mixed longitudinal segments. The reservoir model was based on an
ecological model for  deep reservoirs developed for the Office of Water Resources
Research (OWWR) o f  the U.S .  Department of  Interior (Chen and Orlob,  1972) ,  wherein
a s t ra t i f ied  reservoir  is s imula ted  as a series of  one—dimensional, fully mixed
hor izonta l  s l i ces .  Various c r i te r ia  a re  incorporated in to  the  mode l  hydrodynamics to
govern the  ver t ica l  distr ibution of inf lows and ou t le t  r e leases .  Continuity of f low i s
maintained through vert ical  advection and diffusion between elements.  The following
parameters can be  simulated: temperature,  biochemical  oxygen demand, three types
of fish, benthos, zooplankton, two  types of  algae, detritus, organic sediment, ortho-
phosphate phosphorus, ammonia nitrogen, niti i te  nitrogen, nitrate nitrogen, dissolved
oxygen, coliform bacteria, total alkalinity, total  dissolved solids, and pH.  A schematic
representat ion of  the interdependence of  these constituents is  displayed in Fig. 2—10.
A detailed se t  of physical, chemical, and biological coefficients are required for
implementa t ion  of  the  mode l .  A typical se t  of coef f ic ien t  values and ranges is
presented in  Table 2~1 .

A phytoplankton model  for  Lake Ontario was developed by Thomann, et  al .
(1975). Two completely mixed layers (epilimnion and hypolimnion) were considered,
with ten biological or  chemical compartments i n  each. Included were four trophic
levels above the  phytoplankton: herbivorous zooplankton, carnivorous zooplankton, and
two  upper t rophic levels .  Chemica l  compar tments  included organic  and inorganic
phosphorus; organic, ammonia ,  and n i t r a te  ni trogen;  and chlorophylha a s  a measure  of
phytoplankton b iomass .  Mode l  coef f ic ien t s  were  calibrated wi th  observed  data  fo r
1967-1970 .  The authors concluded that the mode l  was sufficiently verif ied for
prediction o f  timing and extent o f  phytoplankton blooms. The model  was used to
predict  the long-term behavior o f  peak phytoplankton chlorophyll in Lake Ontario by
Thomann, et a1. (1977). Four alternate loading schemes were  evaluated: present loads,
historic loads, and a pair o f  reduced—load scenarios.

Rober t son  and Scavia  (1979) developed an ecosys tem mode l  for  the  purpose of
synthesizing existing knowledge of  an ecosys tem and providing insight i n to  ecosys tem
structure and function. The model  was  a modif icat ion of  an earlier model  for  Lake
Ontario (Scavia  et_.al., 1976) .  Two  vertical layers were  simulated wi th  seasonal cycles ,
o f  five groups offfihytoplankton, five groups of herbivorous zooplankton, one group of
carnivorous zooplaxkton, detritus, available phosphorus, dissolved organic nitrogen,"
ammonia nitrogen, nitrite plus nitrate nitrogen, soluble reactive si l ica,  detrital si l ica,
d issolved oxygen, and the  carbonate sys tem.  External forcing functions included solar
radiat ion,  winds,  allochthonous loads,  and hydraulic flushing ra tes .  Sinking of
par t icu la te  organic ma t t e r  t o  the  sed iment  compar tment  was s imulated,  and transport
of  dissolved material  across the sediment—water  in te r face  was  t r ea ted  as a diffusive
process.  Decomposers were modeled as first-order decay terms,  as were  trophic levels
higher than secondary consumers (all carnivorous zooplankton). Model  output depicted
carbon f low between categories or  trophic levels, which provided an overall perspec-
tive of  the Lake Ontario ecosystem. Model  results defined operation as a detrital" or
producer—based food  web,  major  trophic paths and relations, relative abundance of
each t rophic  l eve l ,  and other  proper t ies .
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Huff, e t  a l .  (1974) employed a detailed ecosystem model t o  simulate the pelagic
zone of Lake Wingra in Madison, Wisconsin. The model was comprised of nine
compartments representing the open water  portion o f  the lake, including phyto—
plankton, zooplankton, fish, benthos, and chemicals. Simulation of runoff was
accomplished wi th  the  Hydrologic Transport Model  developed earlier by the same
author. A deta i led  water  and nutrient budget  ind ica ted  that  84 percen t  of the
dissolved inorganic phosphorus input en te red  f rom storm sewer s ,  whi le  65  percent  of
the dissolved inorganic nitrogen orginated from Springs and groundwater seepage. The
difficulty in obtaining parameter est imates  for  detailed ecosystem models  was
discussed. Model fewlts indicated general agreement with trends observed in  the real
sys tem.  in.

. ,  i
a

Development o f  the comprehensive ecosystem model  CLEAN (Comprehensive
Lake Ecosystem AN alyzer) was described by Bloomfield, e t  a1. (1974). The model was
formulated as 28 coupled ordinary differential equations. Major components included
producers ,  consumers,  decompos i t ion  and organic ma t t e r ,  hydrologic balance,  and lake
circulat ion.  The  producers component  included macrophyte  and phytoplankton groups,
and consumers included three types of zooplankton, three types of fish, and benthic
insect  larvae. The authors pointed out that the accuracy o f  prediction had not  been
demonstrated to  be  sufficient fo r  use as a management tool,  particularly in light of
the  cos t s  of  running the  mode l .  Results of  the model  should, however, provide
valuable insight i n to  ecosys tem functions.

Modifications to  CLEAN resulted in the model  CLEANER.  Improvements
included the addition o f  several s tate  variables, reformulation o f  the decomposition
submodels, and addition o f  a subroutine for transformation o f  biomass values into
environmental  percep t ion  charac ter i s t ics .  The  mode l  was further expanded in to  the
version MS.  CLEANER.  Modi f ica t ions  included addit ional  s t a t e  var iables ,  enhanced
process resolution, and the capacity for  simulation of  as  many as ten vert ical  and
horizontal segments simultaneously, as reported by Park, et a1. (1979). The investi—
gators reported that continued model  development was l imited by the state  of
knowledge in  aquatic  ecology,  and ident i f ied th ree  levels  of  research needed:
(1) process—level research t o  a id  in  formula t ion  of  environmental  responses;
(2.) detailed meafisurements for calibration of existing formulations; and
(3) comprehensivejata collection programs to support verification of  models.

Br ief ly ,  additional examples  of  complex ecological  models  include a food-web
model for Lake Michigan developed by Canale e t  a1. (1976). The model was based upon
forage—fish predation, and simulated the epilimnion and hypolimnion with compart-
ments  for three elements,  four types o f  phytoplankton, seven types o f  zooplankton,
and the alewife. The food-web model was  developed in order to  evaluate complex
ecological problems,  such as the  e f fec t  o f  eutrophication on the forage fish. Chen
e t  al .  (1975) developed a comprehensive water  quali ty-ecological  mode l  fo r  Lake
Ontario. The model  included seven vertical layers w i th  numerous horizontal e lements .
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Major  compar tments  included ni t rogen,  phosphorus, s i l icon,  algae,  zooplankton,
det r i tus ,  f ish,  and organic sed iment .  Subdivisions fo r  three age groups and four major
types  were  included within the  f ish compar tment .  Benndorf and Recknagel  (1982)
developed the  dynamic ecological  mode l  SALMO (Simula t ion  by means of an Analyt ical
Lake  MOdel) .  The  mode l  was  const ructed  for  s impl ic i ty  w i th  r e spec t  t o  the  number  of
s ta te  vmiab les ,  but  maximum complexi ty  regarding eco log ica l  con t ro l  mechanisms was
ins t i tu ted .  Only three  s t a t e  var iables  we re  considered:  phytoplankton, zooplankton,
and orthophosphate.  Internal control  mechanisms included relat ionships of  photo“
synthesis and phytoplankton respira t ion t o  tempera ture ,  sed imenta t ion  of  part iculate
phosphorus in  zooplankton f eca l  pe l l e t s ,  nutrient reminera l iza t ion  by zooplankton and
fish,  zooplankton feeding on phytoplankton,  f i sh  feeding on  zooplankton, and several
additional processes. 7

a

2.2 .3  O the r  Model ing Techniques

An  alternative approach to  wa te r  qual i ty  modeling involves the  development  of
physical mode l s  i n  cont ro l led  environments.  Fa l co  and Sanders (1974;) descr ibed an
environmental  chamber  ca l l ed  the  Aquat ic  Ecosys t em Simula tor .  The  chamber  was
designed to  s imulate  b iological  and chemical  responses of  f lowing s t reams  to  environ-
menta l  per turbat ions .  In format ion  could  be  ob ta ined  on mic rob ia l  g rowth  k ine t i c s ,
transport phenomena,  and photosynthet ic  p rocesses .  The environmental  chamber  was
22 m long and 3.66 In wide, housing a channel 19.5 m long, 0.46 m wide, and 0.6 m
deep.  Rota t ing  paddle  wheels  regulated mixing,  and operational  control  pa rame te r s
included air ve loc i ty  and t empera tu re ,  re la t ive  humidi ty,  influent wa te r  t empera tu re ,
and inf luent  wa te r  f lowra te .  A variety of  const i tuents  could be  moni tored ,  including
organics, nutr ients ,  and d isso lved  oxygen. A compute r  p rov ided  se t  po in ts  fo r
environmental  pa ramete r s  and served  as the  da ta  acquis i t ion sys t em.

Hil l  and Po rce l l a  (1974) descr ibed the  technique of component  descript ion and
sys t ems  analysis a s  an a l ternat ive  to  compar tment  mode l s .  E f f ec t s  of  potent ia l s  or
fo rces  and environmental  in te rac t ions  were  ex t rac ted  from the  descr ipt ive  parameters
which cons t i tu te  a. compar tment .  The authors suggested  that  inclusion of po ten t ia l s  i n
mode l s  would provide addit ional  realism by ( l )  d i f ferent ia t ing be tween  po ten t ia l
energy s torage,  k ine t ic  energy s torage,  and dissipat ion within a compar tmen t ,
(2) represent ing intercompartmental environmental  f low res is tance ,  and (3) pe rmi t t ing
extrapolat ion of  discriptive parameters  t o  di f ferent  environments.  The  me thod  i s  "
detai led,  and a major  disadvantage i s  the  complexi ty  of t he  ma themat i c s .

2 .3 ANCILLARY ASPECTS OF  PHOSPHORUS MODELING

Modeling o f  the  eutrophicat ion p rocess  requires  a fundamental comprehension of
several  aspec ts  of  wa te r  qual i ty  management .  Externa l  loads  must  be  quant i f ied
wi th in  a sui table  f ramework ,  and internal  p rocesses  mus t  be  examined fo r  assignment
of appropriate reac t ion  k ine t ics .  The  l a t t e r  aspect  may be  of  pa r t i cu l a r  impor tance  in
mode l  formulat ion i n  order t o  e f f ec t  cer ta in  s impl i fying assumptions .  The  success  of  a
reservoi r  model ing e f fo r t  i s  dependent upon representa t ive  e s t ima t ion  of external  and
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internal processes. Mass budget analyses are commonly employed for evaluation o f
loads and react ion kinetics.

A de ta i led  evaluation of  sources  of chlor ide  loadings to  the  Grea t  Lakes  was
reported by O'Connor and Mueller (1970) in  conjunction with their mathematical
modeling analysis. Major sources included industrial and municipal wastewater ,  inflow
f rom upstream lakes ,  and residues f rom highway de-icing. Ut i l iz ing data  f rom the
period 1850  to  1900 ,  natural background concentrations in  the tributary r ivers  were
calculated to  range f rom 3 t o  4 mg/l .  Natural lake concentrations o f  2 to 3 mg/l
chloride were  empl yed  for equilibrium calculations. Chloride loadings from municipal
sources were estimated at 9 .1  kg  (20 lb) per capita per year, equivalent to a
concentration on the "order o f  40  to  80  mg/l  in sewage.  Population growth and the
index of the valueS‘of chemical products derived from the U.S. Census of Manufac—
turers were uti l ized for assessment o f  industrial growth and thence chloride inputs.
Municipal road salt use  was est imated as a function o f  population. A mass  balance for
chlorides for  each reservoir was  conducted, with the addition o f  a category for
unidentified sources in  order to close the budget. Subsequent modeling o f  the Great
Lakes indicated the relative influences of the components of waste discharges on i_n
Sill concentrations. Implications of the imposition of waste load controls were
evaluated.

Long-term average nutrient loads  were  computed for  Rend Lake  in  southern
Il l inois  by Kothandaraman and Evans (1979). Mathemat i ca l  relat ionships were
developed for  correlat ion of  nutr ient  transport  and discharge ra te .  These relat ionships
were  employed  to  e s t ima te  loading ra tes  fo r  to ta l  phosphorus and to ta l  inorganic
ni t rogen to  the  lake  surface as 1 .29  g/mz/yr  and 3 .79  g/mZ/yr, respectively. Using
guidelines presented by Vollenweider (1968) of 0.13 g/mz/yr for  phosphorus and
2.0  g/mz/yr for  nitrogen as eutrophic levels for a mean depth of  5 m,  Rend Lake was
determined to be  receiving excessive nutrient loads.

Input and export o f  nutrients to Lake Corpus Christ i ,  Texas, was analyzed by
Miertschin and Jensen (1979). Historical data  for  the Nueces River,  the only
significant tributary to the reservoir,  were compiled, augmented wi th  the results o f  a
high flow data collection program, and load-discharge relationships were  determined
for selected constituents. Loading equations were integrated with t ime  over the flow—7
frequency relationship fo r  stations above and below the  reservoir to compute long- "
term average nutrient loadings. Low flow and high f low loadings were  also es t imated .
The calculations indicated that high flow mass  transport comprises the major portion
of  the long—term annual nutr ient  loadings. Impor t  loadings significantly exceeded
export  loadings f rom the  reservoir ,  indicating that Lake Corpus Christ i  re ta ins  a
substantial  mass  of nutr ients ,  bo th  f ixed  in  standing crop and depos i ted  by sedimen—
tat ion.  On an annual basis, inflow loadings of 1.55 x 106 kg/yr of total  nitrogen and
2 .2  x 105  kg/yr of to ta l  phosphorus were  computed.  The  areal phosphorus loading rate
to Lake Corpus Christ i  was es t imated  t o  be  2.5 g/znz/yr.

Cooke, et a1. (1974) conducted a detailed analysis of phosphorus loading, reten—
tion, and flushing on the Twin Lakes Watershed in Ohio.  Phosphorus inputs from
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surface in f low,  precipi ta t ion ,  and shal low and deep  groundwater  f low were  moni to red
and seasonal  loads  were  computed .  Surface  sources  provided  the  major i ty  of
phosphorus loads,

The  cos t -e f fec t iveness  aspec t s  of  phosphorus cont ro l  s t r a t eg ie s  warrant  consider
rat ion in  the  model ing  of  wa te r  qual i ty  management  a l ternat ives .  The  development  of
phosphorus control  s t ra teg ies  should be  based upon the  re la t ionships  be tween  the
environmental  p rob l em,  the  contributing fac tors ,  and the  cos t s  (social ,  economic ,
technological) associated with the  solution, according to Porcella,  e t  a1. (1974). A
strategy fo r  phosphorus control  should be  deve loped  to  decrease  the  e f f ec t s  of
eutrophicat ion at a iminimum cos t ,  i n  order  t o  avoid implementa t ion  of  solut ions which
might  be  counterproductive i n  t e rms  of t he  tota l  economy of a region or  nat ion.  The
costmeffectivenessa‘analysis commenced  wi th  the  development  of a relationship
be tween  phosphorus input and eutrophicat ion.  Relat ionships fo r  admissible or
dangerous nutrient levels  as  a function of  nutrient loading and mean  depth,  based  on
Vollenweider  (1968), we re  u t i l i z ed  by Porcel la ,  e t  a1. (1974). Index numbers  were
assigned to  levels  of re la t ive  eutrophicat ion,  and the  eutrophicat ion e s t ima tes  were
then r ecas t  i n  t e rms  of  chlorophyll-=31 concentrat ions and annual to ta l  phosphorus
loading rate t o  a l low defini t ion of  l ake  b io t a  levels  corresponding to admissible and
dangerous leve ls  of eutrophication.  Porce l la ,  e t  al. (1974:) def ined the i r  ac t iv i ty
analysis as a comprehensive understanding of phosphorus uses ,  which should be
requi red  be fo re  development  o f  logical  management  schemes ,  A mass  f low model  fo r
major  phosphoruSwusing ac t iv i t i e s  and natural sources  was  developed,  so that
phosphorus output cou ld  be  calcula ted according to  a var ie ty  of d i f fe ren t  ac t iv i t i es .  A
detai led analysis of various ac t iv i t ies  was  pe r fo rmed ,  wi th  indent i i icat ion of  major
appl ica t ion  po in t s  fo r  per t inent  cont ro l  t a c t i c s .  A summary l i s t  of  poss ible  control
t ac t i c s  was  presen ted  (Pocel la ,  e t  3.1., 1974),  as  shown in  Table Zw-Z. Tac t i c s  were
developed fo r  the supply and demand s ide  of  ac t iv i t i es ,  as  wel l  as  fo r  t he  technological
and t r ea tmen t  s ide.  The  application of  cos ts  t o  each  control  t a c t i c  def ined the  cost”-
ef fec t iveness  relationship. The  e f fec t iveness  of a l ternat ive controls  was examined  by
simulat ing the  application o f  spec i f i c  controls ,  assessing t he  change in  re la t ive
eutrophication l eve l ,  then de termining  the  assoc ia ted  t rea tment  cos t s .  A benef i t / cos t
comparision should tes t  whether  t he  cos t  is  wor th  the  r ea l i zed  benef i t s ,  however ,
benef i t s  f rom reduction of phosphorus cannot be  assessed wi thout  t he  influence of
value judgements .fi

ii
2 .4  RELATED STUDIES ON HIGHLAND LAKES

The Highland Lakes  have been  the  subject  of  a number of s tudies  over  the  pas t
two  decades ,  frequently under the  auspices of the  Cen te r  fo r  Research in Wate r
Resources  of The Universi ty  of Texas  at  Austin.  No  previous model ing  ac t iv i t i es  fo r
phosphorus concentrat ions  i n  the se r i e s  of reservoi rs  have been  published.

Limnologica l  and wa te r  qual i ty  da ta  fo r  the Highland Lakes  were  co l l ec ted
during 1968 and early 1969 and repor ted by Fruh and Davis (1969a). Field measure“
ment s  of t empera ture ,  d issolved oxygen, pH,  and l ight  in tensi ty  were  obtained.
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Chemica l  analyses included alkalini ty,  hardness,  conduct ivi ty,  phosphorus, s i l ica,
n i t r a t e  plus nitr i te ,  ammonia ,  i ron ,  to ta l  organic carbon, and methylene  blue  extrac-
t ion.  Enumerat ion of  bac te r i a  and phytoplankton were  conducted,  and a l im i t ed
amount o f  chlorophyll—a da ta  were  obtained.

Pit tman,  e t  a1. (1969) investigated the e f f ec t  of shoreline development on
impoundinent  wa te r  qual i ty .  On  Lake  Lyndon B .  Johnson,  no  significant d i f ferences  in
wate r  qual i ty  were  found among a developed cove  ( res ident ia l ) ,  an undeveloped cove ,
and the midd le  of the lake.  However ,  analyses fo r  total phosphorus showed  a
signif icant  variance be tween  bo t tom layer  sampling stat ions within the  undeveloped
cove .  O the r  areas’jon the Highland Lakes  were  sampled  fo r  an indicat ion of e f f ec t s  of
soi l  condit ions,  marinas, agriculture,  and industrial ac t iv i ty .  Shorel ine deve lopment
was  occasionally f éund to  impac t  wa te r  qual i ty .

Fruh and Davis  (1972) summar ized  severa l  l i innological invest igat ions on the
Highland Lakes .  E f f ec t s  of watershed development  on water  qual i ty ,  hypolimnetic
dissolved oxygen deplet ion,  thermal predict ion techniques,  and l imi t ing  nutr ient
studies were  descr ibed.  Chemica l  and physical da ta  fo r  1969 were  presented.

The  e f f ec t  of urbanizat ion on impoundment  wa te r  quality was  inves t iga ted  by
Fruh and Dav i s  (1969b). .A significant upward trend in  the  concentra t ion  of  col i form
bac te r i a  i n  Town Lake  (Colorado  River  at  Austin) s ince 1949 was de t ec t ed ,  as  the
wate rshed  rapidly urbanized. Tas te  and odor p rob lems  in  Town Lake  and Lake Austin
were  also evaluated,  and tenta t ive ly  a t t r ibuted to  roo t ed  aqua t i c  vegeta t ion  and
a t tached  algae.  Nut r ien t  limitation~-—phosphorus, n i t rogen  or  iron—«was observed  a t
various t imes  of the  year .  Dissolved  oxygen resources  of Lake  Travis ,  Lake  Aust in ,
and Town Lake were  also analyzed.

Algal growth potent ia l  exper iments  we re  repor ted  by  Floyd,  e t  a1. (1969).
Inorganic ni t rogen,  phosphorus, and i ron  were  used  fo r  enrichment o f  unialgal cultures
in  the  laboratory.  Increased growth  was  observed wi th  the  combined  addi t ion of
ni t rogen and phosphorus. The algal g rowth  potent ia l ,  or  fer t i l i ty ,  of  the Highland
Lakes  was  shown to  increase  wi th  progression downs t ream,  indicating nutr ient
additions along the  chain of  reservoirs ,

Huang, e t  all; (1973) repor ted  on l imit ing nutrient  s tudies  in  Lake  Trav i s . "
Ni t rogen ,  phosphorus, and i ron  concentra t ions  were  generally l ow ,  and each  nutrient
apparently l im i t ed  phytoplankton g rowth  a t  different  t imes  of the  year. The
labora tory  t es t s  ind ica ted  that  phosphorus enrichment of Lake Travis  would  resu l t  i n
increased  nitrogen f ixat ion by  blue-green algae, Ba tch  laboratory  enr ichment  t e s t s
employed  bo th  natural mixed  populations and unialgal cul tures .

A comprehensive study of  Lake Lyndon B .  Johnson was  conducted in  order  t o
examine conditions be fo re  and a f t e r  t he  ins ta l la t ion of a power  plant  (Fruh, e t  a1.,
1977). The power  plant  d raws  wa te r  f rom a sma l l  cove for  emcee-through cooling,  then
discharges the  hea t ed  ef f luent  t o  another  cove ,  mod i f i ed  w i th  an ex tens ive  dike t o
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maximize  heat dissipation within the cove rather than the main s tem of  the reservoir .
Da ta  were col lected monthly from 1971  through May 1974  and presented in several
progress reports ,  theses, and dissertations. Stat is t ical  analysis of  data from control
s ta t ions  and s ta t ions  i n  t he  discharge co re  ind ica t ed  significant d i f fe rences  i n
tempera ture ,  dissolved oxygen, and to t a l  phosphorus. Nut r ien t  balance calculat ions
displayed large mass  loadings associa ted wi th  f lood  events .  The calculat ions indica ted
that Lake LBJ serves as a sink for nutrients. Scour and resuspension of  trapped
nutrients could result i f  floods occur during the period of  fall overturn.

The USEPA conducted water  quality studies on Lake Travis, Lake LBJ ,  and Lake
Buchanan in 1974":iln conjunction with the National Eutrophication Survey. The EPA
concluded that  Lake Travis was mesotrophic. Algal assay results indicated that Lake
Travis was phosphorus l imited (USEPA, 1977a). Lake LBJ was classified as eutrophic,
based  upon phosphorus loading. Reduc t ion  of  point  source  loads by  50  percent  would
reduce t he  to ta l  phosphorus load  to  a meso t rophic  loading, according to  the  EPA.
Phosphorus limitation was indicated by algal assays (USEPA, 1977b). Lake Buchanan
was also classified as eutrophic. Essentially all o f  the annual phosphorus loading was
attributed t o  the Colorado River. Algal assays indicated phosphorus limitation
(USEPA, 1977c ) .

The TDWR conducted an intensive monitoring survey o f  Lake Travis i n  February
1975 (Brasier, 1976a). I t  was concluded that  the reservoir was oligotrophic or
mesot roph ic ,  though the  bas is  fo r  this assessment  was  not  presented .  Alga l  g rowth
poten t ia l  s tudies imp l i ca t ed  phosphorus as the l imi t ing  nutr ient .  A s imi la r  survey was
conducted i n  Lake Austin in  February 1976 by the TDWR (Ottmers, 1976). Both
nitrogen and phosphorus were  found to  be  limiting in  algal growth potential  experi—
ments,  with a suggestion that t race elements may also be  limiting. An intensive
monitoring survey of Lake Buchanan was also conducted by the TDWR in February
1976 (Brasier, 1976b). Total phosphorus levels were observed to  be  higher i n  the
headwater reach than in the lower  pool ,  attributable t o  inflow from the Colorado
River .  Algal  assays indicated that addition o f  nitrogen alone or  a combination o f
ni t rogen and phosphorus would s t imula te  g rowth .
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TABLE 2—-2

SUMMARY LISTING OF CONTROL TACTICS

Supply and demand (applies to  consumer habits and producer activities)
1 .  __§Subsidies (non-phosphorus products)
2 .  Tax breaks and credits
3 .  ’srice controls
4. §Excise  taxes or other taxes
5 .  Advertising and education
6 .  Non-monetary recognition
7 .  Content labeling
8 .  Moral suasion
9. Boycotts

Resource control,  mining and manufacturing
1 .  Requirements for recycling
2. Phosphate mining restrictions (rationing)
3 .  Manufacturing/production restrictions
4 .  Emission controls

Management o f  phosphorus uses
1 .  Resource and product substitution
2 .  Technology improvements in processes or uses
3 .  Monitor requirements with enforcement of  application rates (e .g . ,  ferti l izer)
4 .  Recycling and. reclamation

Management o f  phosphorus discharges
l .  Pollution standards
2. Land management practices

a.  Reduction o f  cultivated acreage
1). Increased fertilizer use

i c .  Technical management
fid .  Irrigation practices
“fie. Green belts and buffer zones

f .  Solid waste recycling
3 .  Land use controls

a .  Zoning
b .  Licensing
c .  Leasing
d .  Codes and subdivision regulations
e .  Permits
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TABLE 2-2 (Concluded)

4.3.7 solid waste management
9 a .  Disposal regulation

b .  Fees
5 .  Effluent charges
6 .  Bans
7 .  Fines

E .  Judicial controls
1. Judicial review
2 .  Class action
3 .  Common law remedies  (nuisance trespass, negligence)

F .  Wastewater t reatment-—for phosphorus removal

G.  Lake modification

fl
u .
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CHAPTER 3.0

ANALYSIS OF AVAILABLE PHOSPHORUS
AND HYDROLOGIC DATA

Available data for total phosphorus and chlorides in  the Highland Lakes were
compiled and reviewed as part o f  the  present analysis. The great majority o f  available
data have been col lected by the Texas Department of  Water Resources .  Additional
ent i t i es  involved in data co l lec t ion  have included the  U .  S .  Geological  Survey,  the
University  of Texas Center  for  Research in  Water Resources ,  and recent ly ,  the  Lower  >37
Colorado River Afithority. A substantial amount o f  data has been collected on Town ‘
Lake by the Ci ty  §f Austin. A listing o f  sampling stations and agencies participating
in data collection is displayed in Table 3 -1 .  The present investigation relied primarily
upon the TDWR data base. USGS data and CRWR data were limited in  availability,
but were occasionally used. Much of the TDWR and USGS data were obtained from
the files of the Texas Natural Resources Information System (TNRIS, 1983a). At the
t ime  these analyses were  conducted, data from the LCRA were generally not  yet
available. Data  collected by the Ci ty  of  Austin on Town Lake were occasionally used
where appropriate.

The data base for the Highland Lakes was  subjected to  several  types o f  detailed
analyses designed to  ascertain spatial or temporal  trends in  total  phosphorus concen—
trations.  Chlorides data were  analyzed as a companion exercise  to  compare the
behavior o f  a conservative constituent. Phosphorus data co l lec ted  over short t ime
spans throughout the series o f  reservoirs were analyzed for spatial trends. The data
were presented as profiles o f  concentration from Town Lake through Lake Buchanan.
The existence o f  temporal trends was also investigated. Data  were  plotted by month
for  evidence o f  seasonality,  and consecut ive  sampling surveys were  examined for
seasonality and e f f ec t s  o f  external  mass  loadings and internal react ions .  The  analyses
are  described in  detai l  in  the  fo l lowing subsections. Also  described i s  a l imited
analysis o f  nitrogen data, presented solely for reference purposes.

Additional analyses o f  phosphorus data are described in  subsequent chapters
where they are directly used. In Chapter 4 ,  tributary phosphorus data are examined‘
for  statist ical  ch acterist ics  and relationships be tween  s treamflow ra te  and mass.»
loading in  the  dev lopment  of  major tributary and s tormwater  runoff loadings to  the
series o f  reservoirs.  Data  for  chlorides are subjected to  a similar analysis in  an
examination o f  the chloride budgets o f  the impoundments in  Chapter 5 .  Also in
Chapter 5 ,  historical annual constituent concentrations are described pursuant to
model  calibration exercises. These analyses are situated within their respective
chapters since they are integral components of specific exercises.

3.1  SYSTEM HYDROLOGY

The Highland Lakes are owned and operated by the LCRA, with the  exception o f
Lake Austin, which i s  owned by the Ci ty  o f  Austin and operated by the LCRA. Town
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Lake is owned and operated by the Ci ty  of Austin, and is technically no t  one of  the
Highland Lakes, but is  included in  the chain fo r  p rac t ica l  purposes.  The hydraulics of
the ser ies  of reservoirs  incorporate the  inf luences of tr ibutary inf low,  re leases  f rom
upstream reservoirs ,  and reservoi r  volumes  and detent ion t imes .  Principal tributaries
to  the  Highland Lakes  include the  Colorado River ,  Llano River ,  Sandy Creek ,  and the
Pedernales  River .  Pert inent  character is t ics  of the  reservoirs  are displayed in
Table  3 -2 .

3 .1 .1  Reservoir  Operations

In conjunction wi th  the  analysis o f  water  quality data, the fundamental schemeaj
for reservoir operations should be  identified. Releases  f rom each o f  the  reservoirs  are ;
sporadic. Reservii} releases occur in response to three distinct needs (Birdwell, 1983): j

l .  Satisfaction of  downstream water  rights, e .g . ,  water supply, irrigation
requirements;

2. Influx of  flood waters;
3 .  Emergency power  requirements.

Commonly,  the release schedule is dominated by sat isfact ion of  irr igation needs  for
r ice  cultivation i n  the Texas coastal region.  The vo lume  of wate r  re leased  i s
dependent upon the  immediate needs of. the  r i ce  growers. With a typical r ice  growth
cycle,  i r r igat ion needs  beg in  to  develop in  March .  Peak  i rr igat ion demands usually
occur i n  June, followed by a slight decrease in  demand and a subsequent secondary
peak  usage in  August. The  demand  then decl ines w i th  the  cessa t ion  of r i c e
agricultural ac t iv i ty  in Oc tobe r .  There  is typically no  r ice  i r r igat ion demand from
November  to March of the  following year. The volume released varies, but the
monthly discharge is frequently in excess o f  123 .3  x 1061113 (100,000 ac~ft)  during peak
consumption months. The discharge rate  i tself  fluctuates, but an average daily release
rate o f  85  m3/ s  (3,000 cfs) from Lake Austin is  representative. The daily release ra te
at  the various dams may not be  constant, rather, the ra te  is  manipulated to  peak
coincident with peak electrical demand. The peak electrical demand typically occurs
in the morning hours i n  winter months and in  the la te  afternoon and evening hours in
summer months.

Releases f f  Lake Buchanan must be  sufficient to maintain constant water,
levels in several ownstream reservoirs, i n  addition to other demand requirements.
Buchanan Dam is outf i t ted with three hydropower generators for  normal releases
which can accommodate approximately 102 m3/s  (3600 cfs) a t  full head. Inks Dam has
only one hydropower generator  with a normal output of 68 m3/s  (2.400 cfs). Thus, the
"normal" release schedule from Lake Buchanan i s  approximately 68 m3/s  (2400 cfs),
s ince such a r a t e  can be  passed through the generator  at  Inks Dam.  If  r e l ea se s  i n
excess of 68 m3/s  (2400 cfs) occurred, the  water would simply flow over the Lake Inks
spil lway wi thout  t he  benef i t  of e lectr ical  power  generation. Wir tz  Dam on Lake LBJ
has two  hydropower generators wi th  a maximum capacity of  roughly 255  m3 / s
(9000 cfs). The normal daily release from LBJ is roughly 85 m3/s (3000 cfs), which is
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comprised of  the  68  m3/ s  (2.400 cfs) release from upstream reservoirs supplemented by
additional tributary inflow t o  the lake. The two  hydropower generators at  Max
Sta rcke  Dam on Lake Marble Fal l s  normally pass  approximately 85  m3 / s  (3000 cfs) ,
which represents the  normal release f rom Lake LBJ  upstream. Mansfield Dam on Lake
Travis has three electrical generators wi th  a maximum throughflow of  142  m3/ s
(5000 cfs) at full head and a normal discharge of roughly 85  1113/8 (3000 cfs). The
normal discharge through the two hydropower generators a t  Tom Miller Dam on Lake
Austin i s  thence also 85  1113/3 (3000 c f s ) .

The preceding description is  intended to  provide a general indication of the ,3
normal release schedule throughout the Highland Lakes.  Again, constant  re leases
usually do not  oégur. The releases generally are executed to coincide with peak

.,
i,1

electrical demand: wi th  the daily average amount o f  water released sufficient t o  mee t  ‘
downstream demands .

3 .1 .2  Hydraulic Retention Time

The hydraulic retention t ime varies markedly among the series of  reservoirs, due
principally to  their disparate volumes. Residence t imes  for Lakes Buchanan, Inks,
LBJ ,  Marble  Fa l l s ,  Travis ,  Aust in ,  and Town are displayed in F ig .  3 -1  through 3 -7 ,
respectively. For  each reservoir, the average annual retention t imes  for  the period
1968-1982 are presented. Average annual re tent ion t ime  was  computed  from the
average s torage and cumulat ive ou t f low for  each  calendar year, based  upon reservoir
operation data provided by the LCRA (1983). In addition, each graph depicts retention
t imes  based upon moving 3 -month  average s torage and outf low values ,  using
antecedent 3—month periods rather than centered periods. (Only annual retention
t imes are displayed for  Town Lake, since detailed records o f  releases are not available
from the LCRA. )  The  3-month  retent ion t imes  demons t ra t e  much  grea ter  f luctuation
and ex t reme values.

The longest  average annual re ten t ion  t imes  are encountered in  Lake  Buchanan
and Lake Travis, with ranges of 318-3,802 days (0.9-10.4 yrs) and 200-597 days
(0.5-1.6 yrs), respectively. Lake LBJ i s  characterized by an intermediate range of
re tent ion t ime :  22*123 days (0.1-0.3 yr ) .  Shor ter  annual re ten t ion  t imes  are diSplayed ‘
i n  Lakes Inks, M ble Falls,  and Austin as a consequence o f  their relatively small,
volumes, with com uted ranges of 6-60 days (0.02-0.16 yr), 2—7 days (0.005—0.02 yr),
and 3-11 days (0.008- 0.03 yr), respectively. Town Lake, the smallest reservoir,
exhibits a range of 0.6-2. days (0.002—0.005 yr).

Shown in  F ig .  3—8 are cumulative annual residence t imes  for  the complete series
of reservoirs, i .e . ,  the t ime theoretically required for  water to  pass through the chain.
Cumulative values were es t imated by summation of individual reservoir retention
t imes  for  each year i n  the  per iod 1968-1982 .  Based upon this data set ,  the average
cumulative retention t ime  for  the  Highland Lakes is  3 .7  yrs, with minimum and
maximum values of 1 .5  yrs  and 12 .6  yrs ,  respec t ive ly .
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3 .2  ANALYSIS OF SPATIAL TRENDS IN PHOSPHORUS CONCENTRATION

The available data  base  was  examined  fo r  sampling surveys which moni tored  the
ser ies  of  reservoirs  a s  a continuum over  a re la t ive ly  b r ie f  t ime  span. Such data  s e t s
present  an overal l  p ic ture  of wa te r  quali ty throughout the Highland Lakes  a t  a
particular poin t  i n  t ime .  Analysis of these  surveys provides  in fo rmat ion  on  the
interrelat ionships of  phosphorus and chloride concentrat ions among the series of
reservoirs .  The  distribution of phosphorus may be  af fec ted  by thermal stratification
within the  reservoirs,  which signals the importance of  temperature and seasonality.
Data  interpretation: should consider the hydrologic regimes attendant t o  the surveys.
For  example, surveys conducted under high—flow or low—flow regimes may ind ica te !
significant diffefeTnCes in  reservoir water quality. In general, i f  stable inflow
conditions are maintained for  a sufficient antecedent period, the  reservoirs may be
assumed to  be  at a steady-state hydraulic condition. The existence o f  stable hydraulic
conditions does not  necessarily ensure that constituent concentrations have achieved a
steady state .  The length of the antecedent period necessary for establishment of
steady—state conditions cannot be  precisely defined at the present t ime  due to  the
absence o f  sufficiently detailed temporal  information. Fo r  each survey, antecedent
streamflow data were compiled f rom USGS (1983a) records and presented to  indicate
the stability of  external loadings.

3.2.1 Longitudinal Surveys Under Unstratified Conditions

To  avoid potent ia l  compl ica t ions  of s t ra t i f ica t ion  e f f ec t s  on chemistry  i n  the
wa te r  column,  surveys were  s e l ec t ed  for  detailed spatial analysis t o  depict  periods
when the  water  column was  relatively well mixed.  The presence or  absence of
stratification in  the  ser ies  of reservoirs was inferred by direct  analysis of the vertical
structure o f  temperature,  dissolved oxygen and conductivity i n  the lower pool of Lake
Travis above Mansfield Dam at TDWR monitoring station 1404 .01 .  With the criterion
for homogeneity, the data se ts  subjected to  detailed spatial analysis were  typically
characteristic o f  periods of  cooler temperatures.

3 .2 .1 .1  CRWR Data

Several rep}a ts  have been published by the CRWR which contain limnological and,
water  quality dat for  the Highland Lakes. Water  quality sampling surveys on the
series of reservoirs were  routinely conducted during 1968 and 1969 (Fruh and Davis,
1969a ) .  The ne twork  of  sampling s ta t ions included the  l ower  poo l  of  each impound—
ment ,  reservoi r  re leases ,  and major  tr ibutaries.  Per iod ic  surveys were  also conducted
on spec i f ic  individual reservoirs  fo r  various research topics .  Few da t a  s e t s  are
available which  indicate condit ions throughout the se r i e s  of reservoirs  within a
relat ively b r ie f  t ime  span. Only a s ingle survey was  s e l ec t ed  fo r  analysis i n  the
present  study, the  survey of 27 J anuary-l February 1969 ,  as descr ibed be low.

CRWR data for  total  phosphorus were  col lected at  several discrete depths at
most sampling stations. Concentrations were typically extremely low throughout the
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water  column. At  the low concentrations encountered, the precision and accuracy of
the testing procedure were relatively poor (see Fruh and Davis, 1969 a). Thus, much of
the  vert ical  structure in phosphorus concentration displayed in  the CRWR data may in
fact  be  attributable to  sampling and analytical error. For  the present analysis, surface
measurements o f  phosphorus concentration were employed, and were assumed to  be
representative o f  the vertical profile.  Where concentrations o f  zero  were reported in
the original data set,  the values have been replaced by the inferred detection limit of
the analytical procedure,  namely 0 .001  mg/ l .  (If contemporary detect ion l imits
routinely achieved by  commerc ia l  labortories  were  substituted instead,  non—detectable
values  would  be  reported  as l e ss  than 0 .01  mg/ l . )

Survey o f  27:Jmuary-l February 1969

Antecedent streamflow conditions for  the survey o f  2? January-1 February 1969
are displayed in Table 3 -3 .  The survey was  preceded  by a lengthy period o f  stable
inf low from area  tributaries.  S treamf low records  for  the  Colorado River above Lake
Buchanan at USGS Sta. 08147000 near San Saba, Texas indicate maintenance of  steady
flow conditions. In fact ,  a relatively stable f low regime was evident for  several
months prior to the survey. Steady flow conditions are indicated for  the Llano River
at USGS Sta .  08151500 at Llano, Texas. Sandy Creek near Kingsland displayed a small,
steady streamflow rate,  as measured at USGS Sta .  08152000.  Similarly, a stable f low
reg ime  was  monitored on the  Pedernales  River a t  USGS Sta .  08153500 near Johnson
Ci ty ,  Texas .  On  only two  days during the antecedent 30 -day  period prior to  the  survey
did substantial releases  f rom Mansfield Dam occur. In accordance with these releases ,
streamflow records o f  the Colorado River at USGS Sta.  08158000 at Austin, Texas
indicate a low, stable flow regime on the order o f  1 .7 -2 .3  m3/ s  (60-80 cfs).

The survey sampling results are displayed in  F ig .  3—9. The observed total
phosphorus concentrat ion in  the  Colorado River  upstream from Lake  Buchanan was
0 .03  mg/ l .  The concentration dropped be low detectable l imits  within the  pool o f  Lake
Buchanan. Total  phosphorus was  below detectable l imits in  the lower pools o f  Inks
Lake, Lake LBJ,  Lake Marble Falls,  and Lake Travis. Detectable  levels  were found in
the release from Lake Buchanan and Lake LBJ. A total phosphorus concentration o f
0.01 mg/l was alsg detected in  Lake Travis at the confluence with the 'Pedernales‘
River. A level 090 .03  mg/l  total phOSphorus was detected in the lower pool of Lake»
Austin.  Phosphorua was  e l evated  in  the  lower  pool  o f  Town Lake  to 0 .058 mg/ l .

The CRWR data se t  did not include measurements for chloride concentration.
An attempt to obtain a correlation between chloride concentration and conductivity
using the TDWR data for Lake Travis was unsuccessful. The lack of correlation is
attributable to  the narrow range o f  relatively low chlorides encountered in  the
Highland Lakes ,  roughly 50-100 mg/l ,  and the  presence  o f  other  ionizable  dissolved
substances which influence conductivity.  For  the  purposes o f  this data  survey,
chloride levels can only be  indirectly inferred from analysis o f  conductivity data.
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Observed conductivity levels increased from Lake Buchanan to  Inks Lake. Conduc-
t ivi ty  dropped substantially in  Lake LBJ ,  and then remained fairly s teady  through Lake
Marble Fal ls .  A further decrease in  conductivity was detected in  the lower pool  of
Lake Travis. Conductivity levels  increased slightly in Lake Austin, and again in Town
Lake.

3 .2 .1 .2 .  TDWR Data

The TDWR col lec ted  numerous data sets  from the Highland Lakes from 1973  to
1981, the period .131 record available at  the outset  of the present analysis (TNRIS,
1983a) .  The  agency generally sampled the entire series  of reservoirs over a period o f  ‘
1— 3 days. I t  was the pract ice  of  the TDWR to collect  samples for  analysis o f  total
phosphorus and chlorides from only the surface layer i n  the reservoirs.  Fie ld
parameters ,  such as tempera ture ,  d issolved oxygen and conduct ivi ty ,  were  moni to red
at discrete depth intervals  throughout the water  column. Currently, the TDWR i s
scheduled to  sample the reservoirs at  3—year intervals, wi th  a quarterly sampling
frequency every third year. Several data se ts  were  se lected from the TDWR data base
for further analysis i n  the present  study, as  desc r ibed  be low.

The analytical l imit  o f  detect ion for laboratory determination of  total
phosphorus reported by the TDWR was 0 .01  mg/l .  (Recall  that CRWR data was
reported to  a level o f  0 .001  mg/ l . )  In the  early years of the TDWR program,
measurements of total  phosphorus were reported as phosphate (P04), with a detect ion
l imit  of  0 .03  mg/l. The TDWR converted these data to  be  reported as phosphorus,
resulting in  a l imit  of detection of 0.0098 mg/l.  For  interpretation i n  the present
analysis, 0.0098 mg/l  and 0.01 mg/l  were  taken as equivalent limits. Unfortunately,
until recently the TDWR did not  consistently encode the "less than or equal to" sign in
their computerized data base,  making i t  difficult t o  surmise i f  data reported as
0 .0098  mg/l were at  or be low that value. The omission was remedied by examination
of the  original laboratory data sheets .  Much  of  the  TDWR data is  repor ted  t o  four
digi ts  a f t e r  t he  dec imal  po in t ,  an ar t i fact  of the conversion methodology.  In the
present analysis, data are presented as reported by the TDWR. For  chlorides, the
convention is  to report concentration to  the nearest milligram per l i ter ,  wi th  an
analytical detectiggi l imit  of 1 rug/1.

Survey of 22324 January 1974
Area  streamflow regimes are displayed in Table 3 -4 .  A stable s treamflow is

ind ica ted  fo r  the  Colorado River  above Lake  Buchanan at USGS S ta .  08147000.  The
observed flow regime is on the order o f  5 .  7 m3 / s  (2.00 cfs) .  Similarly, the Llano River
at USGS 3Sta.  08151500 displayed a stable f low regime,  again on the order of
5.7-— 8.5 m 3 /8  (200 '  300 cfs). A t  USGS Sta .  08152000 on Sandy Creek,  flows were
re la t ive ly  steady during the  antecedent  per iod ,  typically l e s s  than 0 .3  m3 / s ( (10 c f s ) .
The Pedernales River exhibited a relatively stable flow regime near Johnson Ci ty  at
USGS Sta .  08153500 over the approximate range of 1.7-2.5 1113/5 (60—90 cfs). Stream-
f lows in  the Colorado River below Town Lake are also displayed in  Table 3 -4 .
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Concent ra t ions  of  t o t a l  phosphorus and chlorides generally decreased  through the
ser ies  of reservoirs  as shown in  F ig .  3~10.  Concent ra t ions  of to ta l  phosphorus ranged
f rom 0 .0261  mg/ l  i n  the  headwaters  o f  Lake Buchanan to  0 .0131  mg/l  i n  the lower  pool
of Lake Austin. A corresponding decrease in  chlorides level was also observed from
104  mg/l  t o  55  rug/1 over  the  same  reach.  A substantial drop in chlorides concentra-
tion was indicated in  Lakes LBJ and Marble Falls. However, phosphorus concentra-
tions tended to  increase in these same two  reservoirs. The observed depression in
chlorides level and increase in  total phosphorus concentration may be  an indication of
the residual ef fec ts  of an earlier high-flow period in October 1973, when a substantial
influx o f  water was received from the Llano River ,  a ma jo r  tributary of Lake LBJ ..5).
Chloride concentration dropped from 99 mg/l  i n  Inks Lake  to  28 mg/l  1n the  lower pool-3;
of Lake LBJ ,  and; remained  re la t ively  constant through Lake Marble Fa l l s .  om a}
concentra t ion of 0 .0098 mg/ l  i n  Inks Lake ,  to ta l  phosphorus increased th rough‘
Lake LBJ and Lake Marble Falls  up to  a maximum value of 0.0261 mg/l i n  the lower
pool o f  Lake Marble Falls .  An  observed increase in to ta l  phosphorus from 0 .0131  mg/l
to 0 .0654  mg/l  i n  the lower  pool  of  Town Lake may be  attributable to  a local influx of
s tormwater  from the immediate  Austin watershed, as indicated by USGS streamflow
data for  Waller Creek.

Survey of  1—2 October 1974

The  survey of  1—2 Oc tobe r  1974  demons t ra tes  the  response of t he  se r i e s  of
reservoirs  t o  a pe r iod  of high in f low.  In Table  3—5 are d isplayed area  s t r eamf low da ta
for an antecedent  period of slightly more than one month. A substantial influx of
water  from the Colorado River  above Lake Buchanan i s  indicated from the da ta  at
USGS Sta .  08147000 .  Two  major storm flow hydrographs were  observed, roughly two
weeks apart. Lake Buchanan filled to capacity in late September, with subsequent
overtopping o f  the gravity overflow spillway. Data  for  the Llano River a t  USGS
Sta .  08151500 indicate a similar phenomenon. On  the Llano, much higher discharge
rates are indicated for the earlier storm hydrograph. The average daily discharge o f
1209.  3 1113/5 (42,700 cfs) recorded on 29 August 1974 was the highest average daily
discharge recorded in Water  Year  1974 at this s tat ion.  Streamflow records for  Sandy
Creek  Sta .  08152000 indicated the occurrence of only one significant storm flow
hydrograph, occuiéring in l a te  August 1974 .  Two  inf low hydrographs were  observed on‘
the Pedernales  Riyer at USGS Sta .  08153500,  wi th  a major  influx of stormwater,
indicated in late ugust 1974  and a subsequent smaller hydrograph recorded in late
September  1974 .  Releases from Lake Travis, measured below Mansfield Dam and
downstream at  USGS Sta.  08158000  below Town Lake, were elevated above normal
discharge rates,  apparently in  resonse to  the inflow of a substantial volume o f  water
into the upstream Highland Lakes.
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As  depicted in F ig .  3 -11 ,  concentrations of to ta l  phosphorus and chloride
monitored during the survey of 1 -2  October  1974 ref lec ted  nonsteady—state stream—
flow conditions. A to ta l  phosphorus level of 0.1928 mg/ l  was measured in  the
headwaters  of Lake Buchanan. The  concentration dropped substantially to 0 .0098  mg/l
in the  lower pool  o f  the reservoir.  Phosphorus concentrations increased in Inks Lake,
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be low Lake  Buchanan. In Lake  LBJ ,  phosphorus was  e leva ted  t o  0 .1176 rug/l i n  t he
headwater ,  downst ream o f  the  Llano River  i n f low ,  then  dec reased  to  0 .0196  mg / l  i n
the  lower  pool  of  the  reservoi r .  The  influence o f  the  Pedernales  River  inf low was
evident i n  the upper reaches of Lake Travis,  where  a phosphorus concentrat ion of
0 .3235  mg/ l  was  measured  jus t  upst ream of the  confluence wi th  that  major  tributary.
An  ex t remely  high phosphorus l eve l  of  1 .0131  ing/l was de t ec t ed  i n  the upstream reach
of  Lake  Travis.  (The TDWR has  recent ly  e l ec t ed  t o  arbitrarily de le te  this data  po in t
f rom the  historical record,  w i th  the  ra t ional izat ion tha t  i t s  magnitude suggests
analytical o r  report ing e r ro r . )  This l eve l  may be  indica t ive  of l oca l i zed  runoff
condit ions or  may puggest  a backwa te r  influence f rom the  Pedernales River  confluence
downst ream.  Phosphorus leve ls  decreased  wi th  progression through Lake  Travis ,  t o  a
concentra t ion  of  00131  mg/ l  i n  the  lower  pool  area. Concentra t ions  were  relat ively
uniform in  Lake  Austin,  ranging from 0 .  0196  nag/l t o t a l  phosphorus in  the  upper r each
to  0 .0131  mg / l  nea r  t he  dam.

Chlor ide  concentra t ion demons t ra ted  a marked decrease  in  upper Lake
Buchanan. A chloride level  of  48 mg/ l  was  measured  in  the  headwater ,  while the  lower
pool area diSplayed a concentration of 99 mg/l.  Chloride levels dropped to  60 mg/l  in
the  headwate rs  of Lake LBJ ,  i n  response to  the  inf low f rom the Llano River .
Concentrat ions  of  approximately 70  mg/ l  chloride were  observed  in the  lower  poo l  of
Lake  LBJ  and throughout Lake Marble  Fal ls .  A substantial drop in  chloride leve ls  was
de t ec t ed  in  the  upper reaches  of Lake  Travis ,  wi th  a concentrat ion of 25  “mg/l
encountered above the  confluence w i th  the  Pedernales  River .  Concent ra t ions
inc reased  wi th  progression toward the  lower  end, of  Lake  Travis ,  wi th  a leve l  of
43  ting/l chlor ides  measu red  near  t he  dam.  Chlor ide  l eve l s  in  Lake  Aus t in  were
re la t ive ly  s t ab le  a t  44-45 mg/ l .

Survey of 6-8 January 1975

St reamf low reco rds  for  the  antecedent  per iod prior  to the  survey of  6 -8  January
1975  are displayed in Table 3—6. Lake  Buchanan was  at  or  near capaci ty  throughout
much of  the  antecedent  per iod,  and overtopping of the  gravity over f low Spil lway
occurred in  l a t e  December  1974 .  A relatively s tab le  per iod  of  high inf low i s  ind ica ted
for  t he  Colorado River  at  USGS Sta .  08147000 above Lake  Buchanan. Stable  high-flow
reg imes  are also i d i ca ted  for  the  Llano River  at USGS S ta .  08151500,  Sandy Creek  at
USGS S ta .  081520  0 ,  and the  Pede rna l e s  R ive r  a t  USGS S ta .  08153500 .  Re l ea se s  f rom
Lake Travis  were  continual wi th  the  except ion  of  a nine-day window of  ze ro  discharge
in  la te  December  1974 .  Be low Aust in  at  USGS Sta .  08158000 ,  r eco rded  s t reamf low
ra te s  correspond to  the  re leases  from Lake Travis  w i th  the  addit ion of  inf low f rom
area t r ibutar ies .

Recorded  leve ls  of t o t a l  phosphorus and chlorides fo r  the survey of 6—8 January
1975  are displayed in  F ig .  3-12,. Concentrat ions  of  to ta l  phosphorus were  re la t ively
s tab le  throughout t he  se r i es  of reservoirs .  A concent ra t ion  of 0 .0131  mg/ l  t o t a l
phosphorus was  measured in  the  headwaters  of Lake Buchanan and a concentra t ion of
0 .0163 mg/ l  was  de t ec t ed  in t he  lower  poo l  of  t he  rese rvo i r .  The  l ower  pools  of  Inks
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Lake and Lake LBJ showed phosphorus concentrations of 0.0163 mg/l. Concentrations
of  0 .0131  mg/l total phosphorus were detected in the pools  of  Lake Marble Fal l s ,  Lake
Travis and Lake  .Austin. Higher concentrat ions  of  phosphorus were  encountered in
Town Lake, w i th  a level  o f  0 .0359 mg/ l  in the headwater and 0 .0229  mg/l  in  the lower
pool.

Chloride concentration was  relatively uniform in  Lake  Buchanan, dropping from
92  mg/l  in  the  headwaters  to  84  mg/ l  in  the  lower  pool .  A substantial decrease  in
chloride concentration was detected in  Lake LBJ,  with an observed decline from
85 mg/l in  the headwaters to 63 mg/l in  the lower pool above the dam. Chloridelg,
concentration dropped from 60 mg/l in  the upper reaches of Lake Travis to  48 mg/ls ,
above Mansfield .Dam. A relatively constant l eve l  o f  chlorides was  observed
throughout Lake  Aust in  and Town Lake,  wi th  lower pool  concentrations o f  49 mg/ l  and
46 mg/l,  respectively.

The data indicate relatively stable concentrations for the series o f  reservoirs
over the survey o f  6—8 January 1975. The concentration profi le  apparently ref lects  a
period of  continually e levated tributary streamflow rates .

Survey o f  8—9 October 1975

In Table 3 -7  are displayed area streamflow records for the period antecedent to
the survey of. 8 9 October 1975. Above Lake Buchanan, a relatively stable flow
regime is evidenced in the Colorado River at USGS Sta.  08147000 ,  on the  order o f
5.  7 1113/3 (200 cfs), with a slight increase in flow observed in  mid-September. Flows 1n
the Llano River increased in mid-September 1975, but receded by the end of the
antecedent period. Generally,  stable f l ows  prevai led in  the  Llano River,  as monitored
at USGS Sta .  08151500,  averaging 5. 7-- 8 .  5 m3/s  (2.00- 300 cfs ) .  A relatively constant
flow rate was evident at Sandy Creek at USGS Sta. 08152000, with the exception of a
small stormwater hydrograph in mid-September 1975 .  The 3maximum average daily
discharge associated with this storm hydrograph was 10.0  m 3 /5  (352 cfs) .  Inflow to
Lake Travis from the  Pedernales  River,  as measured at  USGS Sta .  08153500,  was
relatively steady, w i th  a small storm f low hydrograph again evident in  mid—September.
Releases from Lake Travis exhibited a decrease in mid-September but remained‘
relatively const through the remainder o f  the antecedent period. Below Town.
Lake, f lows meas  ed  a t  USGS Sta .  08158000 correlate with the releases from Lake
Travis  upstream.

In Fig. 3-13 are displayed observed concentrations of total phosphorus and
chloride for  the survey o f  8-9 October 1975 .  The total phosphorus concentration in  the
headwaters o f  Lake Buchanan was  0 .0163 mg/l .  The phosphorus level  decreased
through Lake  Buchanan to 0 .0131 mg/ l  in  the  pool  above the  dam.  Phosphorus l eve l s  in
Lake LBJ and Lake Marble Falls were below the detectable limit of 0.0098 mg/l. The
phosphorus level was elevated to  0 .0163  Eng/1 in  the upper reach of  Lake Travis, but
decreased to  0.0098 mg/l in  the lower pool. A total phosphorus level of <0.0098 mg/l
was detected  in  the lower pool  o f  Lake Austin, and Town Lake  displayed a l eve l  o f
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0.0098 mg/l .  Observed levels  of chloride were  re la t ive ly  constant  through Lake
Buchanan and Inks Lake,  but  dropped substantially in  Lake LBJ .  From a concentrat ion
of  103  mg/l  o f  chloride in the lower pool  of  Inks Lake,  the chloride level decreased to
only 60 mg/l at  the mid-point of Lake LBJ.  Chloride levels showed a slight increase in
Lake Marble Falls,  but decreased in Lake Travis from 58 mg/l in the headwaters t o
52  mg/l  i n  the lower pool above the dam.  A chloride l eve l  of  51  mg/ l  was observed
throughout Lake  Austin and in  the  headwater  r each  of Town Lake ,  w i th  a decrease  to
48 mg/l  in  the pool above Longhorn Dam.

The survey o-If 8-9 October  1975 represents a period of  relatively stable external a;
hydraulic loadings-”to the series o f  reservoirs. The observed smal l  inflow hydrograph in  '
mid-Sep tember  1975. apparently produced no major  impac t s  upon reservoir  wa te r
quality, but could account fo r  some  of  the observed fluctuations in  constituent ’
concentrations.
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Survey o f  13—14 January 1976

St reamf low records  for  area watercourses  during the antecedent period prior to
the survey of  13-14 January 1976 are shown in Table 3 -8 .  A relatively steady inflow
regime was  detected on the Colorado River at  USGS Sta .  08147000 above Lake
Buchanan, averaging roughly 5.7-7.1 m3/s  (200- 2.50 cfs ) .  Flows in the Llano River
were  generally s table ,  as measured  a t  USGS Sta .  08151500. A small  runoff  hydrograph
i n  the Llano River was evident during the lat ter  part of December 1975. As indicated
at USGS Sta .  08152000, a stable f low regime was  encountered on Sandy Creek.  A
small runoff hydrograph was observed in late December  1975, in  conformance with
streamflow records on the  Llano River.  Streamflow records for  the Pedernales River
at USGS S ta .  08153500 indicate  a relatively stable f low r eg ime  wi th ,  again, a runoff
hydrograph diSplayed in  l a t e  December  1975. Releases  f rom Lake  Travis  were
discontinued for  much o f  the antecedent period, though a temporary resumption of
releases was  evident shortly before the survey of  13-14 January 1976. Streamflow in
the Colorado River below Town Lake measured at USGS Sta. 08158000 corresponds to
the observed releases from Lake Travis, supplemented by inflow from local  area
t r ibutar ies .

. :3

Total phosp rus and chloride levels on 13~14 January 1976 are shown in ;
Fig.  3-14. A total phosphorus concentration of 0.0261 mg/l  was detected i n  both the ’
headwaters and lower pool  of  Lake Buchanan. Phosphorus increased in the lower pool
of Inks Lake, up t o  a concentration of 0.0392 mg/l.  Concentrations decreased to
0.0098 rug/l within Lake LBJ, Lake  Marble Falls, and Lake Travis. Similarly, a
concentration o f  0.0098 nag/l phosphorus was de tec ted  in  the lower  pool  of  Lake
Austin, although a sample from the headwaters of that reservoir displayed a
concentration of 0.0163 mg/l. There was no concurrent data collection in Town Lake.
Chlor ide  levels  exhibited a s teady decrease f rom 115  mg/ l  i n  t he  headwaters  of Lake
Buchanan to  108  mg/ l  i n  t he  l ower  poo l  o f  Inks Lake.  Concentrat ions decreased
substantially in Lake LBJ ,  with a level  of  59 mg/l  chloride measured in the lower pool .
In Lake Travis, chloride levels  decreased from 59 mg/l i n  the upstream portion to
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53  mg/ l  i n  the lower pool  above the dam.  A chloride concent ra t ion  of  51  mg/ l  was
measured in  the lower  pool  of Lake Austin.

Observed data  for  the survey of  13—14 January 1976  are characterist ic of a
per iod of  stable external hydraulic loadings to  the series of  reservoirs.

Survey of 17-18  February 1981

Pertinent streamflow data for area gauging stations are displayed in Table 3—9.
Streamflow records at USGS S ta .  08147000 on the Colorado River  near San Saba,
upstream f rom Lake Buchanan, indicate a lengthy period o f  stable s t reamflow,  on the
order of 5.7 m3/s ”(200 cfs). A stable flow regime of roughly 4.8 m3/s (170 cfs) is
indicated for  USGS'  S ta .  08151500 on the Llano River at  Llano, Texas .  A t  USGS
Sta.  08152000 on Sandy Creek  at  Hwy.  71 ,  a relatively stable f low regime o f  typically
0 .3 -0 .8  m3/s  (10 -30  cfs) was observed, although f lows were elevated above 2 .8  m3/s
(100 cfs)  for  a two—day period in  early February 1981 .  Flows  in  the  Pedernales River ,
recorded at USGS Sta .  08153500 near Johnson City,  were  relatively steady, on the
order o f  1 .4  m3 / s  (50  c f s ) .  Releases  from Mansfield Dam were  variable, as indicated
i n  Table 3 -9 .  A stable low—flow regime was  evidenced in Bull  C reek  at  USGS
Sta.  08154700 at Loop  360 .  F lows  in  Barton Creek  at USGS Sta .  08155300 at Loop 360
were relatively stable over the range of roughly 0.3-0.8 m3/s  (10-30 cfs). Streamflow
records at USGS Sta .  08158000 on the Colorado River at Austin r e f l ec t  re leases  f rom
Town Lake  and Lake Austin upstream.

Concentrations o f  total phosphorus and chloride showed a marked decrease
through the  se r i es  of  reservoirs ,  as  displayed in Fig .  3—15. The total phosphorus level
ranged from 0 .04  mg/l in the headwaters of  Lake Buchanan to  0.01 mg/l  i n  the lower
pool  of  Town Lake,  while chloride concentrat ion dec reased  f rom 101  mg / l  t o  50  mg/ l
over the  reach.  Phosphorus exhibi ted i t s  mos t  substantial  decline in  Lake Buchanan,
dropping from 0.04 mg/l to 0.02 mg/l, with a subsequent decrease from 0.02 mg/l to
0 .01  mg/l i n  the  headwaters  o f  Lake Travis.  Chlor ide  levels decreased in  Lake
Buchanan, f rom 101  mg/ l  t o  85  mg/ l ,  and mos t  markedly be low Inks Lake through
Lake LBJ, dropping from 85 mg/l t o  55 mg/l.  Chloride levels gradually declined to  a
concentrat ion o f  50;;mg/l i n  the lower  pool  o f  Town Lake.  ‘

The survey '03 17—18 February 1981  is representative o f  a period of  stable
external hydraulic loadings to  the series  of  reservoirs.

3.2.2. Surveys Under Stratified Conditions

The previous subsect ion presen ted  a discussion of  surveys conducted under
unstratified conditions in  the Highland Lakes,  which typically occur during periods of
cooler temperatures. Emphasis on cold-weather surveys is appropriate for the present
analysis s ince  the  assumption of  comple te ly  mixed  condit ions i s  more  c losely  approxi—
mated .  Surveys during periods of warmer temperature would typically be  charac-
te r ized  by the existence o f  a marked degree o f  thermal stratification in  the reservoirs.
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Under s trat i f ied conditions, the available water  quality data base may not  be  readily
amenable  t o  quant i ta t ive analysis o f  trends and interrelat ionships within the  ser ies  of
reservoirs, particularly since the majority o f  historical data (col lected by the TDWR)
is comprised of  only surface measurements o f  total phosphorus and chlorides, and
therefore information on the vertical structure of phosphorus and chlorides is not
available. The only measurements  routinely taken throughout the  ver t ical  ex t en t  of
the  wate r  column are tempera ture ,  dissolved oxygen, and conductivi ty.  The  availabi~
li ty of these prof i les  does  enable determination of  the presence or absence o f
stratification. Several available warm-weather water quality surveys were analyzed in
order t o  comparethe longitudinal distribution o f  phosphorus and chlorides with the
cold—weather dataiSets previously described.

Survey of 18:19 July 1974.
Streamflow records for a thirty—day antecedent period prior t o  the survey of

18-19  July 1974  are displayed in Table 3-10 .  A stable period o f  very low s t reamflow
was  recorded  on the  Colorado River  above Lake  Buchanan at  USGS S ta .  08147000.  The
survey of  18-19  July 1974  was in  f ac t  p receded  by severa l  months of  l ow  s t reamf low.
A small runoff hydrograph was  observed in mid-May 1974 .  The Llano River at  USGS
Sta .  08151500 also experienced a period o f  l ow streamflow rates. Only minimal f low
was observed in Sandy Creek at USGS Sta.  08152000, with a substantial portion of the
antecedent pe r iod  experiencing ze ro  f low.  Low f lows  were  also observed in  the
Pedernales River  at  USGS S ta .  0815300 .  Releases  f rom Mansfield Dam for  irrigation
needs downstream were  relatively steady, as ref lected in  recorded streamflow ra tes  on
the Colorado River at USGS Sta.  081158000 below Town Lake.

Concentrations o f  total phosphorus and chlorides  i n  the Highland Lakes  fo r  the
survey o f  18-19  Ju ly  1974  are displayed in  F ig .  3-—16. The phosphorus concentra t ion
decreased from 0.1013 mg/l  i n  the headwaters of Lake Buchanan to <0.0098 mg/l i n
the lower  pool .  In Lake Inks, a concentration o f  0.0523  mg/l  was de tec ted  i n  the upper
reach, while the total  phosphorus level  i n  the lower pool  was  <0.0098  mg/l. A
phosphorus level  of 0.0229 mg/l was observed in Lake LBJ near the  confluence with
t he  Llano River ,  but  concentrat ions decreased  wi th  distance downstream to  a l eve l  of
<0.0098 Ing/l i n  th<e lower  poo l .  The lower pool  of  Lake Marble Falls displayed a
phosphorus concen ation of  0 .0163  mg/l, which was also the level observed in t he ;
upper reach of  Lak Travis near Spicewood. Two downstream locations on Lake Travis
showed concentrations of <0.0098 mg/l total phosphorus, while 0.0196 mg/l was
de tec t ed  in  the  pool  above the  dam.  A l eve l  of <0.0098 mg/ l  to ta l  phosphorus was
de t ec t ed  in the  l ower  poo l s  of Lake Austin and Town Lake (8 July 1974).

A uniform chloride level  o f  108  mg/ l  was  de termined  in  bo th  the headwater and
the lower  pool  of Lake Buchanan. The chloride level decreased to  105 mg/l  i n  the
lower  pool  of  Inks Lake ,  then exhibi ted  a substantial  decrease  within Lake  LBJ ,  t o  a
chlor ide  l eve l  o f  44 mg / l  i n  t he  l ower  poo l .  Chloride l eve l s  we re  uniform a t  42. mg / l  i n
Lake Marble Falls,  but steadily increased to  62. mg/l i n  the lower pool  of  Lake Travis.
A concentration of  55  mg/l of  chloride was measured in  the lower  pool  of Lake Austin
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on 18 July 1974 .  Samples were not  col lec ted  from Town Lake coincident with the
survey of  18—19 July 1974,  however,  i n  early July a level o f  54 mg/l  was de tec ted  in
the l ower  pool .

Data  collected on the survey of 18-19 July 1974 are indicative of a period with
steady external hydraulic conditions. Generally, a low-flow hydrologic regime was
attendant t o  the period of the  sampling survey, with several antecedent months of
stable inf low.

Survey of  107111 July 1975

Streamflow iiécords for area watercourses for  a one-month period antecedent t o
the survey of  10-11‘ July 1975  are displayed in  Table 3-11 .  The attendant hydrologic
regime was  characterized by sustained high s t reamflow ra t e s  i n  a re lat ively we t  year .
S t r eamf low da ta  fo r  the  Colorado  River  above Lake Buchanan at USGS S ta .  08147000
indicate an antecedent period of sustained streamflow fluctuating from roughly
8 .5 -39 .6  m3/s  (300-1400  cfs) .  A similar f low regime was detected on the Llano River
at USGS S ta .  08151500.  Flows  in to  Sandy Creek  a t  USGS S ta .  08152000 were  also
rela t ively  high, ranging f rom roughly 0 .8 -10 .2  m3/s  (30-360  c f s ) .  Relat ively high f lows
were also detected on the Pedernales River at USGS Sta .  08153500.  Releases from
Mansfield Dam were typically in excess of 141.6 m3/s  (5,000 cfs) during the
antecedent period,  with corresponding f low r a t e s  observed downstream on the
Colorado River  at USGS S ta .  08158000.

Total phosphorus and chloride levels for  the survey o f  10-11  July 1975 are
depicted i n  F ig .  3-17 .  Total phosphorus concentra t ion  decreased  f rom 0.0229 mg/ l  i n
the headwaters of Lake Buchanan to  <0.0098 mg/l in  the lower pool. Levels of total
phosphorus were consistently <0.0098 mg/l in  the lower pools of Inks Lake, Lake LBJ,
Lake Travis, and Lake Austin. A concentration of 0.0163 mg/l total phOSphorus was
de tec ted  in  the lower pool of Town Lake on 14 July 1975.

From a concentration o f  101  mg/l i n  the headwaters, the chloride level  dropped
slightly in Lake Buchanan. A substantial decline in chloride level was  detec ted  f rom
the  l ower  pool  oi Inks Lake ,  where  a l eve l  of 100  mg/ l  was de t ec t ed ,  t o  a
concentration of  f rug/1 within the lower pool  o f  Lake LBJ.  The chloride level  i n .»
Lake Travis decrea ed from 59  mg/l  i n  the headwaters down to  49 mg/l  i n  the lower
pool.  A concentration of  45  mg/l chloride was observed in the lower pool  o f  Lake
Aust in ,  and the  l ower  poo l  o f  Town Lake  showed  a l eve l  o f  43  mg/ l  on  14  July 1975 .

Survey of  27-28  July 1976

In Table  3-12  are conta ined  the  area s t reamflow data antecedent t o  the survey
of 27-28 July 1976. Within a one-month antecedent period, the first period of
relatively heavy inflow was encountered subsequent to at the very least  an eight—
month period of  relatively stable f lows.  Substantial  inf lows to  Lake Buchanan were
indicated on the  Colorado River at  USGS Sta.  08147000, with average daily flow rates
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up to 235.1 m3/s  (8300 cfs ) .  High-flow regimes were also observed on the  Llano River
at USGS S ta .  081515000 and on Sandy Creek  at USGS S ta .  08152000, t r ibutaries  t o
Lake LBJ. Substantial f lows  were  observed at  USGS Sta .  08153500 on the Pedernales
River. Releases from Mansfield Dam ranged from roughly 56.6-141.6 m3/s
(2000-5000 cfs) .  Observed flow rates on the Colorado River at USGS Sta.  08158000
be low Town Lake corresponded to  the re leases  f rom Mansf ie ld  Dam.

Total phosphorus and chloride levels throughout the series of  reservoirs are
displayed in  Fig .  3 -18 .  Total phosphorus decreased f rom a level  o f  0 .02  mg/l  in the
headwaters  of Lake Buchanan to  a concentrat ion of  0.01 mg/ l  i n  the  l ower  poo l  of
Lake  Buchanan and Inks Lake. Observed concentrations at all remaining reservoir
stations downstream. were  uniformly below the detection l imi t  of  0.01 mg/l total
phosphorus. ’ “

From a concentration of 113 mg/l  in  the headwaters of Lake Buchanan, chloride
levels  decreased to  93  mg/l i n  the lower  pool.  A further decline to  84 mg/l chloride
was detected in the lower pool of Inks Lake, while concentrations dropped to  66 mg/l
in  the lower  pools  of  Lake LBJ  and Lake Marble Falls .  Chlor ide  concentrat ions  i n
Lake  Travis  showed  an inc rease  f rom the  headwaters  t o  the lower  pool ,  f rom 44 mg/ l
to  51  mg/l ,  respectively. Chloride levels  o f  53  mg/l  were  observed in the lower pools
of  both  Lake Austin and Town Lake.

Survey 19 Auggst 1977

Antecedent hydrologic conditions for  the survey of  19  August 1977 are di5played
in Table 3 -13 .  Relatively stable f low reg imes  are evident,  wi th  the mos t  r ecen t  pe r iod
of  heavy inf low occurring roughly four months  prior t o  the survey.  S t reamf low ra t e s
at USGS Sta .  08147000 on the Colorado River above Lake Buchanan were  relatively
stable, on the order of 4.2-5.7 m3/s  (150—200 cfs). A stable flow regime was observed
on the  Llano River at USGS S ta .  08151500, with  f lows  on the  order  o f  4 .2  m3 / s
(150 c f s ) .  Only minimal  f l ows  were  observed on Sandy Creek  at USGS S ta .  08152000,
with much o f  the  antecedent period under ze ro  f low conditions. F lows were  relatively
uniform at USGS Sta .  08153500 on the Pedernales River,  ranging from roughly
0 .7 -1 .3  m3 / s  (ZS-fig c f s ) .  Releases  from Mansfield Dam were  usually be low 56 .6  m3 / s  '
(2000 cfs) ,  as measjgred at USGS S ta .  08154510. Flows  on the  Colorado River  at  USGS;
Sta. 08158000 corr  ated to the releases from Mansfield Dam.

Data  for  to ta l  phosphorus and chlorides col lected on the survey o f  19 August
1977 are shown in  Fig.  3—19. Continuity of the data  s e t  i s  absent within the Lake
Austin and Town Lake stations, as samples were col lected at la ter  dates. Total
phosphorus concentrations in  Lake Buchanan ranged from 0.05 mg/l in the headwaters
t o  0 .02  mg/l i n  the lower  pool .  A level o f  0 .03  mg/l  t o t a l  phosphorus was  observed in
the  lower  pools  of  bo th  Inks Lake  and Lake LBJ .  The  lower  poo l  of Lake Marble Fa l l s
diSplayed a total  phosphorus concentration of  0 .02  mg/l ,  while a level  of  0.01 mg/l was
detected in  the lower pool of Lake Travis. Phosphorus levels were  below the detection
limit of 0.01 mg/l i n  the lower pool of Lake Austin (31 August 1977) and the lower pool
of Town Lake (23 August 1977).
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Observed chloride levels i n  Lake Buchanan decreased from 104 mg/l  t o  96 mg/l
f rom the headwaters to the lower  pool.  A concentration of  104  mg/l  chloride was
observed in the lower pool of  Inks Lake,  with a subsequent decrease to 77  mg/l i n  the
lower  pool  of  Lake LBJ .  Chloride decreased from 79  mg/l i n  the lower  pool  of Lake
Marble  Fal ls  t o  72  mg/l  i n  the upper reach of Lake  Travis near  Sp icewood .  A l eve l  of
57 mg/ l  chloride was  de tec ted  in  the lower  pool  of Lake Travis and throughout Lake
Austin. On  23 August 1977 ,  the chloride level i n  the lower pool o f  Town Lake was
54 mg/l .

wa

Data  collected on the survey of 19  August 1977 were  characteristic of a period ‘
of  stable externaf.‘hydraulic conditions. Constituent concentrations may have been
affected by a peri of heavy inflow approximately four months prior t o  the survey.

Survey of  27-28  July 1981

Antecedent flow conditions for area streams prior t o  the survey of 27-28 July
1981  are displayed in Table 3 -14 .  The table includes s t reamflow ra tes  f rom mid—June
in  order  t o  display the mos t  r ecen t  per iod of high inflows.  Generally, the records
indicate an antecedent period of  continually decreasing s treamflow rates,  wi th  a
period o f  heavy inflow in  the previous month.  S t reamflow rates on the Colorado River
at USGS S ta .  08147000 decreased steadily from roughly 56.6 m3/s  (2000 cfs) in  mid—
June to  0.? 1113/5 (26 cfs) on 28 July 1981. A declining streamflow regime i s  also
evident on the Llano River at USGS S ta .  08151500,  with the f low rate decreasing to
roughly 5 .7  m3/s  (200 cfs) .  A decrease from substantial t o  minimal f low was also
detec ted  on Sandy Creek  at USGS S ta .  08152000.  A similar decl ine was observed  at
USGS S ta .  08153500 0n the  Pedernales River .  Releases  f rom Mansfield Dam were
relatively large in  mid—June, then decreased to  more  typical levels for  the remainder
of the antecedent period. Streamflow records for Bull Creek,  tributary to  Lake
Austin, and Barton Creek,  tributary to Town Lake ,  displayed relatively high f low ra tes
for  their  respect ive  watersheds.  Observed  f lows be low Town Lake on the Colorado
River at USGS Sta.  08158000 correlated with the releases from Mansfield Dam
upstream.

_-<

A to ta l  phosahorus leve l  of  0 .04  mg/l  was  de t ec t ed  in the  headwaters  of Lake;
Buchanan, with a s  bsequent decrease to 0 .02  mg/l i n  the lower pool ,  as displayed in
Fig .  3-20 .  The lower pool  o f  Inks Lake  displayed a total  phosphorus concentration of
0.03 mg/l, while levels of 0.02 mg/l  total phosphorus were detected i n  the lower pools
of Lake  LBJ and Lake  Marble  Fal ls .  The  lower  pools  of  Lake  Travis ,  Lake  Austin,  and
Town Lake uniformly displayed a total phosphorus concentration of 0.01 mg/l.

A chloride concentration o f  95  mg/l  was  de tec ted  in the lower  poo l  o f  Lake
Buchanan, a sl ight increase  f rom the  headwater  concentrat ion.  Chlor ide  decreased
from 93  mg/l i n  the lower pool  of  Inks Lake to  45  mg/l  in Lake LBJ below the
confluence wi th  the Llano River.  The chloride level increased slightly in  the lower
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pool o f  Lake LBJ, but then declined to  45  mg/l  in  the lower pool o f  Lake Marble Falls.
The upper reach o f  Lake Travis  near Spicewood showed  a chloride concentration of
35  mg/ l ,  with an increase to  46  mg/l  in  the lower pool of  the reservoir.  Chloride levels
o f  44 mg/l  and 43 mg/l were detected  in  the lower pools  o f  Lake Austin and Town
Lake, respectively.

3 .2 .3  Vertical  Profi les

Data  for phosphorus and chloride concentration through the vertical extent o f
the water  columnare extremely  l imi ted  on the Highland Lakes .  Vertical  prof i les  for
the series  of resefvoirs are available from the CRWR data se t  col lected in  1968  and ‘
1969 .  Other soulfff‘es provide data on specific reservoirs. For  example, the USGS
conducted occasional sampling surveys on Lake Austin and Town lake. The most
voluminous source  of  data on the  vert ica l  structure o f  phOSphorus in  a reservoir was
assembled by the CRWR on Lake LBJ during the period 1971-1975 .  Vertical profiles
o f  total phosPhorus and other constituents were  measured at typically monthly
intervals in the lower pool  and at several other sampling locations throughout the
imp  oundm ent .

Examples o f  the concentration profiles for each reservoir from the 1968  CRWR
data set  (Fruh and Davis, 1969a) are shown in  Fig. 3-21.  Profiles were selected to
depict unstratif ied and stratif ied conditions in  the lower  pool  o f  each impoundment.
Prof i les  for  e i ther  February or March 1968  depict  essentially isothermal conditions in
the reservoirs in the absence o f  stratification. The reservoirs were thermally
stratified with distinct epilimnion and hypolimnion layers at the t ime  the July 1968
profiles were  co l lected,  with the  except ions  o f  Lake  Aust in  and Town Lake.  Chloride
data  were  unavailable, so conductivity was  substituted as an indicator of  dissolved
solids levels  in  the data plots.  The data set  includes numerous phosphorus measure-
ments  a t  very low levels, as discussed in  Sec .  3 .2 .1 .1 .  There is  l i t t le  evidence o f
systematic trends in the phosphorus prof i les .  A trend to  higher hypolimnetic
concentrations o f  phosphorus i s  indicated,  but the  data are highly variable. The
observed variability may be  attributable in part to  sampling and analytical errors (see
Fruh and Davis, 1969a) .

_-é
Data  from the intensive study of  Lake  LBJ (Fruh, e t  al . ,  1975a) were  also:

examined. In Fig .  3-22. are displayed se lected vertical profi les  o f  phosphorus and
chloride measured in the lower pool o f  the reservoir during 1973.  Based upon the
profiles o f  temperature and dissolved oxygen co l lected  in  1973,  isothermal conditions
in  the  water  column pers i s ted  until l a te  April, which marked the  onset o f  thermal
stratification. By  early May, the stratification was more pronounced and dissolved
oxygen levels began to  decrease in the lower layers o f  the water column. Anoxic
conditions in  the hypolimnion were encountered in  early June. Through the summer,
the depth of the thermocline was roughly 4.6-9.2 m (15-30 feet).  Stratification was
still evident in  early October,  but temperatures in  the water column were  becoming
more uniform. Under the influence of  a f lood event, isothermal conditions in  the
water column were exhibited by late October.  The profi les  in Fig .  3 -22  indicate that
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phosphorus and chloride concentrations are roughly homogeneous under cold-weather
conditions in  the absence of  stratification. Under  stratif ied conditions,  phosphorus
concentrations typically display an increase in the hypolimnion. However,  substantial
variability in the vertical profiles is  indicated. The ef fects  o f  a large flood in  the fall
o f  1973  are exhibited in the December profi le:  phosphorus levels  are e levated,  while
chloride concentrations are depressed.  The CRWR measurements  o f  tota l  phosphorus
in  Lake LBJ display generally higher concentrations than the TDWR data se t ,  but the
source o f  the discrepancy cannot be  discerned. Fruh, e t  al. (1977) reported
coe f f i c i ent s  of variance of  50  percent  for  the  laboratory t e s t s  and 70  percent  for  the
field sampling procedures. The CRWR data for Lake LBJ are examined further in
Sec.  5.5.3. ‘3 -

3 .2 .4  Discussion o f  Spatial  Trends

Profiles o f  phosphorus concentration through the Highland Lakes were presented
for  several sampling surveys.  The prof i l e s  display the  concentration trends typically
encountered under both unstratified and stratified conditions, based upon surface
measurements.  Data  for  chlorides were  also presented, in  order to  illustrate the
corresponding behavior of  a conservative constituent.

Phosphorus concentrations are relatively low throughout the Highland Lakes.
The highest concentrations are usually encountered in  Lake  Buchanan, at a typical
range of  0 .01 -0 .05  mg/l ,  w i th  higher values occasionally detected in  the headwater
reach. In the reservoirs below Lake Buchanan, the majority o f  observations range
from 0.01-0.02 mg/l  total phosphorus. Values below the detection limit (0.01 mg/l) are
frequently encountered, particularly in the lower reaches of Lake Travis. Sporadic
elevations in phosphorus concentrations observed within the series of reservoirs appear
to  be  localized, probably in response to tributary inputs.

The profiles generally indicate that surface layer phosphorus concentrations
decrease from the upper to  the lower reservoirs. Concentrations are usually greatest
within Lake Buchanan, which receives inflow from the Colorado River .  Phosphorus
levels  typically decrease from the headwaters o f  Lake Buchanan to  the lower pool .
Concentrations inéInks Lake ref lect  the composition o f  the releases from Lake
Buchanan. Decr“  sin concentrations are often exhibited in Lake LBJ , where»E gheadwater phospho 3 l eve l s  can be  e levated  in  apparent response to  inflow from the
Llano River.  PhOSphorus levels  in  Lake Marble Falls are generally similar to  the lower
pool o f  Lake LBJ upstream. Concentrations typically decrease in Lake Travis, with
localized elevations apparently due to inflow from the Pedernales River. In Lake
Austin, phosphorus levels  are usually stable or show a slight decrease. Concentrations
are somet imes  elevated within Town Lake. These general trends are characteristic of
both unstratified and stratified conditions.

Profiles of  chloride concentration are similar to phosphorus trends. However,
chloride levels consistently display a marked decrease within Lake LBJ.  This i s
apparently a result  o f  the  lower  chloride levels in  inflow from the Llano River and
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Sandy Creek.  Where phosphorus levels show localized elevations, chloride concentra-
tions of ten decrease substantially in  response to  tributary inflow.

The sampling surveys described above dated from 1969-1981 .  Hydraulic
retention t imes for  the series o f  reservoirs were described in  Sec .  3 .1 .2 .  for the period
1968-1982 .  The retention t imes  can affect  the interpretation o f  the  concentration
profi les .  Phosphorus concentrations are  a f f ec ted  by internal react ions ,  as wel l  as
hydraulic retent ion t ime.  Retention t imes  in Lake Buchanan ranged from 0 .9 -10 .4  yrs.
This is in  effect  the time required for inflow loads from the Colorado River at the
head o f  the reserysoir to demonstrate effects  upon concentrations in the lower pool,
based  upon hydrau'lics only. Thus, phOSphorus concentrations observed in  the  head— ‘
water are reflectiVe. o f  recent  incoming mass loads,  but the effects  require longer
periods o f  t ime  to- become  manifest in  the lower pool ,  particularly in  the larger
reservoirs. Lower pool  concentrations in  the  larger impoundments would be  expected
to  be  influenced primarily by internal  react ions rather than incoming mass  loads.
Retention times in  Inks Lake are short, 0.02-0.16 yr. The reservoir is dominated by
throughflow from Lake Buchanan upstream. Concentrations observed in Inks Lake are
thus closely related to  the  lower  pool  conditions in  Lake  Buchanan. Lake  LBJ displays
retent ion  t imes  o f  0.1—0.3 yr .  Concentrations can therefore  be  strongly influenced by
tributary inflows throughout the length of the impoundment. Lake Marble Falls is a
throughflow—dominated impoundment, with retention t imes  of  0.005-0.02.  yr.
PhosPhorus concentrations are thus strongly dependent upon conditions in  Lake  LBJ
upstream. S ince  Lake  LBJ can also have a relatively short  retention t ime ,  recent
incoming mass loads to  the upstream reservoir can theoretically have a substantial
e f fec t  upon conditions in Lake Marble Falls.  Longer retention t imes,  0 .5~1.6  yrs, are
exhibited in Lake Travis. With the longer retention times, phosphorus concentrations
in  the lower  pool  are  probably influenced primarily by internal kinetics  rather than
responses to  recent mass inflows. Both Lake Austin and Town Lake are throughflow
dominated, with very short retention t imes  (0 .008-0 .03  yr and 0 .002 -0 .005  yr,
respect ive ly) .  Thus, phosphorus concentrations should re f l ec t  closely the character——
istics o f  releases from Lake Travis upstream or localized mass inf low.

The interpretation o f  constituent profiles may also be  influenced by  the extant
vert ical  structure; The present  analysis emphasized for  the  mos t  part surface
measurements o f  . osphorus, since these comprise the majority o f  the available data.
base.  However,  e5: ination o f  surface concentrations may result in  misinterpretation
of  trends under certain conditions. Vertical profi les  o f  phosphorus concentration at
lower  pool  stations were  described in  the  preceding sect ion .  Under conditions of
thermal stratification, phosphorus concentrations may be  elevated in  the  hypolimnion.
Homogeneity i s  evidenced under unstratified conditions. The vertical structure may
be  further influenced by mixing conditions Within the reservoirs.  Layering o f  inflow
due to  differences in density can occur under certain conditions. Density differences
have been encountered in the Highland Lakes in  association with releases from
upstream impoundments and tributary inflow (Fruh and Davis, 1969 a).
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3 .3  ANALYSIS OF TEMPORAL TRENDS IN PHOSPHORUS CONCENTRATION

The data base for  phOSphorus and chloride i n  the  Highland Lakes was subjected to
a detailed analysis of  temporal trends. For  the temporal analyses, the data at  specific
sampling stations were examined for  variability wi th  t ime .  The object ive of  the
analysis was  to  obtain a characterization of the  ccmstituent f luctuations within a
reservoir  and. possibly de te rmine  the  primary forcing mechanism fo r  observed
fluctuations ( for  example,  external loadings or  internal kinetics).

Interpretation of  phosphorus data for  temporal trends may be  handicapped for  a
variety o f  reasons: The hydraulic retent ion t imes  of the reservoirs may significantly
a f fec t  observed cfi‘ncentrations. Wi th  the  smal ler  reservoirs  i n  particular,  shor t
retent ion t imes  may re legate  primary importance t o  external loadings rather than
internal kinetics. Responses to variations in  inflow could thus obli terate temporal
trends. The present evaluation of  surface phosphorus measurements may obscure
seasonal trends i n  the  water column as a whole ,  due t o  the  e f f ec t s  o f  thermal
s t ra t i f i ca t ion  and mixing  condit ions wi th in  the  reservoi rs .  In addit ion,  the  extent  of
the  historical  data  base  may simply be  insufficient fo r  a demonstration of  temporal
trends, both in terms of  an inadequate number of  samples at  any particular location
and an inadequate sampling frequency.

3 .3 .1  Seasona l i ty

Data for  total  phosphorus were  plot ted  versus month for  selected sampling
stations in order t o  determine whether any seasonal trends were evident. Generally,
only the routine monitoring data collected by the TDWR were p lo t ted ,  which consist
entirely of  surface measurements .  Theoretical ly,  sur face  measurements  of  to ta l
phosphorus could  be  expec ted  t o  demons t ra te  a marked  degree  of  seasonali ty.  Surface
concentrations of  total  phOSphorus would be  expected t o  be  lowes t  during warm
weather months when the reservoir i s  under stratified conditions. Under stratified
conditions, phosphorus would be  expected to  decline in the epilimnion due to  settling
o f  particulate phosphorus and phytoplankton uptake and subsequent sedimenta t ion  of
the  biomass t o  the hypolimnion. Under anoxic conditions, elevated phosphorus levels
are ant ic ipated  in; the hypolimnion, due to  sedimentation from the epilimnion and
release from the: ediment layer. With the onset o f  colder weather,  s trat if ied .—

conditions are elim ated and the reservoir contents become mixed.  The comingling o f
hypolimnetic and epilimnetic waters  could then produce a higher leve l  of  total
phOSphorus in  the  surface  zone .  Generally,  seasonali ty was  no t  evident i n  the
phosphorus data se t ,  as  discussed be low.  Chloride data were  subjected to  the same
analysis t o  provide a comparison wi th  a conservative material.  Marked seasonality
was not anticipated with the chlorides data. However ,  mineral levels are commonly
influenced by the streamflow rate ,  such that trends could potentially develop in
response t o  seasonal variations i n  the f low reg ime .
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Town Lake

Total phosphorus data for Town Lake Sta .  1402.08 are shown in Fig. 3-2301).
Seasonal trends are not  evident  in  the  data  se t .  Concentrat ions  a t  or be low the
phosphorus detec t ion  l imit  occur  throughout the year .  Phosphorus concentrat ions
typically range from 0.010-0.020 mg/l,  though substantially higher values are
occasionally recorded. Chlorides data, also presented in Fig. 3-23(a) ,  display no
apparent seasonality. Town Lake i s  a throughflow~dominated reservoir, with short
hydraulic retention t imes,  particularly under the influence o f  releases from Lake
Travis for  downstream demands. With the substantial throughflow, constituent
concentrations in  frown Lake would be  expected to be  influenced primarily by external ‘
loadings rather théfi internal kinetics.

Lake Austin

Total phosphorus data for Lake Austin near the dam at  Sta.  1403.01 are displayed
in Fig.  3-2.3(b). There i s  no pronounced trend of  seasonality in  the data set .
Concentrations at or below the detection limit occur throughout the year. (The
existence o f  a large number o f  data points reported as less than the detection l imit
may in  fac t  diminish the  utility o f  the present analysis.) The only noteworthy feature
o f  the  Lake Austin data  se t  i s  the  absence of any phosphorus values in  excess  o f  the
detec t ion  l imi t  for  the  period of  June—September. Substantial re leases  from Mansfield
Dam upstream typically occur from March through November  for  sat i s fact ion  of
irrigation and hydropower generation demands. The phosphorus dynamics in Lake
Austin for much o f  the year are probably influenced primarily by external loads rather
than internal kinetics, due to the throughflow-dominated nature o f  the impoundment.
Data for chlorides (including data for USGS Sta. 08154900) are also shown in
Fig. 3.23(b) and indicate no seasonal trends.

Lake Travis

Total phosphorus data for Lake Travis have been plotted for three stations:
Sta. 1404.01 near the dam (Fig. 3-23(c)), Sta. 1404.03 near Lakeway (Fig. 3-23(d)), and
Sta. 1404.06 neargSpicewood (Fig. 3-23(e)). Seasonality in observed phosphorus con— ‘
centrations i s  notaixhibited at S ta .  1404.01.  The majority o f  reported values are at  or»
below the detection l imit.  At  the station near Lakeway, no clear trends are evident
for phosphorus behavior, with the  majority o f  values lying at or below the detection
l imit .  Total  phosphorus data for Lake Travis near Spicewood show more variability
than the data for  the lower reservoir stat ions.  Seasonal  trends, however,  are not
apparent. An  extremely  high to ta l  phosphorus concentrat ion of  1 .0131 mg/ l  was
recorded in October  1974 .  This particular sampling survey was conducted under a
period of high inflow to  the reservoir, which could provide an explanation for the
elevated level .  On  the same date,  a phosphorus concentration o f  0 .0523  mg/l was
detected downstream at the station near Lakeway. Chlorides data for the three
stations do not  display seasonal trends.

The hydraulic residence t imes  in  Lake Travis are relatively large. Thus, the
effects  o f  throught'low upon constituent concentrations could be  expected to  be
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diminished, which could amplify the ef fec ts  of  internal kinetics. The fac t  that the
data  p lo t s  do  no t  display any sys t ema t i c  trends may  imply  e i the r  that  s trong trends do
not exist or that the temporal density of the data is insufficient for their detection. In
fact ,  the extent of  the data s e t  i s  l imited,  and i t s  uti l i ty i s  diminished by the
preponderance of  values below the detection limit.

Lake Marble Falls

Data  for Sta.  1405 .01 ,  on Lake Marble Falls near the dam, are displayed in
Fig.  3-23(f). Generally, the data f luctuate to  a greater  degree than those discussed
previously for Lake Travis.  Seasonality is not  evident; however,  there is an absence of  ‘
values in  excess 01:70.02 mg/l total phosphorus during the period extending from May
through October.  Da ta  for chlorides do not display seasonal trends. Lake Marble Falls
i s  a throughflow~dominated impoundment ,  as  a t t e s t ed  by  the  shor t  hydraulic res idence
t imes .  Therefore ,  fluctuations in  constituent concentrations are probably influenced
predominantly by hydraulics and external loadings rather than internal reactions.

Lake  LBJ

Total phosphorus concentrations near the dam on Lake LBJ ,  col lected at
Sta .  1406.01, are depicted in  Fig. 3-23(g). The data do not indicate a seasonal trend.
In every season, concentrations at or below the de t ec t i on  l imi t  as  well  as  concentra—
tions  of a t  l eas t  0 .02  mg/ l  to ta l  phosphorus were  encountered. Seasonal trends are  not
evident in the chloride data. Detention t imes  can be  relatively short i n  Lake LBJ ,
amplifying the effects  of  throughflow originating from the Llano River and releases
from upstream reservoirs .

Inks Lake

As shown in  Fig.  3-23(h), total phosphorus levels in  Inks Lake,  collected at
Sta .  1407 .01  near the  dam,  f luctuate  through all seasons of the year. Seasonal trends
are absent. Similarly, trends are not evident i n  the chlorides data. With  i ts  short
retention t imes,  constituent concentrations in Inks Lake can be  anticipated to  be
dominated by releases from the upstream reservoir .

Lake Buchanan

Total phosphorus data for Lake Buchanan at Sta .  1408 .01  near the dam are shown
in  Fig.  3-23(i). Seasonality i s  not  apparent, as phosphorus concentrations fluctuate
throughout the  year. All  values from the period of  approximately November through
March were well  above the detect ion l imit ,  a phenomenon which did not mater ia l ize  in
the other reservoirs. In Lake Buchanan, the only occurrences of values at  or  be low the
de t ec t i on  l im i t  we re  encountered f rom the  months  of May  through Oc tobe r .
Seasonality is not  evident in the chlorides data. As  wi th  Lake Travis, hydraulic
retention t imes  in Lake Buchanan are relatively large, which could enhance obser-
vation of  the  e f fec t s  of  internal reactions upon constituent concentrations.
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Colorado River at Bend, Texas

Data  fo r  the  Colorado River  at  S ta .  1409 .01 ,  loca ted  a t  Bend ,  Texas ,  we re
plo t ted  in a similar fashion in order to illustrate phosphorus behavior in the major
tributary above Lake Buchanan. The data, displayed in Fig. 3-23 (1'), were usually
col lected at quarterly intervals throughout any specific sampling year. Generally,
highest inflow concentrations of total  phosphorus were  moni tored in the summer and
fall. The lowes t  values in  the record  were  measured during the  month  of December ,
although the concentrations i n  this month were not  consistently low. Chlorides da ta
do no t  display strong seasonal trends,  and concentrations fluctuate over  a wide range.
Instream concentrations can potentially correlate with s treamflow rate (see  -
Chapter 4).  :‘f .

The preceding analysis indicates a general absence of seasonality in observed
phosphorus concentrations in  the Highland Lakes.  Pronounced seasonal t rends  a re  not
evident ,  and only in a f ew  ins tances  were  any uniform tendencies  evident .  Throughout
the  data s e t ,  bo th  high and low  total phosphorus levels  occur at  varying t imes  of  the
year. Similarly, marked trends are absent i n  the chlorides data se t .  Several  o f  the
reservoirs are throughflow—dominated, and thus, constituent concentrations may  be
influenced primarily by the extant hydraulics and inflow mass loadings. Internal
kinetics would be  expected to  demonstrate a stronger influence upon observed
concentrat ions i n  impoundments  wi th  longer residence t imes .

3 .3 .2  Consecutive Sampling Surveys

Measurements of  total phosphorus from consecutive sampling surveys were
examined for  temporal trends in concentration. The analyses focused upon data
collected by the TDWR in their routine monitoring surveys at  a frequency of three  or
four  samples  pe r  year. Da ta  surveys examined  under th is  c r i te r ion  general ly
encompassed  the  per iods  of Oc tobe r  1973  to  July 1976  and December  1980  to  July
1981.

As noted previously, routine TDWR data se ts  consist of  surface samples only.
Anticipated seasogal trends could include reduced levels of total phosphorus within the '

9surface layer in}: arm weather months under s t ra t i f i ed  conditions,  fo l lowed  by ,
inc reased  to ta l  ph~ sphorus concentra t ions  i n  co lder  months  under comple te ly  mixed
conditions. Reduced levels  of to ta l  phosphorus during warmer periods would be
attributable to  sedimentation of  particulate phosphorus compounds and uptake by
phytoplankton with subsequent settl ing of  the biomass out o f  the epilimnion. During
cold weather periods, the increased total phosphorus levels in the hypolimnion would
be  mixed with the epilimnetic waters,  producing a potential  elevat ion in  surface
concentra t ions .  Al ternat ively ,  reservoi r  phosphorus l eve l s  may  f luctuate  i n  response
to  tr ibutary inf low.  Examinat ion  of t o t a l  phosphorus l eve l s  f rom consecutive sampling
surveys may  provide an indication of the relative response to  internal cycling versus
response to  external loadings. Data  for chlorides were  examined to  provide a
comparison with the behavior of  a conservative constituent.
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Response of surface concentrat ions t o  internal  cycling and external loadings may
not be  straightforward, due t o  mixing conditions within the reservoirs. For  example,
releases from an upstream impoundment o f ten  differ in temperature from the
receiving waterbody, which can result i n  significant density currents. Density
differences can also be  encountered wi th  tributary inflow.

The hydraulic re tent ion  t ime  can have a substantial e f f ec t  upon the  observed
concentration profi les ,  as noted in the preceding section. The ef fec ts  of  retention
t ime  have implications upon the temporal density of t he  data se t .  In the throughflow—
dominated reservoirs with short  retent ion t imes ,  the frequency of  sampling must be
commensurate with the retention t ime  in  order t o  ascertain the  possible trends ‘
associa ted w i th  ‘glfe- hydraulic character is t ics .  Wi th  longer res idence  t imes ,  less
temporal  density may  be  required to  demonstrate the e f fec t s  of external loadings upon
internal concentrations. The l imi ted sampling frequency o f  the historical data set
probably diminishes the uti l i ty o f  the present examination o f  seasonality.

Lake  Buchanan

Total phosphorus and chlorides data for Lake Buchanan are displayed in
Fig.  3 -24 .  Trends at  two  stations are depicted: S t a .  1408 .03  in  the upper reach near
Bend and Sta.  1408.01 in the lower pool near the dam. Also displayed in Fig. 3 -24  is a
record of total monthly inflow in to  the reservoir,  based upon LCRA (1983) data,  with
the  Colorado  River  the  principal  tributary.

In the upper reach of the reservoir, levels of total phosphorus and chloride
demonstrate substantial fluctuation through t ime .  There are indications of  correlation
of  c0nstituent levels with inflow, though the  associa t ion is  inconsis tent .  In  Oc tober
1973 ,  a substantial in f low peak  was  recorded ,  which was accompanied by an e l eva t ed
level  of  total  phosphorus (0.0588 mg/l)  and a depression of chloride concentration.
During a subsequent period o f  reduced inflow, phosphorus levels decreased while
chlorides exhibited a steady increase. However ,  phosphorus showed an increase in
April 1974  in  the  absence of a substantial increase  i n  inflow. Under  a high inf low
reg ime  wi th  a peak in  Sep tember  1974 ,  a substantial  increase in  phosphorus l eve l  was
recorded wi th  a corresponding decrease in  the level  of chloride. A peak in chloride
concentration war ;  ecorded in April 1976 following a lengthy period of stable, low.»
inflow, which was accompanied by an observed increase in total phosphorus level.
Surveys conducted in 1981  indicate substantial fluctuation i n  chloride level ,  but
uniform phosphorus measurements of 0.04 mg/l .

At  Sta.  1408 .01  in the lower pool  near the dam, total  phosphorus and chloride
fluctuate over narrower ranges than those encountered in  the headwater reach. A
degree o f  correspondence of  constituent concentrations with inflow i s  indicated,
however ,  a pers is tent  t rend i s  no t  evident .  There  does  appear t o  be  some  evidence of
warm weather/  cold  weather  cycl ing wi th in  the reservoir ,  as demonstrated by  reduced
levels  o f  total phosphorus in  the summers o f  1974 ,  1975 ,  1976 ,  and 1981 .  Cold  weather
surveys generally indicated increased levels of  total  phosphorus. Evidence of response
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t o  inflow loads  i s  also indicated,  fo r  example ,  i n  the  data  co l l ec t ed  in  January 1975 ,
which  displayed an inc rease  i n  total  phosphorus level  accompanied by a substantial
decrease in chloride level,  both  of which appear t o  be  manifest i n  response to  an
antecedent period of  substantial tributary inflow over the preceding four to five
months.

In summary,  the data for  Lake  Buchanan may  indicate  a degree  of response to
internal cycling and external loading. Constituent magnitudes and trends display
substantial variability between the upper and lower stations on Lake Buchanan. The
upper station appears to be  controlled primarily by inflow loading. With the relatively
large retent ion tiijies‘characteristic of  Lake Buchanan, the e f f ec t  of the inf low loads  ‘
i s  dampened during tranSport t o  the lower end of the  reservoir, where e f f ec t s  of
internal cycling would be  expected t o  dominate. Observed chloride levels  appear t o  be
more  closely correlated to  external inflow. The possible e f fec t s  of density currents
originating from the Colorado River inflow cannot be  quantified wi th  the existing data
base.

Inks Lake

In Fig.  3—25 are displayed data for total  phosphorus, chlorides, and total  monthly
inflow for Inks Lake. The inflow record depicts accumulation o f  releases from Lake
Buchanan upstream and immed ia t e  tributary runoff.  Two  s ta t ions  wi th in  Inks Lake
were  examined:  S t a .  1407.03  in  the  upper reach  and S ta .  1407 .01  in  the lower  pool
near the dam.

The l imited data at Sta.  1407 .03  in the upper reach o f  the resevoir  demonstrate
response of chloride levels  t o  inf low,  wi th  leve ls  of  t he  conservat ive mineral
increasing during per iods  of  low,  s table in f low and decreas ing in  response to  inc reased
inflow. However ,  only with the initial data point recorded in October  1973  do the
phOSphorus levels demonstrate an elevated response subsequent t o  a period of
substantial inflow. Observed phosphorus levels  do no t  display consistent seasonality.

In the  lower  poo l  of  Inks Lake ,  chloride leve ls  again demonst ra te  response t o
external inf low.  cPhosphorus levels  show only a slight indication of  correlation to
inflow (most no t ;  ly in October  1973). There does appear to be  a degree of --
association o f  lowe phosphorus levels  with warm weather surveys.

As  a throughflow-dominated reservoir ,  const i tuent  concent ra t ions  i n  Inks Lake
would be  expected to  demonstrate correspondence to  external mass  loadings.
Additionally, observation of the  effects  of  internal kinetics would be  diminished.

Lake LBJ

Total  phosphorus and chloride data for Lake  LBJ at S t a .  1406 .03  near Kingsland,
S ta .  1406 .02  near Sherwood Shores,  and S ta .  1406 .01  in  the lower  pool  near the dam
are displayed in Fig .  3 -26 ,  accompanied by a record  of  to ta l  monthly inflow to the
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reservoir.  Lake LBJ receives  releases from Inks Lake as well  as substantial inflow
from the Llano River and Sandy Creek watersheds. Comparison of  inflow records with
those for Lake Buchanan indicates substantially greater to ta l  inflows into Lake LBJ in
conjunction with high—flow regimes.

Da ta  for  S ta .  1406 .03 ,  which i s  l oca t ed  immedia t e ly  downstream of the
confluence of the Llano River and the Colorado River arms, generally vary without
correspondence to  inflow. With the initial data s e t  col lected in November 1973 ,  an
increase in total phosphorus and decrease in chlorides were  observed, in concert with a
peak inflow period. Chloride levels  subsequently exhibited a s teady increase with
l i t t l e  correspondence t o  recorded in f low.  Phosphorus l eve l s  f luctuated during the
same  per iod ,  but  915 no t  appear t o  be  re la ted  t o  in f low.  The lowes t  phosphorus levels
were  recorded during cold  weather surveys while the  highest level  occurred i n  the
summer of  1974 .  Da ta  for the period 1980  through 1981  indicate greater association
with inflow. Chloride levels exhibited a marked depression in  response to  a period of
high inflow centered  in mid -1981 .  Conversely,  phosphorus l eve l s  inc reased  substan—
tially during the  s ame  high in f low period.  Da ta  fo r  total  phosphorus indica te  l ower
concentrations i n  the  cold weather months of  1980 ,  with a subsequent elevation in
concentration during the warm weather months of  1981 .

Chloride data for Sta.  1406 .02  near Sherwood Shores indicate a degree of
correspondence wi th  in f low.  However ,  only wi th  the  in i t ia l  da ta  poin t  r ecorded  in
November  1973  does phosphorus display a marked increase in response t o  a high inflow
period. From early 1975  to  mid—1976, phosphorus levels remained at  or  be low the
detection l imit ,  in  contrast t o  the observed fluctuation in chloride levels.

As  wi th  the upstream stations, an elevated phosphorus level  and decreased
chloride leve l  we re  observed a t  S t a .  1406 .01  in  November  1973  af ter  a per iod  of high
inflow. Chloride levels  subsequently exhibit a degree of  correspondence with inflow in
a manner quite similar to the trends observed at the upstream Sta .  1406 .02 .  Trends in
phosphorus concentration are also very similar t o  those observed at  the upstream
station. Data  for the period 1980-1981  indicated a decline in chloride level ,  which can
be  attributed to  increased inflow, accompanied by a uniform level of to ta l  phosphorus.

~<‘

In summary; e data for the two lowermost stations on Lake LBJ demonstrate a . -
great deal o f  s imil  i ty i n  constituent behavior. The data se t  for  the station below the
confluence of  the Llano and Colorado Rivers is  not  as extensive as those of the lower
reservoir, which hampered the analysis o f  trends. Lake LBJ represents  a reservoir o f
in te rmedia te  volume in  the Highland Lakes.  I t  i s  not  throughfIOWWdominated t o  the
extent  of  some  of t he  other  impoundments  in the chain, but  hydraulic retention t imes
are relatively short, typically less than 0 .3  yr. Observation of  e f fec ts  of  both external
loadings and internal kinetics would be  anticipated. The data for  Lake LBJ generally
appear t o  be  more  closely correlated wi th  external inflows to  the reservoir as opposed
to  internal cycling mechanisms.
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Lake Marble Falls

Total  monthly inflow, phosphorus, and chlor ide  da ta  for  Lake  Marble Falls are
shown in  F ig .  3 -27 .  Da ta  fo r  S t a .  1405.02 at Highway 2.81 and S t a .  1405.01 i n  t he
lower pool near the dam are included. The inflow to  Lake Marble Falls is  primarily
derived f rom releases from Lake LBJ. Further, the  inflow record resembles closely
the inflow record into Lake LBJ ,  which is a logical consequence of  the  maintenance of
Lake LBJ at  a constant water level .

Only l imitedi  data are available for  Sta .  1405.02. The data do indicate some
correspondence tofinflow, wi th  depressed chloride leve ls  observed in  November  1973  ‘
and January 1975 311 response to high inflow r eg imes .  Phosphorus l eve l s  demons t ra te
an increase  in  apparent response t o  those  s ame  high inf low reg imes .  In  1974,
phosphorus l eve l s  exhibi ted a substantial  decrease f rom spring to  summer  months ,  w i th
a minimum value recorded in  October ,  which may be  indicative of  a seasonal trend.

A more extensive data se t  i s  available for Sta .  1405.01 in  the lower pool near the
dam. Chloride levels exhibit fluctuations in response to  high inflow periods, but also
demonstrate fluctuations which cannot be  explained hydrologically. In mos t  cases,
observed chloride levels in Lake Marble Falls track closely wi th  those observed in the
lower pool o f  Lake LBJ.  The phosphorus l eve l s  also appear t o  be  associa ted  wi th  those
de tec ted  i n  the  lower pool of Lake LBJ. Warm weather/cold weather cycling i s  not
evident  i n  the  data  s e t .

Constituent concentrations in Lake Marble Falls generally appear t o  be
controlled by external inflow. The reservoir i s  dominated by throughflow from
releases from Lake LBJ upstream, and hydraulic retention t imes  are relatively short.

Lake Travis

In F ig .  3—28 are displayed data  for  total  phosphorus and chlor ide in  Lake  Travis
at  S t a .  1404.06 near Sp icewood ,  S t a .  1404.03 near Lakeway,  and S t a .  1404.01 i n  the
lower pool near the dam. Total  monthly inflow records are also presented. Inflow to
Lake Travis i s  derived from releases from Lake Marble Falls upstream, supplemented ‘
by additional tribu§ry drainage, principally from the Pedernales River watershed.

At  S ta .  1404.06 near Spicewood,  data for  chloride exhibit fluctuations i n
response to  inflow, with depressed levels observed in October  1974 and July 1976.
However ,  certain high inflow periods did not  appear t o  depress chloride levels.
Phosphorus showed  a marked  increase  in apparent response t o  peak  in f lows  in  Oc tobe r
1974 and July 1981.

Data  for Sta.  1404.03 near Lakeway exhibit some  similarities with the da ta
recorded a t  the upstream station. Responses to  high inflow manifest by elevated
phosphorus levels  and depressed chloride levels were  evident i n  October  1974 and July
1981. An increased frequency of phosphorus levels at or below the detection l imit  was
generally observed at this station.
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Fluctuations i n  constituent concent ra t ions  are dampened considerably in  the
lower pool  at S t a .  1404 .01 .  There appears t o  be  l i t t le  correlation of  phosphorus levels
with inflow, though there are still some  indications of  association of  chloride levels
(which may  be  attributable to  the  d i f fe rences  i n  behavior of  nonconservat ive and
conservative constituents).  Phosphorus levels  have remained at or below the detect ion
l imit  from mid -1975  to mid—1976 and late  1980  to mid -1981 ,  wi th  no evidence of
seasonality.

Lake  Travis is  characterized by relatively long hydraulic retention t imes .  As  a
consequence, i t  wpuld be  reasonable to anticipate that phosphorus concentrat ions
would be  e f f ec t ed  pr1marily by internal kinetics rather than external loadings. In fac t ,  -
data  for  the lower  pool  display l i t t le  apparent association with inflow. However ,  the
longitudinal extent o f  the  impoundment i s  substantial ,  and constituent concentrations
in  the upper reach  may demonstrate greater correlation with inf low.  The magnitude
of  potential e f fec t s  from inflow layering or density currents i n  the upper reservoir is
unknown.

Lake Austin

Phosphorus and chloride levels  for  Lake Austin, accompanied by a record of to ta l
monthly inflow, are displayed in Fig. 3 -29 .  Da ta  are presented for Sta .  1403.03 near
Lakeland Park and Sta .  1403 .01  in the lower pool near the dam.

Da ta  for  S ta .  1403 .03  in  the  upper reach of  the reservoir appear t o  fluctuate
without correspondence to fluctuations i n  inf low.  Chloride levels are closely t ied t o
those observed in  the  lower pool of Lake Travis, with less correspondence in
phOSphorus levels .

Cons t i tuent  f luctuat ions are reduced  at  Sta .  1403 .01  in  the lower  pool .  Chloride
levels  exhibit substantial similarity be tween the upper and lower  stations on Lake
Austin. PhosPhorus levels differ i n  that higher concentrations were occasionally
observed in  the  upstream reach.  There  i s  some  evidence of  a seasonal fluctuation i n
phosphorus levels .  Phosphorus concentrations decreased from early 1974 through the
warm weather months, then demonstrated increased levels  through the subsequent cold
weather period, fogowed by a decrease in the warm weather months of 1975.

Hydraulic retention t imes  in Lake Austin are generally short——on the order o f
several days during periods of re lease from Lake Travis upstream. Constituent
concentrations would be  expected to be  effected primarily by external loadings. With
the l imi ted temporal density o f  sampling, assessment of  trends may be  futile.
Observed  consti tuent  leve ls  may  correspond poorly t o  monthly inf low due t o  the  short
detention t imes.  In addition, density currents from upstream releases have been
encountered under certain conditions, which could affect  the analysis o f  trends.
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Town Lake

Phosphorus and chloride l eve l s  for  Town Lake  are displayed inF ig .  3—30. (The
inf low reco rd  fo r  Lake  Aus t in  was  u t i l i zed  in  F ig .  3~30,  s ince  monthly da t a  for  Town
Lake  are  no t  avai lable  f rom the  LCRA) .

Da ta  fo r  S t a .  1402 .08  in the  l ower  pool  of the  impoundment  do  no t  appear t o
f luctuate  in accordance w i th  f luctuat ions in in f low.  Phosphorus concent ra t ions  are
general ly s imi la r  t o  concentra t ions  in the  l ower  poo l  of  Lake  Aust in ,  though e leva ted
leve l s  are occas ional ly  observed.  Chlor ide  levels  appear c losely  corre la ted  tog;
condi t ions  in Lake” Aust in .  '

i
“r

am

Town Lake  i s  a throughflow-dominated rese rvo i r  w i th  shor t  hydraulic r e t en t ion
t imes  during per iods  of  upst ream re leases .  As  expec ted ,  concentrat ions appear t o  be
e f f ec t ed  pr imar i ly  by ex terna l  loadings f rom upst ream re l eases .

3 .4  NITROGEN DATA

Within the  fol lowing sec t ion  i s  p resen ted  a b r i e f  examinat ion of  avai lable  da ta
for  ni t rogen spec ies  within the  Highland Lakes .  The available n i t rogen  da t a  s e t  i s
pr imar i ly  der ived f rom the  rout ine surveys of  the  TDWR (TNRIS, 1983a) .  General ly ,
the  TDWR co l l ec t s  samples  for  analysis of  n i t ra te  ni trogen and ammonia  n i t rogen  as a
companion exe rc i se  t o  the  co l l ec t ion  of phosphorus da t a .  The  emphasis  of the  present
study i s  upon the  analysis of  phosphorus da ta ;  the  fo l lowing  informat ion i s  provided
so le ly  t o  ident i fy  typical  l eve l s  of  inorganic n i t rogen in the  Highland Lakes .

Repor ted  TDWR de tec t ion  l imi t s  for  n i t rogen  da t a  var ied  f rom 0.020—0.100 mg/ l
fo r  ammonia  ni t rogen and 0.0lO-0.03O mg/ l  fo r  n i t r a t e  n i t rogen.  Fo r  p lo t t ing
purposes ,  t he  inorganic  n i t rogen leve l  was  s e t  a t  the  l owes t  repor ted  l im i t  when bo th
ammonia  n i t rogen  and n i t r a t e  n i t rogen were  be low de tec t ion  l im i t s .  Ammonia
ni t rogen da t a  were  frequent ly be low de tec tab le  leve ls  throughout the ser ies  of
rese rvo i r s .

3 .4 .1  Analysis of Spat ia l  Trends
A

H
.

M
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Severa l  o f  tie da t a  s e t s  examined  fo r  spat ia l  t rends of  phosphorus and chlor ide
dis t r ibut ion,  descr ibed previously in Sec .  3 .2 ,  we re  analyzed for  t rends in inorganic
ni t rogen l eve l s .  Fo r  the  present  analysis,  which u t i l i zes  pr imar i ly  da ta  f rom the
TDWR,  inorganic n i t rogen i s  de f ined  as the  sum of n i t ra te  n i t rogen and ammonia
ni t rogen.  I t  i s  assumed that  the magnitude of  n i t r i t e  n i t rogen  concentra t ion i s
negl igible  (though da t a  a re  general ly not  available) .

3 .4 .1 .1  Surveys Under  Unst ra t i f ied  Condi t ions

Severa l  surveys were  se l ec t ed  fo r  spat ial  analysis under the  condi t ions  of  a
re la t ive ly  well—mixed wa te r  column.
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Survey o f  1—2 October  1974

Area  streamflow data antecedent t o  the survey o f  1 -2  October  1974  were
presented in Sec .  3 .2 .  The data indicated a substantial influx o f  water from area
tributaries. Marked fluctuation in inorganic nitrogen levels was  observed throughout
the chain of Highland Lakes,  as displayed in  F ig .  3 -31 .  The  inorganic ni t rogen level
decreased from 0 .29  mg/ l  i n  the headwaters  of Lake  Buchanan to  a leve l  be low the
detect ion l imi t  i n  the lower  pool .  A substantial increase in concentration was
observed in Lake LBJ ,  with a leve l  o f  0 .29  mg/l inorganic nitrogen detec ted  below the
confluence wi th  the Llano River.  The inorganic nitrogen level i n  the lower  pool  of
Lake LBJ was 0.1}? mg/l. A slight decrease in concentration was  observed in Lake
Marble Falls. In Lake Travis, inorganic nitrogen levels increased to  0.35 mg/l  above
the confluence with the Pedernales River ,  but concentrations declined to  0 .06  mg/l i n
the lower  pool  o f  the reservoir.

Survey of 13 -14  January 1976

St reamf low records  fo r  area watercourses  during the antecedent per iod prior t o
the survey o f  13 -14  January 1976  were  discussed in Sec .  3 .2 .  A relatively stable f low
regime was indicated for area tributaries. The inorganic nitrogen concentration
decreased within Lake Buchanan and Inks Lake, as shown in  Fig .  3 -32 .  The level rose
to  0 .15  mg/ l  inorganic ni trogen in Lake  LBJ ,  dec reased  slightly in Lake  Marble Fal ls ,
and decreased  in  the  upper region of. Lake Travis.  The  inorganic ni t rogen level
increased downstream in  Lake Travis, with a concentration o f  0 .16  mg/ l  observed in
the  lower  pool. A decrease in  inorganic nitrogen concentration was observed through
Lake Austin.

Survey of 17—18 February 1981

The attendant streamflow data for  the  survey of  17 -18  February 1981  were
described in Sec .  3 .2 .  The data indicated a period of  relatively stable s treamflow on
all major  area tributaries. Concentrations of  inorganic nitrogen are displayed in
Fig .  3—33. Inorganic n i t rogen concentrat ions f luc tua te  t o  a g rea t e r  ex ten t  than e i the r
total  phosphorus , gr chloride levels .  The inorganic nitrogen level  demonstrates a
decrease from th ’  headwaters to  the lower pool of Lake Buchanan. Levels sub-'..
sequently increase t o  0 .36  mg/ l  inorganic nitrogen within Lakes LBJ and Marble Falls.
The concentration decreased in the  upper reach of Lake Travis, then steadily increased
to  a leve l  o f  0 .31  mg/ l  inorganic ni trogen in  the  lower  poo l .  A decrease  i n
concentrat ion was observed in Lake Austin,  wi th  a subsequent increase in  Town Lake.

3 .4 .1 .2  Surveys Under Stratified Conditions

Two warm weather  surveys were  analyzed in  order t o  compare the  longitudinal
distribution of inorganic nitrogen with the cold weather data se ts  described previously.

Survey of  18—19 July 1974

Streamflow records for a thirty-day antecedent period prior t o  the survey of
18—19 July 1974  were  displayed in  Sec .  3 .2 .  A period of stable, l ow streamflow was
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r eco rded  on all area tributaries.  As  displayed in  F ig .  3 -34 ,  all measurement s  of
inorganic n i t rogen in  the  Highland Lakes  f rom the  headwaters  of Lake  Buchanan to  the
lower  poo l  of  Lake  Travis indica ted  concentra t ions  a t  o r  be low analytical. de t ec t i on
l imits  (0.03 mg/l  for  n i t ra te  nitrogen, 0 .1mg/ l  fo r  ammonia nitrogen). Inorganic
ni t rogen leve ls  sl ightly above the  de tec t ion  l imi t  we re  observed in the upper reaches
of Lake Austin,  though the  max imum leve l  de t ec t ed  was  only 0.05 mg/ l .

Survey of 27—28 July 1981

Antecedent  f l ow  conditions fo r  area s t eams  prior  t o  the  survey of 27 -28  July
1981 were  described in Sec .  3.2.. An antecedent pe r iod  of  general ly  decreasing
s t r eamf low ra t e s  Was observed.  As  shown in  F ig .  3 -35 ,  inorganic ni t rogen leve ls  i n  the
Highland Lakes wereat  or  s l ightly above de tec tab le  l im i t s  f rom the  headwaters  of
Lake  Buchanan to  the  lower  poo l  of  Lake  Travis (0.01 mg/ l  for  ni trate  ni t rogen,
0.02 mg/ l  for  ammonia  n i t rogen) .  A sl ight  increase  i n  inorganic ni t rogen l eve l s  was
observed  in  Lake  Aust in ,  w i th  a concent ra t ion  of 0 .1  mg/ l  de t ec t ed  in  the  lower  pool .
The  inorganic n i t rogen  concent ra t ion  inc reased  to  0.24 mg/ l  i n  the lower  pool  of Town
Lake.

3.4.2. Analysis of  Tempora l  Trends

The da ta  base  fo r  inorganic ni t rogen in  the  Highland Lakes  was  examined fo r
evidence o f  temporal  trends, i n  a manner similar t o  the  phOSphorus analysis descr ibed
in  Sec .  3.3. TDWR data  for  ammonia  ni t rogen and ni t ra te  ni t rogen co l l ec ted  in  the
lower  pool  of each  reservoi r  we re  p lo t t ed  versus mon th  of t he  year  fo r  evidence of
seasonali ty.  The  da t a  are displayed in F ig .  3—36. Seasonal  t rends are general ly no t
evident ,  although at t he  major i ty  of the  s ta t ions  inorganic n i t rogen  concentrat ions  are
depressed during summer  months .  The  vas t  major i ty  of ammonia  ni t rogen measure"-
men t s  found concentrat ions be low the  de tec tab le  l imi t  of 0.1 nag/1. (Da ta  f rom more
recen t  surveys feature  a lower  l imi t  of de tec t ion ,  i . e . ,  0.02 mg/ l . )  Within  Lake  Austin
and Lake Travis ,  inorganic ni t rogen l eve l s  a re  typically 1nelow 0.3 mg/ l .  Within Lake
Marble  Fal ls ,  the major i ty  of  inorganic ni trogen measu remen t s  fa l l  be low 0 .3  mg/ l ,  but
the re  i s  an increase  of  observat ions i n  the  range of 0.3-0.4 mg/ l .  The  dis tr ibut ion of
observations in  Lake  LBJ  is  s imilar  to that  encountered in  Lake  Marble Fal ls .
Concentrat ions in’éxcess  of  0.2 mg/ l  occur  only infrequently within Lake Inks and Lake,
Buchanan. Da ta  £03 the  Colorado  River  above Lake  Buchanan a t  Bend,  Texas are also
displayed in  F ig .  3-36. Riverine l eve l s  of  n i t r a te  n i t rogen  are frequent ly substantially
higher than those observed wi th in  the  Highland Lakes ,  ranging up to  3.03 mg/l .
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CHAPTER 4 .0

MASS LOADINGS

Quant i f i ca t ion  of  mass  loadings of  phosphorus t o  t he  Highland Lakes  requires
iden t i f i ca t ion  of  bo th  poin t  sou rce  and nonpoint  source  loads .  Poin t  sou rce  loads  are
def ined  as those  which  emana te  f rom a def inable  po in t  o r  or ig in ,  the  mos t  common
example  being an ef f luent  discharge f rom a was t ewa te i  t r ea tmen t  plan.  Such
was t ewa te i  discharges require  pe rmi t s  f rom an appropr ia te  regula tory  authori ty .  In
Texas ,  discharge pe rmi t s  mus t  be  obta ined f rom the  Texas Depar tment  of  Wa te r s
Resources  and from the  U S.  Environmental  P ro t ec t i on  Agency.  The discharge pe rmi t
spec i f i e s  a l lowable  l imi t a t ions  on ef f luent  loads  or  const i tuent  l eve l s  and f l owra t e s .

Nonpoint  source  loadings are  those  which  arise f rom sources  o ther  than identim
fiable  ou t fa l l s .  They are o f t en  charac te r ized  a s  originating f rom di f fuse  sources .
Typically,  t he  mos t  subs tant ia l  nonpoint  sou rce  loads  are assoc ia ted  wi th  mass
t ranspor t  i n  s to rmwate r  runoff. even t s .  In an urban se t t i ng ,  nonpoint source  loads
inc lude ,  for  example ,  washof f  o f  s t r ee t  sur face  contaminants ,  e ros ion  f rom denuded
areas i n  various s t ages  of cons t ruc t ion ,  and runoff f rom chemical ly—treated  res ident ia l
l awns .  Rural nonpoint  source  loads  include runof f  f rom fe r t i l i z ed  cropland,  c l ea red
pas ture  land and fo re s t ed  a reas .  Seepage  of l eacha te  f rom individual home  sep t i c  tank
and drainf ield sys t ems  cons t i tu tes  an o f t en  controvers ia l  type  o f  nonpoint  source
loading.  In many s i tua t ions ,  part icularly wi th in  wate rsheds  that  conta in  f ew  poin t
sources ,  nonpoint  sou rces  may  account  fo r  t he  predominant  po r t i on  of  various
cons t i tuent  mass  loads .

4 .1  POINT SOURCE LOADINGS

There are re la t ive ly  f ew  s igni f icant  po in t  source  d ischargers  wi th in  the  wa te r -
shed o f  t he  Highland Lakes .  A l is t ing of al l  municipal and industr ial  pe rmi t s  (TDWR,
1983a) is  d isp layed in Table 4—1.

Though the  number  of pe rmi t  holders  may  appear large ,  t he  vast  ma jo r i ty  have .
ve ry  sma l l  discharges ,  and are  r emote ly  l oca t ed  f rom the  reservoi rs .  Munic ipal
was t ewa te r  treatifient p lants  wi th in  the  watershed  o f  t he  Highland Lakes  are typically»
smal l ,  serv ing  spec i f i c  res ident ia l  deve lopmen t s .  The ma jo r i ty  o f  municipal  p lants
dispose  of t r ea t ed  e f f luent  v i a  i r r iga t ion  sys t ems ,  o f t en  on golf courses .  The f ew
industr ia l  pe rmi t  holders  a re  assoc ia ted  w i th  wood  p roduc t s  o r  minera ls  p roces s ing .
Seve ra l  animal  f eed lo t  operat ions  a re  also pe rmi t t ed  in the  wa te r shed .

Pe rmi t  l imi ta t ions  fo r  s ignif icant  dischargers  a re  p re sen t ed  in  Tab le  4-2,. In the
major i ty  o f  pe rmi t s ,  phosphorus is  no t  spec i f ica l ly  r egu la ted .  Thus,  Table 4~2  includes
da t a  fo r  pe rmi t t ed  f low,  b iochemica l  oxygen demand  (130135), and to t a l  suspended
sol ids  (TSS) for  compar i son  of  e f f luen t  charac te r i s t i cs .  All  pe rmi t  holders  iden t i f i ed  in
Table 4—2 are domes t i c  was t ewa te r  t r ea tmen t  p l an t s ;  t he re  are no  signif icant
industr ia l  d ischarges  in  the  wa te r shed  of  t he  Highland Lakes .
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For  t r ea tmen t  plants where  phosphorus leve ls  a re  regula ted  by  pe rmi t ,  the  level
i s  typically 1 or  2 mg/ l  as  a dai ly  average .  To ta l  phosphorus l eve l s  we re  e s t ima ted  fo r
the r ema inde r  of  t he  p lan t s  wh ich  are no t  sub jec t  t o  pe rmi t t ed  l im i t a t i ons .  Repor ted
phosphorus con ten t  in un t rea ted  domes t i c  was t ewa te r  exhibi t s  an approx imate  range
of 4—20 mg/ l  (Metcalf and Eddy, 1979; Steel and McGhee, 1979). Approximately
20—40 pe rcen t  of  t he  phosphorus is  r emoved  in  aerob ic  b io log ica l  was t ewa te r  t rea t - -
ment processes (Steel and McGhee, 1979; Stumm and Morgan, 1970). Assuming a
30  pe rcen t  r emova l ,  t r ea t ed  eff luent  phosphorus l eve l s  of  3~14  mg/ l  would be  anticim
pa ted .  Arms t rong ,  e t  a1. (1985) de t e rmined  an average t o t a l  phosphorus concent ra t ion
o f  10  mg/ l  fo r  domes t i c  was t ewa te r  t r ea tmen t  plant e f f luen t  in the  Lake Travis  area.  A
For  the  presen t  analysis,  t o t a l  phosphorus leve ls  for  domes t i c  d ischarges  no t  subjec t  t o
spec i f i c  pe rmi t  l imi ta t ions  were  e s t ima ted  at  10  mg/ l .

D‘"charge  pe rmi t  holders  are requi red  t o  r epor t  ef f luent  cha rac te r i s t i c s  t o  the
TDWR on a rout ine  bas i s .  Sel f - repor t ing da ta  (TDWR, 1983b) fo r  a r ea  d ischargers  are
summar i zed  in Tables  4—3 and 4—4. Da ta  for  the  f ive ex is t ing  point  sou rces  which
discharge  d i rec t ly  t o  the  rese rvo i r s  are displayed in  Table  4-3. The Kingsland
Municipal U t i l i t y  D i s t r i c t  (MUD) and C i ty  o f  Marble Fal ls  a re  the  larges t  d ischargers .
In Table 4~4  a re  p resen ted  self—reporting da ta  fo r  the  four  domes t i c  t r ea tmen t  plants
adjacent  t o  the  Highland Lakes  which  d ispose  of  t r ea ted  e f f luent  v i a  i r r iga t ion .

4 .1 .  1 H i s to r i ca l  Load ings

His to r i ca l  point source  loads  t o  the  Highland Lakes  were  e s t ima ted  using the
in fo rmat ion  compi l ed  in the  p reced ing  sec t i on .  Re la t ive ly  f ew  po in t  sou rce  discharges
have been  in  ex i s tence  in the  wate rshed  of  t he  Highland Lakes .  For  de t e rmina t ion  of
loads ,  only domes t i c  t r ea tmen t  plant  d ischarges  were  of  conce rn -~ the re  have ex i s t ed
no  signif icant  industr ia l  sources  in the  area.  Es t ima ted  loads are p re sen ted  in
Table 4 -5 .  Loads were  based  upon r epo r t ed  da t a  where  avai lable .  Where  phosphorus
da ta  were  unavai lable ,  the  eff luent  phosphorus l eve l  was  assumed to  be  10  mg / l .  Only
those  po in t  sou rces  which discharge d i rec t ly  t o  t he  reservoi r s  we re  included in  the
loading ca lcu la t ion .  A t o t a l  of  f ive  po in t  source  pe rmi t  ho lders  have mainta ined d i r ec t
discharges  o f  wastewater  i n to  the  reservoi rs .  Si lver  Creek  Lodge  d ischarges  i n to  Lake .
Buchanan.  Lake *IfiBJ r ece ives  discharges f rom Kingsland MUD and Commanche  Point.
The C i ty  of  Marblé Fa l l s  discharges i n to  Lake Marble  Fa l l s ,  and Lake Travis rece ives"
discharges f rom the  Travis Vis ta  p l an t ,  The mos t  subs tant ia l  point  source  of
phosphorus loads  has been  the  Marble  Fal ls  p lan t ,  s ince  i t  has  no t  incorpora ted  a
phosphorus r emova l  sy s t em.  The to t a l  poin t  source  loading to  the s e r i e s  of  reservo i r s
for  1983  was  e s t ima ted  t o  be  6 ,540  kg/yr .  Of  th is  t o t a l ,  t he  Marble Fal l s  discharge
accounts  for  the  ma jo r  po r t i on ,  4 ,896  kg/yr ,  a resu l t  of i t s  vo lume t r i c  loading and.
absence  o f  a pe rmi t  phosphorus l im i t a t i on .
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4 .1 .2  Pro jec ted  Loadings

In addi t ion t o  the ident i f ica t ion  o f  h i s to r ica l  loads,  po in t  source  phosphorus
loadings fo r  future deve lopmenta l  condi t ions  were  p ro j ec t ed .  Popula t ion  p ro jec t ions
fo r  t he  count ies  surrounding the  Highland Lakes  are displayed in Table 4 -6 ,  as
developed by the TDWR (1983c). Anticipated population increments were applied (as
percen t  increases)  t o  the e s t ima ted  phosphorus  loadings under present  conditions to
obta in  p ro jec ted  loadings fo r  Marble Falls ,  Commanche  Point ,  Kingsland MUD, and
Silver Creek  Lodge.  For the Commander 's  Point plant ,  i t  was  assumed that the plant
would be  constructged and the load would reach the allowable pe rmi t  level by 1990  and
remain  at that level. Travis Vista is currently discharging in excess o f  i t s  permit  load.
It was assumed that the load for  this small  development would remain at  the existing
level.  It was  assxfined that the Villa on Travis plant would commence discharging and
attain the allowable permi t  load by 1990,  and remain at that leve l  t o  the year 2000 .
Projected phosphorus loadings up to  the year 2000  are presented in Table 4—7.

4 .2  NONPOINT SOURCE LOADINGS

Several  methods are available for determinat ion of  nonpoint source loads within
a watershed. Comprehensive s to rmwate r  sampling surveys can be  conduc ted  in order
to  obta in  de ta i l ed  s i t e - spec i f i c  in format ion  on runoff  f low and wa te r  qual i ty .  An
a l te rna te  me thod  involves  a de t a i l ed  rev iew of h i s to r ica l  wa te r  qual i ty  and hydrologic
da t a  wi th in  a wate rshed ,  which  presupposes  that  a subs tant ia l  l oca l i zed  da ta  base  is
avai lable .  Nonpoint  source  loads  can  also be  e s t ima ted  f rom appropria te  i n fo rma t ion
deve loped  across  the  nat ion as r epor t ed  in the  l i t e ra tu re .

Nonpoint source loads are conventionally identified as a function o f  various land
uses.  Typical land use categories  include urban, forest ,  agricultural, and pasture.  In
addition t o  these broad categories ,  more  specific delineations are somet imes
considered, such as residential ,  industrial, row crops,  nonrow crops, e t c .

Nonpoint source loading es t imates  are somet imes  expressed in te rms o f  mass
generation pe r  unit a rea  o f  watershed per  unit o f  t ime .  Numerous publications have
reported study results f rom individual watersheds as well  as more  general compilations _
of  reported data-(flee, for example,  Reckhow, e t  al . ,  1980 ;  Rast and Lee,  1983 ;  Loehr,
1974 ;  Shannon andiBrezonik, 1972.). Constituent export r a tes  are applied t o  delinea—"
tions o f  land use acreages in order t o  obtain e s t ima tes  of  annual const i tuent  loadings.
In order t o  demonstra te  the variability o f  r epor t ed  expor t  coe f f i c i en t s ,  loading ra tes
for to ta l  phosphorus and to t a l  nitrogen f rom severa l  s tud ies  a re  displayed in  Table 4 -8 .

Another  common  technique fo r  de t e rmina t ion  o f  nonpoint  loads ,  which  was
employed  in the presen t  analysis,  involves  the  spec i f i ca t ion  of  represen ta t ive  or
average cons t i tuent  concent ra t ions  fo r  runof f  f l ows .  Represen ta t ive  concent ra t ions
may be  e s t ima ted  f rom repo r t ed  values from studies conducted across the nat ion,  or
may be  be  based upon s i te-specif ic  information.

Constituent concentrations are multiplied by the runoff volume,  on either a
single s torm o r  an annual basis,  in  order t o  obtain es t imates  o f  runoff loads. Runoff
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vo lumes  can  be  computed  wi th  a va r i e ty  of  hydrologic  techniques .  For  the  wa te r shed
of  the  Highland Lakes ,  nonpoint  source  phosphorus loads  f rom ma jo r  t r ibu twies  were
de t e rmined  f rom analysis of  gauged s t r eamf lows  and h i s to r i ca l  phosphorus concentra—
tions .  Es t ima tes  o f  runoff  vo lumes  f rom ungauged drainage areas  adjacent  t o  the
se r i e s  o f  r e se rvo i r s  we re  ob ta ined  wi th  the  Soil Conserva t ion  Serv ice  (SCS) rainfall—
runoff  relat ionship (Mockus,  1972.). The me thodo logy  inco rpo ra t e s  an empi r i ca l
var iable  ca l l ed  a curve number  t o  t rans form ra infa l l  in to  runof f  vo lumes .  The curve
number  i s  sensi t ive  t o  seve ra l  f ac to r s ,  including land use  and so i l  t ypes .  Loads f rom
the  adjacent  wa te r sheds  were  def ined  based  upon the  SCS  analysis of  runoff  vo lumes
and an eva lua t ionyof  phosphorus da t a  f rom area  t r ibu ta r ies .  The fo l lowing sec t ions
presen t  a discussifim of  the  h i s to r ica l  da t a  base  for  phosphorus concent ra t ions  in  the
study a rea  tr ibutaries,  and a de t a i l ed  descr ip t ion  of  t he  de te rmina t ion  of  phosphorus
loads  t o  the  Highland Lakes  f rom major  t r ibutar ies  and adjacent  wa te r sheds .

Def in i t ion  o f  phosphorus loadings t o  the  Highland Lakes  requires  tha t  bo th
incoming  flours and phosphorus concent ra t ions  be  spec i f i ed .  S to rmwate r  phosphorus
con ten t  has been  repor ted  in  numerous  s tudies  ac ross  the  coun t ry .  L i te ra tu re  values
are o f t en  employed  in areas where  s i t e~spec i f i c  da ta  are no t  avai lable .  Seve ra l  s tud ies
have a t t emp ted  to  cor re la te  cons t i tuent  concen t ra t ions  o r  loads  wi th  a var ie ty  of
watershed var iables .  Cor re la t ions  have been  a t t empted  wi th  land use  type,  imperv ious
cove r ,  s lope ,  so i l  type ,  and a myr iad  o f  o ther  variables w i th  varying degrees  o f
success .  In genera l ,  da t a  available i n  the  l i t e ra ture  display wide  var ia t ion  in  mos t
cons t i tuen ts ,  including phosphorus.  Examples  o f  r epo r t ed  cons t i tuent  concen t ra t ions
are shown in Table  4 -9  ( f rom Loehr ,  1974) .  Fo r  many wa te r  qual i ty  managemen t
appl icat ions,  t he  use  o f  typical  cons t i tuen t  concentra t ions  repor ted  in  the  l i te ra ture  is
an accep tab le  p rocedure .  But  i n  genera l ,  i t  i s  p r e f e r ab l e  t o  employ  site—specific da t a
where  avai lable .  Use  of  s i t e - spec i f i c  da t a  may  no t  be  a panacea ,  s ince the  u t i l i t y  of  a
particular da t a  s e t  i s  a f f ec t ed  by  i t s  r epresen ta t iveness ,  t empora l  or  spa t i a l  coverage ,
and numerous  o the r  f ac to r s .  In many r e spec t s ,  t he  u t i l i ty  of a da t a  s e t  depends upon
the in tended  app l ica t ion .  For  de te rmina t ion  of  long-term loads ,  a da t a  s e t  should
include measurement s  ove r  a var ie ty  of  hydrologic  o r  seasonal  r eg imes .

PhOSphorus da t a  for  ma jo r  and minor  t r ibutar ies  i n  the  Highland Lakes  watershed
were  compi led  and r ev i ewed  (TNRIS, 1983a ;  USGS, 1983a) .  Avai lable  da t a  are der ived
pr imar i ly  f rom the ongoing moni tor ing  e f fo r t s  of  t he  TDWR and the  USGS. The to t a l
phosphorus levels;§in t he  major  t r ibutar ies  we re  examined  fo r  d i r ec t  input  in to  the
model ing  analysis a s  incoming mass  load ings .  Minor t r ibutar ies  we re  examined  for
charac te r i za t ion  of  runoff  phosphorus l eve l s  f rom watersheds  adjacent  t o  the  reser—
voirs .

4 .2 .1  Major  Tributary Mass Loads

Tributary mass  loads  are a func t ion  of  s t r eam discharge r a t e  and const i tuent
concent ra t ion .  Typically,  t r ibutary da t a  bases  are very  l im i t ed .  USGS s t r eamf low
moni tor ing  s t a t ions  are o f t en  avai lable  at  many loca t ions ,  providing a comple t e  r eco rd
o f  s t r eam discharge  r a t e  i n  the  fo rm of  mean  daily f lows .  Comprehens ive  s t r eamf low
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records from USGS gauging stations are available for  the  Colorado,  Llano, and
Pedernales Rivers in the study area.  However ,  wa te r  quality sampling da ta  are
typical ly  avai lable  on  a more  l im i t ed  bas i s .  In the watershed o f  the Highland Lakes,
phosphorus concentrat ion da ta  are available f rom the  USGS and the TDWR, but at
bes t ,  data are available no more  frequently than monthly.  Thus, there exis ts  a
common  dispari ty  be tween  the  amount  o f  f low da ta  and chemical  concentrat ion da ta
available at  any one locat ion.

In order  t o  accurate ly  charac ter ize  wa te r  quality for constituent loading
calculations, col lected da ta  should be  representative o f  extant conditions. There is  no
a_p r io r i  t es t  for  representativeness.  It can generally be  assumed that  more  frequent
co l lec t ion  of  dataiprovides a more  accurate representation o f  ambient condit ions.  In
some  situations,  rp'utine sampling data may exhibit a bias  towards low st reamflow
rates  (Dolan, e t  3.1., 1981) .  In that  event ,  use  o f  the  sampling da ta  fo r  es t imat ion  of  an
annual consti tuent  loading ra te  could lead t o  either ove r -  or under-estimation of  the
true loading. If low—flow constituent concentrations are lower than companion high—
flow values,  under-estimation o f  the annual load  may resu l t .  S imilar ly ,  over—-
est imat ion o f  the annual load could be  obtained in  those cases  where ambient
constituent concentrations are higher under low—flow conditions. This potent ial  error
has i t s  origins in si tuations where  strong cor re la t ion  i s  exhib i ted  be tween  s t r eamf low
rates  and constituent concentration or loading.

4 .2 .1 .1  Overview o f  Available Phosphorus Da ta

Historical  phosphorus da ta  are available for the  three major  tributaries in the
Highland Lakes cha in :  the Colorado,  Llano,  and Pederna les  Rivers .  Moni tor ing
stat ions examined in the present  study are identif ied in Table 4 -10  (stat ion locations
are depicted in Fig.  4 -1 ) .  Two stat ions were  analyzed on each o f  the tributaries. On
the Colorado  River  above Lake Buchanan,  a moni tor ing s t a t ion  (TDWR S ta .  1409.01) i s
loca ted  at Bend, Texas, at r iver mi le  458.4  approximately 40  km (25 mi) above the
reservoir .  Water  quality samples  are col lected at Bend by the TDWR.  Farther
ups t r eam at  r ive r  mi l e  474 .3 ,  the  USGS mainta ins  a s t r eamf low and quality moni tor ing
station near San Saba, Texas (USGS Sta.  08147000, TDWR Sta .  1409.015).

Monitoring sfiations on the  Llano River are s i tuated at Kingsland (river mile 6 .  5)
and Llano, Texas 'f ver mi le  29 .  3 ) .  The TDWR col lects  water  quality samples at  the "
station near Kingsland (TDWR Sta .  1415.  01), located approximately 3 km (2. mi) above
Lake LBJ .  The USGS moni to r s  s t r eamf low and wa te r  quali ty a t  the  Llano s ta t ion
(USGS Sta .  08151500,  TDWR Sta .  1415.02) ,  and the TDWR col lected water  quality
samples in the pas t .

The USGS maintains a s t reamflow gauge (USGS S ta .  08153500,  TDWR
Sta .  1414.01) on the Pedernales River near Johnson City,  Texas, approximately 64 km
(40 mi) above Lake Travis a t  r ive r  mi l e  48 .0 .  Water  quality is moni tored  at  the s ta t ion
by both the USGS and the TDWR. A USGS streamflow gauging stat ion i s  also located
upstream near Fredericksburg at  river mi le  88 .7  (USGS S ta .  08152900,  TDWR
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Sta .  1414.02) .  The TDWR collects water quality samples  at  the s ta t ion near
Fredericksburg.

Summary  s t a t i s t i c s  for  t o t a l  phosphorus at the major tr ibutary monitoring
s ta t ions  are  displayed in Table  4—-ll. The t ab le  inc ludes  ident i f ica t ion  o f  observed
ranges, means,  and standard deviat ions  for  the  da t a  s e t s .

Da ta  for  the two  stat ions on the Colorado River exhibit very similar  mean  values
o f  to ta l  phosphorus: 0.155 mg/l  and 0.118 mg/ l .  The stat ions are situated only 26  km
(16 mi) apart, and the lower station drains an additional 137 kmz,  less than one percent
of the to ta l  watershed area at the upstream s i te .  Therefore, data from the two
stations were  combined to  represent instream conditions on  the Colorado.  With the
combined  da ta  setis', a mean to ta l  phosphorus of  0 .125  mg/ l  was  ob ta ined .  A flow—-
weigh ted  average t o t a l  phosphorus o f  0 .557 mg / l  was  a lso  ca lcu la ted  fo r  the  combined
data  s e t s .  The f low "e ighted  average is  substant ia l ly  g rea te r  than the  a r i t hme t i c
mean.  The discrepancy is  a consequence o f  a few data  points  (out o f  a combined tota l
of 136 data points) collected at exceptionally high streamflow rates .

Llano River stations at Kingsland and Llano exhibit similar mean phosphorus
levels o f  0 .  026  mg/ l  and 0 .040  mgggl, respectively.  The difference in drainage area
be tween  the two  stations is  542. km which is only five percent  o f  the to ta l  watershed
area  at  t he  ups t ream s t a t i on .  The combined  da ta  s e t s  were  used to  represent
phosphorus concentra t ions  in the  Llano River .  If t he  da t a  s e t s  fo r  t he  two  s t a t ions  are
combined,  a mean  of  0 .035  mg/ l  t o t a l  phosphorus is  ob ta ined .  Fo r  the  combined  da ta
se t ,  a f low-weighted tota l  phosphorus o f  0 .044  mg/ l  was  calculated.  F lows  for  the
Kingsland stat ion were  es t imated  from observed discharge ra tes  at  the gauging s ta t ion
upstream at Llano.

Mean values of  to ta l  phosphorus for  the two  stations on the Pedernales River
exhibit a substantial  d i f f e r ence -~0 .048  mg/l  versus 0 .137  mg/ l -—wi th  the  downst ream
s ta t ion  showing the lower  concent ra t ion .  The drainage area more  than doubles
between the  two stat ions,  which are located 66 km (41 mi) apar t .  The decrease in
mean phosphorus l eve l  may be  a t t r ibutable  t o  s ed imen ta t i on  in poo l  areas through the
reach. A flow-weighted average to ta l  phosphorus o f  0 057 mg/l  was  calculated for  the
data col lected at<’ the stat ion near Johnson City,  which is slightly higher than the
ari thmetic  mean 3f 0 .048  mg/l .  The Johnson Ci ty  data  s e t  was used to  represent"
phosphorus concentrations in the Pedernales River.

4 .2 .1 .2  Determinat ion o f  Tributary Loads

There  ex i s t s  an assor tment  of  methodologies  for e s t ima t ion  o f  t r ibutary  mass
loadings.  The me thodo log ie s  vary widely  in  complex i ty  and sophis t ica t ion .  Se l ec t i on
of  an appropriate methodology should be  based  upon the nature and ex ten t  of  the
available data se t s ,  computational requirements,  and the  intended application. There
is debate of  course concerning the perceived precision and accuracy o f  alternative
techniques. Frequently, the fundamental l imitat ion affect ing any load computation
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technique i s  the unavailabil i ty o f  a comprehensive da ta  base .  Where  da t a  are l im i t ed ,
complex statist ical analyses may create an illusion of  precision and accuracy, but no
mat te r  how elegant the analysis, the output is  only as strong as the input data se t .

Consideration and selection of an appropriate loading methodology is illustrated
within  the  presen t  analysis of  the  Highland Lakes .  To  in i t ia te  the  s e l ec t i on  process ,
the ant icipated end result  o f  the analysis must  be  considered.  Fo r  the present
analysis, the objective was t o  develop representative annual mass loading values for
major tributaries. Annual phosphorus loads were  needed for two  potential applica—
tions. F i r s t ,  phosphorus loads representing historical inflows were  needed.  Optimally,
his tor ical  s t r eamflow values would be  available on a year t o  year basis.  Annual massif;
loads would be  sensitive t o  h is tor ica l  meteoro log ica l  condit ions through their  r e l a t i on - l "
ship to  annual streamflows. Projection o f  future loading conditions represents the .4
second potential application o f  annual phosphorus loads.

Several  alternative methods may be  employed for calculation o f  constituent
loadings.  Mos t  commonly ,  available concentrat ion data  are averaged over  some
disc re te  per iod of  t ime  and mult ipl ied by the corresponding observed discharge r a t e  i n
order t o  obtain the load es t imate .  This method i s  variable in the duration o f  the t ime
period for  averaging. Fo r  example,  concentrations could be  averaged, and loads
computed,  over a weekly, monthly or  annual t e rm.  As  discussed previously, errors may
potent ia l ly  resul t  i f  the  sampling da ta  collected in the averaging period are not
representa t ive  of ac tual  condi t ions ,  or  more  precise ly ,  are no t  representa t ive  of  the
dynamic concentration fluctuations over the  t ime  f r ame  of  in te res t .  Another
approach involves application o f  a flow—concentration or  flow-loading relationship to
observed daily discharge ra tes .  The method is  at tractive in that i t  makes use of  an
extensive s t reamflow da ta  s e t  where available on a watercourse .  However ,  the
success  o f  the  me thod  i s  s t i l l  dependent upon the availabili ty of  suff icient  concentra-
t ion  sampling da t a  t o  accurate ly  def ine the  relat ionship wi th  s t r eamf low.  The  use  of  a
ratio est imator  has been suggested to  r emove  bias which may exist  in the loading
estimate (Tin, 1965; Dolan, e t  al . ,  1981). Application of the ratio estimator is based
upon the premise that available concentration data  are biased towards low—flow
values. The rat io e s t ima te  i s  derived from the rat io o f  the mean of  measured loads to
the  mean  o f  f lows when samples  were  co l l ec t ed .  An  e s t ima te  of the annual load  is ;a
obtained by application of  the ra t io  to  the observed annual average f l ow .  A bias 5
adjustment tennis included in the ratio es t imator ,  derived from the sample set—3
variance and covariance. The formula for the ra t io  est imator i s  as follows:

S
1 + l 31.

m n mxm
“y  = “x  InX ( 1. S 2 )

1 x1 + — 2
n mx

where  11y = es t ima ted  l oad
“x  = mean daily flow for the year
my  - mean daily loading for the days on which concentrations were
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159



sxv

52 :
X

Xi

Yi
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de t e rmined
number  of  days  on  which concentrat ions were  de termined

n
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i=1
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i n - l i  i=1  xi  n x

individual measured f lows
dailjr loading for each day on which concentrat ion was  de te rmined

The performanfies o f  s eve ra l  load  ca lcu la t ion  me thodo log ies  were  inves t iga ted  in
the p resen t  analysis ,  as desc r ibed  be low.

(i)

(ii)

(iii)

(iv)

Mean annual f low x his tor ical  mean  concentra t ion

This method involves the product o f  the mean  annual s t reamflow ra te  for
the tributary and the mean  constituent concentration f rom the entire
historical  da ta  base for  the  tributary t o  obtain an es t imate  o f  the  annual
mass load.

Mean  annual f l ow  x h i s to r i ca l  f l ow—weigh ted  mean
concen t r a t ion

A flow-weighted mean  concentrat ion is  calculated for the historical  data
base and multiplied by  the mean annual s t reamflow rate t o  obtain an
est imate  of  the  annua mass load .

Mean annual f low x annual f low—weighted mean
concentrat ion

Annual loads  a re  ca lcu la ted  as the  p roduc t  of  t he  mean  annual f low and the
flow—weighted average concent ra t ion  fo r  each  yea r ' s  s ampl ing  days .  Upon
rearrangément,  t he  me thod  i s  equivalent t o  mult ipl icat ion of  the average
annual s "  pling day load t imes  the ratio o f  the  mean annual f lowrate  to  '
the mean  annual sampling day f lowrate .  The lat ter  formulation is known as
the simple ratio est imator (Cochran, 1977).

Sampling day flow x samplingday concentrat ion

With this method,  the  f lowrate  and concentration for  each sampling day
are conve r t ed  t o  l oads .  An annual l oad  i sob t a ined  f rom the  ca lcu la t ed
average sampling day load  ove r  a spec ific  t ime  in te rva l .
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(v) Unbiased r a t i o  e s t ima to r

The unbiased r a t i o  e s t ima to r  desc r ibed  above was  employed  to  ca lcula te
annual loads .  The unbiased ra t io  e s t ima to r  i s  equivalent  t o  the  s imple  r a t io
e s t ima to r  mul t ip l ied  by a b i a s  adjus tment  t e rm  de r ived  f rom the  sampling
variance and cova r i ance .

(vi) Load- f low re la t ionship

Relationships be tween  s t r eamf low ra t e  and mass  loading r a t e  we re  invest i-
ga t ed  fo'if tributary da t a  s e t s .  The best—fit re la t ionship  was  appl ied t o  the
avai lab lqrecords  of  mean  dai ly  s t r eamf low to  calculate  daily loads ,  which
were  t hen ’ summed  ove r  a one—year pe r iod  fo r  an e s t ima te  of  annual l oad .

4 .2 .1 .3  Analysis of  Colorado  River Phosphorus Loads

A de ta i l ed  analysis  o f  Colorado  River  phosphorus loads  was  conducted  in  o rde r  t o
se l ec t  an appropriate load  calculation me thodo logy .  The pe r fo rmances  o f  a l ternat ive
methodo log ies  were  rev iewed  fo r  the  Colorado  River  because  i t  has  avai lable  t he  mos t
substant ia l  da t a  base  among the  major  t r ibu ta r ies .  The me thod  se l ec t ed  for
calcula t ion of  phosphorus loads  on  the Colorado  was  t hen  employed fo r  the  o the r  ma jo r
t r ibutar ies .

4 .2 .1 .3 .1  Flow and Concen t ra t ion  Da ta

The de te rmina t ion  of  mass  loadings  f rom the Colorado  River  t o  Lake Buchanan
i l lus t ra tes  t he  me thodo logy  se l ec t ion  p roces s .  Op t ima l ly ,  r eco rds  o f  gauged in f low and
phosphorus concent ra t ions  would exis t  throughout the  h i s to ry  of  t he  r e se rvo i r .  If
su f f i c ien t  da t a  a re  available,  mass  loadings  could be  cha rac te r i zed  on,  say,  a dai ly
basis by continual  in tegra t ion  of  the  s t r eamf low and const i tuent  concen t ra t ion  da t a .
The t ime  se r i e s  o f  loadings  so  obta ined would provide  de l inea t ion  o f  phosphorus loads
de l ive red  by the  wate rcourse  over  any particular t ime  f rame of i n t e r e s t .  Howeve r ,
such ex tens ive  da t a  s e t s  a re  usually no t  avai lable .  Fo r  the  Colorado  River ,  the
frequency o f  t he  data is  insuff ic ient  for  de te rmina t ion  of  a de t a i l ed  loading analysis on
a dai ly  o r  even montjhly in te rva l .  Further ,  da t a  do  no t  ex tend  far  enough back  in  t ime
to  conduct  a complge analysis of h i s to r ic  loadings.  Though gauged inf low data  are
avai lable  as  mean  dai ly discharge r a t e s  for  the Colorado  River  above  Lake Buchanan
since c losure  in  1932 ,  a t o t a l  o f  only 136  instantaneous measurement s  of t o t a l
phosphorus concent ra t ion  have  been  co l l ec ted ,  ove r  t he  pe r iod  1968  to  1982,.

The data s e t  fo r  t he  Colorado  ver  i s  compr i sed  of  t o t a l  phosphorus measu re»
men t s  f rom two  s t a t ions ,  TDWR S ta .  1409 .01  and 1409.015,  supplemented  wi th  mean
daily discharge r a t e s  at 1409.015 (USGS Sta .  08147000). The Colorado River flow and
concen t ra t ion  da ta  s e t s  were  examined  p r io r  t o  e s t ima t ion  o f  loads .  The f requency
dis t r ibut ion of discharge r a t e s  was  inves t iga ted  for  bo th  a comple t e  h i s to r i ca l  r eco rd
and the  subse t  of  sampl ing day measu remen t s .  The f low frequency d is t r ibut ions  fo r
the  two  da ta  s e t s ,  displayed in F ig .  4—2., exhibit  c lo se  ag reemen t .  Median d ischarge
ra t e s  are s imi la r :  6 .8  m3 / s  w i th  the  comple t e  h i s to r i ca l  r eco rd  and 6 .6  m3 / s  w i th  the
sampling day subse t .  The curves  d ive rge  s l ight ly  in  the highwflow frequency reg ion .
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The s imi lar i ty  of  the frequency d is t r ibu t ion  curves  demons t r a t e s  t ha t  the sampl ing
da ta  f low r a t e s  a re  indeed  represen ta t ive  o f  t he  h is tor ica l  f low r eg ime .

The d is t r ibu t ion  of  t o t a l  phosphorus concen t ra t ion  da ta  for  the  Colorado  River  is
i l lus t ra ted in  a h i s togram in F ig .  4 -3 ,  and a cumulat ive  f requency diagram is  p re sen ted
in F ig .  4—4. Tota l  phosphorus measurements  range f rom less  than 0 .01  mg/ l  t o
1 .98  mg/ l ,  w i th  an a r i thmet ic  mean  va  ue  of  0 .125  mg/ l .  A median  phosphorus
concent ra t ion  of  0 .066 mg/ l  is displayed in the  cumula t ive  frequency d iagram.  The
flow—weighted mean  concen t ra t ion  of  t he  phosphorus da t a  s e t  i s  0 .557  nag/l,  which i s
substant ial ly  grea ter  than the  a r i thmet ic  mean .  As  ind ica ted  above ,  the  discrepancy is
a consequence  o f  a;3 f ew  da t a  points  (out  o f  a combined  to t a l  of  136  da ta  points)
co l l ec t ed  at  exceptmnal ly  high f lowra tes .  De le t i on  of  the  two  highest  and two  lowes t
ex t r eme  f low ra te  da t a  po in t s  resul ts  i n  a f low-weigh ted  average concentra t ion  of
0 .248 mg / l .  Because  the  except iona l ly  high~flow da ta  points  occur  ve ry  infrequent ly ,
the  l a t t e r  f low-weigh ted  average value should p rov ide  a more  represen ta t ive
charac te r i za t ion  of the  year~to~year annual average phosphorus l eve l .  Exclusion of
ex t r eme ly  high-flow da t a  po in t s  i s  jus t i f i ed  in  o rder  t o  p reven t  an unreal is t ic
weight ing of  the  long-term average  phosphorus concent ra t ion .

The Colorado  River  da t a  s e t  was  examined  fo r  re la t ionships  be tween  f low and
to t a l  phosphorus  concent ra t ion .  Regress ions  were  run for  t he  fo l lowing formula t ions :

linear func t ion :  y = a + bx
logar i thmic func t ion :  y = a + b log  x
exponent ia l  func t ion :  y .—.. aebx
power  func t ion :  y = axb

In these  equat ions ,  the dependent  var iable  y is cons t i tuen t  concen t ra t ion  (mg/l) ,  the
independent  variable x is  s t r eamf low ra t e  (1n3/s), and a and b a re  cons tan t s .
Resu l t s  of  t he  regress ion  analysis are displayed,  i n  Table 4“].2. Three of  the
relat ionships  have s imi lar  cor re la t ion  coef f i c ien t s  (r) and standard e r ro r s ,  wi th  the
linear f i t  exhibit ing the  highest  r of  0 .57 and the  l owes t  standard e r ro r .

Similar ly ,  re la t ionships  be tween  f low and loading r a t e  we re  inves t iga ted  Daily
loading ra te  (g/d) we,s ca lcula ted  as the p roduc t  of  f l owra te  and cons t i tuen t  concen t ra»
t ion ,  w i th  approprqte convers ion fac to r s .  Loading re la t ionships  are  shown  in
Table  4—13. Correla t ion coe f f i c i en t s  are higher than in the  concentra t ion  analysis,  due
to  t he  normal iz ing  e f f ec t  o f  regress ing  f low on a t e rm  tha t  a lso  contains  f l ow .  The
power  func t ion  exhib i ted  the  highest  co r re l a t ion  coe f f i c i en t ,  0 .91,  and the l inear  f i t
displayed an r o f  0 .80 .  The s tandard er ror  was  l owes t  fo r  t he  l inear  re la t ion ,  w i th  the
power  funct ion  nex t  l owes t .  Normal ly ,  the equation wi th  the  l owes t  standard er ror
would be  s e l ec t ed  as t he  bes t  f i t  t o  t he  obse rved  da t a .  The l inear  re la t ion ,  howeve r ,
displayed a large nega t ive  in t e rcep t  on  the ord ina te .  Because  of  this  nega t ive
in t e rcep t ,  the  equat ion p red ic t s  nega t ive  phosphorus mass  loadings  fo r  f lowra te s  l e s s
than approximate ly  7.0 m 3 /5 ,  which on the  Colorado ,  occur  h is tor ica l ly  roughly 50
pe rcen t  o f  t he  t ime .  The l inear  re la t ionship is  thus unacceptab le  fo r  p red ic t ion  o f
mass  loadings on the Colorado River ,  and the  power  funct ion was  s e l ec t ed .  The power
funct ion  i s  super imposed ove r  t he  da t a  s e t  i n  F ig .  4~5 .

162

"s
m

it
h

ni
’.

M
i.

M
i .



The select ion o f  a loading relationship has a significant e f f ec t  upon predicted
loads. In Table 4—14 are shown predic ted  loads  fo r  the  a l te rna t ive  re la t ionships  at a
ser ies  o f  f l owra t e s .  The variabi l i ty of  p r ed i c t ed  loads  among  the a l te rna t ive  equations
i s  subs tan t ia l .  While a bes t - f i t  re lat ionship for  the  l im i t ed  h i s to r ica l  da t a  s e t  may  be
se l ec t ed  on the  bas i s  of  standard er ror  o r  co r r e l a t i on  coe f f i c i en t ,  the  avai lable da ta
are  s imply  insuff ic ient  t o  impa r t  a large degree  of  conf idence in  the  accuracy  of
p red i c t ed  loads  v i a  any o f  t he  re la t ionships .

4 .2 .1 .3 .2  Comparison o f  Loads from Alternative Methods

Annual phosphorus loads for  the Colorado River above Lake Buchanan were
es t imated for the  years with available concentration sampling data,  1968  to  1982 ,
using the methods described in Sec .  4 .2 .1 .2 .  In Table 4 -15  and Fig.  4 -6  are displayed
the series o f  calculated annual phosphorus loads. Substantial variability is evident
among alternative methods .  There is  no  indication o f  a sys temat ic  trend among the
alternatives. The methods based upon the product  o f  annual f low and concentrat ion
provide loads which correspond to  the fluctuations in recorded f lows .  Loads derived
from the ra t io  es t imator  display less correspondence to  f lows,  and the year—to-year
variability o f  predicted loads appears t o  be  grea ter .  Predict ions  der ived f rom the
load-flow relationship are  generally similar t o  the f low—concentrat ion me thods .

For  the  15 -yea r  h i s to r i ca l  pe r iod  of  r eco rd ,  t he  mean load  and s tandard  dev ia t ion
were  ca lcu la ted  for  each  a l ternat ive  me thod .  A t - t e s t  was  appl ied t o  e s t ima te  the
conf idence  bounds  upon the  mean  a t  a 0 .05  l eve l  o f  s ignif icance.  Resu l t s  o f  t he
analysis a r e  shown in  Table 4 -16 .  The pred ic t ions  ob ta ined  wi th  the  me thods  u t i l i z ing
long—term average concent ra t ions ,  as wel l  as the load-flow relationship,  display lower
standard deviations and narrower confidence ranges than resul ts  from the ra t io
es t imator  methods,  which employ an annual accounting o f  concentrat ion da ta .  The
means and confidence bounds o f  the long—term average methods are encompassed.
within the confidence ranges o f  the rat io techniques. There is no  evidence t o  support
the accuracy o f  any o f  the alternative methods,  since comprehensive s i te-specif ic  t es t
data do  no t  exis t .  However ,  i t  is  apparent that use  o f  the rat io es t imator  technique
imparts  a much  wider confidence range upon the mean.

In the  absence; o f  tes t  data,  an unequivocal select ion o f  the mos t  appropriate
method  for calculatian o f  loads cannot be  resolved.  As a f ramework  for the se lec t ion  '
process ,  i t  would be  prudent t o  disregard those methods  that predic t  ex t remely  large
or small  loads, and favor instead methods  that appear modera te  in per formance .  In
addition, the chosen me thod  should display cor respondence  t o  the  annual t r ibutary
f low.  While the  ra t io  e s t ima to r  has been  demons t r a t ed  t o  pe r fo rm admirably in other
areas ,  t he  concent ra t ion  da ta  s e t  avai lable  fo r  t he  wate rshed  o f  the  Highland Lakes  i s
s imply  t oo  sparse t o  impart  conf idence  in  the  technique.  The key  shor tcoming  in the
da ta  s e t  i s  tha t  the  frequency o f  concent ra t ion  sampling is  no t  adequate  t o  r e f l ec t  t he
actual  phosphorus dynamics  wi th in  the tr ibutary.  Fo r  the present  situation, the
method o f  multiplying average annual f low t imes  historical  flow—weighted mean
concentration i s  probably adequate for use and is certainly the simplest  technique.
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With this method,  deficiencies in the annual phosphorus data se t  are recognized and
replaced wi th  the compromise o f  the long-term f low-weigh ted  average concentra t ion.

The load~flow relationship developed from the historical sampling data  s e t  was
se l ec t ed  for  u se  in t he  presen t  analysis.  The re la t ionship  is  based  upon the  comple t e
se t  of  observed  phosphorus loadings ,  though admi t ted ly  the  se t  is  l im i t ed .  Fur ther ,  the
me thod  max imizes  the  u se  o f  t he  h i s to r i c  s t r eamf low da ta ,  which are avai lable as
r eco rds  of  mean  daily discharge.  The load—flow rela t ionship method thus makes  the
bes t  use o f  all available h is tor ica l  data  for  the Colorado River .  The method  will  be
employed to  determine the long-term historical phosphorus loads and predict  future
loads. The accuracypf predicted loads derived f rom the load-flow relationship cannot
be  assessed in the absence of  adequate tes t  da ta  (see comparison o f  alternative loads
in Table 4 -14  and Table 4 -15 ) .  However ,  the se lec ted  method is  anticipated to
perform as wel l  as possible given the fundamental l imitat ions.

4 .2 .1 .3 .3  Historical Loadings

Determinat ion o f  historical  phosphorus loads in the present analysis covered  the
period 1952-1983 .  Annual loads were  es t imated  w i th  the load-flow relationship
described previously, using recorded daily s t reamflow ra t e s  for the Colorado River at
San Saba, Texas.  Phosphorus loads for  the Co lo rado  were  adjusted t o  r ep resen t  the
s ta t ion  downs t r eam a t  Bend,  Texas  by appl icat ion of  a drainage area cor rec t ion  f ac to r
of  1 .007  to  t he  s t r eamf low da t a .  Es t ima ted  h i s to r i ca l  loads  are shown in  Table 4—17.

4 .2 .1 .3 .4  P ro jec t ed  Loadings

Prior t o  the  es t imat ion  of  future loadings, the s t reamflow records for the
Colorado River were  examined for  an evaluation o f  the  e f f ec t s  o f  hydrologic
modificat ions in the watershed.  Complet ion of  Robert  Lee Dam on E .  V.  Spence
Reservoir  in the upper watershed in 1968  appeared t o  e f f ec t  a reduction in average
streamflow ra tes ,  as described in Appendix A .

For the present analysis, future loadings were  projected wi th  the load—flow
relationship described previously, which requires specification o f  future daily f lows.
To forecast  fu tu reé f lows ,  i t  was  assumed that historical  flow reg imes  would be
repeated .  Historicaf’ low records for  1967-1983  were  used to  simulate pos t -1983  f low
conditions t o  reach t e year 2000 .  Prior t o  1969 ,  recorded f lows,  and thus loads,  were
reduced according to  the ra t io  o f  the  synthesized annual mean discharge (see
Appendix A) t o  the repor ted  annual mean discharge in order t o  account  fo r  the
hydrologic  modi f i ca t ion  in the  wa te r shed .  S ince  the  f low r eco rds  are  fo r  the  San Saba
gauge ,  a drainage area co r rec t ion  f ac to r  o f  1 .007 was  appl ied  t o  adjust f l ows  to  the
loca t ion  downs t ream at  Bend ,  Texas .  P ro j ec t ed  phosphorus loadings  are  shown  in
Table  4—18.
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4 .2 .1 .4  Analysis of  Llano River Phosphorus Loads

4 .2 .1 .4 .1  Flow and Concen t r a t i on  Da ta

The data se t  for  the Llano River is comprised of  to ta l  phosphorus measurements
from stations at Kingsland (TDWR Sta.  1415.01) and Llano, Texas (TDWR
Sta .  1415.02) .  A to ta l  o f  76  phosphorus measurements  are available in the combined
data se t ,  col lec ted  over the period 1972-1982.  Streamflow records are available at  the
Llano station (USGS Sta. 08151500).

The frequencyjistribution o f  observed s t reamf lows  was  investigated for both  a
comple t e  historicali‘record and the subset  of  sampl ing  day measu remen t s .  F low
frequency d i s t r ibu t ions ‘ fo r  the  two  da t a  s e t s  are displayed in F ig .  4—7. The median
d i scha rge  fo r  t he  His tor ica l  da t a  s e t  i s  4 .0  m3 / s ,  compared  to  6 .5  m3 / s  fo r  t he
sampling day f lows .  General ly ,  the sampling day f lows represent higher than normal
discharge ra tes ,  based upon the  comple te  historical  record.

The frequency distribution o f  to ta l  phosphorus da t a  for  the Llano River is shown
in Fig.  4-8 .  The distribution is  strongly skewed toward smal l  concentrat ions.  The
cumulative frequency distribution for  observed phosphorus data is displayed in
Fig .  4 -9 ,  which indicates a median phosphorus concentrat ion o f  0 .019  mg/l .  The
ari thmetic mean o f  the  phosphorus data se t  is  0.035 mg/ l ,  and the flow—weighted mean
concen t r a t ion  i s  0 .044  mg/ l .

The Llano River  phosphorus da t a  s e t  was  analyzed for  relationships be tween  f low
and concentration, as  described in  the preceding sec t ion  on the Colorado River
analyses. Regression results are displayed in Table 4-19 .  The standard error is similar
for  the  four relationships investigated, with the linear and logarithmic fi ts displaying
the lowest  value.  Correlation coeff icients  are low for all relationships. Regression
with the exponential relationship provided the  highest r ,  0.24 .

Relationships be tween f low and phosphorus loading rate were  similarly
inves t iga ted .  Loading relationships are shown in Table 4—20. As wi th  the Colorado
River analysis,  cor re la t ion  coe f f i c i en t s  a r e  higher w i th  the  regress ion  on oadings.  The
linear f i t  p rov ides  tge l owes t  s tandard  error  and the  highest  cor re la t ion  coe f f i c i en t .
Howeve r ,  a large - ’ga t i ve  in te rcep t  on the ordinate precludes use of  the linear
relationship. The pa  er relationship displayed the next  lowes t  standard error and next
highest correlation coeff icient ,  and was  therefore  se lec ted  for use in the analysis o f
Llano River phosphorus loadings. In Fig. 4-10 ,  the power  relationship is  shown along
with  the phosPhorus data se t .

4 .2 .1 .4 .2  Historical  Loadings

Phosphorus loadings were calculated for the period 19524933.  The flow—load
re la t ionship was  u sed  to  e s t ima te  annual phosphorus loadings ,  ba sed  upon r eco rded
daily s t r eamf low ra t e s  for  t he  Llano River at Llano, Texas.  A drainage area
correct ion fac tor  o f  1.05 was applied t o  s t reamflow da t a  in order  t o  re ference  the
se lec ted  loading point downstream a t  Kingsland. Est imated his tor ical  phosphorus loads
are  presented in Table 4-17 .
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4.2.1.4.?) Pro jec ted  Loadings

As  wi th  the  Colorado River ,  future phosphorus loadings for  the  Llano River  we re
p ro j ec t ed  based  upon repe t i t ion  o f  historical f low r eg imes .  S t reamf low records  fo r
S t a .  08151500 were  available for  the per iod 1939~1983. Discharge r a t e s  can be
di rec t ly  employed fo r  the  calculat ion o f  loads due t o  the  absence o f  significant
hydrologic modif ica t ions  in the watershed.  His tor ica l  f low records  for  19674983  were
used to  s imula te  post—1983 f low conditions up t o  the year 2000,  as shown in
Table  4~18 .

4 .2 .1 .5  Analysis of  Pedernales  River Phosphorus Loads
s

4 .2 .1 .5 .1  Flow and Concent ra t ion  Da ta

Pedernales  River discharge r a t e s  and wate r  quali ty are monitored at  Johnson
Ci ty ,  Texas (TDWR S ta .  14:14.01,  USGS S ta .  08153500) .  A t o t a l  o f  24  phosphorus
measurements  we re  avai lable for the per iod 19690-1981.

The frequency distr ibution o f  observed  sampling day s t reamf lows  i s  compared  to
the comple te  his tor ical  f low record  in F ig .  4—11. The h is to r ica l  median f lowrate  is
1 .3  m3 / s ,  while the median f low for  the  sampling days i s  2 .8  m3 / s .  The frequency
curve for  the sampling day f lows generally l ies  above the h is tor ica l  t rend.

Figure 4‘12. shows the  phosphorus frequency distr ibution fo r  the  Pedernales
River data s e t .  A skew toward sma l l  concentra t ions  is exhibi ted .  The cumulat ive
frequency distr ibution fo r  observed phosphorus data  i s  displayed in F ig .  4 -43 ,  which
indicates  a median concentra t ion of  0 .042  mg/ l .  Fo r  compar ison,  the  da ta  se t  has an
ar i thmet ic  mean o f  0 .048  mg/ l  and a f low-weighted mean o f  0.057 mg/ l  to ta l
phosphorus.

A regress ion analysis be tween  f low and concentra t ion  was  conducted for the
Pedernales  River  da ta  s e t ,  as shown in  Table  4:"21. Standard er rors  we re  s imilar  fo r
the four relat ionships inves t iga ted .  The highest corre la t ion  coe f f i c i en t ,  0 .26 ,  was
obtained with thegxponential f i t .  ‘

Relationships§ be tween  f low and loading ra te  were  examined for  use in the
es t imat ion  o f  phosphorus loadings.  Regression pa ramete r s  a re  shown in Table  4-22. .
Though the linear f i t  exhibited the  lowes t  standard deviation and the highest
correlat ion coe f f i c i en t ,  i t  displayed a large negat ive  in te rcep t  on the  ord ina te .  The
power  relationship was  se lec ted  for es t imat ion  o f  loads,  since i t  had  the  nex t  smal les t
standard er ror  and next  highest  correlat ion coe f f i c i en t .  The power  f i t  i s  super imposed
upon the phosphorus da t a  se t  i n  F ig .  4-14 .
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4 .2 .1 .5 .2  His tor ica l  Loadings

The flow—"load relat ionship developed in the  preceding sec t ion  was  employed to
calculate h is tor ica l  phosphorus loadings for  the per iod l952~1983,  as shown in
Table  4—17. Recorded daily s t r eamf low ra t e s  at  the Johnson Ci ty  gauge provided the
basis  for load calculat ions.  A drainage area  cor rec t ion  factor  o f  1 .37  was  applied t o
s t r eamf low data in order  t o  adjust phosphorus loads to a downst ream locat ion  be low
the confluence wi th  Cypress Creek ,  near the  FM 96?. cross ing.

4.2.1.5.?) Projected  Loadings

Phosphorus" loadings for  the Pedernales  River  were  p ro jec ted  under t he \
assumption that historical  f low regimes would be  repeated .  S t reamf low records  for  j.
USGS gauge 08153500 were available for the period 1939-  1983. In the  absence o f '
significant hydrologic modif icat ions in the watershed,  h i s to r ica l  discharge r a t e s  can be
direct ly  employed.  Pro jec ted  loads  are shown in Table 448 ,  based upon use of
his tor ica l  f low records for  the per iod  l967~1983 to  s imula te  pos t -1983  condit ions.

11
11

.

4.2.1.6 7 Analysis of Sandy Creek Phosphorus Loads

4.2.1.6.1 Flow and Concentration Data

The  h is to r ica l  data base  for Sandy Creek  is l imi ted .  Phosphorus data  are
general ly not  available,  but s t reamf low records are available for the pe r iod  1966—1983
for  a gauging s ta t ion  (08152000) a t  the Hwy .  71  crossing near Kingsland, Texas.  The
h is tor ica l  f low frequency distribution for  Sandy Creek  is shown in F ig .  4~15 .

For  the present  analysis,  i t  was  assumed that  Sandy Creek  character is t ics  would
be  s imilar  to the  Llano River ,  in t e rms  of f low frequencies  and phosphorus
concentra t ions ,  due to  the  proximity  of the  two  watersheds .  Thus, the flow-load
relationship developed for  the Llano was  employed  for  es t imat ion o f  Sandy Creek
phosphorus loadings.

4.2.1.6.2. Historical Loadings
c . 3

Phosphorusioadings were  calculated for the per iod 1952—1983, using the f low" :
load relationship eveloped for  the Llano River .  His to1ica l  f low records for  the Sandy '
Creek  gauge near  Kingsland were  used for the years  1967— 1983 .  Prior to 1967 ,  f low
records for the  Llano River gauge at  Llano, Texas were  employed,  w i th  application of
a drainage area correct ion fac tor  o f  0 .0825 .  His tor ica l  loads  are shown in Table 4—17.

4.2.1.6.3 Projected Loadings

His to r i ca l  f low records  for  Sandy Creek  for  t he  per iod 1967—1983 were  used  to
s imulate  the  p ro jec ted  post—1983 f low r eg imes .  Pro jec ted  phosphorus loadings to  the
year  2000 are shown in Table 4—18.
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4 .2 .1 , ?  Releases f rom Ups t r eam Reservoi rs

The Colorado River drains d i rec t ly  in to  Lake Buchanan at  the head of  the
Highland Lakes .  The Colorado continues t o  provide  input t o  all  of  the  reservoi rs ,
a lbe i t  i n  the form of  re leases  from upstream impoundments.  These reservoi r  re leases
may  provide  substantial  phosphorus loadings. Loadings assoc ia ted  wi th  re leases  f rom
upstream impoundments  wi l l  be  evaluated wi th  the  mathemat ica l  model ing  exerc i ses .
His to r i ca l  da ta  for  charac ter iza t ion  o f  the  phosphorus content  of  the  re leases  i s
ex t r eme ly  l imi ted .  In the present s tudy,  the phosphorus concentra t ion wil l  be
es t imated  f rom the  concentrat ion within the  reservoir  poo l  ca lcula ted through the
mass  budget  analysis.

4 .2 .2  Loadings f rom Adjacent Areas  t o  the Highland Lakes

Loadings f rom major  tributaries t o  the Highland Lakes  were  defined in a
s t ra ightforward manner using s t reamflow and wate r  quality data f rom the various
monitor ing s ta t ions  s i tua ted  on the  watercourses .  However ,  t he  watershed areas
contiguous t o  the  shorel ine of  the reservoi rs  are generally ungauged. These adjacent
watershed areas represent  a source of  potent ia l ly  significant loadings t o  the  reser—
voirs .  Loadings f rom the  adjacent watersheds are predominantly associa ted wi th
s to rmwate r  runoff which drains in to  the  reservoirs .  The po ten t i a l  significance o f
runoff loads  is  great ly enhanced by the occurrence of  increasing urban deve lopment
wi th in  the  adjacent  watershed areas .  Urban development  can produce  an increase  in
phosphorus loading v ia  the associa ted  increase in runoff  volumes due t o  increased
impervious cove r  and by the  in t roduct ion o f  addit ional sources  o f  phosphorus in  an
urban envi ronment .

Runoff vo lumes  f rom adjacent areas were  de te rmined  through a hydrologic
analysis based  upon Soi l  Conservat ion Serv ice  (SCS) me thods .  The SCS  me thod  i s
based upon an empir ica l  relat ionship be tween  runoff  vo lume,  precipi ta t ion,  and
retent ion s torage (Mockus,  1972.). Evaluations o f  land use ,  so i l  c lass i f ica t ions ,  and
rainfall  s t a t i s t i c s  are in tegral  components  of  the methodology,  as descr ibed  in the
fol lowing sec t ions .

4.2.2.1 Overview of  Avai lable  Phosphorus Da ta

43.2.1.1 Minorrliributaries in the Study Area

A comprehensive wa te r  quality monitor ing program on severa l  s t r eams  in  the
Austin urban area  was  in i t ia ted  in 1975  by the  USGS,  in cooperat ion wi th  the  C i ty  of
Aust in .  An  objec t ive  of  the program was  t o  de te rmine  the variations in wa te r  quality
during d i f ferent  seasons and f low condit ions in representat ive  watersheds under
various types of  urban deve lopment  (USGS, 1983b) .  Major  s t reams in the study a rea
include Onion Creek ,  Barton Creek ,  Walnut Creek ,  Bull  Creek ,  Boggy Creek ,  Shoal
Creek ,  Wil l iamson Creek ,  Slaughter Creek ,  Bear Creek ,  and Waller  Creek .  Al l  o f  the
s t r eams  are within the  wate rshed  of  the Colorado River ,  though severa l  drain in to  the
reach  be low Town Lake .  By  des ign,  the data base  includes severa l  samples  co l l ec t ed
under s to rm f low r eg imes .
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Loca t ions  of  Austin—area wa te r  quali ty moni tor ing  s t a t ions  a re  displayed in
F ig .  4 -16 .  Sampling stations examined in the  present analysis are descr ibed in
Table 4 -23 .  Stations were se lected t o  be  generally representative o f  rural, urban, and
mixed rural—urban areas.  Summary stat is t ics  for  phosphorus measurements at the
tributary stations are shown in Table 4—24.

Da ta  for  t r ibutaries  in the  Aust in  urban area  exhibit  a wide  range of  mean  to ta l
phosphorus concentrations, from a low o f  0 .025  mg/l  at  Onion Creek  near Dri f twood,
up to  0 .478  mg/l  at  Shoal Creek.  The data display some  correlation with the degree of
urbanization in the various watersheds.  Those drainage areas located within highly
urbanized areas b f  Aust in  generally feature the highest mean phosphorus levels .  \-
Stations which ré f lec t  relatively high urbanization include Shoal Creek  a t  12th  S t ..,;‘
Boggy Creek  a t  Hwy 183 ,  Walnut Creek  at  Webbervi l le  Rd . ,  and Wil l iamson Creek  a t  1
Oak Hill  and at  J immy Clay Rd.  Stations within predominantly rural areas a r e :
characterized by lower  levels  of  mean phosphorus. Rural stations include Onion Creek
near Drif twood,  Barton Creek at  Hwy 71 ,  and Bear Creek  below FM 1826 .  Interme-
dia te  l eve l s  o f  phosphorus are indicated for  watersheds  wi th  a mixture  of  urban and
rural characteris t ics ,  such as Bull Creek  at Loop 360, Barton Creek  a t  Loop 360, Onion
Creek a t  Buda, Onion Creek a t  Hwy 183 ,  Slaughter Creek  at  F M 2304,  and L i t t l e  Bear
Creek at FM 1626. The preceding categorization of the sampling stations is
qualitative-- substantial overlap beteen rural and urban areas i s  inevitable. However ,
the generalization holds bes t  a t  the extremes of  the ordering, namely, for ei ther
predominantly rural  or  highly urban wate rsheds .

Mean  phosphorus concentrations for each station were  grouped according to  the
preceding generalization. A mean value (of individual stat ion means) was then
calculated for  the undeveloped, intermediate development,  and highly urbanized
categories .  (The individual phosphorus measurements for  the stations were  not
grouped and analyzed because  this  would weight  the calculat ion toward s ta t ions  wi th
the  greatest  number o f  data points.)  The confidence range for  the mean value for  each
category was determined wi th  a t t e s t  at  a 0 .05  level o f  significance (presented as
lower bound _<_ sample mean _<_ upper bound):

largely undeveloped areas 0 .013  3 0 .028  _<_ 0 .043  mg/l
intermediat  development 0.063_<_ 0.122_<_ 0.181 mg/l  :
highly urbanized areas 0 .113 :  0.341 _<_ 0.569 mg/l ..;g

Smoothing the boundaries among these groupings, general categories o f  mean
phosphorus levels are indicated as follows:

largely undeveloped areas = 0.02-0.04 mg/l
intermediate development = 0.04—0.20 mg/ l
highly urbanized areas = 0.20-0.60 mg/l

These observations are based upon analysis o f  reported data at all f lowrates .
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The  da t a  f rom the  Aust in-area t r ibutar ies  were  also screened for i so la t ion  o f
high—flow data .  To  d i f fe ren t ia te  be t een  low and high-flow da ta ,  a s t r eamf low ra t e  of
0.2.8 m3 / s  (10  cfs)  was  established as an arbitrary min imum requis i te  fo r  inclusion in
the s torm runoff data base.  Fo r  the Austin—area tributaries, this flowrate should be
sufficient for classif ication as storm-induced runoff. Screened high-flow data are
summarized in Table 4—2.5. In general, tributary storm flows exhibit mean phosphorus
levels in excess of average values characteristic of complete (low- and high—flow) data
se t s .

Mean high-flow phosphorus concentrations at  each s ta t ion  were  grouped in to
undeveloped, intermediate development, and highly urbanized categories as described
above. A mean ifalue for each category was calculated, and the confidence range for -
the mean was de‘t’érmined wi th  a t test  at  a 0.05 level o f  significance (presented as
lower  bound : sample mean _<_ upper bound):

largely undeveloped areas 0 .021  _<_ O. 032. < O. 043  mg/ l
intermediate development 0.070 < 0.  146 < 0 .  222 mg/l
highly urbanized areas 0 .10?  < O. 513 < 0.919  mg/ l

I f  the boundaries among the groupings are generalized, the high—flow data indicate the
following typical classifications:

largely undeveloped areas = 0 .02 -0 .05  mg/ l
in te rmed ia te  deve lopment  = 0 .05 -0 .20  mg / l
highly urbanized areas = 0 .20 -1 .00  mg/ l

Though these generalizations are subject t o  l imitations,  the delineations provide
adequate guidelines for  estimation o f  runoff phosphorus concentrations.

4 .2 .2 .1 .2  Supplemental  S tud ies

Runoff water  quality data for two  study areas in the  Colorado  River  basin  were
col lected in conjunction wi th  programs developed to  satisfy the requirements o f
Section 2.08 o f  the Fede ra l  Water Pollution Control Ac t  Amendments of  1972 .  In
addition, a sampfing program was conducted in the Austin area as part  o f  t he ‘
Nationwide Urbanfunoff Program. These supplemental sources o f  data are descr ibed.
be low.

Austin Intensive Planning Area  208  Study

Stormwater  data were  col lected in the Austin Intensive Planning Area  during
1977 (Altman, 1978a) .  Sampling stations were  established in complex land use areas,
areas having predominantly one land use,  and the Colorado River at Austin. Da ta
were  col lected during two  s torm events .  Es t imated rainfall depths in the study
watersheds ranged from 1.80-2.92. cm (0.71—1.15 in) for the first  s torm and 1.65-
2 .74  cm (0 .65-1 .08  in) for  the  second.  S to rmwate r  to ta l  phosphorus leve ls  for  s ix
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stations are summarized in Table 4—26. The highest average phosphorus concentrat ion,
0 .52  mg/ l ,  was  observed in  the  Wes t  Bouldin Creek  watershed,  which features  a land
use breakdown of 46% low density residential,  5% high density residential,  15%
commerc ia l /pub l i c ,  and 34% undeveloped area .  The Ferguson Branch watershed ,  w i th
91% undeveloped and 9% low densi ty  res iden t ia l  a rea ,  was  cha rac te r i zed  by  the  l owes t
observed average to t a l  phosphorus concentrat ion,  0 .12  mg/ l .

San Angelo Intensive PlanniniArea 208  Study

Stormwater  data  were  col lected in the  San Angelo Intensive Flaming Area  to
characterize runoff entering the Concho River,  a tributary o f  the Colorado River
(Altman, 1978b). :Da'ta were collected during three s torm events in 1977 and 1978,
with rainfall amounts of 1.55—3.18 cm (0 .6 l - l .25  in), 1.52—2.39 cm (0.60-0.94 in), and
1.32—5.61 cm (0.52-2.21 in). Phosphorus da t a  for  seven sampling stat ions are
summar i zed  in Table  4n27 .  A t o t a l  phosphorus concentra t ion  of  0 .61  mg/ l  in Red
Arroyo was  the  highest average level encountered.  The Red Arroyo watershed is
predominantly undeveloped (77%), with a portion (15%) of single-family residential
area.  The lowes t  average tota l  phosphorus concentrat ion,  0 .23  mg/l ,  was observed in

the South Concho River which drains a nonurban watershed above the study area.

Austin National Urban Runoff Program

The Austin Nationwide Urban Runoff Program (NURP) sampling study was
conducted  in conjunct ion wi th  a na t ionwide  se r i e s  of  urban runoff  s tud ies  funded by
the U.S. Environmental Protect ion Agency (Engineering—Science, Inc., 1983). The
Austin program had two  primary aspects :  s to rmwate r  monitoring and receiving water
monitoring.  Sampling surveys were  conducted in 1981. Watersheds were  se lec ted  for
study on the basis o f  differences in the level  o f  impervious cover or  availability of
structural control  devices.  Three watersheds were selected for study: Northwest
Hills,  Rollingwood, and Turkey Creek .

The Nor thwes t  Hil ls  s i t e  was  cha rac t e r i zed  by modera te  dens i ty  res iden t ia l  land
use  se rved  by  cent ra l  s ewer  s e rv i ce .  With a res ident ia l  densi ty  o f  3 -4  l o t s  pe r  ac re ,
the watershed had_a 39  percent  impervious cover level .  Two  stat ions were  sampled in _
the Northwest  Hilts watershed,  one o f  which monitored releases from the Woodhollow
Dam stormwaterr‘firainage detent ion facility. The Rollingwood s i te  featured low“
density residential land use  wi th  onsite wastewater  disposal in sept ic  tank/drainfield
sys tems.  Average residential  density in the watershed is 1—1.3 lots  per  acre,  and the
impervious cover  level  i s  approximately 21  percent .  The Turkey Creek  watershed is
undeveloped, wi th  an es t imated  impervious cover  l eve l  of  1 pe rcen t .

Observed  concent ra t ions  of  phosphorus in  s to rmwate r  runoff  are summar i zed  in
Table 4—28. Mean phosPhorus levels in the two urbanized watersheds were very similar
a t  approximately 0 .3  mg/l .  Background and s to rmwater  to ta l  phosphorus levels  at the
undeveloped si te  in the Turkey Creek basin were  substantially lower ,  with an average
o f  0 .1  mg/l  phosphorus for  nine runoff samples.
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All of  the  da t a  co l l ec t ed  in the  Aust in  NURP study were  f rom re la t ive ly  sma l l
storms, The maximum runoff depth was 0.18 cm (0.07 in). The runoff coefficient
(runoff  volume/ra infa l l  volume) was  h igher  for  the  Nor thwes t  Aust in  s i t e  than for  the
Rol l ingwood s i t e ,  a consequence  of  the  inc reased  imperv ious  cove r .  The inc reased
runoff  p roduced  g rea t e r  mass  loads  pe r  unit of  a r ea  in the  Nor thwes t  Aust in
wa te r shed .

Samples  a t  the  runoff  de t en t ion  bas in  were  co l l ec t ed  for only two  s to rms .  For
the  f i rs t  event ,  the  incoming phosphorus load was es t imated at 245.2 g (0.541b), while
t he  ou t f l ow  load  was  ca lcu la ted  t o  be  204.3 g (0.45 lb) at  a hydraulic de t en t ion  t ime  of
15 .5  hours ,  a reduction of  17  pe rcen t .  Fo r  the  second  s to rm even t ,  a r educ t ion  in load
of 61  percen t  wasrcalrculated for  a s e t  of  s amples  a t  a de ten t ion  t ime  o f  20 .5  hours .
Another  da t a  s e t  at. a de ten t ion  t ime  of  3 .6  hours ind ica ted  an inc rease  in  phosphorus
load (25 percent) from the basin.

Receiv ing  wa te r  condi t ions  were  mon i to red  as pa r t  of  t he  NURP s tudy.  Samples
were  co l l ec t ed  f rom Lake Aus t in  and Town Lake  to  assess  ambien t ,  s t o rm,  and post-
s to rm condi t ions .  In genera l ,  some  short—term e f f ec t s  upon wa te r  quali ty were
evident ,  although long—term impac t s  we re  no t  observed  in response  t o  s to rm loads .
Phosphorus da ta  for  the  rece iv ing  wa te r s  are displayed in Tables  4—29 and 4 -30 ,  and
sampl ing  s ta t ion loca t ions  are  descr ibed  in Table 4—3 1 .

4 .2 .2 .2 .  Wate r shed  De l inea t ions

A se r i e s  of  d i s c r e t e  drainage areas surrounding the  Highland Lakes  was
de l inea ted  on USGS  topographic  maps  (1;250,000 sca l e ) .  Wate r sheds  are  d isp layed in
F ig .  4 -17 .  The drainage areas were  def ined such  that  all cont r ibut ing  areas not
cove red  by r e f e r enced  loading po in t s  for  t he  ma jo r  t r ibutar ies  we re  accounted  fo r .
Watersheds  were  de l inea ted  wi th in  each  of  t he  r e spec t ive  drainage areas of  the
rese rvo i r s  which  compr i se  the  Highland Lakes .  Over lap  of  de l inea ted  wa te r sheds
be tween  sequent ia l  reservoi r  dra inages  was  avoided,  In this manner ,  the wa te r sheds
r ep re sen t  d i s c r e t e  sou rces  o f  l oads  t o  individual  r e se rvo i r s .  Tab le  4—32 conta ins  a
descr ip t ion  of t he  cont iguous  wa te r sheds .

4.2.2.3 Land Use

Land use in fo rmat ion  for t he  adjacent  watersheds  de l inea ted  around the  Highland
Lakes  was  obta ined  f rom a compi l a t i on  of da t a  deve loped  in  conjunct ion w i th  the
wa te r  quality management  planning ac t i v i t i e s  under  Sec t ion  208 of  the  Federa l  Wate r
Pol lut ion Con t ro l  Ac t  Amendmen t s  of  1972 .  The publ ished in fo rmat ion  was  compi l ed
by manual in te rpre ta t ion  o f  1973 and 1976  Landsat image ry  a t  a s ca l e  of  1 :250,000 and
ca t ego r i zed  according  to  Leve l  I in te rpre ta t ion  as de f ined  by  the  USGS (TDWR, 1977) .
This e f fo r t  r ep resen t s  the  only comple t e  land use  mapping coverage  of the area
cont iguous t o  the Highland Lakes .  While the  reso lu t ion  i s  l im i t ed ,  t he  land use
in format ion  is  suf f ic ien t  fo r  t he  needs  o f  t he  presen t  analysis.
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Land use ca t egor i e s  f rom the  publ ished in fo rmat ion  u t i l i z ed  for  the  s tudy area
wate rsheds  inc lude  the  fol lowing:  urban, cropland ( a  combinat ion  of  dry  and i r r iga ted
cropland), forest ,  and rangeland. Land use categories are  defined by the USGS (1976)
as fo l lows :

Urban or  Built—up Land

Urban and built-up land comprises  areas of  in tensive use wi th  much  of  the  land
cove red  by s t ruc tu re s ,  Included in  th is  ca t ego ry  are  c i t i e s ,  t owns ,  v i l lages ,  s t r ip
developments  along highways,  t ranspor ta t ion ,  power ,  and communica t ions
faci l i t ies ,  and such i so la ted  units a s  mi l ls ,  m ines ,  and quarr ies ,  shopping cen te r s ,
and inst i tut ions;

3

Agricu l tura l  Land

Agricul tural  land may  be  def ined  broadly  as land used  pr imari ly  for  product ion  of
food  and f iber .  On  high—altitude imagery ,  t he  ch ie f  indica t ions  of  agr icul tural
ac t iv i ty  are the  d is t inc t ive  geome t r i c  f ie ld  and road pa t t e rns  on t he  landscape
and the  t r aces  p roduced  by l i ves tock  or  mechanized  equ ipment .

Agricu l tura l  land inc ludes  c ropland ,  pa s tu re ,  o rchards ,  g roves ,  v ineyards ,
nurser ies ,  o rnamen ta l  hor t icu l tura l  a reas ,  conf ined  feeding opera t ions  and any
land assoc ia ted  w i th  the  opera t ions  of  t he  men t ioned  agricul tural  land uses ,

Rangeland

Rangeland h is tor ica l ly  has  been  def ined as land Where t he  po t en t i a l  na tura l
vege ta t ion  i s  predominant ly  g rasses ,  grassl ike p l an t s ,  fo rbs ,  o r  shrubs and where
natura l  herbivory was  an impor tan t  inf luence  in  i t s  p rec iv i l i za t ion  s t a t e .
Management  techniques which  assoc ia te  soi l ,  wa te r  and forage-vegeta t ion
re sou rces  are more  sui table  fo r  rangeland management  than are p rac t i ce s
genera l ly  u sed  in  managing pastureland.  Some  rangelands have been  o r  may  be
seeded  to  in t roduced  or  domes t i ca t ed  plant  spec i e s .

Fores t  Land“;
‘1

Fores t  lands  have a tree—crown areal  dens i ty  (c rown closure pe rcen t age )  of. t en
pe rcen t  o r  more ,  are s tocked  wi th  t r ee s  capable  of  producing  t imbe r  o r  o ther
wood p roduc t s ,  and exer t  an influence on the  c l ima te  or  wa te r  r eg ime .  Fores t
land general ly  can be  ident i f ied  ra ther  eas i ly  on  high-alti tude imagery ,  although
the  boundary be tween  i t  and o ther  ca t egor i e s  of land may  be  d i f f icu l t  t o
de l inea t e  p rec i s e ly .

Land use  descr ip t ions  fo r  the  immed ia t e  drainage areas of t he  rese rvo i r s  a r e  p re sen t ed
in Table  4.33, using 1983 condi t ions  as  a r e f e r ence  yea r .  The publ ished land use  da t a
(TDWR, 1977) was  assumed rep resen ta t ive  of  1976  condit ions in  the  wa te r shed  of  t he
Highland Lakes .  Es t ima te s  of h is tor ica l  and p ro j ec t ed  land use  charac te r i s t i cs  we re
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obtained by  adjus tment  of the  1976  areas by the ra te  of  increase or  decrease  in county
population. The immedia te  drainage areas were  assigned the growth rate o f  the
county which encompasses the majori ty o f  the subbasin. With this adjustment
technique, urban area  was  assumed to  increase or decrease in accordance with popula-
t ion growth.  Changes in urban areas  were  assumed to  be  offse t  by correSjaonding
increases  or  dec reases  i n  rangeland area .  Rangeland i s  t he  predominant  land use
ca tegory  in the adjacent wa te r sheds ,  incorporating roughly 75  percent  o f  the to ta l
area.

4 .2 .2 .4  Soils :
1

Soil descriptions fo r  the  adjacent  wa te r sheds  were  obta ined  f rom informat ion
available on gener'a'l County soil  maps  prepared by the SCS.  The delineated watersheds
encompassed portions o f  San Saba, Lampasas,  Llano, Burnet,  Blanco, and Travis
Counties. Though some  of  these  counties have available detai led soil  surveys, the
general so i l  maps were  sufficient fo r  the needs  o f  the present  analysis. A general soi l
map  displays mapping units w i th  a d is t inc t  pa t t e rn  o f  soi ls ,  r e l i e f ,  and dra inage.  A
mapping un i t  typical ly  consis ts  of one  or  more  major soils and some  minor  soils ,  and i t
is  named for  the  former .  The soils comprising one unit can occur in other units, albeit
in a different pa t tern .  A broad perspective of  the soils in the county survey areas is
provided by the general soil map (SCS, 1974., 1978, 1979a, 1979b, 1982a).

Genera l  so i l  descr ip t ions  for  t he  adjacent  wate rsheds  are shown in Table 4 -34 .
The table also identifies the associated soil hydrologic group. The hydrologic
classification is  based upon soi l  infiltration ra tes  under we t t ed  conditions. Four
hydrologic soil groups have been identified (Mockus, 1972):

A.  (Low runoff  potent ial)  Soils having high inf i l t ra t ion r a t e s  even when
thoroughly we t t ed  and consis t ing chief ly  of  deep ,  we l l  t o  excess ive ly  drained
sands or  gravels.  These soi ls  have a high rate  o f  water  transmission.

B .  Soils having moderate infiltration ra tes  when thoroughly we t t ed  and
consisting chiefly o f  moderately deep to  deep,  moderately wel l  t o  well  drained
soils  w i th  modera te ly  fine t o  mode ra t e ly  coa r se  t ex tu re s .  These soi ls  have a .
moderate rage of water  transmission.

C.  Soils having slow infiltration ra tes  when thoroughly we t ted  and consisting
chiefly o f  soils wi th  a layer that  impedes  downward movement  o f  water ,  or  soils
with moderately  fine to  fine tex ture .  These soi ls  have a s low r a t e  of  water
t ransmiss ion .

D .  (High runoff potential)  Soils having very slow infiltration ra tes  when
thoroughly we t ted  and consisting chiefly o f  clay soils wi th  a high swelling
potential ,  soils with a permanent high water  table,  soils with a claypan or  clay
layer at  or  near  t he  surface,  and shal low soils ove r  near ly  imperv ious  ma te r i a l .
These so i l s  have a ve ry  s low r a t e  of  wa te r  transmission.
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The hydrologic classification o f  a soi l  affects  the est imation o f  d i rec t  runoff in
response t o  a rainfall event .  As evidenced in Table 4 -34 ,  hydrologic groups C and D
predominate in the adjacent watersheds.

4 .2 .2 .5  Precip i ta t ion

The SCS  hydrologic method employed in the present analysis was  developed to
compute runoff from a s torm event .  An analysis o f  the  distribution o f  rainfall in  the
Highland Lakes watershed was  conducted to  define the annual frequency distribution
o f  precipitation events,  and ul t imately compute  an average annual runoff volume.
Reported yearly precipitation characteristics were  used to  define historical  runoff
conditions.  Subsets o f  the  historical precipi tat ion records were  employed to  represent
pro j ec t ed  future  céndi t ions ,  s imi l a r  t o  the  use  o f  h i s to r i ca l  s t r eamf low reco rds .

Two long—term prec ip i ta t ion  records  were  se lec ted  to  represent  average
conditions in the Highland Lakes watershed,  f rom stat ions a t  Austin and Llano, Texas.
Comple te  daily precipitation records  for  each station were  obtained from the TNRIS
(1983b).  A s to rm frequency analysis was conducted on the precipitation records for
the period 1931-1982  at each stat ion.  A computer  program was developed to  produce
the storm—frequency data.  The program code  discret izes  the observed range o f
precipi tat ion in to  uniform intervals t o  compute  frequencies.  Output f rom the program
displays the prec ip i ta t ion  in te rva l s ,  the  number  of even t s  wi th in  the  in te rva ls ,  the
frequency a s soc ia t ed  w i th  each  in te rva l ,  and the  cumula t ive  f requency.  S to rm
frequency dis t r ibut ions  fo r  s t a t ions  at  Austin and Llano are displayed in Table 4c~35
and Table 4-36,  respectively.

The data indicate that the most  frequently occurring s torm events involve
rainfall totals  less than or equal to  0.25 cm (0.1 in). Storms of 2.54 cm (1.0 in) or less
comprise 88  percent  o f  the historical  distribution at bo th  stat ions.  An average o f
80 .13  s to rm events occur per  year  at the Austin s tat ion,  while the Llano da ta  indicated
a s to rm frequency o f  63 .35  s to rms  per  year .  The long—term annual average rainfal l  a t
the Austin and Llano stat ions was determined to  be  82.27 cm (32.39 in) and 68.66 cm
(27.03 in), respectively.

4.2.2.6 Runoff.

The SCS  method for  est imation o f  direct  runoff (Mockus, 1972) from storm
rainfall was designed for  application t o  ungauged watersheds, using rainfall and
watershed data  that  are ordinarily available. The principal application of  the method
is  the est imation o f  runoff volumes in f lood hydrographs o r  i n  r e l a t ion  t o  f lood peak
discharge  r a t e s .  The SCS  (Mockus,  1972) has dis t inguished four types  of  runo f f :

Channel runoff  occurs  when rain falls on a flowing s t ream or on the
impervious surfaces o f  a s treamflow—measuring installation. It appears in the
hydrograph at the start  o f  the s torm and continues throughout i t ,  varying with
the rainfall intensity. It is generally a negligible quantity in flood hydrographs,
and no  at tention is  given to  i t  except  in special studies.
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Surface  runoff occurs only when  the  rainfall  r a t e  is  g rea t e r  than the
inf i l t ra t ion r a t e .  The runof f  f l ows  on  the  wa te r shed  su r face  t o  the  po in t  of
r e f e r ence .  This type  appears in the  hydrograph a f t e r  the  in i t ia l  demands  of
in te rcep t ion ,  inf i l t ra t ion ,  and sur face  s to rage  have been  sa t i s f i ed .  I t  var ies
during the  s to rm and ends  during o r  soon  a f t e r  i t .  Surface  runoff f lowing down
dry channels o f  watersheds  in  a r id ,  s emia r id ,  o r  subhumid c l ima te s  i s  reduced by
t ransmiss ion  losses ,  which may  be  l a rge  enough to  e l iminate  the  runoff  ent i re ly .

Subsurface f low occur s  when  inf i l t ra ted  rainfal l  mee t s  an underground zone
o f  l ow trans’mission, t rave ls  above  the  zone  t o  the  so i l  surface  downhi l l ,  and
appears  as  a seep  o r  spr ing.  This type i s  o f t en  cal led "quick re turn f low" because 3-
i t  appears in: the hydrograph during o r  soon  a f t e r  t he  s to rm.  ‘

a

J:
n“

Base  f low occurs  when  the re  is  a fair ly s teady f low f rom natura l  s t o r age .
The f low comes  f rom lakes  or  swamps ,  or  f rom an aquifer  replenished by
inf i l t ra ted  ra infal l  o r  su r face  runof f ,  o r  f rom "bank s to rage , "  which i s  suppl ied by
inf i l t ra t ion in to  channel  banks as the s t r eam wa te r  l eve l  r i s e s  and which drains
back  in to  the  s t r eam as t he  wa te r  l eve l  f a l l s .  This type se ldom appears  soon
enough a f te r  a s t o rm to  have any inf luence on the r a t e s  of  t he  hydrograph for
tha t  s t o rm,  but  base  f low f rom a p rev ious  s to rm wi l l  inc rease  the  ra tes .  Base
f low mus t  be  t aken  in to  account  i n  the des ign of the  pr incipal  sp i l lway of  a
f loodwater—retarding s t ruc tu re ,

The SCS  me thod  e s t ima te s  d i r ec t  runof f ,  which is  a combina t ion  of  channel
runoff ,  sur face  runof f ,  and subsurface f low.  Rela t ive  propor t ions  o f  su r face  runoff
and subsurface f low (ignoring channel  runoff) can be  de t e rmined  wi th  the  runoff  curve
number  (CN),  which i s  an ind ica tor  o f  t he  p robabi l i ty  of  f low types ( su r face  runof f  i s
more likely with a larger ON).

A rainfal l~runoff  r e l a t ion  was  deve loped  by the  SCS,  sui table  for use  wi th  daily
prec ip i t a t ion  to ta ls ,  s ince  such da t a  are the  mos t  genera l ly  avai lable  in  the  Un i t ed
S ta t e s  (as  measured  at  nonrecording ra in  gauges) .  Dai ly  to t a l s  p rov ide  no in fo rmat ion
on  the  t ime  d i s t ibu t ion  of  t he  ra infa l l .  The rainfall—runoff r e l a t ion  ignores  r a in fa l l ,
intensity since tirfie is not an explicit variable.

3
The re la t ion  be tween  rainfal l ,  runoff ,  and r e t en t ion  i s  expressed  as

A
dd

.
M

b

where  Q is t he  ac tua l  runo f f ,  F i s  t he  ac tua l  r e t en t ion ,  8 i s  t he  po t en t i a l  max imum
r e t en t ion ,  1? i s  t he  vo lume o f  p rec ip i t a t ion  (po ten t i a l  max imum runof f ) ,  and l a  i s  t he
initial abstraction (all t e rms  are expressed in inches). The initial abstraction is  tha t
volume of  p rec ip i t a t i on  at  t he  beginning of  a s to rm which  does  no t  appear as  runof f ,
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The actual retention is

F = (P—Ia) - Q

The rainfall-runoff relation can then be  wr i t ten  as

2
Q = (P- Ia )

(P-Ia)+S

The initial abstraction includes interception, infiltration, and surface storage.
The SCS derived anempirical relationship for the estimation of the initial abstraction:

so

Ia  = 0.25

The relationship was developed based upon rainfall and runoff data from experimental
small  watersheds .  The relationship fo r  Ia  is  then substituted into the rainfall-runoff
relation to  obtain

Q = (13-03502
P+0.88

The potential  maximum retent ion S is e f fec ted  by the antecedent soil moisture
condition (AMC), which is  determined by the total rainfall in  a 5-day period preceding
a storm event.  Three levels o f  AMC are defined: AMC-I  is the lower l imit  o f
moisture (upper l imit of S), AMC-II is the average condition, and AMC-{II is the upper
limit of moisture (lower limit of S).

The runoff curve number CN (also known as the hydrologic soil-cover complex
number) has been  empir ica l ly  re la ted to S :

_ 1000
CN ‘ S+10

e
or ,  :3

1000
S W40

With this transformation, the rainfall—runoff relation is  reduced to  a function o f
CN.

The curve number index represents  the combined  hydrologic  e f f ec t  o f  so i l  type,
land use ,  and antecedent soil moisture.  A compilation o f  curve number values is  shown
in Table 4—37. Curve number values are presented for a variety o f  land use categories,
with a breakdown into the four hydrologic soil groups. In certain categories,  curve
numbers a re  developed for alternate hydrologic conditions (poor, fair, and good) which
ref lec t  the leve l  o f  land management.  Curve number values in  Table 4 -37  are
assoc ia ted  w i th  AMC-II .  Equivalent  curve numbers  for  other  antecedent moisture
conditions are displayed in Table 4—38.
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The SCS  has  de t e rmined  tha t  AMC—II i s  no t  t he  average  throughout  t he  S t a t e  of
Texas .  Fo r  the  Highland Lakes  a rea ,  t he  average  condi t ion  i s  r epresen ted  as

A C = AMC—I + 0.40 (AMC—II — AMC-I)

Curve  numbers  obta ined f rom Table 4—37 are adjusted using th is  co r r ec t i on
fac to r .  Accord ing  to  the  SOS methodo logy ,  i t  the  adjus tment  r e su l t s  i n  a curve
number  l e s s  than 60,  a curve number  o f  60  wil l  be  s e l ec t ed  as t he  minimal ly  appl icable
value.  If the unadjusted curve number  i s  l e s s  than 60 ,  the  number  wil l  be  used  wi thout
adjustment (SCS, l982b).

2‘:
Curve numbers fo r  t he  wate rsheds  ad jacent  t o  t he  Highland Lakes  wereé

de t e rmined  baseda‘upon the in fo rmat ion  p re sen t ed  in Table  4u37 .  Fo r  each  watershed
the  compos i t e  curve number  i s  a funct ion o f  t he  so i l  hydrologic  c lass i f i ca t ion  and the
land use .  The convent ional  me thod  for  de t e rmina t ion  of  curve numbers  involves
in tegra t ion  of  land use  and so i l s  da t a  by  over laying land use and so i l  maps .  Each  land
use—soil type complex  i s  iden t i f i ed  and the  a rea  obta ined  by  a planimeter .  A
compos i t e  curve number  for  the  watershed  is  e s t ima ted  by  weight ing  the  curve
numbers  fo r  each  land use-so i l  type complex  by the i r  r e spec t ive  a reas .

An al ternat ive method  for  comput ing  t he  compos i t e  curve number  has been
developed by Rawls e t  al .  (1981). The method replaces the  overlaying of soils and land
use in format ion  w i th  separa te  analyses of  the  two  types  of  da ta .  The pe rcen t age  of
each  so i l  group i s  de t e rmined  independent ly  f rom the  land use  d is t r ibu t ion .  A
weighted  mean  curve number  i s  de t e rmined  as fo l lows :

n 4;
CNw : Z S Li  S. CNi‘

1:1 j=1 3

where  CNW is the  we igh ted  curve number  for  a wa te r shed ,  n is  the  number  of d i f fe ren t
land use  ca t egor i e s ,  Li  i s  t he  f rac t ion  of  land use  ca tegory  i ,  S- i s  t he  f r ac t i on  o f  so i l
g roup j  ( i .e . ,  A ,  B ,  C ,  o r  D), and CNij  is  the  curve number  a s soc ia t ed  w i th  apa r t i cu la r
combina t ion  of  Li  and S j .

Fo r  the  present analysis,  i t  was  des i rab le  t o  ob ta in  a we igh ted  curve number  for
each  land use  catkgory wi th in  a wa te r shed ,  i n  order  t o  u l t ima te ly  examine  runoff
vo lumes  f rom each  ca tegory .  The me thod  of  Rawls  e t  a l .  (1981) was  mod i f i ed  t o
weight  t he  curve  number fo r  each  land use  ca t ego ry  according  to  the  f rac t ion  of
hydrologic  so i l  t ypes  in the  subbasin:

CN.  = Z S. CN. .
1 j= l  J 13

where  CNi  is  the  curve number  for  each  land use  ca t ego ry  i and the  o ther  t e rms  are a s
previously  de f ined .  This approach impl ic i t ly  assumes  tha t  each  land use  type  is
d is t r ibu ted  over  the  exis t ing  so i l  types  in accordance  t o  the i r  r e l a t i ve  p ropor t ions .
Wi th  th is  technique,  a f low can  be  computed  fo r  each  land use  ca t egory ,
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For  computa t ion  of curve numbers i n  the  watersheds  adjacent t o  the  Highland
Lakes ,  assumptions for  land use  ca tegor ie s  and condit ions were  as fo l lows:

Rangeland - fa i r  condi t ion
Fores t  - fa i r  condition
Cropland -- small grain, s traight  row  — poor  condi t ion
Urban w % acre average l o t  s i ze

Curve numbers were  adjusted as descr ibed ear l ier  i n  this sec t ion .  A computer
program was  developed to  calculate t he  curve numbers  fo r  each land use  ca tegory
within each  subtiasin, using the compi la t ion  of land use areas and f rac t ions  of
hydrologic soil types. The program code (Program HILOA'DS) i s  presented i n
Appendix B .  Curvelnumbers calculated for the  study watersheds  under 1983 condit ions
are shown in  Table  4 -  39 .

To  compute  annual runoff depth,  the frequency distr ibution of rainfal l  was
d i sc re t i zed  in to  a ser ies  of average precipi ta t ion depths ,  or  representat ive  s to rms .
The number  of  events  represented  by each representa t ive  s to rm depth was  obtained,
such that  a total  depth fo r  t he  s to rms  associa ted wi th  each average s to rm event  could
be  calcula ted.  Summat ion  of the total  depth fo r  the ser ies  of average s to rms  then
approximates  the  average annual rainfall depth.

Fo r  the  present  analysis, average precipi ta t ion even t s  of 3 .8  cm (1.5 in) ,  6 .4  cm
(2.5 in), and 10.2. cm (4.0 in) were employed. With these th ree  storm depths, the
annual f requency distr ibution of rainfall i s  adequately represented,  s ince the  smal ler
s to rms  which occur  more  f requent ly  do  no t  resul t  i n  significant runoff .  The  SCS
rainfall-runoff relationship was  used  to  e s t ima te  d i rec t  runoff fo r  each  average
prec ip i ta t ion  event  depth.  Runoff  was  es t imated  fo r  each land use  ca tegory  within the
individual subbasins. Using  the s to rm event  runoff depths ,  average annual runoff
vo lumes  were  calculated fo r  each land use  ca tegory  based  upon the  average number  of
events  associa ted  wi th  each  s torm depth.  These  calculat ions were  carr ied  out  w i th  the
computer  code HILOADS re fe renced  previously.  Calcula ted  annual runoff vo lumes
f rom the  various 1983 land use ca tegor ies  i n  the se r i es  of wate rsheds  adjacent t o  the
Highland Lakes are presented in  Tab le  4—40 to  i l lus t ra te  t he  magnitude of t he  runoff  .

<calculat ions .  a71

The performance of t he  SCS  rainfall—runoff relat ionship on area wate rsheds  was
invest igated.  Runoff e s t ima tes  derived f rom the  SOS technique were  compared  to
observed runoff charac ter is t ics  from USGS s t r eamf low monitor ing da ta  on Shoal
Creek ,  Bull Creek ,  and Sandy Creek .  The  evaluat ion i s  descr ibed in  Appendix C .  I t
was  concluded that  the  SCS  me thod  adequately represents  area runoff fo r  the needs  of
the  presen t  analysis.

4 .2 .2 .7  De te rmina t ion  of Loads

Phosphorus l oads  from the adjacent wate rsheds  of the  Highland Lakes  were
calculated using runoff volumes de te rmined  as descr ibed  in  t he  preceding  sec t i on  and
s to rmwate r  const i tuent  concentra t ions  descr ibed  previously.  Annual loads  were
obta ined by  mul t ip l ica t ion of f low and phOSphorus concentrat ion.  To  compute  the
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loads ,  the  fo l lowing average runoff phosphorus concentra t ions  were  assumed for  land
use  ca tegor ies :

Rangeland 0.03 mg/ l
Fores t  0.02. mg/ l
Cropland 0.10 mg/l
Urban 0.15 mg/ l
Austin Urban 0.60 mg/l

The preceding assumptions fo r  representa t ive  runoff phosphorus concentrat ions  were
based  upon the  water quali ty da t a  compi led  and r ev i ewed  in  the  presen t  evaluation.
The assumed rangeiand runoff phosphorus concentra t ion of 0.03 nag/l was  based  upon
the  rural watershed data  repor ted previously. S ince  runoff f rom fo res t  land would be
expec ted  t o  have lower  phosphorus l eve l s  than rangeland runoff ,  a value of 0.02. mg/l
was  assumed.  Cropland i s  o f t en  charac te r ized  by  high phosphorus loadings .  A
phOSphorus concentra t ion  of 0.10 mg/ l  was  assumed fo r  cropland runoff .  Based  upon
the  mixed  urban~rural da ta  descr ibed  previously,  runoff f rom urban areas was  assumed
to  have an average phosphorus l eve l  of 0.15 mg/ l .  Fo r  the  more  in tensively  urbanized
Aust in  area,  an average value of  0.60 mg/ l  phosphorus was  assumed.  Phosphorus loads
were  calculated using the  computer  program HILOADS descr ibed  in the preceding
sec t ion .  Loads are displayed in  Table  4 -41  fo r  t he  land use  ca tegor ies  i n  each
subbasin,  under 1983 condit ions.  Actual  loads  i n  any particular year will  vary in
accordance w i th  the  land use  and s torm condit ions encountered.

4.2.2.7.1 Histor ica l  Loadings

Adjacent  area loads  were  computed  wi th  the methodology descr ibed  above.  Fo r
each year ,  spec i f ic  land use  and precipi ta t ion charac ter i s t ics  were  obtained.  Land use
information was estimated from the data described previously (TDWR, 1977). In
particular,  the  urban and rangeland ca tegor ies  were  adjusted in  conformance  wi th
county populat ion trends.  Changes in  urban areas were  o f f se t  by corresponding
increases  or  decreases  i n  rangeland areas, s ince rangeland i s  t he  predominant  land use
throughout the study area .

His tor ical  pdecipitation records  fo r  the  Llano and Aust in  observat ion s ta t ions
were  examined for§annua1 s torm event  charac ter i s t ics .  As  wi th  the  previous analysis‘
of the  long—term frequency distr ibution,  the number  of events  within the  precipi ta t ion
categories  of  2.5-5.1 cm,  5.1-7.6 cm,  and 7.642.? cm was  determined.  The land use
and precipi ta t ion character is t ics  were  then input i n to  the  SCS  computational metho”
dology to  obtain  e s t ima tes  of annual runoff  fo r  each  of: t he  years i n  the  designated
per iod  of  r eco rd .  Phosphorus concentrat ions fo r  each land use  ca tegory  were  held
constant ,  as descr ibed previously.  Loading computat ions  were  executed  wi th  the  com~
puter  code  HILOADS.  Resul t s  are displayed in  Table  4-42,. Annual phosphorus loads
f rom adjacent areas demonst ra te  substantial f luctuat ion over  t he  h is tor ic  per iod  of
record .  Wi th  the  assumptions employed in the  present analysis, t he  fluctuations in
load  correspond principally t o  the  f luctuat ions in  t he  prec ip i ta t ion  cyc le ,  since land
use changes are re la t ive ly  minor .
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4.2.2.7.2 Pro jec t ed  Loadings

Phosphorus loadings f rom adjacent  watersheds  were  also p ro j ec t ed  for  future
developmental conditions.  Wi th  the  recreational  ameni t ies  o f f e r ed  by the  areas near
the Highland Lakes ,  future population g rowth  is  assured.  Much  of the  g rowth  will
occur  within the  residential communi t i e s  and lakeside developments  which are
present ly in  exis tence  in  the  watershed,  such as the  Lakeway and Horseshoe Bay areas,
New residential developments will also be  constructed.

The county population es t imates ,  presented in  Table 4;“6, provided  the  basis  fo r
loading p ro j ec t i ons ' f rom adjacent  watersheds .  The  a rea  of urban land within each
subbasin was  increased  for  each  future year i n  accordance wi th  the pro jec ted
population inc rement  fo r  t he  appropriate county (de f ined  as the  county which
compr ised  the major i ty  of the  subbasin) .  P ro jec t ed  areas of urban land use  for  1990
and 2000 conditions are shown in  Table  4-43 .  Pro jec t ed  increases  in  urban land area
were  assumed to  be  o f f s e t  by corresponding decreases  in  rangeland area,  which is  the
predominant land use  throughout t he  watershed.  The  changes in  urban land use  area
a f f ec t ed  the  calculation of runoff vo lumes  and thus the calculation of loads  Pro-
j ec t ed  phosphorus loadings f rom adjacent watersheds are displayed in  Table  4m4~4 up to
the year 2000. Projec ted  loads  were  based  upon runoff der ived f rom repe t i t ion  of
prec ip i ta t ion  character is t ics  f rom the  per iod 19674983 .

4.2.3 Atmospher i c  Loadings

The a tmosphere  represents  a potent ia l  source of phosphorus loadings d i rec t ly  to
the  reservoirs .  L i t t l e  information i s  available concerning phosphorus deposit ion f rom
the  a i r .  Atmospher ic  inputs have usually been  assumed to  be  min ima l  under normal
conditions,  but suf f ic ien t  da ta  ex is t  t o  establish the  need  to  consider a tmOSpher ic
contributions when evaluating eutrophicat ion problems (Vollenweider9 1968) .
Atmospher ic  loads  need  only be  computed  fo r  d i rec t  loadings t o  the  reservoir  surface
areas,  since a tmospher ic  loads  t o  the  watershed sur face  are accounted for  i n  runoff
loadsa

1'
)

Site—specif icfi tmospheric  loading data are no t  available fo r  t he  Highland Lakes"
study area. 1“ o r  t he  p resen t  analysis, t he  phosphorus concentrat ion i n  rainfall was
assumed to  be  0.02, mg/ l ,  which i s  within the typical  range repor ted  in  Table  43-9
(Loehr ,  1974) .  Al ternat ively ,  a tmospheric  loads  have been  repor ted  as areal loading
ra tes  (see Table Aims) .

4.2.3.1 His to r i ca l  Loadings

An  average annual a tmospher ic  phosphorus load  to  the Highland Lakes  was
computed  based  upon the  annual rainfall  to ta ls  at  the  Austin and Llano weather
stat ions of  82 .27 cm and 68.17 cm,  respec t ive ly .  A t  a concentra t ion of 0.02 mg/ l ,  the
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areal loading r a t e  was  computed  as 0.016 g/mZ/yr  for  the Austin cl imatological  r eg ime
and 0.014 g/mZ/yr  for  Llano condit ions.  Calcula t ion  of annual phosphorus loads  of
a tmospher ic  or igin requires  definit ion of reservoir  surface areas.  Fo r  the  constant"
leve l  reservoi rs ,  Inks Lake ,  Lake LBJ, Lake Marble  Fal ls ,  Lake  Aust in ,  and Town  Lake ,
the  Spil lway elevat ions were  used  to  de te rmine  the normal sur face  area. To  de te rmine
the  "no rma  " surface areas of Lake Buchanan and Lake  Travis,  an his tor ical  average
elevat ion was  calculated using mean  monthly average contents  fo r  the r e spec t ive
comple te  per iods  of r eco rd  up to  the  year 1975 (TDWR, 1980). The average content
data  were  conver ted  t o  surface  areas using the  reservoir  area and capacity curves
(TDWR, 1971). Histor ical  a tmospheric  phosphorus loadings,  shown  in  Table  4—45, were
es t ima ted  based  uRion the  r eco rded  annual prec ip i ta t ion  to ta l s  at  t he  Llano and Aust in
weather stations.{_

t o

4.2.3.2 Pro jec ted  Loadings

Pro j ec t ed  a tmospher ic  loadings are displayed in  Table  4—46. Es t ima ted  loads
were  based  upon repet i t ion of historical  p rec ip i ta t ion  to ta l s  fo r  t he  pe r iod  1967-1983
to  p ro j ec t  up t o  the  year 2000.

4.2.4 Bar ton  Springs Loadings

Inf low f rom Bar ton Springs represents  a source of phosphorus loadings  direct ly  to
Town Lake .  Discharge ra tes  and wa te r  quality of Barton Springs are moni to red  by the
USGS (Sta .  08155500). Daily discharge da t a ,  co l l ec ted  since March 1978 ,  were  used to
e s t ima te  r ecen t  annual f lows .  To  comple t e  t he  his tor ical  r ecord ,  e s t ima te s  of mean
annual discharge were  obta ined  f rom the USGS, as shown in  Table 4~47 (Slade,  1984:).
The mean  phosphorus concentrat ion fo r  springs inf low was  calculated as 0.018 nag/1,
based upon a to ta l  of  25 measurements  during the  per iod February 1979~Sep tember
1981.

4.2.4.1 His to r ica l  Loadings

Average annual phosphorus loads  to  Town Lake from Barton Springs were
calculated f rom the mean  annual discharge and historical  mean  to ta l  phosphorus
concentra t ion.  Logdings fo r  the pe r iod  l 952u1983  are displayed in Table  4w47.

4.2.4.2 Proj ec t ed  Loadings

Pro jec t ed  phosphorus loadings f rom Barton Springs were  based  upon the  assump~
tion tha t  historical mean  annual discharge ra tes  (and thus loadings) would be  repeated.
Histor ica l  discharge e s t ima te s  fo r  the  per iod  1967-1983  were  employed  to  s imulate
posh-1983 conditions.  P ro jec t ed  loadings are equivalent t o  the  his tor ical  loadings fo r
1967-1983 displayed in  Table 4—47.
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4.3 SUMMARY OF LOADS

The preceding sections described the development of  phosphorus loading
es t ima tes  for  point  and nonpoint sources in  the watershed of the Highland Lakes.
Historical  poin t  and nonpoint source phosphorus loadings t o  each  reservoi r  are
summarized in Table 4—48 for  the period 1952-1983 .  Projected loadings fo r  future
conditions are summarized in Table 4 -49 .  Urban and total  nonpoint source phosphorus
loads from adjacent watersheds and major tributary nonpoint source loads are
iden t i f ied  along wi th  point source  es t imates .  Loadings t o  Town Lake f rom Barton
Springs are tabulated as tributary loads i n  the  summary tables  fo r  convenience.  As
indicated in the s‘tfmmary table,  nonpoint sources account for  the predominant portion
of  phosphorus loads to  the Highland Lakes. The nonpoint source loads generally exceed ‘
the point source loads i n  the  various watersheds by one or two  orders of  magnitude.
Nonpoint  loads f rom majo r  tr ibutaries are e s t ima ted  t o  general ly  exceed  nonpoint
contributions from adjacent watersheds by one or two orders of magnitude. The
nonpoint source loading es t imates  from adjacent areas are based upon runoff volumes
calculated with annual storm characteristics.  Major tributary historical loads are
based  upon recorded  discharge values.  Projected  tributary loads  were  der ived under
the assumption that  his tor ical  f low reg imes  would  be  repea ted .  In subsequent
analyses, the phosphorus loadings associated wi th  releases from upstream reservoirs
will be  determined. These loadings may represent a substantial portion of the
incoming mass  load.
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TABLE 4 -1

MUNICIPAL AND mousmx. PERMIT HOLDERS

5 HIGHLAND LAKES WATERSHED AND MAJOR TRIBUTARIES

Segment 5 '_ ' Permit Holder Permit No. Comments

1403 Texas Tumbleweed Restaurant 02584 retention

City of Austin, Albert 3. Davis 10543 mainstren: discharge, potable
Water Treatment Plant water treatment plant waste

St.  Stephens Episcopal School 11202 retention, irrigation

Spicewood Development Corp" 11363 retention, irrigation
Balcones Village

River Development Corp” 11514 retention, irrigation
Wilding 5'1?

Davenport Ranch MUD No. 1 12363 retention, irrigation

1404 Lone Star Industries, inc. 00641 discharge of  limestone wastewater
Bin-net plant

Ribera Brothers may Farm 01974 retention, irrigation
(Round Mountain)

Lakeway MUD No. 1 10531 retention, irrigation
Lakeeay Inn and Marina

City of  Met 10793 discharge, irrigation

Pedernales Country Club 10992 retention, irrigation

Whitecliii Services. inc. 11151 retention, irrigation
Lake Travis Townhouse

Téavis County WClD 11232 retention, irrigation
F? ' t Venture Plant 1

Lakeway MUD No. 1 11281 discharge, irrigation
World of Tennis ‘
Travis County WClD 11385 retention, irrigation
Point Venture Plant 2

Allan R.  Klein 11456 nlu'nateni discharge
Commander's Point

Lakeway MUD No. 1 11495 retention, irrigation
Central mm
Travis Vista Subdivision 11531 mainstem discharge

PJAP, mo" MWJ’, inc. 3. Tridel 11532 inactive, discharge
Villa on Travis

The Chase Corporation 11694 retention, irrigation
Windernere Plant
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TABLE 4 -1  (Cont'd)

Segment Permit Holder Permit No. Comments

:Ei‘ravis County MUD No. 1 11152 mainstem discharge, irrigation
,‘LagtrVista Flam

Meway Development Co. 12215 discharge
Hurst Creek Plant 1

Jerome K. Feips I 20062 retention, irrigation
Swine Feedlot

1405 Calcium Carbonate Co. 02411 discharge, limestone operation

City 0! Marble Falls ' 10654 main-tom discharge

Meadowiakes MUD 11439 retention, irrigation

M. 0 .  Scott 20023 retention, irrigation
Swine

1406 Lower Colorado River Authority 01369 mainstem discharge, cooling water, e t c .
T. C .  Ferguson 525

Lake LBJ MUD 11217 mainstem discharge, irrigation
Horseshoe Bay

new Gathering Co., Inc. 11332 mainstem discharge
Commanche Point

Backer Boys Ranch 11484 retention, irrigation

Kingaiand MUD 11549 mainstem discharge

S. 1. Morris 11995 discharge, inactive
Granite Shoals

Lake LBJ MUD 12045 retention, irrigation
Horseshoe Bay West

7% .1. More 20035 retention, irrigation
W wine

1407 Joseph Dixon Crucible Co. 00350 discharge
Burnet Plant

Texas Parks In Wildiii‘e Departmut 11566 retention, irrigation
Inks Lake State Park

1408 Elam Miler 01625 retention, irrigation
Sheep Feediot

Les Anders 11394 mainsten: discharge
Silver Creek Lodge

Texan 4 -H Youth Devel. Foundation 11664 retention, irrigation
Youth Center Plant

1409 City of  Lometa 11982 dircharge
Kirby Creek Plant
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TABLE 4 -1  (Cont'd)

Segment Permit Holder Permit No. Comments

,_Feir'1'ex Pork Producers 20752 retention, irrigation
,_'8wine Operation (Voca)

EHerhert E. Men,  Jr. 01591 retention, irrigation, evaporation
3'17q Farm (Albert)

1414 Sundny Houae Fonda, Inc. 01613 retention, irrigation, evaporation
Turkey Feedlot (Frederickfllurg)

C .  A. State Turkey Farm 0165! retention, irrigation, evaporation
Turkey Feediot (Frederickaburg)

Nolan Ottinere 02228 retention, irrigation
Ottnierr Dairy (Stone-ell)

Sunday Home Foods, Inc. 02615 retention, irrigation
Turkey Farm (Fredericknburg)

City of Fredericknburg 10171 discharge
Outtan 001

City of Frederick-burg 10171 retention, irrigation
Outtaii 002, County Fairground

City of Johnnon City 10190 diacharge

Texas Parks & Wildiile Dept. 11480 retention, irrigation
LBJ State Park

1415 The PARS Corporation 01391 discharge
Cedu 011 um (Junction)

Cedar Fiber Company, Inc. 01412 retention, evaporation
(Junction)

Manon Feed Store, Inc. 01449 retention, irrigation
Swine Feedlot (Manon)

:‘QMaaon Feeders, Inc. 01454 retention, irrigation
Sfattie Foediot (Manon)

Bar D Hog Company 01467 retention, irrigation
Swine Feediot (Manon)

Toni Dean Enterpriaea, Inc. 02283 retention, irrigation
Poultry Raining (Cherokee)

City of Jtniotion 10199 niainstern discharge, irrigation

City o f  Llano 10209 main-ten: discharge

City of  Manon 10670 discharge, irrigation

Raymond 1". Winkei 20263 retention, irrigation
Swine (Llano)

James D .  Epperaon 20284 retention
Swine Operation (Valley Spring)
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TABLE 4 -1  (Concluded)

Segment ‘-" i Permit  Holder Permit No .  Comments 1:“;
a: 3:
3 '  :1
Sam Rabi: 20290 retention, irrigation
Swine (Llano)

A. J .  Hopson 8: A .  D .  Hopson 20294 retention, irrigation
Swine (Llano)

Three G Hog Company 20295 retention, irrigation
Swine Operation (Llano)

Simpson and Simpson Hog Farm 20297 retention '
Swine (Llano)

Clarence Hasse 20313 retention,  irrigation
Swine (Castell)

Sterling Jordan Feedlot ‘ 20469 retention, irrigation
Swine (Mason)

Miller Hog Farm 2051?. retention, irrigation
Swine (Llano) .

Llano Pork Products L td .  20582 retention,  irrigation
Swine

Loyd Mitchell, Jr. 20631 retention
Swine Operation (Rocksprings)

Weber and Weber Hog Company 20642 retention, irrigation
Swine Operation (Llano)

laa; a
Note :  Co  ents derived from TDWR permit  listing: a 7;

m tem discharge = discharge into mainstem o f  segment
discharge = discharge to  tributary o f  segment
retention = no discharge, or  discharge only during flood conditions
irrigation = effluent used for irrigation
evaporation = effluent disposed o f  by evaporation

Source: TDWR, 1983a .
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TABLE 4-8

TYPICAL LOADING RATES REPORTED IN

VARIOUS STUDIES

:4 . Export Coefficients,  E/mZ/yr
’ (2)

Total Phosphorus

Urban 0 .1  0 .11  0.11-0.56
Rural/Agriculture 0.05 0.018 0.006-0.29
Forest 0.005-0.01 0.008 0.003-0.09
Atmosphere 0.025 0.044 0.005-0.006

Total Nitrogen

Urban 0.05(0.25) * * 0.88 0.7-0.9
Rural/ Agriculture 0.5(0.2) 0.85 0.01-1.3
Forest 0.3 (0. 1) 0.24 0.3-1.3
Atmosphere 2.40.0) 0.58 o.56-1.o

* (1) Rast and Lee ,  1983.
(2) Shannon and Brezonik, 1972..
(3) Loehr, 1974.

‘I""Va11.1e§j for western U.S.  in parentheses.
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TABLE (-17

HISTORICAL MAJOR MUTARY PHOSPHORUS LOADS

mum 1.640- (10" 1hr)
Federals

“5  Colondo Rim Llano Rive Sandy Crank Riva: Above
You _'_. Above Lakc Buchanan Above Lake LBJ Above Lake LBJ Lake Travis

1952 4 ‘ ‘ 222.37 10.26 0.54 51.47
1953 160.03 14.44 0.76 2.31
1954 113.74 9.31 0.52 0.79
1955 595.24 7.56 0.40 3.67
1956 302.39 6.94 0.37 0.31
1951 1644.39 5.16 0.27 20.55
1953 115.49 5.61 0.30 13.53
1959 434.57 4.54 0.24 22.46
1960 36.31 13. 11 0.96 10.33
1961 203.92 7. 24 0.33 9.17
1962 72.30 3.06 0.16 3.02
1963 50.27 1.42 0.07 1.29
1964 164.93 19.12 1.01 2.35
1965 313.79 3.20 0.17 12.53
1966 32.72 0.94 0.05 2.44
1961 59.76 11.13 0.50 3.03
1963 353.15 0.75 2.99 . 15.07
1969 145.01 39.95 1.74 11.09
1910 103.04 16.12 1.77 12.69
1971 296.73 13.30 1.03 7.22
1972 22.53 13.57 1.05 6.19
1973 121.64 19.66 0.75 11.15
1914 3; 236.19 2.50 2.17 20.35
1975 .3 119.47 1.93 2.70 23.59
1976 ' 56.31 14.61 1.37 9.36
1977 132.34 3.73 1.64 19.43
1913 75.29 6.34 0.13 17.39
1979 34.01 3.30 2.95 20.24
1930 195.34 21.13 0.12 2.57
1931 11.33 13.25 2. 17 19.15
1932 140.67 12.46 0.14 2.63
1933 15.62 15.62 0.35 5.97

A
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TABLE 4-3 0

PHOSPHORUS DATA FOR TOWN LAKE

AUSTIN NURP STUDY
-

,__ s

Sampling ' Station
Date ‘ Constituent* 'E‘s-4 E‘s-5 1718-6 135-? Es-s

March 1981’“  T? 0 .02  0 .03  0 .03  - -

DOP <o.01 0.01 0 .01  — -
'rss 4 7 11 —- -

11 June 1981 T? 0 .04  0 .05  0 .10  0 .13  0 .08
DOP 0 .03  0 .02  0 .01  0 .01  0 .05
TSS __ 11 74 209 300 45

6 July 1981 "r1: <o.01 <o.01 0 .03  0 .03  0 .08
DOP <o.01 <o.01 <o.01 <o.01 0 .05
'rss 6 11 17 25 6

9 July 1981 T? 0 .03  0 .03  0 .02  0 .01  0 .03
DOP <o.01 <o.01 <o.01 <o.01 0 .01
TSS 1 2 6 3 26 1 1

* TP :étotal phosphorus, DOP = dissolved orthophosphorus, TSS = total. suspended
solid§ all in tag/1. '

**  March 1981 data represnt ambient conditions, other dates are poststorm
samples.

234

“0
3.

11
%

.
11

’.
5;

;
W

ai
l



TABLE 4-3 1

SAMPLING STATION LOCATIONS

LAKE AUSTIN AND TOWN LAKE

AUSTIN NURP STUDY

Waterbody Station Description

Lake Austin ES-O-A Turkey Cr. above confluence

ES-O-B Turkey Cr.  near confluence

ES-O-O Loop 360 bridge
ES-l-A Bull Cr.  arm .7  mi  above confluence

ES-l-B Bull Cr. arm .25  mi  above confluence

ES-l-C Mouth of Bull Cr.
ES-Z-A Dry Cr. arm .4 mi  above confluence

ES-Z-B Dry Cr. arm .25  mi  above confluence

ES-Z-C Mouth of Dry Cr.
ES—3 Main pool near Tom Miller Dam

Town Lake ES—4 Mopac bridge

ES-5 South First Street bridge

ES-6 ‘ Main pool near Longhorn Dan:
_;  E‘s-7 Mouth of  Barton Cr.

‘3 ES—S Lamar Blv¢ bridge
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TABLE 4-32

ADJACENT WATERSHED DELINEATIONS

HIGHLAND LAKES

AreaSubbasin ————_—-—z— Reservoir
No.  Description (km 2)  (mi  ) Watershed

1 Colorado R .  near Tow, TX 1064 411  Buchanan

2 Buchanan Dam 293  113  Buchanan

3 Roy Inks Dam 98  38  Inks

4 Colorado R .  above Llano R .  83  32. LBJ

5 Llano R .  at mouth 44 17 LBJ

6 Sandy Cr.  above Walnut Cr.  31  12 LBJ

7 Walnut Cr.  65  25  LBJ

8 Alvin Wirtz Dam 186 72  LBJ

9 Max Starcke Dam 215 83 Marble Falls

10  Colorado R .  below Hamilton Cr .  233  90  Travis

11  Colorado R .  above Pedernales R .  342  132. Travis

12  Pedernales R.  at mouth 124  48 Travis

13 7.: Mansfield Dam 580 224 Travis

14  a Colorado R .  above Bull Cr.  140 54  Austin

15 Tom Miller Dam 127 49  Austin

16 Barton Ct .  287 1 1 1 Town

17  Longhorn Dam 96 37 Town
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TABLE 4‘33

LAND USE DESCRIPTION

HIGHLAND LAKES WATERSHED

IMMEDIATE DRAINAGE AREAS

1983 ConditionsSubbasin 2 2
No.  Description Land Use  (km ) (mi )

1 Colorado R.  near Tow Rangeland 775  299
Forest 64  25
Cropland 217 84
Urban 7 . 7 3 . O

2 Buchanan Dam Rangeland 202  78
Forest 49  19
Cropland 10  4
Urban Z9 . 6 1 1 . 4

3 Roy Inks Dam Rangeland 97 37
Cropland 1 1
Urban . 6 . 2

4 Colorado R.  above Rangeland 69  27
mouth of  Llano R .  Cropland 9 4

- Urban 4 .4  1 .  7

5 ; Llano R. at mouth Rangeland 23 9
‘3 Forest 12  5

Urban 7 . 2 2 . 8

6 Sandy Cr. above Rangeland 27 10
Walnut Cr.  Forest 4 2

7 Walnut Cr.  Rangeland 65  25

8 Alvin Wirtz Dam Rangeland 152 59
Urban 35  . 8 l 3  . 8

9 Max Starcke Dam Rangeland 202  78
Cropland 1 1
Urban 9 . 1 3 . 5
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TABLE 4-33 (Concluded)

1983 ConditionsSubbasin 2
No. :7): Description Land Use (km ) (mi )

10 , Colorado R. below Rangeland 207 so
Hamilton Cr. Forest 11  4

Cropland 9 3
Urban 8 .3  3 . 2

11 Colorado R. above Rangeland 260 100
Pedernales R.  Forest 43 17

Cropland 34 13
Urban 4 .  5 1 . 7

12  Pedernales R .  at mouth- Rangeland 124  48
Urban 0 . 8  0 .3

' 13 Mansfield Dam Rangeland 393  152
Forest 141 54
Cropland 6 2
Urban 43 . 1 16 . 6

14 Colorado R. above Rangeland 96 37
Bull Cr.  Forest 37  14

Urban 8 . 3 3 . 2

15  Ton: Miller Dam Rangeland 99  38
V Forest 14 5

{‘3 Urban 13 . 3 5 . 1

16 1 Barton Cr. Rangeland 233 90
Forest 43 17
Urban 8 . 6  3 .3

17 Longhorn Dam Urban 96 . Z 37 . 1
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TABLE 4-35

STORM FREQUENCY DISTRIBUTION

INTERVAL

:_0.00 0 .10
0 .10  0 .20
0 .20  0 .30
0 .30  0 .40
0 .40  0 .50
0 .50  0 .60
0 .60  0 .70
0 .70  0 .80
0 .80  0 .90
0 .90  1 .00
1 .00  1 .10
1 .10  1 .20
1 .20  1 .30
1 .30  1 .40
1 .40  1 .50
1 .50  1 .60
1 .60  1 .70
1 .70  1 .80
1 .80  1 .90
1 .90  2 .00
2 .00  2 .10
2 .10  2 .20
2 .20  2 .30
2 .30  2 .40
2 .40  2 .50
2 .50  2 .60
2 .60  2 .70
2 .70  2 .80
2 .80  2 .90
2 .90  3 .00
3 .00  3 .10
3 .10  3 .20
3 .20  3 .30
3 .30  3 .40
3 .40  3 .50
3 .50  3 .60
3 .60  3 .70
3 .70  3 .80
3 .80  3 .90
3 .90  4 .00
4 .00  4 .10
4 .10  4 .20
4 .20  4 .30
4 .30  4 .40
4 .40  4 .50
4 .50  4 .60
4 .60  4 .70
4 .70  4 .80
4 .80  4 .90
4 .90  5 .00
5 .00  5 .10
5 .10  5 .20
5 .20  5 .30
5 .30  5 .40
5 .40  5 .50

FOR AUSTIN STATION

(INCHES)

NO. OF EVENTS FREE

1658 .00
643 .00
384 .00
264 .00
185 .00
139 .00
132 .00
104 .00

82 .00
85 .00
67 .00
4° .00

54 .00
39 .00
40 .00
36 .00
23 .00
16 .00
19 .00
14 .00
13 .00
10 .00
14 .00

8 .00
10 .00
11 .00

3 .00
7 .00
6 .00
1 .00
7 .00
3 .00
6 .00
2 .00 .
3 .00
1 .00
3 .00
3 .00
4 .00
1 .00
2 .00
1 .00
4 .00
0 .00
1 .00
1 .00
3 .00
1 .00
1 .00
0 .00
0 .00
0 .00
1 .00
0 .00
0 .00
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0 .40
. 0 . 15

0.09
0.06
0.04
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00

O
O

O
O

D
O

D
C

’O
43

00
0O

O
O

O
O

C
JD

o
n
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g

O
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O
D

D
O

O
O

O
O

D
O

D
O

O
O

O
O

O
O

g
0!

..
.

O
O

O
00

0
a

00 D
O

O
D

O
D

O
D

O
O

D
O

O
O

D
O

D
D

D
D

D
D

O
Q

H
O

O
D

O
O

O
D

0
00

° D
O

D

0.00

00 I 
I

00
00

0 .00

CUM. N0 .

1658.00
2301.00
2685.00
2949.00
3134.00
3273.00
3405.00
3509.00
3591.00
3676.00
3743.00
3792.00
3846.00
3885.00
3925.00
3961.00
3984.00
4000.00
4019.00
4033.00
4046.00
4056.00
4070.00
4078.00
4088.00
4099.00
4102.00
4109.00
4115.00
4116.00
4123.00
4126.00
4132.00
4134.00
4137.00
4138.00
4141.00
4144.00
4148.00
4149.00
4151.00
4152.00
4156.00
4156.00
4157.00
4158.00
4161.00
4162.00
4163.00
4163.00
4163.00
4163.00
4164.00
4164.00
4164.00

CUM. FREQ

0.40
0.55
0.64
0.71
0.75
0.70
0.8?
0 .34
0.86
0.88
0 . °0
0 .91
0.92
0.93
0.04
0.95
0.96
0.96
0.96
0 .97
2 .97
0.97
0.98
0.98
0.98
0.9?
0.98
0 .99
0.99
0 .99
0.99
0.99
0 .99
6 .99
0 .99
0.99
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5 .60
5 .70
5 .80
5 .90
6 .00
6 .10
6 .20
6 .30
6 .k0
6 .50
6 .60
6 .70
6 .80
6 .90
7 .00
7 .10
7 .20
7 .30
7 .60
7 .50
7 .60
7 .70
7 .80
7 .90
8 .00
8 .10

RAIN DAYS! 6167

w
»

TABLE 4-35  (Concluded)

RUIN:

1 .00
1 .00
0 .00
0.00
0 .00
0 .00
0.00
0 .00
0 .00
0 .00
0.00
0.00
0.00
0.00
0 .00
0 .00
0 .00
0.00
0 .00
0.00
0 .00

.00
0 .00
0 .00
0.00

. 1 .00
0 .00
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RNA! -

0 .00
0 .00
0 .00
0.00
0.00
0 .90
0.00
0 .00
0.00
0.00
0 .00
0.00
0 .00
0.00
0.00
0 .00
0 .00
0 .00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00
0 .00

8 .00

£165 .00
£166 .00
£166 .00
£166 .00
£166 .00
£166 .00
5166 .00
4166 .00
4166 .00
4166 .00
£166 .00
5166 .00
4166 .00
6166 .00
£166.00
£166 .00
4166 .00
£166 .00
£166 .00
4166 .00
6166 .00
6166 .00
6166 .00
4166 .00
4166 .00
5167 .00

ANN. IV6 .s

1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00

1 .00
1 .00
1 .00
1 .00
1 .00
1 .00

1.00
1 .00
1 .00

1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00

32.39

«.
00

03
A

x.
“ I
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“31141512a
: 0 . 00
40.10

0.20
0.30
0.40
0.50
0.60
0.70
0.20
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.30
1.70
1.80
1.90
2.00
2.10
2.20
2.30
2.40
2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30

‘. 3 . 40
733.50
“£450

.70
3.30
3.90
4.00
4.10
4.20
4.30
4 .40
4.50
4.60
4.70
4.80
4.90
5.00
5.10
5.20
5.30
5.40

TABLE 4-36

STORM FREQUENCY DISTRIBUTION

ITCDIQ I.I.IXPJ() $1TIYII()PJ

0 .10
0 .20
0 .30
0 .40
0 .50
0 .60
0 .70
0 .80
0.90
1 .00
1 .10
1 .20
1 .30
1 .40
1 .50
1 .60
1 .70
1 .80
1 .90
2 .00
2 .10
2 .20
2 .30
2 .40
2 .50
2 .60
2 .70
2 .80
2 .90
3 .00
3 .10
3 .20
3 .30
3 .40
3 .50
3 .60
3 .70
3 .80
3 .90
4.00
4 .10
4 .20
4.30
4 .40
4.50
4.60
4 .70
4 .80
4.90
5 .00
5 .10
5 .20
5 .30
5 .40
5 .50

N0.

(INCHES)

OF EVENTS FRED

1097.00 0.33
516.00 0.16
334.00 0 .10
251.00 0.08
191.00 0.06
157.00 0.05
118.00 0.04

96.00 0.03
79 .00  0.02
67.00 0.02
52.00 0.02
43.00 0 .01
36.00 0 .01
34.00 0 .01
30.00 0 .01
26.00 0 .01
16 .00  0 .00
23.00 0 .01
21.00 0 .01
12 .00  0 .00
18 .00  0 .01

9 .00  0 .00
8.00  0 .00
9 .00  0.00

10 .00  0.00
5.00 0 .00
1 .00  0.00
2.00 0.00
4.00  0.00
2.03 0.00
5 .0  0 .00
5.00  0 .00
3.00  0.00
0.00  0.00
4.00 0 .00
1 .00  0.00
0.00  0 .00
0.00  0.00
1 .00  0 .00
0.00 0.00
0 .00  0 .00
0.00  0 .00
1 .00  0 .00
2.00 0.00
0 .00  0 .00
0 .00  0 .00
1 .00  0 .00
0 .00  0.00
0.00  0.00
0.00  0.00
0.00  0 .00
0.00  0 .00
0.00  0.00
0.00 0 .00
0 .00  0.00
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CU" .  N0 .

1097 .00
1613 .00
1947 .00
2198 .00
2389 .00
2546 .00
2664 .00
2760 .00
2839 .00
2906 .00
2958 .00
3001 .00
3037 .00
3071 .00
3101 .00
3127 .00
3143 .00
3166 .00
3187 .00
3199 .00
3217 .00
3226 .00
3234 .00
3243 .00
3253 .00
3258 .00
3259 .00
3261 .00
3265 .00
3267 .00
3272 .00
3277 .00
3280 .00
3280 .00
3284 .00
3285 .00
3285 .00
3285 .00
3286 .00
3286 .00
3286 .00
3286 .00
3287 .00
3289 .00
3289 .00
3289 .00
3290 .00
3290 .00
3290 .00
3290 .00
3290 .00
3290 .00
3290 .00
3290 .00
3290 .00

CUM. FREQ

0.33
0 .49
0 .59
0 .67
0 .73
0.77
0 . *1
0 .84
0 .86
0 .88
0 .90
0 .91
0 .92
0 .93
0 .94
0 .95
0 .95
0 .96
0 .97
0 ,07
0.98
0.98
0.98
0 .98
0 .99
0.99
0 .99
0 .99
0 .99
0 .00

0 .9 °
0 .99
1 .00
1 .00

1 .00

1 .00
1 .00
1 .00

1 .00
1 .00

1 .00
1 .00
1 .00
1 .00
1 .90
1 .00
1 .00
1 .00
1 .00
1 .00
1 .00
1 an
1 .00
1 .00
1 .00

3
3

1
0

.0
4

.1
2

M
.

1
0

‘k
.J

u



RAIN

w
-

DAYS‘

5 .60
5 .70
5 .80
5 .90
6 .00
6 .10
6 .20
6 .30
6 .40
6 .50

6 .60
6 .70
6 .80
6 .90
7 .00
7 .10
7 .20
7 .30

3294

TABLE 4-36 (Concluded)

RM!“ -

1 .00
0 .00
0.00
0.00
0 .00
0.00
0 .00
0.00
1 .00 '
0 .00
0 .00
0.00
1 .00
0 .00
0 .00
0 .00
0 .00
1 .00
0 .00
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RHIX:

0.00
0 .00
0.00
0.00
0 .00
0 .00
0.00
0.00
0 .00
0 .00
0 .00
0 .00
0.00
0.00
0 .00
0.00
0.00
0.00

7 .20

3291.00
3291.00
3291.00
3291.00
3291.00
3291.00
3291.00
3291.00
3292.00
3292.00

' 3292 .00

3292.00
3293.00
3293.00
3293.00
3293.00
3293.00
3294.00

ANN.  ‘VG. ’
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TABLE 4-37

RUNO" CURVE NUMBERS FOR HYDROLOGIC SOIL-COVER COMPLEXES

(ANTECEDENT MOISTURE CONDITION 1!, AND Ia : 0.2 5)

Land the QMtion/‘Preatmut/Eydrologic Condition

Rendumfif
Average 1a: size Average 9‘ Imperviouaz

1 /3  acre or 1e:- 65
1/4 ace 38
1/3 acre 30
1/2 acre 25
1 acre 20

Paved parking Iota, roots, driveways, ete.3

Streets and roads:

paved with curbs and Itm sewera3
gravel
dirt

Commercial and busines- areaa (85% impervious)

Industrial dish-1m (72% imperial-)-

Opan spacer, lawns, parka, gel! canes, cemeteries, etc.

good condition: gran cover on 75% or more of the area
fair condition: gran caver on 50% to 75% of the area

Fallow Straight row

Row crops Straight row
Snail!!! raw
Contoured
Contoured
Contoured a. terraced
Contoured 8r terraced

_~a
Sun 9:33 Sufism m-

Contoured

Contoured & terraced

Clone-seed? Straight row
legume: Straight row
or rotation Contoured
meadow Contoured

Contoured a: terraced
Contoured a: terraced
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E
?

33
??

??
§§

§§
§§ '

§§
§§

77

57

51

98

98
76
72

89

81

85

72
70
68

98

98

82

92

88

6 1
69

86

81
78
79
75

71‘

76
75
74

72
70

77
72
75
69
73
67

98

87

94

9 1

74
79

91

88
85
84

80
78

84
83
82
81

78

85
81
83
78
80
76

92
87
86
85
84

98

98
91
89

95

93

80
84

94

91
89
88
86
82
81

88‘
87
85

82
81

89
85
85
83
83
80

A
x

“a
t



TABLE 4-37 (Concluded)

‘
m

u

_; - 3 lo ‘ c  Soil Gr
Land Use Deacription/‘rreatnlant/Hydrologlc Condition _ A B D

Future or range Poor 6B 79 B6 39
Fair 49 69 79 84

, Good 39  61  74 80
Contoured Poor 47 67 81 88
Contoured Fair 25 59 75 83
Contour-ad Good 6 35 70 79

Meadow Good 30  58 71 78

Wood. or ' Poor 45 66 77  83
form lend Fair 36  60 73 79

Good 25 55 7o  77

Farmstead: — 59 74 82  36

l Curva numbers are computed assuming the runoff from the house and drivewey is directed towards the street
with a minimum of root water directed to  law when additional infiltration could occur.
The remaining perviour area: (lawn) are considered to In in good pasture condition tor the“ curve numbers.
n: lone warmer ciimatoe at tho country a curve number of 95  may bo used.
Close-drilled or broadcast.

Source: McCuen, 1982.
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rm: 4-38

CURVE NUMBERS (ON) AND CONSTANTS FOR THE CASE 1‘ a 0.2 5

i f

, Curve. Curvfl
T. V sun- Starts

(:17 for " 5. CN for 3 When CN 10: CN to: 5 Where
Condition Condition Values. P I Condition Candida” Valuu‘ P a

11 1 111 (mafia) (inch-s) 11 I 111 (inchu) (inches)

100 100 100 0 0 60 40 78 6.67 1.33
99 97 100 . 101 .02  59 39 77 6 .  95 1 .39
98 94 99 . 204 . 04 58 38 76 7 . 24 1.45
97 91 99 .309 .06 57 37 75 7.54 1 .51
96 89 99 .417 .08 56 36 75 7.86 1.57
95 87 98 .526 . 11 55 35 74 8.18 1.64
94 85 98 . 638 . 13 54 34 73 8 . 52 1 .  70
93 83 98 . 753 . 15 53 33 72 8 .87  1 . 77
92 81 97 .870 .17  52 32 71  9 . 23 1 . 85
91  80 97 .989 .20  51  31 70 9 .61  1.92
90 78 96 1 .11 .22  50 31 70 10.0 2.00
89 76 96 1.24 .25 49 30 69 10.4 2.08
88 75 95 1 .36 .27 48 29 68 10.8 2 .  16
87 73 95 1.49 .30  47 28 67 11.3 2.26
86 72 94 1.63 .33 46 27 66 11.7 2.34
85 70 94 1.76 .35 45 26 65 12.2 2.44
84 68 93 1.90 .38 44 25 64 12.7 2.54
83 67 93 2 .  05 . 41  43 25 63 13 . 2 2.64
82 66 92 2.20 .44 42 24 62 13.8 2.76
81  64 92 2.34 .47 41  23 61 14.4 2.88
80 63 91 2.50 .50  40 22 60 15.0 3 .00
79 62 91 2.66 .53 39 21 59 15.6 3 .12
78 60 90 2.82 .56 38 21 58 16.3 3.26
77 59 89 2.99 .60 37 20 57 17.0 3.40
76 58 89 3 .16  .63 36 19 56 17.8 3.56
75 57 88 3.33 .67  35 18 55 18.6 3 .72
74 55 88 3 . 51  .70  34 18 54 19.4 3 .88
73 84 87 3.70 .74  33 ' 17 53 20.3 4.06
72 .2 53 86 3.89 . 78  32 16 52 21.2 4 .24
71  " 3 52 86 4.08 .82 31 16 51 22.2 4.44
70 a 51 85 4 .28 .86 30 15 50 23.3 4.66
69 50 84 4 .49 . 90
68 48 84 4 .70 .94 25 12 43 30.0 6 .00
67 47 83 4 .  92 . 98 20 9 37 40 . 0 8 . 00
66 46 82 5.15 1.03 15 6 30 56.7 11.34
65 45 82 5.38 1.08 10 4 22 90.0 18.00
64 44 81 5.62 1.12 5 2 13 90.0 38.00
63 43 80 5 . 87 1 . 17 0 0 0 infinity infinity
62 42 79 6 . 13 1 . 23
61 41 78 6.39 1 .28

'For ON in column 1.

Sauce: Mocha, 1972.
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TABLE 4-39

scs CURVE NUMBERS
, 5 HIGHLAND LAKES WATERSHEDS

Subbasizi Rangeland Forest Cropland Urban

1 71.85 65.97 77.33 76.33
2 72.41 67.00 77.64 76.65
3 74.00 69.00 80.00 79.00
4 72.90 67.46 78.68 77.68
5 74.00 69.00 80.00 79.00
6 74.00 69.00 80.00 79.00
7 72.55 66.97 78.26 77.26
8 71.45 65.43 76.94 75.94
9 72.70 67.18 78.44 77.44

10 71.65 65.71 77.18 76.18
11 70.45 64.03 75.74 74.74
12 69.00 62.00 74.00 73.00
13 69.35 62.49 74.42 73.42
14 , 69.00 62.00 74.00 73.00
15:5 69.00 62.00 74.00 ‘ 73 .00

16f? 69.10 62.14 74.12 73.12
17 70.79 63.88 74.80 73.79

250

1,
41

80
%

.
A

x
fl

a i
l



TABLE 41-40

FLOWS FROM LAND USE CATEGORIES

Runoff 316w (loégslyr)
Precip.

Subbaain (in) Rangeland Forest Cropland Urban Total

1 1.5 3.72 0.253 4.79 0.152 -43;
1 _ ' 2.5 0.0 0.0 0.0 0.0 “:3
1 ; -  4.0 57.1 3.52 20.2 0.639 95.462 .1
2 1.5 2.46 0.243 0.223 0.606 —
2 2.5 0.0 0.0 0.0 0.0 -
2 4.0 15.3 2.35 0.945 2.69 25.273
3 1.5 1.45 0.0 .029 0.0153 —
3 2.5 0.0 0.0 0.0 0.0 —
3 4.0 ' 7.37 0.0 0.104 0.0593 - 9.5276
4 1.5 0.397 0.0 0.229 0.101 —
4 2.5 0.0 0.0 0.0 0.0 —
4 4.0 5.33 0.0 0.336 0.416 7.3593
5 1.5 0.345 0.0366 0.0 0.139 —
5 2.5 0.0 0.0 0.0 0.0 -
5 4.0 1.37 .772 0.0 0.713 3.9757
6 1.5 0.405 .0239 0.0 0.0 -
6 2.5 0.0 0.0 0.0 0.0 -
6 4.0 2.19 0.257 0.0 0.0 2.3303
7 1.5 0.306 0.0 0.0 0.0 —
7 2.5 0.0 _ 0.0 0.0 ' 0.0 ~—
7 4.0 4.94 0.0 0.0 0.0 5.7439
3 1.5 1.62 0.0 0.0 0.677 -
3 - 2.5 0.0 0.0 0.0 0.0 _ ...3
3 '13 4.0 11.0 0.0 0.0 3.15 16.433 ’3
9 '1 1.5 2.56 0.0 0.0243 0.203 -'-' '3
9 2.5 0.0 0.0 0.0 0.0 —
9 4.0 1.55 0.0 0.0976 , 0.353 19.199

10 1.5 5.66 0.103 0.433 0.403 -
10 2.5 0.0 0.0 0.0 0.0 -
10 4.0 0.0 0.0 0.0 0.0 6.6534
11 1.5 5.94 0.253 1.57 0.135 —
11 2.5 0.0 0.0 0.0 0.0 -—
11 4.0 0.0 0.0 0.0 0.0 . 7.9573
12 1.5 2.24 0.0 0.0 0.0263 -
12 2.5 0.0 0.0 0.0 0.0 —
12 4.0 0.0 0.0 0.0 0.0 2.2629
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TABLE 4-40 (Concluded)

REM! Fl_ow (10" m3/yr)
V_ Precip. ’2!

Suhbuin "' , (in) Rangeland Forest Cropland Urban Flow 11:

'4 . J
13 1 .5  7 .52  0 .510  0 .237  1 .50  '-

13 2 .5  0 .0  0 .0  0 .0  0 .0  -'

13 3 .0  0 .0  0 .0  0 .0  0 .0  9 .7696

14 1 .5  1 .73  0 .110  0 .0  0 .273  —

14 2 .5  0 .0  0 .0  0 .0  0 .0  -

14 4 .0  0 .0  0 .0  0 .0  0 .0  2 .1152

15 1 .5  1 .79  0 .0418  0 .0  0 .438  ‘-

15 2 .5  0 .0  0 .0  0 .0  0 .0  -

15 4 .0  0 .0  0 .0  0 .0  0 .0  2.2653

16 1 .5  4 .28  0 .136  0 .0  0 .288  '-

16  2 .5  0 .0  0 .0  0 .0  0 .0  '-

16  4 .0  0 .0  0 .0  0 .0  0 .0  4 .6989
17 1 .5  0 .0  0 .0  0 .0  3 .51  '-

17 2 .5  0 .0  0 .0  0 .0  0 .0  -

17 4 .0  0 .0  0 .0  0 .0  0 .0  3 .5090

_, a.13 %

it} ’ '1'.
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TABLE 4-41

PHOSPHORUS LOADS
1983 CONDITIONS

.15 ’a
3.

:_- Phogphorus Loadingflg/Y!) }
Subbasin J ‘ Rangeland Forest  Cropland Urban Total 1

1 1.97 x 10" 7.56 x 104 2.50 x 10" 1.26 x 105 4.68 x 106
2 5.32 x 105 6.18 x 104‘ 1.17 x 105 4.94 x 105 1.20 x 106
3 2.30 x 105 0.00 1.33 x 104 1.13 x 104 3.04 x 105
4 1.87 x 105 0.0 1.12 x 105 7.76 x 104 3.76 x 105
5 6.63 x 104 1.72 x 10‘ 0.0 1.36 x 105 2.20 x 105
6 7.78 x 104 5.72 x 103 0.0 0.0 3.35 x 10“
7 1.72 x 105 0.0 0.0 0.0 1.72 x 105
a 3.73 x 105 0.0 0.0 5.75 x 105 ‘ 9.53 x 105
9 5.41 x 105 0.0 1.22 x 104 1.55 x 105 7.11 x 105

10 1.70 x 105 2.05 x 103 4.33 x 104 6.05 x 104 2.31 x 105
11 1.73 x 105 5.16 x 103 1.57 x 105 2.77 x 104 3.68 x 105
12 6.71 x 104 0.0 0.0 3.95 x 103 7.10 x 104
13 2.26 x 105 1.02 x 104 2.37 x 104 2.25 x 105 4.34 x 105
14 5.19 :5 10“ 2.21 x 103 0.0 4.10 x 10‘ 9.51 x 104
15 5.36 x 104' 3.35 x 102 0.0 6.57 x 104 1.20 x 105
16 1.23 x 105 2.71-: 103 0.0 4.32 x 104 1.74 x 105
17 0.0 0.0 0.0 2.11 x 10" 2.11 x 10"

- "3
"~33 ’3

:3 "1’.
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TABLE 4-42

HISTORICAL NONPOINT SOURCE PHOSPHORUS LOADINGS

FROM ADJACENT WATERSHEDS

Annual Phosphorus Loadings (106 g/yr)
_-‘ Lake
J Lake Inks Lake Marble Lake Lake Town

Yea: :;- Buchanan Lake LBJ Falls Travis Austin Lake

84
.1

1:
:-

M
.

1983 5.88 0.30 2.56 0.71 1.20 0.22 2.28
1982 1.20 0.06 0.36 . 0.14 2.46 0.49 4.05
1981 4.12 0.21 1.23 0.48 8.27 1.65 13.56
1980 2.14 0.11 0.63 0.24 1.28 0.23 2.28
1979 2.14 0.11 0.62 0.24 5.53 1.09 8.70
1978 3.77 0.19 1.09 0.43 3.31 0.64 5.24
1977 4.30 0.22 1.24 0.50 1.14 0.21 1.88
1976 2.81 0.14 0.79 0.31 2.38 0.45 3.62
1975 3.27 0.17 0.91 0.36 5.06 0.97 7.34
1974 7.60 0.40 2.14 0.88 4.15 0.80 5.79
1973 1.86 0.10 0.51 0.21. 4.35 0.83 5.98
1972 0.93 0.05 0.25 0.10 1.89 0.36 2.53
1971 2.32 0.12 - 0.62 0.25 0.88 0.15 1.34
1970 3.77 0.20 1.02 0.43 2.63 0.49 3.40
1969 4.83 0.25 1.28 0.53 2.60 0.46‘ 3.48
1968 :3 5.06 0.26 1.34 0.56 1.84 0.30 2.51
1967 '73 3.53 0.18 0.94 0.40 3.04 0.55 3.76
1966 1.84 0.10 0.48 0.20 1.50 0.27 1.86
1965 2.98 0.16 0.77 0.33 6.05 1.12 6.92
1964 8.65 0.46 2.26 0.98 4.94 0.91 5.49
1963 0.92 0.05 0.23 0.10 1.06 0.19 1.18
1962 3.43 0.18 0.87 0.37 2.78 0.48 3.11
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TABLE 4-42. (Concluded)

Annual Phosghorus Loading (1063px)
Lake

Lake Inks Lake Marble Lake Lake Town
Year Buchanan Lake LBJ Falls Travis Aust in  Lake

1961 2; 252 0.13 0.63 0.27 5.18 0.93 5.46
1960 4 .4 .66  0.24 1.13 0.52 3.17 0.56 3.26
1959  7 .70  0 .40  1 .96  0 .86  3 .17  0 .55  3 .28

1958  5 .34  0 .28  1 .35  0 .59  7 .10  1 .29  6 .84

1957  5 .34  0 .28  1 .35  0 .59  7 .28  1 .29  7 .03

1956  0 .91  0 .05  0 .23  0 .10  0 .73  0 .12  0 .72

1955  3 .97  0 .21  1 .00  0 .44  0 .94  0 .14  0 .99

1954  0 .92  0 .05  0 .22  0 .09  0 .21  0 .03  0 .21

1953  2 .28  0 .12  0 .57  0 .24  3 .37  0 .61  2 .96

1952  5 .93  0 .31  1 .49  0 .65  1 .34  0 .21  1 .28
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TABLE 4—47

HISTORICAL BARTON SPRINGS PHOSPHORUS LOADS
TO TOWN LAKE

Phosphorus ' Phosphorus
Spring Flow Load Spring Flow Load

Year (10" m3/yr) (10" g/yr) Year (10" m3/yz) (106 air)

1903 __; 59.7 1.07 1967 32.0 0.50
1902 A: 40.0 0.06 1966 59.0 1.06
1901 3: 66.7 1.20 1965 76.0 1.37
1900 " 41.9 0.75 19641 20.0 0.36
1979 72.5 1.31 1963 30.0 0.60
1970 31.0 0.56 1962 40.0 0.06
1977 00.0 1.50 1961 101.0 1.02
1976 06.0 1.55 1960 65.0 1.17
1975 97.0 1.75 1959 60.0 1.00
1974 04.0 1.51 1950 02.0 1.40
1973 02.0 1 .40 1957 46.0 0.03
1972 05.0 1.53 1956 13.0 0.23
1971 45.0 0.01 1955 17.0 0.31
1970 04.0 1.51 1954 29.0 0.52
1969 61.0 1.10 1953 45.0 0.01 .
1960 01.0 1.46 1952 25.0 0.45

47
1.

1,
.

261

A
“:

“a
l l

I
.k

‘n
m

j’l
‘g

'
M

g,1



TABLE 4-48

SUMMARY OF HISTORICAL PHOSPHORUS LOADINGS
TO THE HIGHLAND LAKES

Phlphms Ending (1.06 3512)
M110: T but-r7Pout Acfiacent Watershed.

You Sour“ Nonpoint Source Nonpoint Source Atmospheric
. 1
f .  - 1.31:2 BUCHANAN -

1933 '3  0.012 5.33 15.62 1.22
1932 0.015 1.20 140.61 0.94
1931 0.025 4.12 11.33 1.24
1930 0.014 2.14 195.34 1.01
1919 0.015 2.14 34.01 1.11
1913 0.036 3.11 15.29 1.19
1911 0.022 4.30 132.34 1.04
1916 0.019 2.31 56.31 1.22
1915 0.035 3.21 119.41 1.19
1914 - 1.60 236. 19 1.46
1913 - 1.36 121.64 1. 19
1912 - 0.93 22.33 0.39
1911 - 2.32 296.13 1.21
1910 - 3.11 103.04 0.36
1969 - 4.33 145.01 1.49
1963 - 5.06 353.15 1.61
1961 - 3.53 59.16 1.04
1966 - 1.34 32.12 0.32
1965 - 2.93 313.19 1.22
1964 - 3.65 164.93 1.21
1963 - 0.92 50.21 0.69
1962 - 3.43 12.30 1.01
1961 __ - 2.52 203.92 0.92
1960 .33 - 4.66 36.31 1.21
1959 5“; - 1.10 434.51 1.64
1953 - 5.34 115.49 1.42
1951 - 5.34 1644.39 1.53
1956 — 0.91 302.39 0.54
1955 - 3.91 595.24 1.02
1954 - 0.92 113.14 0.54
1953 - 2.23 160.03 0.90
1952 - 5.93 222.31 1.16
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TABLE 4-48 (Cont’d)

Phosphorus Loading (106 fig)
Win! Adjaceaenhed IJor ributary

You Source Nonpcint Sauna Nonpaint Sauna Atmospheric

- 111135 1.4131: -
1933 -5 - 0.30 - 0. 047
1932 ; — 0.06 - 0.036
1931 ' T. - 0.21 — 0.043
1930 3 - 0.11 — 0.039
1979 - 0.11 — 0.046
1973 - 0.19 - 0.046
1977 - 0.22 - 0.040
1976 - 0.14 - 0.043
1975 - 0.17 - 0.046
1914 - 0.40 - 0.057
1913 - 0. 1o - 0.046
1972 - 0.05 — 0.034
1971 - 0.12 - 0.047
1970 — 0.20 — 0.033
1969 - 0.25 - 0.053
1968 - 0.26 — 0.062
1967 - 0.13 - 0.040
1966 - 0.10 - 0.032
1965 — 0.16 — 0.043
1964 - 0.46 - 0.049
1963 — 0.05 - 0.027
1962 - 0.13 — 0.042
1961 - 0.13 — 0.036
1960 - 0.24 — 0.049
1959 - 0.40 - 0.064
1953 g — 0.23 - 0.055
1957 5:3 - 0.23 - 0.059
1956 - 0.05 - 0.021
1955 - 0.21 — 0.040
1954 — 0.05 - 0.021
1953 - 0. 12 — 0.035
1952 — 0.31 — 0.068
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TABLE 4-48 (Cont‘d)

64.... 2.2317222217333513. .5121...
Year Source Nonpoint Source Nonpoint Source Atmmheric

- LAKE LYNDON 3. JOHNSON -
1933 1.46 2.56 16.47 0.33
1932 2.77 0.36 12.60 0.29
1931 151 .33  1.23 20.42 0.33
1930 f 0.002 0.63 21.90 0.31
1979 3 0.0004 0.62 6.25 0.36
1973 0.0004 1.09 7.62 0.37
1977 0.0004 1.24 10.42 0.32
1976 0.0004. 0.79 15.93 0.33
1975 0.0004 0.91 4.63 0.37
1974 0.0004 2.14 4.67 0.45
1973 - 0.51 20.41 0.37
1972 - 0.25 14.62 0.27
1971 - 0.62 14.33 0.37
1970 - 1.02 13.49 0.26
1969 - 1.23 41.69 0.46
1966 - 1.34 3.74 0.50
1967 - 0.94 11.63 0.32
1966 - 0.43 0.99 0.25
1965 — 0.77 3.37 0.33
1964 - 2.26 20.13 0.39
1963 - 0.23 1.49 0.21
1962 - 0.37 3.22 0.33
1961 - _ 0.63 7.62 0.23
1960 - 1.13 19.07 0.39
1959 - 1.96 4.73 0.51
1953 - 1.35 5.91 0.44
1957 _ - 1.35 5.43 0.47
1956 if; - 0.25 7.31 0.16
1955 j - 1.00 7.96 0.32
1954 — 0.22 10.33 0.16
1953 - 0.57 15.20 0.23
1952 - 1.49 10.30 0.54
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TABLE 4-48 (Cant'd)

Phosphorus Loading: (10" g/yr)
35h: Aa'inceafiuanhed Major Tributary

Your Source Nonpoht Source Nonpaint Source Atmosphric

- 1.01:1: 11111-2131.: nus -
1903 4.90 0.71 - 0.046
1902 ; 5. 16 0.  14 — 0.035
1901 .-.' 4.63 0.40 - 0.047
1900 :— 4.13 0.24 - 0.030
1979 ~11 3.01 0.24 - 0.044
1970 2.53 0.43 - 0.045
1977 2.42 0.50 - 0.039
1976 1.90 0.31 - 0.046
1975 1.10 0.36 — 0.045
1974 1.10 0.00 - 0.055
1973 1.10 0.21 — 0.045
1972 1.10 0. 10 — 0.034
1971 0.95 0.25 — 0.046
1970 0.95 0.43 - 0.052
1969 0.95 0.53 - 0.056
1960 0.95 0.56 — 0.061
1967 0.95 0.40 - 0.039
1966 0.95 0.20 - 0.031
1965 0.95 0.33 - 0.046
1964 0.95 0.90 - 0.040
1963 0.95 0.10 - 0.026
1962 - 0.37 - 0.040
1961 - 0.27 - 0.035
1960 - 0.52 — 0.040
1959 ~ 0.06 — 0.062
1950 - 0.59 - 0.054
1957 3; - 0.59 - 0.050
1956 3 - 0.10 - 0.020
1955 ‘3 - 0.44 - 0.039
1954 - 0.09 - 0.020
1953 - 0.24 - 0.034
1952 - 0.65 — 0.066
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TABLE 4-48 (Cont'd)

Phosphom 1.6241111;- (10" 5/119
$61111 Adjncmt Want-had Mljor Tributary

Yen: Saute. Nonpaint Source Nonpoint Sam-cc Atmospheric

- 1.2.1:: mvxs -
1933 0.17 1.20 5.97 1.03
1932 0.13 2.46 2.63 0.35
1931 «:5 0.15 3.27 19.75 1.45
1930 3" - 0.14 1.23 2.57 0.33
1979 ’3: 0.077 5.53 20.24 1.19
1973 ° - 3.31 17.39 0.99
1977 - 1.14 19.43 0.70
1976 - 2.33 9.36 1.32
1975 - 5.06 23.59 1.17
1974 - 4.15 20.35 1.15
1973 - 4.35 11 . 15 1. 29
1972 — 1.39 6. 19 0.33
1971 - 0.33 7.22 0.79
1970 - 2.63 12.69 0.93
1969 - 2.60 , 11.09 1.07
1963 - 1.34 15.07 1.23
1967 - 3.04 3.03 1.07
1966 - 1.50 ‘ 2.44 0.30
1965 - 6.05 ' 12.53 1.29
1964 - 4.94 2.35 . 1.05
1963 - 1.06 1.29 0.55
1962 - 2.73 3.02 1.07
1961 - _ 5.13 9.17 1.17
1960 - 3. 17 10.33 1.14
1959 - 3.17 22.46 1.12
1953 - 7.10 13.53 1.30
1957 _ - 7.23 20.55 1.63
1956 x; — 0.73 0.31 ‘ 0.49
1955 j - 0.94 3.67 0.72
1954 — 0.21 0.79 0.36
1953 - 3.37 2.31 0.94
1952 . - 1.34 51.47 0.33
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TABLE 4-48 (Cont'd)

Mm 1.6401113: (10" 5%)
Major 1' utny13m: Adjacent Wateuhed

Yen Source Nonpoint Source Nonpoint Source Atmospheric

- LAKE Ausrm -
1933 — 0.22 - 0. 13
1932 - 0.49 — 0.10
1901 .5 -- 1.65 - 0.11 ‘ .
1930 -'-‘ - 0.23 - 0.10 3-:
1919 3: —- 1.09 — 0.14 “.5
1913 ’ > — 0.64 - 0.12 -‘
1911 ~ 0.21 — 0.05
1916 - 0.45 - 0.16
1915 — 0.91 — 0.14
1914 -- 0.30 - 0.14
1913 - 0.33 — 0. 15
1912 —- 0.36 - 0.10
1911 - 0.15 - 0.09
1910 — 0.49 - 0.12
1969 - 0.46 — 0.13
1963 - 0.30 — 0.14
1961 - 0.55 - 0.13
1966 - 0.21 -- 0.09
1965 - 1.12 — 0.15
1964 - 0.91 - 0. 12
1963 - 0.19 — 0.01
1962 - 0.43 - 0.13
1961 - 0.93 — 0.14
1960 - 0.56 - 0.14
1959 — 0.55 - 0.13
1953 — 1.29 - 0. 15
1951 - 1.29 - 0.19
1956 "S - 0.12 - 0.06 2
1955 5? ‘ .  0.14 — 0.03 . fl
1954 - 0.03 - 0.04 '
1953 - 0.61 — 0.11
1952 - 0.21 - 0.10
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TABLE 4-48 (Concluded)

91: 1mm Loadings (1063M)
Point Adjacent Watershed Major Tributary

Year Source Nonpoint Source Nanpoint Source Atmospheric

- TOWN LAKE -
1933 — 2.23 1.07 0.029
1932 —- 4.05 0.36 0.023
1931 a} - 13.56 1.20 0.039
1930 —_'__ - 2.23 0.75 0.024
1979 3:; — 3.70 1.31 0.032
1973 — 5.24 0.56 0.026
1977 — 1.33 1.53 0.019
1976 — 3.62 1.55 0.035
1975 - 7.34 1.75 0.031
1974 - 5.79 1.51 0.031
1973 — 5.93 1.43 0.035
1972 - 2.53 1.53 0.022
1971 - 1.34 0.31 0.021
1970 — 3.40 1.51 0.026
1969 - 3.43 1.10 0.029
1963 — 2.51 1.46 0.033
1967 - 3.76 0.53 0.029
1966 — 1.36 1.06 0.022
1965 — 6.92 1.37 0.035
1964 - 5.49 0.36 0.023
1963 — 1.13 0.63 0.015
1962 - 3.11 0.36 0.029
1961 - 5.46 1.32 0.031
1960 - 3.26 1.17 0.031
1959 .- — 3.23 1.03 0.030
1953 '13 - 6.34 1.43 0.035 _
1957 j - 7.03 0.33 0.044
1956 — 0.72 0.23 0.013 .
1955 —- 0.99 0.31 0.019
1954 — 0.21 0.52 0.010
1953 — 2.96 0.31 0.025
1952 - 1.23 0.45 0.024
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TABLE 4-49

SUMMARY OF PROJECTED PHOSPHORUS LOADINGS

TO THE HIGHLAND LAKES

Phosphorus Loading: (106 g/yr)
Point AdEacen: Watershed. Major Tributary

Year Source Nonpoinc Source Nonpoint Source Atmospheric

; - LAKE BUCHANAN - _
1934 Q." 0.013 3.63 50.73 1.04 ’3‘
1935 i: 0.013 5.27 144.64 1.61 j
1936 v 0.014 5.06 145.01 1.49 a
1937 0.014 3.94 103.04 0.86
1933 0.015 2.44 296.73 1.21
1939 0.015 0.93 22.33 0.39
1990 0.016 1.95 121.64 1.19
1991 0.016 7.96 236.19 1.46
1992 0.017 3.45 119.47 1.19
1993 0.017 2.96 56.31 1.22
1994 0.013 4.51 132.34 1.04
1995 0.013 3.97 75.29 1.19
1996 0.019 2.26 34.01 1.17
1997 0.019 2.25 195.34 1.01
1993 0.020 4.34 71.33 1.24
1999 0.020 1.27 140.67 0.94
2000 0.021 6.13 15.62 1.22

- ms LAKE -
1934 - 0. 19 — 0.040
1935 - 0.27 — 0.062
1936 - 0.26 — 0.053
1937 - 0.20 - 0.033
1933 — 0. 12 - 0.047
1939 ,4- - 0.05 — 0.034 $13

1990 3 -- 0. 1o — 0.046 _ 3
1991 § - 0.40 — 0.057 "-
1992 - 0. 17 — 0.046
1993 — 0.15 —- 0.043
1994 - 0.23 - 0.040
1995 - 0.20 - 0.046
1996 - 0.11 — 0.046
1997 - 0.11 -— 0.039
1993 — 0.22 - 0.043
1999 —» 0.06 —- 0.036
2000 - 0.31 — 0.047
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TABLE 4-49 (Cont'd)

6ham Loading! (10 3/e
Acfiacut gunned Major Tubman10111:

Yen- Saurce Nonpaint Source Nonpoint Source Atmospheric

- LAKE 1.1111130" 11. 1013115011 -
1934 . 1.51 1.13 11.63 0.32
1935 3} 1.56 1.64 3.74 0.50
1936 {__ 1.62 1.60 41.69 0.46
1937 1;" 1.67 1.26 13.49 0.26
1933 1.73 0.79 14.33 0.37
1939 1.73 0.32 14.62 0.27
1990 1.34 0.64 20.41 0.37
1991 1.37 2.63 4.67 0.45
1992 1.90 1.15 4.63 0.37
1993 1.93 0.99 15.93 0.33
1994 1.96 1.51 10.42 0.32
1995 1.93 1.34 7.62 0.37
1996 2.01 - 0.77 6.25 0.36
1997 2.04 0.77 21.9 0.31
1993 2.07 1.43 20.42 0.33
1999 2.10 0.44 12.6 0.29
2000 2.13 2.12 16.47 0.33

- 1.31:3 MARBLE 3.41.1.5 -
1934 5.07 0.44 - 0.039
1935 5.24 0.63 - 0.061
1936 5.45 0.60 - 0.056
1937 5.65 0.43 - 0.032
1933 5.36 0.29 '— 0.046
1939 6.07 0.12 - 0.034
1990 _- 6.27 0.24 - _ 0.045
1991 ‘3 6.46 1.00 — 0.055
1992 - 6.64 0.42 — 0.045
1993 6.33 0.36 - 0.046
1994 7.01 0.57 -- 0.039
1995 7.20 0.49 — 0.045
1996 7.41 0.23 — 0.044
1997 7.62 0.23 - 0.033
1993 7.33 0.55 - 0.047
1999 3.05 0.16 - 0.035
2000 3.26 0.30 - 0.046
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TABLE 4-49 (Canl'd)

P ham gating: (106 yr)
101m Afiacant nor-had Major ributuy

Yen Source Nonpoiat Source Nonpoint Source Atmospheric

- um: mm -
1936 0.17 3.35 3.03 1.07
1935 0.17 2.06 15.07 1.23
1936 0.17 2.90 11.09 1.07
1937 ":5 0.19 2.92 12.69 0.93
1933 I: - 0.26 1.01 7.22 0.79
1939 : -  » 0.23 2.09 6.19 0.33
1990 0.33 1.33 11.15 1.29
1991 0.33 6.61 20.35 1.15
1992 0.33 5.66 23.59 1. 17
1993 0.33 2.63 9.36 1.32
1996 0.33 1.29 19.43 0.70
1995 ‘ 0.33 3.72 17.39 0.99
1996 0.33 6.13 20.24 1.19
1997 0.33 1.46 2.57 0.33
1993 _ 0.33 9.26 19.75 1.45
1999 ' 0.33 2.75 2.63 0.35
2000 0.33 1.39 5.09 1.03

- LAKE 111151-119 -
1936 - 0.65 - 0.126
1935 — 0.33 — 0.145
1936 — 0.56 — o. 126 '
1937 - 0.59 -- 0.116
1933 - ‘ 0. 19 - 0.093
1939 - 0.63 - 0.093
1990 - 0.99 - 0. 153
1991 - 0.96 - 0.136
1992 _ — 1.17 -- _ 0. 133
1993 f. — 0.55 - 0.156
1994 - }  - 0.26 - 0.033
1995 — 0.73 - 0.117
1996 -- 1.32 — 0.141
1997 — 0.29 - 0. 104.
1993 — 1.99 - 0.172
1999 — 0.59 - 0. 101
2000 - 0.23 - 0.127
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TABLE 4-49 (Concluded)

“Imam Landings (10" g/yr)
Point Adjacent Watershed Major Tributary

Yea: Source Nonpo'mt Source Nonpoint Source Atmospheric

_ - TOWN LAKE -
1934 :45 —- 5.64 0.53 0.029
1985 {_ - 3.72 1.46 0.033
1986 .1; — 4.99 1.10 0.029
1907 " , - 4.14 1.51 0.026
1988 -- 1.82 0.81 0.021
1989 - 3.31 1.53 0.022
1990 — 6.05 1.43 0.035
1991 — 7.16 1.51 0.031
1992 - 8.83 1.75 0.031
1993 — 4.23 1.55 0.035
1994 - 2.13 1.58 0.019
1995 —- 5.75 0.56 0.026
1996 -- 9.29 1.31 0.032
1997 — 2.36 0.75 0.024
1998 — 13.69 1.20 0.039
1999 - 4.09 0.86 0.023
2000 — 2.31 1.07 0.029

"L
am

;
u

l'
.

m
l»

-

272

A
H

. «
A.



Technical Report
CRWR 215

EVALUATION OF THE EFFECTS OF
fPOINT AND NONPOINT SOURCE

PHOSPHORUS LOADS UPON WATER
QUALITY IN THE HIGHLAND LAKES

Part II

by

James D. Miertschin
and

Neal E.  Armstrong

September 1986

Ja
r

..
 

CENTER FOR RESEARCH IN WATER RESOURCES

Bureau of Engineering Research
Department of Civil Engineering
The University of Texas at Austin

10100 Burnet Road
Austin, Texas 78758-4497

.‘
L
fie

J’
b

g
"

V
i,

- 
3

.2
%

.
“A

“ !



CHAPTER 5 .0

MOD EL DEVELOPMENT

For  the  present  study, the  general objective was to  develop a model  for  the
Highland Lakes system that can be  ut i l ized to  project  long-term trends in water
qual i ty  under alternative developmental  ( i .e . ,  loading) scenarios. Alternative
approaches to  the modeling of  water quality in reservoirs were described in Chap-
ter  2 .0 .  Particular at tention was devoted  t o  the  model ing  of  phosphorus, as  i t  i s
frequently a primary variable in the eutrophication process.  Closure of  a phosphorus
budget i s  more  easily attained than a ni trogen or a carbon budget, since exchange o f  a .
gaseous phase with the a tmosphere  need  no t  be  considered.  To  sa t is fy  the  study
objective, the model formulation considers the chain of reservoirs as a series of
completely mixed reactors.  A phosphorus budget is constructed for each reactor ,
which accounts  fo r  inf low and outf low f rom the  reac tor ,  with f irst-order internal
kinetics.

The  concept  of simulation of a natural system as a completely mixed reactor ,
also referred t o  as a continuously—stirred tank reactor (CSTR), i s  a practicable
approach to  water  quality model ing.  Chemica l  reac tors  and process ing units  have  long
been analyzed with CSTR principles, and the concept has thus permeated  the
environmental engineering field. The principles are straightforward: a constituent
in t roduced  in to  the  reac to r  i s  instantaneously dispersed,  e f f ec t ing  a higher concentra-
tion within the contents of the vessel; the constituent mass within the vessel may be
reduced by either internal reactions or  external outflow, wi th  the constituent
concentra t ion uniform in  the vesse l  and outflow. The CSTR concept has been
successfully employed in  the analysis of natural water Systems. As described in
Chapter 2.0, O'Connor and Mueller (1970) used a CSTR model for  simulation of
chloride levels  i n  the Great  Lakes.  Of. particular interest ,  successful applications have
been achieved with  phosphorus budget analyses. For example, Chapra (1977) developed
a CSTR model for  simulation of historical and future phosphorus concentrations in  the
Great  Lakes, and similar models  have been applied t o  numerous other waterbodies ( see
Chapter 2 .0) .  A t  the  simplest  level,  the Vollenweider-type approach (Vollenweider,
1968 ,  1975) incorpora tes  the complete-mix assumption at  s teady s ta te  i n  development  -
of a graphical analysis of trophic state; other CSTR models examine time—variant
water quality behfi ior .  The  CSTR model  i s  an appropriate wate r  quali ty managemen t .
tool  t o  support t he  object ives  o f  the  study, namely,  fo r  use in  analyzing the long—term
annual average phosphorus concentrations within the series of reservoirs, where mass
inputs are expressed as annual loadings f rom point  and nonpoint  sources .  A more
complex model  is  not warranted for  the present investigation because of  severe
limitations i n  the available water quality data base.

5 .1  CONCEPTUAL FRAMEWORK

The development of a mathemat ica l  model  is  ini t iated wi th  the concept  of a
material  mass  budget on a control volume, wherein sources, sinks, and transformations
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of  mass are evaluated. A schematic diagram of  a simple completely mixed system i s
presented in F ig .  5 -1 .  A mass budget for the system may be  expressed in a general
form as

dC __
Vfi— W(t )  - QC :1; Si  (1 )

_ 3 - dV _where  V - vo lume ,  L (assuming —_ 0)
C = mater ia l  concentrat ion,  ML"3
t =Vt ime ,  T
Q fi f throughf low,  L3T‘1
W(t) amass inflow, MT"1
Si 5 internal source/sink term, MT"1

As a reasonable approximation, i t  is  assumed that the source/sink term may be
represented by  first-order kinetics,  so that

V29dt = W(t )  " QC - kCV (2.)

where k = decay r a t e ,  T ‘ l .  In terms o f  phosphorus dynamics, t he  decay  t e rm repre—
sents  lo s s  o f  phosphorus f rom the water  co lumn.

Eqn (2.) may be  rewri t ten  as

£9_1Nfl_ 2d t ‘v  T —kC (3)

where T = hydraulic residence t ime  (%

To this basic framework o f  a phosphorus budget, certain refinements can be

) ,T

added. Refinements typically address internal phosphorus mechanisms. _ The f i r s t -_
order decay tern; may be  expressed as k lASC,  Where k1= the  e f f ec t ive  se t t l ing
veloci ty ,  LT ' l ,  and As  = the  surface a rea  o f  sed imen t s .  In addition t o  this  transfer o f ‘
mass  t o  the  s ed imen t s ,  re lease of  phosphorus f rom the sed imen t s  can be  considered as
kgASCS, where k2 = reaction coefficient,  LT ' l ,  and C5 = concentration of
exchangeable phosphorus in the  s ed imen t s .  With sed iment  t ransfer  and re lease  t e rms ,
the sys t em equation can be  wr i t t en  as

(10 _ _ _Vfif— W(t) CQ + sscs  k1  ASC (4)
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A further refinement would entail the development o f  a mass budget on the
sediment system:

dC
5VS it— = klAsC - sscs  — k1k3ASC (5)

volume of  the  sed iment  reservoi r ,  L3
coef f ic ien t  t o  account  fo r  the f rac t ion  of  phosphorus
input unavailable for exchange (dimensionless)

Where Vs
k3

Alterna te  formulat ions may be  developed to consider additional physical compo—
nents,  for  example, epilimnion and hypolimnion compartments,  and exchange across
the thermocline. ~3A variety o f  biological processes,  including plankton uptake and
production, or bacterially-mediated conversions, may also be  included. Increases in
model  complexity, however,  are accompanied by increasingly complex solutions and
more extensive data requirements. To  a certain extent,  complexity is a burden
sustained more  wi th  analytical solution techniques, s ince numerical solution techniques
are facilitated with computer modeling. A more serious l imitat ion is  typically the
need for  an extensive input data se t .

To demonstrate an analytical solution for the case of constant mass inflow,
replace W(t) i n  eqn (2) with QCO and rearrange t o  obtain

i0. _9
d t+aC-  VCo (6)

where a=  % + k, T -1

Co = inflow concentration, ML-3

The term l/_a represents the t ime  constant of  the sys tem,  a measure of  the
response t ime  offihe system to  a change in  input concentration. The ra t io  Q/V,
refer red  t o  a s  the‘ililution ra te  o r  flushing r a t e  of  t he  sys t em,  expresses  the  number o f "
volume replacements  by throughflow occurring i n  t he  system pe r  unit t ime .  The
re tent ion  t ime  is  def ined  as V/Q,  which  descr ibes  the  idea l ized  t ime  that t he  fluid is
retained in  the  sys tem.  An  integrat ing fac to r  can be  u sed  to  so lve  the  nonhomo—
geneous eqn (6). The equation is multiplied by eat :

(C l  + ac )  ea t  = ‘QVC ea t

0
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The left s ide  may  be  wri t ten  as a different ial :

a t . _Q  a t(Ce )  VCoe

Integrate t o  obtain (Co is  constant)

_ Q _Q -a tC — V a + Ae

F or initial conditions; assume that C = Ci at t = 0. Thus 5‘;

~=-, fa"
C_ -2  .2

A — Ci  V a

Substi tut ion o f  A yields

C= Q __2 _ -a t  -atC V a l (1  e )+Cie (7)

This i s  the nonsteady—state analytical solution for  the case o f  constant mass  input into
the system.

F or  a s teady-s ta te  solut ion,  t + 0° ,  such that

Cc = (8)<1
0

9: i
o

which can be  rewri t ten  as

C = ' 3  Co Co  Co (9 ' ) ;

V’  (k+Q/V) "1+k(V/ Q) HR“:

The general solution of eqn (6) is

Q - a t  t a t  - a tc = Tr e f o Co(t)e dt + Cie (10)

where C i=Ca t t=0
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Concentrat ions fo r  cases  of  cons tant ,  l inear ,  and exponential  input functions are
presen t ed  in Table  5 -1  ( a f t e r  O 'Connor  and Mue l l e r ,  1970) .

Solutions may also be  developed for  a se r ies  of  comple t e ly  mixed r eac to r s .
Consider ,  fo r  example ,  t he  second reac tor  o f  a hypothetical ,  s e r i e s .  The concentrat ion
of  a particular consti tuent  wi th in  this r eac to r  i s  governed by four  major  inf luences:
inf low o f  mass  f rom the  f i r s t  r eac to r ,  inf lux o f  mass  f rom o the r  sources ,  outf low o f
mass ,  and internal reac t ions .  In the analogy wi th  a chain of  rese rvo i r s ,  mass  loadings
to  the  second reservoir  originate f rom the  upstream reservoi r ,  as  we l l  as  t r ibutaries
and runoff d i rec t ly  into the reservoi r .  We  begin wi th  the  general  solut ion wr i t t en  for
the  second reactorg

as

: 2 .  i'. a t —at_e . ,  2 2.02‘  W [O W(t)e d t  + (:25. e (11)

The init ial  concentrat ion in the  reac to r  i s  represented  by C21. W(t) represents
the load f rom the f irs t  r eac to r ,  W1  2 ( t  ), plus o ther  external  loads in to  the second
reac tor ,  W2(t ).

To explore a solut ion,  consider the  case  of  a constant  mass  input i n to  the  f i r s t
r eac to r ,  so  that  ( f rom eqn (7))

COQl  "a  t "3.11:
W1,Z( t )  = Q1 a l v l  ( l - e  )+  Che  (12))

Assume there  i s  an additional mass  load  in to  the  second r eac to r ,  constant i n  t ime :

W2“)  = QRCR (13)

Now,  the  integral takes the fo l lowing fo rm:

t fia t  tz 1f0  wmvgm dt+f0 Name
az t

The cont r ibut ion  f rom the f i r s t  r eac to r ,  W132“ ) ,  i s  ob ta ined  a s  fo l l ows :

(CQ -a  t —a t a t0 Q1 1 1 2(W (1 -- e  ) + Cl ie  ) e d t
1 1

22 C l ~a2t a2(‘5‘1Cifi71 C091) 
(e 'a1t_e"a2t)  (15)

a132V1V2 “‘3 M CoQ1(a  2 a1)
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The e f f ec t  of the  additional mass load, W3(t), is

“azt t azt
8 QCe dtV2 f0 RR

C Q ~a  t= E} f (l—e 3)  (16)
2, 2

Decay  of thew init ial  mass  present  i n  the  second  r eac to r  may  be  represented  by

C , e  a ,  (17)

Then by  superposi t ion ,  the  concentra t ion i n  the  second  r eac to r ,  w i th  the
assumptions noted above, is  obtained by combination of te rms  (15), (16), and (17). In a
s imi la r  manner ,  t he  solut ion fo r  any r eac to r  i n  a se r i es  can be  developed.

5.2. FORMULATION OF MODEL HILAKES

The computer  program HILAKES was  deve loped  to  compute  phosphorus concern-
t ra t ion in  individual reservoirs  wi th in  a se r ies  of reservoirs  i n  response  t o  various mass
inputs .  A f low chart  f o r  the  program is  displayed in  F ig .  5—2,, and a comple t e  l is t ing of
the  code  i s  p re sen ted  in  Appendix D .  The  sys tem differential  equat ion descr ibes  a
mass  budget on  phosphorus fo r  each  reservoi r ,  which accounts fo r  phosphorus inputs ,
output ,  and internal reac t ions .  Phosphorus concentrat ion i s  computed  by solut ion of
the sys tem di f ferent ia l  equat ion using a fourth-order  Runge—Kutta integrat ion tech-
nique (which is basically an i tera t ive  process).

The computer  code  i s  s t ructured to  analyze condit ions i n  a. ser ies  of seven
reac to r s  or  reservoirs .  Requi red  input data  s e t s  descr ibe mass  loadings,  physical da ta ,
and ra te  coef f ic ien t s  fo r  each reservoi r .  In addition, mult iple  input data  se t s  for
individual reservoirs can be  accommodated ,  which f ac i l i t a t e s  s imulat ion of time—A
varying input conditions. Within the co re  of the p rogram,  the  t e rms  of the sys tem
differential  equatiian are def ined fo r  each  t ime  s t ep ,  after which the  t e rms  of the“
recurs ion equation of  t he  in tegrat ion technique are def ined.  Within each  t ime  s t ep ,
the  solution b lock  i s  engaged fo r  all reservoirs ,  and concentrat ions  are computed  under
the spec i f i ed  loading condit ions.

5 .2 .1  Sys t em Eguat ion

The phosphorus budget concep ts  descr ibed in  the preceding sec t ion  were  used to
develop the  water  qual i ty  mode l  for  the  Highland Lakes  sys t em.  The  chain of
reservoi rs  was  t r ea t ed  as a se r i es  of comple te ly  mixed  r eac to r s .  Fo r  each  r eac to r ,
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phosphorus inflow and outf low,  and first—order internal reaction kinetics were  con—
sidered. The general system equation for reactor 11 is

V n wnu) - a — kVnCn (18)11—:

where Wn(t) = mass load (MT‘l) from preceding reactor 11-1 and from direct inputs to
reactor  11, or ,

m
+ Z W. (19)C

i=1 3n-1 n—1
Wn(t) :—_.Q

o .
=-

where m is  the total number o f  separate loads into lake n .

The assumptions inherent in the modeling analysis are appropriate for strategic
management—level decisions, particularly for projection o f  long—term water quality
trends. For the present application, the model  was  employed to  project  long-term
phosphorus concentrations in the  reservoirs.  Mass inputs, described in Chapter 4 .0 ,
were structured as annual average loadings o f  phosphorus. (In application,  the annual
average values may  be  subdivided into smal ler  t ime  e lements ,  in  order to  improve the
accuracy of the numerical method.) In turn, the appropriate output from the model
consists  o f  projected  annual average constituent concentrations within each reservoir.

While simple in concept, the modeling approach is unique in that the mass budget
for  each reservoir i s  coupled to  adjacent reservoirs, such that no  reservoir is  analyzed
as a single entity.  This approach avoids a shortcoming common to  most previous
studies of water quality in the Highland Lakes, which evaluated water quality aspects
in a single reservoir without due consideration o f  the interrelationships extant within
the chain.

5.2.2.  Mass Input

Emphasis in_the  analysis was  upon external mass loadings o f  total  phosphorus._
Prediction o f  long-term trends involves the simulation o f  annual input loads and
reservoir respons” Mass inputs for the long—term analysis were described in"
Chapter 4 .0 .  Input loads were determined for point and nonpoint sources in the
watershed o f  each reservoir.  The nonpoint source load consisted o f  contributions from
major tributaries, runoff from immediate  drainage areas, and atmospheric input.
Runoff from immediate  drainage areas was  broken out  into  land use ca tegor ie s  o f
urban, rangeland, fores t ,  and cropland. Annual phosphorus loadings from the  various
sources  were  summarized in Tables  4—48 and 4—49.

A key phosphorus input may  be  associated with releases  from an upstream
reservoir.  These loads cannot be  adequately defined with historical water  quality
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data, since i t  is virtually nonexistent. The phosphorus content o f  reservoir releases
will be  described within the context o f  the mathematical modeling analysis. Releases
from a reservoir will be  assumed to  have the same phosphorus level as the lower pool
of that reservoir, which i s  assumed to  be  completely mixed.  In actuality, the lower
pools of  the reservoirs are thermally strat if ied during warm-weather periods,  and
releases from the dams typically originate from the hypolimnion. Since concentrations
of phosphorus are likely to  be  e leva ted  in the hypolimnion (as  discussed in Sec .  3.2.3) ,
the actual mass  loads  exi t ing the  reservoir  i n  the  summer  are  probably grea te r  i n
magnitude than those calculated with the  present methodology (see also Sec.  5.5.3).
However ,  t he  assumption of comple t e ly  mixed  condit ions should be  appropriate  for  the
evaluation of  long-term trends i n  average annual concentrat ions ,  w i th  mass  input i n
t e rms  of annual loads}

5 .2 .3  Internal Erie-actions

Within the context  of  the present analysis, the internal reaction coefficient,  k ,
represents the net  rate o f  loss of  phosphorus from the water column within the
reservoir. For particulate phosphorus, sedimentation may occur through direct
deposition through gravity settling. Alternatively, removal o f  phosphorus may occur
via biot ic  uptake by plankton, with subsequent settling. Phosphorus may be  released
from the sediments, principally under anaerobic conditions. Resuspension of sediment-
bound phosphorus may also be  induced by turbulence. For  the present analysis, the
various dynamic processes  which a f f ec t  t he  phosphorus l eve l s  i n  the  wa te r  column are
incorporated within the  k ine t ic  t e rm  k.  The  ra te  k charac te r izes  a f i rs tworder
react ion,  that  i s ,  the  r a t e  of r emova l  of  phosphorus from the  water  co lumn i s  direct ly
proportional t o  the  amount of phosphorus present .

Reported first-order reaction rates  fo r  phosphorus have varied widely.
Depending upon the formulation o f  the internal decay te rm,  the rate coefficient can
assume different forms. In the present analysis, the term i s  formulated as

—kVCn n

in eqn  (18), such thaé k is in te rms  of a t ime  rate of change (T‘ l ) .  The rate ' k  is also
referred to  as the @dimentation coefficient, 0 .  Alternatively, the term can be
expressed as

ek lAa

as shown in  eqn (4), where kllrepresents mass  transport (or  settling velocity,  vs) i n  unit
length per  unit of  t ime  (LT‘ ) .  The second formulation i s  based upon the assumption
of a constant settl ing velocity and incorporates the characteristic depth of  a reservoir
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into the rate te rm.  The first formulation was adopted for the present analysis i n  order
to remove  the  intrinsic relationship with depth,  although the  se t t l ing  velocity i s  thus
depth—dependent.  In this way,  a reac t ion  ra te  can  theore t ica l ly  be  s e l ec t ed  on  physical
pr inciples  and Subsequently applied to  a reservoir  of any depth.

Historically, evaluation of the phosphorus reaction rate  (Vollenweider, 1975 ,
1976 ;  Chapra, 1975)  has frequently been based upon the steady-state solution displayed
in eqn (8), which can be  rewritten as

C = TL~—z( /t;+ a)

or C '-= —-——ZI”

/T + vS

where L = areal phosphorus loading rate,  ML"2'T"1
z = mean depth, L
T = hydraulic retention t ime ,  T
0‘ = phosphorus sedimentation coefficient, T ' 1
v = apparent set t l ing velocity (=20), MT“15

steady~state  concentra t ion,  ML"3C

An alternate formulation (Dillon and Rigler,  1974 ;  Chapra, 1975)  incorporates a
phosphorus retention coefficient:

_ L (l-R)
C _ z/T

: o
(1[T+o)

— (q s  + Vs;

where  R

and R = phosphorus retention coefficient ,  dimensionless
qs = overflow rate (= Q/A), Lit-1

Vollenweider (1975) determined empirically that  the  sedimentation coefficient (yr‘ l )
was  a function of depth (m):

G = 10 /2
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This formulation implies a constant set t l ing velocity, VS 2 1O m/yr .  Chapra (1975)
examined data  f rom Canadian lakes and obtained an apparent se t t l ing  ve loc i ty  vs  of
16 m/yr.  Based. upon data  for 51 natural lakes,  Jones  and Bachmann (1976) es t imated  0
a t  0.65 y r ‘ l .  Canfield and Bachmann (1981) examined data  for  704 lakes and
reservoirs ,  result ing in  e s t ima te s  of t he  phosphorus sedimenta t ion  coef f ic ien t  of

O=  0 .162  (L/z)0-4=58 fo r  natural lakes
6 = 0.114; (L/z)D-589 fo r  reservoirs

where L represents the areal phosphorus loading ra te  (mg/mZ/yr). Vollenweider‘s
formulat ion  (1975) was  applied t o  ten  Tennessee  Val ley Authori ty  reservoirs  w i th
posi t ive  phosphorus-hetention t o  obta in

0 = 9ifz

which implies an apparent set t l ing velocity of 92. m/yr (Higgins and Kim, 1981). The
high se t t l ing  veloci ty  was  a t t r ibu ted  t o  the  pronounced surface  extens ion of t he
reservoi rs .

Examples  of  phosphorus reac t ion  r a t e s  r epor t ed  in the l i te ra ture  are p resen ted  in
Table  5 -Z .  The tabula ted  values  fo r  sed imenta t ion  coef f i c ien t  and apparent se t t l ing
velocity were  e i ther  r epor ted  di rect ly  or  calculated from repor ted  data  i n  the
re fe rences  c i t ed .  Substantial variation i s  evident  i n  the  repor ted  ra tes ,  s ince  they are
generally based  upon individual phosphorus budget  analyses.

Fo r  t he  present  analysis,  examinat ion  of  t he  mass  budget  of  a s ingle reservoi r
could potential ly provide defini t ion of  an internal  r eac t ion  r a t e ,  which could then be
applied to  o ther  reservoirs  charac ter ized  by more  l im i t ed  da t a  bases .  Decay
coef f i c ien t s  can  be  e s t ima ted  based  upon the  assumed s teady~state  concentrat ion of
to t a l  phosphorus within a waterbody.  The steady—state solution t o  the  sys tem equation
was  shown in  eqn  (8). To  apply this me thod ,  a s teady-s ta te  phosphorus concentra t ion
or load  mus t  be  assumed and the  equat ion solved fo r  k .  The resul ts  of t he  calculat ion
are highly sensi t ive  t o  the  equilibrium condit ions se lec ted .  Al ternat ively ,  a pe r iod  of
t ime  exhibit ing s table  external  loadings and a monotonic  variat ion in phosphorous
concentrat ion Within t he  water  column can be  analyzed for  es t imat ion  of a r eac t ion
ra te .  Wi th  this  afiproach, trial and error  calculations can  be  pe r fo rmedus ing  the
analytical solution'siiown in  eqn (7) i n  order t o  define the k rate°

5 .2 .4  Solut ions

Where a d i f ferent ia l  equat ion is  no t  amenable to  an analytical solut ion,  or where
the  solut ion i s  cumbersome,  numerical  in tegra t ion  me thods  can  be  employed.  The
sys tem of  di f ferent ia l  equat ions compris ing the  ser ies  of r eac to r s  was  solved numeri-
cally wi th  a fourth—order Runge—Kutta technique.  The Runge—Kutta me thod  i s  a
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numerical integration technique based upon an i terat ive approach to  the solution o f  a
different ial  equation. F or  t he  different ial  equation

(1
g = f (X,y)

where y(xo) = Yo

approximations to  the solution are obtained wi th  the recursion formula

_ l
"XIHI ‘ Yn + 6(“1 + 2% + 20‘3 + 0‘4)

where :31 _ 9- hf  (xn,yn)

«W
ri

nd
u

_ h 1
Cx2 — h{( i  + i ’  yn + E“ 1)

__ h 1(13 — hf(xrl + -2-, yn + f: 0L2)

a4 = hf(xn + h ,  yn + 0L3)

and h i s  a f ixed  s t ep  s i ze .  1" our function evaluations are required pe r  s t ep ,  which i s  a
disadvantage o f  the method.  Runge—Kutta methods have the advantage that they are
self-starting, i . e . ,  only the value o f  y at an initial point is  required in order t o  compute
y and the  der iva t ive  of  y at  an incrementa l  po in t .  Another  disadvantage i s  that  the
method provides no est imate o f  the accuracy o f  the solution and thus the adequacy of
the s tep  s i ze  h .  This problem i s  overcome by trial i terations with several step s izes
for comparison of results  (Conte and deBoor, 1972).

For  the  present  analysis,  solut ions were  in the form of  mean concentrations of
phosphorus for each reactor  (or reservoir) ,  and were  obtained on an annual basis. The
t ime  s tep required for convergence was determined empirically.

5 .3  WATER BUDGET

The present  analysis o f  phosphorus t rends  in the  Highland Lakes  i s  based  upon;
mass  loadings. 3"hosphorus mass  loadings are input directly into the mathematical i
model ,  as describ‘ed in a subsequent sect ion,  in order t o  compute concentrations within?!
the  reservoi rs .  Wi th  the  use  of mass  loadings t o  const ruct  t he  phosphorus mass  budget ,
f lowrates,  or  inflow volumes, are incorporated implicitly. Specifically,  the present
formulation o f  the mass  budget implicit ly accounts for annual inflows from major
tributaries,  runoff f rom contiguous watersheds ,  and the  volume of d i rec t  prec ip i ta t ion .

The volumetr ic  components  of  the  mass loads developed in the previous chapter
were  isola ted for comparison wi th  h is tor ic  reservoir  hydrologic budget  da t a  r epor ted
by the LCRA (1983). The LCRA has available annual hydrologic summaries for each
reservoir  i n  the  chain of  Highland Lakes .  The summar ies  descr ibe monthly s torage,
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turbine releases,  spillway releases, evaporation, and withdrawals for  the period 1966—
1982,. Annual average reservoir  s torage,  re leases ,  evaporat ion losses ,  and pumped
withdrawals are presented in Tables  5~3  through 5 -6 ,  respect ively .

The  f i rs t  s tep in  the compar i son  was the calculat ion of runoff in f low to  each
reservoir .  Runoff was  calcula ted for  each reservoir  using the  change in  s to rage ,
re leases  f rom the  dam,  re leases  f rom the  reservoir  upstream,  and evaporation repor ted
by the LCRA.  Repor ted  evaporat ion was  cor rec ted  to  lake  evaporat ion wi th  a
coeff ic ient  of  0 .7 .  Inflow was  computed  f rom the  da ta  repor ted  by the LCRA wi th  the
following formulat ion of  the water  budget :

.3 m§§ ._ ..7 Qind t ' i 'Qod iQe  Qur+o  Qpi

where Qi  eff—runoff in f low,  including major  tributary and
contiguous runoff

Q0  : re leases  f rom the  dam,  including turbine and
spillway re leases

Qe = evaporation
Qur  re leases  from upstream reservoir

P0  pumped outf low
Qpi  = pumped inflow

dS/dt 2 change in s torage

Wate r  budget computat ions were  pe r fo rmed  wi th  the computer  program HYDROB,
which i s  l i s t ed  i n  Appendix E .  Hydrologic data  at  monthly intervals were  input t o  the
mode l ,  wi th  output provided in the  form of monthly and annual budget t e rms ,  Inf low
computed  in  this manner i s  a combina t ion  o f  tributary inf low,  runoff f rom the adjacent
watershed and precipi ta t ion.  Annual inf low computed from the repor ted  water  budget
i s  p r e sen t ed  fo r  s e l ec t ed  reservoi rs  i n  Table  5 -7  through 5—10. (Lakes  Buchanan,  Inks,
LBJ  and Travis were  s e l ec t ed  for  analysis, s ince these represent  the  various types  of
waterbodies  in  the  Highland Lakes  chain.)  In addition, annual i n f lows  debi ted.  fo r
precipi ta t ion are displayed.

Also shown in  Table 5—7 through 5~10 are annual inf low data  isola ted from the
mass  loadings developed in  the  present  study. These inf low da ta  were  ca lcu la ted ,
independently off; the water  budget  data  r epor ted  by the  LCRA,  using recorded
streamflow data firm) the U SGS and runoff f rom adjacent watersheds derived from the‘
SOS method.  As  an accuracy check,  the d i f ferences  be tween  the  in f low values
calculated wi th  the  two  approaches were  de te rmined ,  as  wel l  as the  r a t i o  of the
difference t o  the  to ta l  in f low,  including prec ip i ta t ion  and re leases  from upstream
reservoirs ,  derived f rom the LCRA data .

Tributary inflow obtained from USGS records  i s  probably the  mos t  accurate
variable in  the  preceding analysis.  To  a certain ex ten t ,  then,  the  comparison of  in f low
calculated by the two  al ternat ive approaches is  a comparison of runoff f rom
contiguous watersheds obtained f rom the  da ta  repor ted  by the LCRA and e s t ima ted
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with the SCS  curve number technique. This is no t  strictly the case,  however ,  since
tributary inflow alone often exceeds the total inflow computed from the water budget.
Inspection of Table 5 -?  through 5—10 indicates that runoff from adjacent watersheds
typically represents  a very  small  por t ion o f  t he  to t a l  inflow to  the  reservoirs  o f  the
Highland Lakes  chain.  The t o t a l  inflow is  dominated by major  tributary inputs and
re l ea se s  from upstream rese rvo i r s .  The es t ima ted  d i f fe rences  in runoff be tween  the
wate r  budget method  and the  method  employing recorded  s t r eamf low and ca lcula ted
runoff are re la t ive ly  sma l l ,  within the  s ame  order  o f  magni tude as e i the r  value o f
runoff.  The ra t io  o f  the  calculated difference in inflow to the tota l  water  budget
inflow is usually less than 0 .1 ,  but i s  as high as 0 .35 .

Limitations-bf the SCS  technique were  described previously. The observedtg}
difference betwee'h the runoff computation methods is  well  within the accuracy o f  the
water budget data reported by the LCRA.  Potential  sources o f  error in the water
budget are numerous. Storage data are potentially the source o f  very significant
errors,  since relatively small  changes in water  surface elevation can represent large
volumetric changes. Turbine release data may incorporate errors due to  variation in
calibration from pump curves. Spill release data are approximated, and can involve
large volumes o f  water  and thus provide substantial errors.  Finally, errors may be
associated wi th  reported evaporation data,  which are measured at  only three si tes
along the series  o f  reservoirs and are uncorrected for  reservoir  surface area.  The
volume o f  inflow to the Highland Lakes f rom contiguous watersheds ,  regardless  o f  the
computat ional  me thod ,  can only be  es t ima ted  a t  the present  t ime .

In summary,  the  phosphorus mass balance mode l  descr ibed in the preceding
sec t ions  o f  th is  chapter  does  no t  explici t ly per form a wa te r  budget ca lcula t ion .
Instead, hydrologic inputs are impl ic i t ly  incorporated within specified mass loading
inputs. Water  budget t e rms  that are input directly into the model  include reservoir
volume and outflow obtained from LCRA data.  Atmospheric mass loads account for
the volume o f  direct  precipitation, obtained from recorded data. Tributary inflow is
incorporated within tributary mass loadings, but i t  is  based upon recorded USGS
streamflow data.  Similarly, runoff from adjacent watersheds is  contained within
calculated mass loadings, which are based upon runoff volumes generated by the SCS
method.  The present  analysis demonstrates that the calculated runoff data occa—
sionally exhibit a substantial difference with runoff derived from reported water
budget data.  :23 ‘

5.4 CHLORIDEEUDGET

The concentration of a substance within a reservoir is a f fec ted  by a multitude of
fac tors .  A t  the  s imples t  l eve l ,  the  concentra t ion i s  de termined by the  mass  o f  the
substance and the  volume within which i t  is  mixed .  Input of  addit ional  mass  or
quantit ies o f  wa te r  wil l  a f f ec t  the  concent ra t ion .  With  some  mate r ia l s ,  addit ional
processes  ac t  upon the concentra t ion,  such a s  sedimenta t ion ,  bacter ia l ly-media ted
conversions,  oxidat ion,  and biological  uptake. Materials  subject t o  these  processes are
designated as nonconservative.  Conversely, conservative substances are not  suscep—
tible to  decay-type influences (at least  not  significantly). Conservative substances are
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therefore commonly  ut i l ized as hydrodynamic t r ace r s ,  s ince internal  r eac t ion  k inet ics
need not  be  specified. Unlike phosphorus dynamics,  which are subject t o  a complex o f
processes (represented in the present analysis as an apparent sedimentation ra te ) ,  the
concentration o f  chloride i s  influenced solely by the hydrologic budget and the
magnitude o f  mass loadings.

The object ive o f  the  chlor ide budget  analysis was  t o  evaluate the performance of
the  wate r  quality mode l  HILAKES wi th  a conservat ive  const i tuent .  To  accompl ish  this
ob jec t ive ,  h is tor ical  chlor ide loadings were  e s t ima ted  for  the pe r iod  1968—1982, which
corresponds approximately to  the period wi th  chloride concentration data available for
the Highland Lakes and their major tributaries. The model  HILAKES was  then
employed to  simufiate chloride concentrations in the series o f  reservoirs for  the 15-
year period, basedjupon the historical chloride mass loading data.

5.4.1 Chloride Mass Loadings

The procedures  for  es t imat ion  of  chloride mass  loadings were  analagous t o  the
methods employed for  determination o f  phosphorus loads, described in detail  in
Chapter 4 .0 .  Point source loadings were discounted as significant sources o f  historical
chloride loadings to the Highland Lakes, based upon the analysis o f  phosphorus loads.
Nonetheless,  loads were  approximated with the assumption that domest ic  wastewater
is  characterized by a chloride addition o f  50  mg/l above the chloride concentration in
the carriage water  (Metca l f  and Eddy,  1982) .  Es t imat ing  a typical carr iage water
chloride l eve l  o f  50  mg/ l ,  ef f luent  chloride leve ls  o f  100  mg/ l  were  obtained,  and
applied to  h is tor ica l  discharge r a t e s .  To  def ine  major tr ibutary loads,  relat ionships
between s treamflow rate and chloride load were  de termined through a linear regres—
sion analysis. Relationships for each tributary are described. in Table 5—11. The
relationships were  then applied to  historical streamflow records for  the Colorado,
Llano, and Pedernales Rivers,  as wel l  as Sandy Creek. Barton Springs loads were
calculated from est imates  o f  the annual discharge (Slade,  1984) at an average chloride
concentrat ion o f  25  mg/ l .  Loadings f rom adjacent watersheds were based upon runoff
volumes der ived f rom the SCS  curve number  technique.  The concentrat ion o f  chloride
in  runoff was  e s t ima ted  f rom h i s to r ica l  da ta  for  monitor ing s ta t ions  in the Austin
area, summarized in Table 5—12.. Chloride da ta  fo r  high f lows  (greater  than or  equal to
0.2.8 m3/s)  are diSplayed in Table 5—13. For phosphorus concentrations, distinctions
were  made  betwegan rural, intermediate  development,  and urbanized land use condi-‘

A

tions. No  significant differences in chloride concentration were identified among the,
sampling station g oupings comprising the land use categories.  Monitoring stations on
key tributaries t o  Lake Austin and Town Lake did, however,  display higher chloride
concentra t ions .  Therefore ,  i n  a manner analogous to  the  speci f ica t ion  o f  typical
phosphorus concentrat ions  descr ibed in Chapter 4 .0 ,  the chloride concentrat ion of
runoff f rom adjacent watersheds was assumed to  be  15  mg/ l  f o r  all  development
conditions in the watersheds o f  Lake Austin and Town Lake, and 12. mg/l for
watersheds surrounding the other reservoirs.  The average chloride concentration was
applied to  the runoff volume to obtain es t imates  o f  annual loads from adjacent
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watersheds. Atmospheric loads were est imated from recorded annual precipitation
totals wi th  an assumed chloride concentration o f  0 .5  mg/l .  Historical chloride loadings
are summarized in Table 5—14. Loadings associated with releases from upstream
reservoirs were  calculated within the mass  budget analysis in the mathematical  model ,
and are not  included in Table 5-14.

5 .4 .2  S imula t ion  o f  Rese rvo i r  Chloride Leve l s

5 .4 .2 .1  Periods o f  Stable Inflow

The performance o f  the model  HILAKES was investigated under input chloride
mass  loading conditions representative o f  periods o f  relatively stable tributary inflow
to  the Highland Liakes. A period o f  stable inflow is  a necessary, but not sufficient,  '
prerequis i te  t o  define s teady-s ta te  conditions within a reservoir. A t  least ,  stable
inf low can def ine a ' s teady-s ta te  hydraulic condi t ion.

Historical  s treamflow records were  examined for periods wi th  stable f lowrates.
As  an additional criterion, at least one concentration sampling run was  required within
the period o f  stable inflow. Ideally, periods o f  stable inflow in cold—weather conditions
were preferred,  in order to avoid complications associated with thermal stratification
in the reservoirs.

The fol lowing periods were selected to  represent steady-state hydraulic
condit ions:

1 November 1973  - 30  April 1974
1 July 1975 - 30 June 1976
1 October 1975 — 31 March 1976
1 November 1980  ~ 2.8 February 1981

Input data were developed for each period, including reservoir volume, outf low, and
chloride mass  loadings from po in t  and nonpoint sources. Chloride budgets were
analyzed wi th  the  mode l  HILAKES and result ing chloride concentrat ions were  calcu-
la ted  fo r  each  reservoir .

Results o f  the chloride simulation are presented in Table 5 -15  for  each steady—“
3

state  period. Al
the end o f  each pe  iod. The period-ending concentrations are in general approximated
from measurements col lected within one month o f  the termination date o f  each
period.

Ca lcu la ted  concentrat ions confo rm re la t ive ly  we l l  t o  observed da ta .  Certain
trends warrant discussion.  Ca lcu la ted  concentrat ions in Lake Buchanan tend to  be  t oo
high. In fac t ,  calculated concentrations exhibit  perhaps more  corre la t ion  t o  observed
upper reservoir concentrations. This trend could indicate an over-estimation o f  mass
loadings from the Colorado River (which dominates the total  mass loading to  the
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reservoir).  Alternatively, the correlation to  the upper reservoir chloride levels may
indicate  tha t  the  t ime  f r ames  of the designated s teady—state  pe r iods  are t oo  short  for
the  reservoir  contents  t o  equilibrate in response to a steady mass input. To  elucidate
the t ime  required, the residence t ime  for  each reservoir was calculated under the
hydraulically stable conditions as the rat io of  volume to outflow rate.  Es t imated
residence t imes are shown in Table 5—16. Indeed, residence t imes  for  Lake Buchanan
are extremely large, on the order of 80-160 months (63743.3 yrs), for the stable
condit ions.  Lake Travis res idence t imes  are substantially lower ,  due to  the  magnitude
of re leases  from the reservoir ,  with accumulated additional inflow. Thus, calculation
of assumed steady-state chloride levels  i n  Lake Buchanan (and probably Lake Travis)
may be  affected adversely by residence t ime.  That i s ,  the designated periods of  stable
inflow are too short t o  allow acquisition of a steady—state concentration.

Pred ic ted  concentrations i n  Inks Lake are similar to concentrations in  Lake
Buchanan, as expected. Lake LBJ displays good agreement be tween observed and
calculated chloride concentrations. This is  a key result, since the simulation correctly
describes the observed substantial drop in  chloride levels in Lake LBJ,  relative to
upstream reservoirs.  Predic ted  concentrations i n  Lake  Marble Fal ls  have a tendency
to  fall slightly be low observed levels .  General agreement was rea l ized  be tween
predic ted  and observed concentrat ions i n  Lake Travis. Calculated concentrations in
Lake Austin and Town Lake were generally consistent with observed data. Because
the residence t imes in  Lake Austin and Town Lake are very short, stable hydraulic
conditions develop over much shorter t ime  f rames  than those associated with the four
steady-state periods se lec ted .  As  a resul t ,  comparison of  p red ic ted  concentrat ions
wi th  observed period-ending concentrat ions may be  inappropriate.

Calculated and observed concentrations exhibit the best agreement with the
period 1 October  1975  - 31  March 1976 .  This may indicate that mass  loadings are
more  accurately defined for this period. The performance may be  enhanced by the
fac t  tha t  t he  s teady-s ta te  per iod  i s  encompassed by a longer pe r iod  of  relat ively s table
inf low.

Overall, calculated concentrations differ from observed data by roughly
5-20  percent.  Because observed data are severely l imited,  the actual accuracy of  the
simulation cannot be  assessed. Water budget  t e rms  are be l ieved  to  be  accurate to
wi th in  only 10—»~=3043ercent o f  recorded  values. Given the l imi ta t ions  of  the da t a  base , ‘
the model  HILAK-gS appears t o  perform adequately.

5.4.2.2. Long-Term Period

The performance of the mode l  HILAKES was  invest igated wi th  annual chloride
mass  loading inputs.  Chloride leve ls  i n  the Highland Lakes fo r  the per iod  1968-1982
were simulated. Input data for the simulation included the chloride mass loads
developed in aprevious  section. Simulation results are displayed in  Table 5—17 for  the
series of  reservoirs.  Also shown in Table 5-17  are mean annual chloride concentra—
tions obtained from the l imited historical data base (TNRIS, 1983a). Mean annual
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concentra t ions  were  calcula ted as the average of all  s ta t ions within each reservoir .
His tor ical  average concentrat ions are based upon as f ew  as three  measurements  pe r
year.  The  mos t  substantial historical  da ta  base  was  available for Lake  Aust in ,  where ,
typically, monthly measurements  were  available. Generally,  the  s imulated chloride
levels  exhibit reasonable agreement  wi th  historical  concentrat ions.  Wi th  the  l imi t ed
historical  data  base ,  i t  i s  impossible  to  assess the  accuracy of the  p red ic t ed  annual
concentrat ions.  The  mode l  HILAKES assumes constant  mass  input over each oneeyear
period.  In reali ty,  the  sequencing and t iming of  tr ibutmy f lows  and s to rm events
during a year-long per iod can great ly  a f f ec t  reservoir  chloride leve ls  at  any point i n
t ime .  When a da t a  co l lec t ion  program wi th  l im i t ed  sampling frequency i s  super
imposed  over the  naturally occurring variability of the source t e rms ,  the  use  of
his tor ical  data  fo r ies t imat ion  of  reservoir  concentrat ions fo r  pro longed per iods  of  t ime
(and, in  fac t ,  at  any time) is tenuous, at  bes t .

5 .5  ANALYSIS 5]? PHOSPHORUS BUDGET

Phosphorus budgets for  d is t inct  pe r iods  of t ime  were  analyzed for  t he  Highland
Lakes .  As  opposed to  the  analysis of chloride budgets descr ibed in  the  preceding
sec t ion ,  phosphorus budgets  were  no t  evaluated t o  s imulate concentrat ions ,  but  ra ther ,
were  evaluated fo r  es t imat ion  of phosphorus reac t ion  k ine t ics .

Two  me thods  were  employed for  es t imat ion  of reac t ion  r a t e s  under per iods  of
s table  in f low to  the  reservoi rs .  In  t he  f i r s t  me thod ,  r eac t ion  r a t e s  we re  ca lcu la t ed
under the assumption of steady—state conditions. Wi th  the  second technique,  ra tes
were  calcula ted using the analytical solution to  the  system mass  budget  equation fo r
per iods  of decreasing concentrat ion.

5 .5 .1  Per iods  of  Steady—State Condit ions

Phosphorus react ion ra tes  were  invest igated under input mass  loading condit ions
representative o f  per iods  of  relat ively stable tributary inf low.  Stable  inf low periods
were  descr ibed in Sec .  5 .4 .2 .1  in  the chloride budget analysis.

Input da t a  were  developed for  each per iod  of s table inf low,  including reservoir
vo lume,  out f low,  and phosphorus mass  loadings f rom point  and nonpoint sources.
Phosphorus reaction ra tes  were  e s t ima ted  under the  assumption of s teady—state
conditions fo r  eaeg per iod ,  as impl ied in  eqn  (9):

1. = L _ C31.
1 V1Css1  V1

k 23.191335; f3;
2 VZCSSZ V2

e tc . ,  fo r  additional reac to rs ,
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where k = reaction rate ,  T"1
W = mass input, MT'1
Q = outflow ra te ,  L3T‘1
V = volume, L3 L
Css  == s teady~state concentration, M L '3

and the  numerical  subscript  refers  t o  a speci f ic  reactor .

Periods with stable external loadings were examined in an at tempt  to eliminate
as much variation as practicable i n  the complex of  mass budget terms.  Results o f  the
reaction rate calculations are displayed in  Table 5 -18 .  The results illustrate a
fundamental difficulty in the analysis: with the extremely l imi ted available data base, \ .

accurate specification of  a steady-state concentration is not  possible because of  t he :
sparseness in  time of  the  samples  and the  intr insic error i n  measurement .  Hence,  ‘3

several  al ternatives were  examined as representat ive  of the  steady-state concen— *1
tration: t he  period—ending concentra t ion,  average of all  reservoir  s ta t ions;  the  period~
average concentrat ion,  average of all  reservoir  stat ions;  the  period-ending concentra~
tion from the lower  pool  station; and the period-average concentration from the lower
pool stat ion.  The variation in calculated reaction rates  is  substantial, both Within the
study periods for  individual reservoirs and among the reservoirs. Positive reaction
rates indicate a concentration decrease; negative ra tes  a concentration increase. With
the Highland Lakes, overall phosphorus decay rates were anticipated, since the
reservoirs should ac t  as  sinks for  phosphorus. Calculated negative ra tes  therefore are
suspect .  Variability or  inconsis tencies  i n  the calcula ted r a t e s  may  be  indicat ive of  a
number  of p roblems,  including errors  i n  the  wa te r  budget and mass  budget t e rms ,  and
sampling and analytical errors connected wi th  phosphorus measurements .

There is another, fundamental, consideration that may potentially contribute to
difficulties in the preceding calculations. The reaction rates  were calculated under
the assumption of  steady-state conditions, i . e . ,  concentrations have attained a state o f
equilibrium. The est imated phosphorus reaction rates for  Lake Buchanan, for  example,
range from 0 .26  to  1 .41  y r "1 ,  and 0 .8  yr"1 can be  considered a representative rate .
The t ime  constant of a reservoir  was previously defined as:

_ 1
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where 3 t ime  constant, T

= outflow rate,  L3T"1

= volume, L3
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: reac t ion  ra te ,  "I"1

For Lake Buchanan, the t ime  constant can be  est imated as approximately 1 .05  years,
using a reaction rate o f  0 .8  y r ‘ l .  A t  a length o f  t ime  equal t o  three t ime  constants
under steady external conditions, the reservoir can be  assumed to establish a
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concentration within 5 percent o f  the equilibrium value. By this criterion, equilibrium
conditions in Lake Buchanan can be  assumed to  material ize after a 3.15-year  period,
at the  given reaction ra te .  Thus, the calculation indicates  tha t  fo r  Lake  Buchanan, the
react ion r a t e  cannot be  rigorously computed  using a s teadymsta te  formula t ion  fo r
assumed steady-state periods of one-year (or less) duration.

Representative reaction rates for  each reservoir derived from the steady-state
analysis and associated t ime  constants and equilibrium t imes  are shown in Table 5—19.
Based upon the calculated t ime  constants, the durations o f  the assumed steady-state
periods are technically adequate for reaction rate  computations using a steady—states}
formulation for  the smaller reservoirs. For Lakes Buchanan and Travis,  however,  the 3.
t ime periods exaigiined appear to be  inappropriate for  r igorous  calculat ion of r a t e s
wi th  a s teady-state  formulat ion.

5.5.2. Periods of Decreasing Concentration

In the  preceding section,  the calculation o f  reaction rates under the assumption
of  steady-state conditions was  described. The l imited availability of  data resulted in
considerable uncertainty as to the applicability of  the steady-state assumption. In
addition, the t ime  constant criterion for the larger reservoirs cast doubt upon the
assumption of  steady-state conditions.

An  alternate approach to  the calculat ion of internal  phosphorus reac t ion  ra tes
involves the analysis of per iods of decreasing concentration within a reservoir under
stable external conditions. Theoretically, a reactiOn rate can be  calculated for a
reservoir that exhibits a monotonic variation in  concentration over t ime ,  using the
analytical solution to the sys tem mass balance equation described in eqn (7):

__W__ __ —at - aC-Vaa  e )+Cie t

where =- % + k

7,21% t ime,  T
amass load, M T"'1
= volume, L3
— outflow, L3T"1

reaction ra te ,  T ' 1
initial concentration, M L‘3
concentration at t ime  t ,  ML”3

O
Q

W
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|
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With this formulation, i t  i s  assumed that the mass loading, volume, and outflow are
constant over the period examined.

For  the periods examined, all t e rms in the equation were specified and k was
determined by trial and error. Historical periods were selected for  each reservoir that
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displayed a decreasing total phosphorus concentration in the lower pool station,
accompanied by relatively stable inflow. Input data were developed for each period,
including reservoir volume,  outf low,  and phosphorus loadings from point and nonpoint
sources.

Results o f  the reaction rate  calculations are shown in Table 5-20.  As with the
steady-state calculations, substantial variability in reaction rates is  displayed within
each reservoir and among reservoirs. The calculated reaction rates for Lake Buchanan
are comparable, with values o f  5 .8  and 2.3 yr ‘ l .  Returning to Table 5 -18 ,  these rates
are greater than-:ihose calculated under the steady-state assumption. Of  the two  *2!
choices in Table 5 :20 ,  more confidence could perhaps be  assigned to  the value o f
2.3 yr} ,  since it  divas calculated under cold-weather condit ions,  and the  final concen-
tration i s  greater  than the  detect ion  l imi t .  Because  the final concentration was below
the detection limit, the calculated rate of 5.8 yr“1 represents a lower bound to  the
actual reaction rate .

Calculated rates  for Inks Lake vary an order o f  magnitude, 0 .2  to  7 .3  yr ' l ,  and
lie outside the range o f  positive rates calculated with the steady-state assumption.
For Inks Lake, the calculation is affected by the large throughflow, relative to  the
reservoir volume. Water replacement t imes  o f  46 days during the 100~day period used
for the calculation o f  the 7 .3  yr ‘1  rate and 141 days during the 112-day  period used
for  the calculation o f  the  0 .2  yr ‘1  ra te  were  observed.  In the former case  then,  the
final concentration may have had l i t t l e  association wi th  the init ial  concentration
observed over  the 100—day period,  since the reservoir contents were  theoretically
replaced twice .  More confidence is thus placed upon the calculated rate o f  0 .2  yr"1
for Inks Lake. This calculation also had the benefit  o f  cold—weather conditions.

Lake LBJ reaction rates are generally consistent, 2 .8  and 6 .7  yr ‘ l .  Both
calculation periods had the benefit o f  cold-weather conditions. The rate o f  2 .8  yr"1
was calculated based upon a period—ending concentration o f  0.0098 mg/l  tota l  phos-
phorus, which represented the l eve l  o f  detect ion.  React ion rates  calculated under the
assumption o f  steady-state conditions were  general ly lower than those obtained in this
analysis.

3

Calculated if tes  differed markedly for Lake Marble Falls: 2.9 and -15 .9  yr‘l'.»
Both calculation periods were affected by several water volume replacements,  based
upon the large throughflow-to—volume ratio ,  and may have been af fected by complica—
tions o f  summer conditions. The steady—state assumption yielded large negative and
large positive reaction rates,  as shown in Table 5-—l8. None o f  the calculated ra te s  for
Lake Marble Fal l s  are particularly valid, in  v iew o f  the compl icat ion o f  the
replacement  t ime .

A reaction rate  o f  3 .1  yr"1 was computed for Lake Travis, with only a single
period o f  t ime suitable for the analysis. This value i s  higher than the rates calculated
under the steady—state assumption.
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Nearly identical  r eac t ion  r a t e s  of 15.2 and 15.4 yr"1  were  computed for  two
per iods  on Lake Austin.  These  values are within the  range of ra tes  obtained wi th  the
assumption of  steady—state condit ions,  shown in  Table 548 .  The  magnitude of  t he
ra t e s  calculated for  Lake Aust in  may  be  inf luenced by  uptake of phosphorus by the
dense growth of aquat ic  macrophytes .  Howeve r ,  the ra tes  displayed in Table  5&0  (and
5—18 as well) a re  corrupted by the  water  replacement  t ime ,  w i th  several  rep lacements
of  the  rese rvo i r  contents  occurring over t he  t ime  f rames  of  analysis.

Town Lake react ion ra tes  shown in  Table 5-20 are highly variable. A large
negat ive  ra te  was’ calculated for  one per iod,  and negative r a t e s  were  also evident  ins;l
the  s teady-state  ;éalculation. A range of  poss ible  react ion ra tes  i s  displayed fo r  twoé
per iods  of analysig on Town Lake.  The  range of values was  presented  because  of large
outflow-to-«volume‘ ra t ios ,  which re lega ted  the reac t ion  r a t e  t o  a relatively minor
e f f ec t .  Al l  r a t e s  ca lcula ted for  Town Lake are a f f ec t ed  by the wa te r  r ep lacement
t ime ,  wi th  numerous volumetr ic  replacements  for  each per iod  of analysis.

The variability in calculated react ion  ra tes  may be  attributable to  inaccuracies
in  water  budget  or  mass  budget  t e rms ,  a s  wel l  as  errors i n  the phosphorus measure-
men t s .  Obvious potential  problems wi th  the concentrat ion data include sampl ing and
analytical errors ,  In addition, a substantial error may  be  incorpora ted  by the
assumption that  the  observed decrease  in  phosphorus concentrat ion occurred  over  the
t ime  per iod  be tween  measurements .  This problem i s  re la ted  t o  the  water  rep lacement
t ime  for  the  per iod of calcula t ion.  The problem is  mainly one of a lack of suff ic ient
temporal  density i n  the  sampling data :  there  i s  no informat ion available to  de termine
if f luctuation i n  the  phosphorus l eve l  occurred  wi th in  t he  intervals  be tween  samples ,
which generally are on the order  of three months  i n  duration. The  cycling t ime  of
phosphorus within a reservoir  i s  influenced by a complex  of p rocesses ,  including (see ,
fo r  example,  Hutchinson,  1957) l iberat ion of  phosphorus in to  the  epil imnion f rom
li t tora l  areas, uptake of phosphorus by l i t to ra l  vegeta t ion,  uptake of phosphorus by
phytoplankton, sedimentat ion of  phytoplankton in to  the  hypolimnion, and diffusion of
phosphorus f rom hypolimnetic  sed iments  i n  the  absence of  an oxid ized  microzone .

5.5.3 CRWR Da ta  for  Lake  LBJ

Previous seétions l amented  the l imi ted  historical data base available for  the,
Highland Lakes .  A singular except ion  i s  the comprehensive data  s e t  available for  Lake
LBJ  (see  Fruh, e t  a l . ,  1974a ,  1974b ,  1974c ,  1975a ,  1975b) co l lec ted  over the per iod
1971 »- 1975  by the CRWR.  Vertical  p rof i l es  o f  to ta l  phosphorus and o the r  consti tuents
were  measured at typically monthly intervals i n  the  lower  pool  and at several  o ther
sampling locat ions throughout t he  reservoir .  The CRWR da ta  were  compi led  and
analyzed for  e s t ima t ion  of  a f i r s t -order  reac t ion  r a t e  i n  Lake  LBJ.

<

The CRWR measurements  of  to ta l  phosphorus display generally higher concenm
trat ions than the  TDWR da ta  s e t .  Comparison of several  samples  f rom the two  data
sources  co l l ec t ed  at  nearly s imultaneous t imes  ind ica ted  substantial d i f fe rences  i n
magni tude.  The  source of the  discrepancy cannot be  discerned.  Fo r  the present
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analysis,  i t  was  assumed that  the  CRWR da ta  exhibited sys temat ic  behavior ,  regard-
less  of  whether  or not  i t  i s  cor rec t .  The data  were  not  combined wi th  other  da t a
sources  but  ins tead  were  analyzed separately.

Average  phosphorus levels  were  calcula ted for  bo th  the  upper water  column and
the comple t e  wa te r  column fo r  each sampling da te  at  the l ower  poo l  s tat ion.  The
upper wate r  column was  de l imi t ed  wherever a sharp increase in phosphorus concen»
tration was evident,  which usually encompassed a depth of 9~15m (30—50 ft),-
compared  to  a to ta l  depth  of 24: m (80 f t ) .  Annual averages were  calculated for
surface, upper water column,  and to ta l  water  column data .  The  analysis indica ted  that?
average  su r face  and upper wate r  co lumn concent ra t ions  were  v i r tua l ly  ident ica l ,  which  \
has key implications for  analyses throughout this invest igat ion that  are based  upon
surface phosphorus‘measurements ,  the only da t a  generally avai lable.

The per iod of s table in f low of 1 November  1973-30  April  1974  described in  a
previous sec t ion  was  examined for es t imat ion  of  a reac t ion  ra te  under a s t eady-s ta te
assumption.  Calcula ted  ra tes  indicated generat ion of  phosphorus. The failure of the
calculat ion may be  at t r ibuted t o  two  prob lems .  F i r s t ,  the loading methodology
developed in  this  study may  very wel l  be  incompat ib le  wi th  the CRWR data.  Secondly ,
the  assumption of a steady-state condition in  the  reservoir  may have been  erroneous, a
conclusion in  f ac t  supported by the  CRWR phosphorus da ta .

Severa l  per iods  of  decreasing phosphorus concentrat ion were  iden t i f i ed  and
examined f or react ion ra tes ,  s imi lar  t o  the  analysis  descr ibed  in the  preceding sec t ion .
Resu l t s  a re  summar ized  in Table 5-4.1. Calcula ted  k ra tes  range f rom 3 .8  t o  27 .4  y r“1 .
The ra tes  are comparable to  those  p resen ted  in Table  5~20 for  Lake LBJ ,  though there
is  some  indication of ra tes  of g rea te r  magnitude.

Examinat ion of CRWR da ta  as  an independent data  s e t  nei ther  proved nor
disproved previous analyses. I t  simply conf i rmed that  a f irst-order r eac t ion  ra te  for
Lake LBJ  can only be  e s t ima ted  at  t he  present  t ime .

5 .6  CALIBRATION
~<‘

Calibration??? a mode l  entai ls  comparison of calculated resul ts  against measured»
values .  Input vari b l e s  and reac t ion  coef f i c ien t s  within the model  may  be  adjusted to
improve  performance ,  though the  parameters  should conform to  theoret ical  formula-
t ions .  In the  ver i f ica t ion  p rocess ,  the  cal ibra ted mode l  i s  t e s t ed  against an
independent data  s e t  (or  se ts)  of external  condit ions.  If the  cal ibrated mode l  displays
acceptable performance wi th  the  independent da t a  s e t ,  t he  mode l  i s  sa id  to  be
ver i f ied .  Opt imal ly ,  a calibrated mode l  should exhibit  successful  performance under a
variety of external  condit ions or  ver i f ica t ion  da ta  se ts .

With many of  t he  more  complex  mode l s  currently in  use ,  cal ibrat ion may  be  a
tenuous p rocess ,  due largely to  the absence of a substantial,  de ta i led  input da t a  base .
In some  cases ,  " t he  mathemat ica l  formulat ions have run ahead of t he  conceptual
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understanding of the  underlying processes  and the measurement  of  da ta  on these
processes" (Rogers, 1982). In other words, the  most appropriate mathematical  model
formulat ion for  a part icular  appl icat ion is  c i rcumscr ibed  by the nature of t he  available
data base  as we l l  as  the  object ives  of  the study.

The  mode l  formulat ion for  the  Highland Lakes  i s  based upon a onemdimensional
ser ies  of  comple te ly  mixed  reac tors .  The  expressed objec t ive  of  t he  model ing analysis
i s  t o  evaluate long_term trends i n  wa te r  quality within the  reservoi rs  and assess  the
e f f ec t s  of  was te  loads  to  upstream reservoirs  upon wa te r  qual i ty  in  l ower  reservoirs .
The proposed predict ive time—scale is  i n  t e rms  of annual values.  Fo r  this mode l ingé
approach, calibration requires e i ther  a long-term history of external  input and internal I
reservoir  character is t ics ,  or  a se r ies  of de ta i l ed  mass  budgets  for  individual years .  _;
The longnterm histOry i s  preferable ,  s ince  cal ibrat ion to  a single yea r  i s  subject  t o  the
potent ia l  use of an unrepresentat ive s e t  of condit ions.  Fo r  the  Highland Lakes ,
deta i led data  if or  description of an annual mass  budget are ext remely  l imi ted .  A t ime"
ser ies  of h i s to r ic  annual external  phosphorus loads  was  developed for  applicat ion to
mode l  calibration,  as  descr ibed  in  Chapter  4 .0 .

The  ser ies  of h is tor ic  annual external  phosphorus loads  was  input d i rec t ly  in to
the  program HILAKES fo r  calibration. In addition to  da ta  charac ter iz ing  external
loads ,  reservoir  volume and ou t f low data are also required.  Al l  external in f lows  and
associa ted  mass  loadings t o  the reservoirs  are accounted for  i n  the  loading data  s e t
except  fo r  the  inputs associated with re leases  f rom upstream reservoirs.  While the
recorded  re leases  were  input d i rect ly  in to  the cal ibrat ion da ta  se t ,  t he  phosphorus
concentrat ion of  the  discharged water  was  calcula ted wi th  the mass  budget analysis i n
order  t o  def ine the corresponding phosphorus loads .

Input pa ramete rs  which drive the mode l  HILAKES were  descr ibed in Sec .  5 .2 .  In
mos t  respects ,  t he  historical  da t a  base  i s  ex t remely  l imi ted .  These l imi ta t ions  may
have a f f ec t ed  the  accuracy of  the  es t imated  input var iables ,  though the  extent  cannot
be  ascer ta ined.  Cal ibrat ion of the mode l  involved s imulat ion of historical  phosphorus
levels  i n  the  Highland Lakes for  the per iod 1952. through 1982.. Theoret ical ly ,  any of
the  myriad of  input variables could be  adjusted to  e f f ec t  improvemen t  i n  s imulated
versus observed phosphorus concentrat ions.  F rom a, pract ical  standpoint, however ,
there  i s  no bas i s"  or indiscr iminate  adjustment of  mos t  of  t he  parameters .  Fo r  the
present  analysis, t he  f i rs teorder  reac t ion  r a t e  was  adjusted based  upon observed
concentra t ion data to  e f f ec t  calibration. Initial e s t ima te s  of react ion ra tes  were
described in the preceding sec t ions .
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The cal ibrat ion procedure  involved a sequential  examinat ion of t he  reservoirs  t o
evaluate the  e f f ec t s  on p red ic t ed  concentrat ion of variat ion of  t he  reac t ion  ra te .
Predic ted  resul ts  were  compared  to  h is tor ica l  data.  Measurements  of phosphorus
concentrat ions within the reservoirs  which const i tute  t he  historical  da ta  base  are
ex t remely  l imi ted  in  tempora l  and spat ia l  coverage.  This lack of  data severely
handicapped the  cal ibrat ion procedure .
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The analysis commenced  wi th  Lake Buchanan. The 7:: r a te  was  var ied over  a
range of 2 .0 to  9 .0  y r "1  and the  e f f ec t s  on concentrat ion were  observed.  S imula t ion
resul ts  are displayed in Table 5~22 for  the years 1968  to  1982 .  Available concern
tration da ta  are included in the  tab le  in  two  fo rms :  as annual averages of  all
mains tem reservoir  data and lower  poo l  data.  In e f f ec t ,  the only years wi th  da t a  even
remote ly  suff ic ient  fo r  determinat ion of annual average conditions are 1974 ,  1975 ,
1976 ,  and 1981 .  With  the l im i t ed  his tor ica l  data base ,  ident i f ica t ion  of  the  mos t
appropriate react ion ra te  was  not  s t raightforward.  No  single k r a t e  provided p rec i se
conformance to  all  observed concentra t ion data. In f ac t ,  the  data  indicated that k
could potent ia l ly  nary over a fairly significant range. To  ass is t  i n  the  se lec t ion  of an
appropriate ra te , fa l lowable  error bands of  $50  percent  of t he  observed average poo l ‘
concentrat ions were visual ized.  S imula t ion  resul ts  were  then examined wi th  respect
to  the  overlapping error  bounds. Da ta  for  the pool  s ta t ions  were  emphas ized  because
they theoret ica l ly  are representat ive  of  a major  por t ion of the  reservoir  contents ;
however ,  whole—lake averages were  also taken in to  considerat ion t o  supplement the
sparse pool  measurements .  Fo r  Lake Buchanan, the  whole-lake average concentrat ion
can. be  substantially higher than the average lower  pool  value, due to  the  influence of
the Colorado River  i n  the headwater  reach.  Fo r  Lake Buchanan, a k ra te  of 6 .0  yr"
fe l l  wi thin the error  bounds of the  major i ty  of the  data.  A t  leas t  one data se t  (e .g. ,
1968) indicated that  a higher reac t ion  r a t e  would be  appropriate.  The whole—lake
average data  generally indicated tha t  a lower  react ion rate  (e .g . ,  3 .0  t o  5 .0  yrml) could
be  u t i l i zed .  In addition to the l imita t ions  i n  the  h is tor ica l  da ta  se t  already descr ibed,
many of t he  available measurements  of  phosphorus concentration were  at  or be low the
analytical de tec t ion  l imi t .  This  could  have a substantial e f f ec t  upon the  ca lcula ted
average concentrat ions (values at  the de tec t ion  l imi t  were  assumed equal t o  the  l imi t
fo r  averaging purposes) ,  and was  part  o f  the  rationale fo r  employing an error  bound to
the  averages.  A reac t ion  ra te  calculated from average concentrat ions that  include
values be low detec t ion  l imi t s  may  represent  a lower  bound to  the  actual ra te .

Wi th  the  k ra te  for. Lake Buchanan se t  at  6 .0  y r“1 ,  the  cal ibrat ion exercise  was
repea ted  for  Inks Lake. In Table 5—23 are shown the  results of the  s imulat ion over  a
range of  k r a t e s  f rom 0 .01  to  10 .0  y r”1 .  I t  i s  apparent that  the react ion r a t e  exer t s
relatively l i t t l e  e f f ec t  upon the  concentra t ion  in  the  reservoir ,  s ince  the condit ions
within Inks Lakeéare frequently domina ted  by the throughflow originating from Lake
Buchanan, rather? than internal k inet ics .  None  of  the k ra t e s  examined provided,
sys temat ic  agree ent wi th  the  r epor t ed  da ta .  Supposit ion of error  bounds provided
l i t t l e  benef i t ,  due to  the wide  divergence among observed average concentrat ions.
Quanti ta t ive analysis of  t he  concentration data for  Lake  Inks for  definit ion of a k. ra te
i s  tenuous, due t o  the domination of throughflow (as  represented in  the  ra t io  of
throughflow to  vo lume) .  The  logical  choice was  to  adopt the  k ra t e  previously
determined fo r  Lake Buchanan fo r  consistency.

The  cal ibrat ion exercise  was subsequently focused upon Lake  LBJ .  S imula ted
concentrat ions fo r  a range of  reac t ion  r a t e s  are presented in  Table 5 -24 ,  w i th  the
k ra t e s  fo r  Lakes Buchanan and Inks se t  at 6 .0  y r ‘ l .  Taking in to  considerat ion
assumed error bounds on the  average concentrat ions,  a range of k r a t e s  f rom
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approximately 3 .0  t o  9 .0  yr“1 could be  employed for representation o f  historical
conditions.  Recognizing the analysis fo r  the  upstream reservoirs ,  a r eac t ion  r a t e  of
6.0 yr"1  was determined to  be  appropriate for Lake  LBJ.

The simulation for Lake Marble Falls i s  described in  Table 5—25. As  with Inks
Lake,  Lake Marble Falls is a throughflow—dominated reservoir, and the k rate has l i t t le
e f fec t  upon the predicted concentrations. The observed concentrations indicate that a
posi t ive reac t ion  rate  may be  inappropriate. A r a t e  of ze ro ,  which impl ies  behavior as
a conservat ive cons t i tuent ,  was  examined but  t he  simulat ion was no t  improved.  A
negat ive r eac t i on i r a t e ,  indicat ing that the reservoir  acts  as a. source of phosphorus”;
would be  required to obtain agreement wi th  much of  the observed data. Fo r  the L5:
present analysis, it was hypothesized that the reservoir constitutes a phosphorus sink,
and the irreproduci—bility o f  observed average concentrations was attributed to errors
in quantification of  loading terms or phosphorus measurements. A rate of 6 .0  y r "1  was
therefore  se lec ted  for  Lake Marble Fal ls ,  consis tent  wi th  the upstream reservoirs .

The simulation of phosphorus levels  in Lake Travis at  varying k rates  is described
in Table 5—26. The reaction rates for  all upstream reservoirs were se t  at 6 .0  y r "1  for
the analysis. Over the range of k rates examined, predicted concentrations were
relatively low,  compared to  upstream reservoirs. The observed concentrations
indicate that a reaction rate of  1 .0  yr"1  or lower  may be  appropriate for Lake Travis.
However ,  comparison o f  s imulat ion resul ts  t o  historical  da ta  i s  d i f f icu l t ,  s ince many of
the  phosphorus measurements  i n  Lake  Travis were  at or  be low the de tec t ion  l imi t .
Thus, a rate of 1 .0  y r "1  probably consti tutes a lower  bound to  the actual k ra te ,  and
with this uncertainty, a precise range of  k rates  cannot be  defined. A reaction rate of
6 .0  y r "1  was se lected for use in conformance with upstream reservoirs, since specifi-
cation of  an alternate rate  cannot be  justified with cognizance of  the limitations in
the data base.

Simulat ion resul t s  fo r  Lake  Aust in  and Town Lake are shown in Tables 5 -27  and
5-28 ,  respectively. Both  reservoirs are throughflow-dominated, with l i t t le  e f fec t
demonstrated by the reaction ra te .  Predicted concentrations were  relatively low, and
were  influenced primarily by predicted concentrations in Lake Travis upstream. The
situation for  Lalqe Austin and Town Lake i s  similar t o  that for  Lake Marble Falls

3described above: '2 a k ra te  of ze ro  or  a negat ive  r a t e  i s  ind ica ted  by the  average,
concentra t ion  dat . Examinat ion o f  r eac t i on  r a t e s  may only indicate an appropriate
lower  bound, since much of the available concentration da ta  displayed phosphorus
levels at or below the limit of detection.  In addition, with the rapid replacement
t imes  in  these two  lowermost  reservoirs, an average or typical concentration cannot
be  accurately determined on the basis of  infrequent sampling data. Fo r  consistency, a
reaction rate  o f  6 .0  y r "1  was adopted for  both Lake Austin and Town Lake.

Wi th  t he  comple t ion  of the  calibrat ion exerc i se ,  a uniform k ra te  for  phosphorus
was selected for  application within the annual simulation methodology of the model
HILAKES. As  described above, the available data se t  for the Highland Lakes was
l imited,  which affected the accuracy o f  the analysis. A rate of  6 .0  y r ‘1  demonstrated
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a reasonable approximation t o  the  observed data se t s .  Se l ec t ion  of a reac t ion  ra te  of
6 .0  y r”1  was no t  p r ec i s e .  Given  the l im i t ed  da ta  base ,  a range of k r a t e s  would have
been  an appropriate conclusion.  The acceptable  range would probably ex tend  from
roughly 1 .0  to  10 .0  y r“1 .  While  this  range may  appear large,  th i s  i s  actually a
signif icant  conclusion,  since i t  def ines  the  co r r ec t  order  of magnitude for  the  reac t ion
ra t e  In o ther  words,  While the analysis d id  no t  unequivocably se t  the  appropriate
k ra te  for  the  reservoirs  at  precise ly  6 .  0 yr“ ,“1 ,  the analysis d id  demons t ra te  t ha t  the
ra te  i s  nearer 6 .  0 yr“1 than 0.6 or 60.0 yr

The  se l ec t ed  r eac t i on  r a t e  can  be  compared  to  r epo r t ed  va lues  fo r  t he
phosphorus sedimgéntation coef f i c ien t  shown in  Table  5-— 2 .  To  fac i l i t a te  the  compar~ :1
ison,  Table 5 --29  displays the  mean  depths and flushing ra tes  ( rec iprocal  of  re tent ion 3
t ime)  for  t he  Highland Lakes ,  along wi th  the ca lcula ted  apparent se t t l ing  ve loc i ty  fo r  "
phosphorus. Schnoor and O'Connor (1980) r epor t ed  a part iculate phosphorus se t t l ing
ra t e  of  2.92. y r "1  fo r  Lake LBJ .  Wi th  respect  t o  the  p resen t  analysis, the  mos t
pert inent  da ta  in  Table 5 -  2. are the  values for  the TVA reservoirs  (Higgins and Kim,
1981), which display some  s imilar i t ies  t o  the  Highland Lakes.  The phosphorus
sedimenta t ion  coeff ic ient  fo r  the TVA reservoirs  ranged f rom 0 16  t o  17 .06  yr  1 ,  and
the apparent set t l ing ve loc i ty  displayed a range of 2, 4 t o  2.68. 8 m/yr .  Bo th  ranges
encompass the phosphorus remova l  r a t e s  e s t ima ted  for  the Highland Lakes.
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FIGURE 5-2 (Concluded)
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TABLE 5—1

CONCENTRATIONS FOR SELECTED

MASS INPUT FUNCTIONS

Input ; Form Concentrat ion _E?

if Wo -at :1Constant  * WO _;‘7 (1  e ) 2

Linear W + wt  We -at  w ~ato— - - - (1 -e  )+—-—(1-e  —at)aV 2
a V

Exponential W0 :we __“_Ig_ ( -wt_  at)
(ai e

Source:  O'Connor and Mueller ,  1970
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TABLE 5-6

ANNUAL PUMPED WITHDRAWALS FROM LAKE AUSTIN AND TOWN LAKE

CITY OF AUSTIN WATER SUPPLY

W
W“

s

E. Austin Town L .  L .  Austin Town L .

Year (106m3/yr) (106m3/yr) Year (10616354) (106m3/yr)

1982 90.1 24.1 1966 39.8 13.5
1981 78.9 20.5 1965 42.7 11.1
1980 86.0 21.2 1964 38.2 15.0
1979 68.9 20.0 1963 37.5 18.8
1978 71.7 20.0 1962 26.5 21.1
1977 71.5 20.1 1961 31.8 10.5
1976 51.6 23.0 1960 29.5 13.2
1975 54.0 19.6 1959 27.8 9.5
1974 60.6 19.1 1958 23.1 13.6
1973 59.2 14.1 1957 19.7 15.8
1972 58.8 16.8 1956 21.0 24.5
1971 A 61.8 14.5 1955 11.9 26.4
1970 55.2 12.0 1954 2.9 32.4
1969 49.6 14.1 1953 -- 30.7
1968 31.3 22.1 1952 - 30.4
1967 :5 41.7 16.7

W

Note:

1982 - 1967 from LCRA hydropower records.
1966 - 1951 from Ci ty  of  Austin file data.
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TABLE 5-14

SUMMARY OF HISTORICAL CHLORIDE LOADINGS
TO THE HIGHLAND LAKES

Chloride Landings (106 gm) .
Point Adjacent Watershed Major Tributary A

Year Source Nonpoint Source Nonpoint Source Atmospheric

if - LAKE BUCHANAN -
1982 .1- ' 0.2 261.6 55,625.6 23.5
1981 : 1  ‘ 0.2 985.2 53,431.0 31.0
1980 0.1 490.8 56,732.6 25.2
1979 0.2 470.4 50,987.0 29.2
1978 0.4 874.8 - 52,061.4 29.8
1977 0.2 1056.0 56,428.1 26.0 '
1976 0.2 645.6 53,105.1 30.5
1975 0.4 750.0 57,687.8 29.8
1974 -- 1902.0 62,801.2 36.5
1973 -- . 436.8 54,434.0 - 29.8
1972 -- 207.6 50,640.1 22.2
1971 -- 519.6 63,300.4 30.2
1970 -- 950.4 56,395.7 21.5
1969 - 1153.2 56,662.6 37.2
1968 -- 1226.4 65,756.1 40.2

- mxs LAKE -
1982 -- 22.8 -- 0.9
1981 --  79.2 -- 1.2
1980 -- 40.8 -- 1.0
1979 -- 40.8 -- 1.2
1978 mi, -- 72.0 -- ~ 1.2
1977 ~ -- 84.0 -- 1.0
1976 '1 -- 54.0 -- 1.2
1975 -- 63.6 -- 1.2
1974 -- ' 151.2 —- 1.4
1973 -- 36.0 -— 1.2
1972 -- 18.0 -- 0.8
1971 - 44.4 -- 1.2
1970 -- 75.6 -- 0.8
1969 ~- 94.8 -- 1.4
1968 -- 99.6 -- 1.6
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TABLE 5-14 (Cmt‘d)

W

Chloride ' (10° )
Pom Adjacent Watershed Major Tribumy

You Source Nupoint Source Nunpoint Source Ame-1111231:

- LAKE LYNDON B. JOHNSON -

*
n

o
.6

1932 3 . 27.7 30.6 10,631.6 7.2
1931 ‘5 _ 13.3 301.2 3,330.3 9.5
1930 7 ' .  0.02 150.0 15,269.o 7.3
1979 0.006 166.0 6,363.6 9.0
1973 0.006 267.6 7,110.9 9.2
1977 0.006 321.6 . 3,657.3 ' 3.0
1976 0.006 196.3 11.059.3 9.5
1975 0.006 226.3 5,523.3 9.2
1976 0.006 652.6 ' 5,336.6 11.2
1973 -— 132.0 16,226.1 9.2
1972 — 62.6 11,366.6 6.3
1971 — 157.2 10,666.: 9.2
1970 - 233.0 16,669.11 6.5
1969 - 363.0 26,111.: 11.5
1963 — 369.6 6,600.3 12.5

-LAREMARBLEFALLS-
1932 51.6 62.0 — 0.9
1931 66.3 157.2 - 1.2
1930 61.3 73.0 - 1.0
1979 33 .1 76.6 - 1.1
1973 25.3 , 139 .2 - . 1.1
1977 26.2 . 167 .9 — 1.0
1976 19.3 102.0 - 1.2
1975 g 11.0 113 .3 — 1.1
1976 5; 11.0 301.2 - 1.6
1973 11.0 69.1 - 1.1
1972 11.0 33.0 - 0.3
1971 9.5 32.2 — 1.2
1970 9 .5 150.0 - 0.3
1969 9.5 132.2 - 1.6
1963 9.5 193.7 - ' 1.5
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TABLE 5-14 (Cmt'd)

911163166 1.6311335 (10" g/yr)
Point Adjacent Wntenhed Major Tributary

You Source Nmpoint Source Nanpaint Source Atmospheric

- LAKE mvxs -
1932 f 1.3 766.0 5,363.1 21.2
1931 2" 1.3 2,533 .o 6,605.0 36.2
1930 3 1.6 363.6 5,332.0 22.0
1979 0.8 1,712.6 6,723.0 29.3
1973 - 1,011.6 6,295.3 26.3
1977 - 331.2 6,630.2 17.5
1976 - 729.6 5,912.0 33.0
1975 - 1,579.2 6,936.9 29.2
1976 - 1,311.6 6,533.2 23.3
1973 - 1,376.0 6,058.5 32.2
1972 — 601.2 5,632.3 20.3
1971 -- 252.0 5,636.6 19.3
1970 -— 335.2 6,118.0 26.5
1969 - 793.0 5,990.6 26.3
1963 -— 569 .6 6 ,257 .6 30.3

- LAKE AUSHN -
1932 —- 176.1 - 2.5
1931 - 607.5 — 6.2
1930 - 79.5 -— 2.5
1979 — 609.5 — 3.5
1973 - 7.36.2 - 3.0
1977 - 72.0 - 2.0
1976 —- 169.5 - 6.0
1975 4; - 370.0 - 3.5
1976 "T —- 310.5 - 3.5
1973 —- 323.9 - 3.3
1972 - 162.0 - 2.5
1971 - 51.1 - 2.2
1970 — 196.5 -— 3.0
1969 - 176.6 - 3.2
1963 -- 116.0 .- 3.5
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TABLE 5-14 (Cmcluded)

gh_lcride 1.0161135 (106 5/72)
Point Adjacent Watershed Major Tributary

Year Source Nonpoim Source Nmpoint Source Atmospheric

- mwu LAKE -
1982 f - 279 .5 1,200.0 0.6
1981 3 - 952.5 1,667 .5 1.0
1930 — 138 .0 1,067.5 0.6
1979 - 641.5 1,512.5 0.8
1978 - 379 .2 775.0 0.6
1977 - 124.5 2,200.0 0.5
1976 - 273.0 2,150.0 0.9
1975 - 588.0 2,425.0 0.8
1974 - 687.5 2,100.0 0.8
1973 - 509 .9 2,050.0 0.9
1972 — 223.5 2,125.0 0.6
1971 - 93.5 1,125.0 0.5
1970 - 309 .5 2,100.0 0.6
1969 — 295.0 1,525.0 0.7
1968 — 202.5 2,025.0 0.8
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TABLE 5-18

CALCULATED PHOSPHORUS REACTION RATES
STEADY-STATE ASSUMPTION

Assumed _ _1
Steady-State _t React1on Rate (yr )

Concentration 1 Nov 73- 1 Jul 75- 1 Oct 75- 1 Nov 80-
Reaervoir (mg/l) Apr 74 30 Jun 76 31 Mar 76 28 Feb 81

Buchanan - 5  1* .26 .86 .46 .60
a _ .36 .02 .64 .60

2.". iii .44 1.41 .46 .96
3*: iv .56 1.12 .64 .96

Inks i 4.48 .97 -1.66 2.31
ii 4.02 ‘ - . 70  -1.42 .66
iii 1.58 -4.07 -1.66 - .39
i v  1 .56  -2 .46  -1 .42  -1 .50

LBJ i 1.02 1.00 2.36 _ - . 12
ii .76 1.86 1.72 6 .06
iii 1.94 1.11 2.36 - .12
iv 1.50 1.47 1.72 .06

Marble Falls 1 -11.06 -11.85 8.48 18.36
ii -9.02 -8.08 8.48 7.98
iii -16.08 -18.71 8.48 18.36
iv -13.90 -5.32 8.48 7.98

Travis i - .  14 .76 .40 .48
ii - . 20  .55 .34 .60
iii .16 1.02 .40 .48

.1; iv -.16 .66 .40 ~ .60

Austin 1 1 17.42 -6.22 -2.10 * - .48
ii 11 .26 -27 .30 -10.06 - .48
iii 1.18 -6.22 .81 - .48
iv 3.96 - .68  .81 - .48

Town 1 -16 . 56 -159 . 74 -58 . 06 44 . 94
ii -154.38 ~34.07 114.10 44.94
iii -33 .92 44 .60  -39.46 44.94
iv -182. 92 -129.25 -36.70 44.94

1.
00

1.
11

1.
J3

W
.

l

I "Notes :

' period-ending concentration, average of all reservoir stations;
period-average concentration, average of  all reservoir stations;
period-ending concentration, pool station;
period-average concentration, pool station;

ii
iii
iv
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TABLE 5-22.

SIMULATION OF PHOSPHORUS LEVELS IN LAKE BUCHANAN

AT VARYING K RATES

Observed Observed

Conc.1  Conc.z Predicted Cone .  for Various k Rates (year—1)
Yen (mgn) 43(mgfl) 20 30 40 30 60 70 &0 90

1968 - ?§‘.0265 .096 .074 .060 .051 .044 .038 .034 .031
1969 - .0041 .056 .039 .030 .024 .020 .018 .016 .014
1970 -— -— .037 .026 .020 .017 .014 .012 .011 .010
1W1 — — .w7 0n .u9 0% .M2 0% .m2 0%
1972 - - .018 .009 .006 .004 .004 .003 .003 .002
1973 .041: .023; .052 .038 .030 .025 .021 .018 .016 .014
1974 .054: .016: .099 .074 .058 .048 .041 .036 .032 .028
1975 .019: .012: .043 .030 .023 .019 .016 .014 .012 .011
1976 .023: .017? .024 .016 .012 .010 .008 .007 .006 .006
1977 .0352 .0201 .044 .033 .026 .022 .018 .016 .014 .013
1978 - -— .035 .024 .018 .015 .013 .011 .010 .009
1979 -— - .018 .012 .008 .007 .006 .005 .004 .004
1980 -— .0201 .066 .049 .039 .032 .027 .024 .021 .019
1981 .028? .017? .031 .020 .015 .012 .010 .009 .008 .007
1982 —- —- .049 .036 .028 .023 .020 .017 .015 .014

Note :  Observed Congntrationl = average o f  stations within main body o f  reservoir for the year.

Observed Cone???twtionz = average o f  pool station for the year.

Superscript indicates total number o f  measuremmts

Subscript indicates number o f  measurements at or  below detection limit
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TABLE 5-23

SIMULATION OF PHOSPHORUS LEVELS IN INKS LAKE
AT VARYING K RATES

Observed Observed

Cone.1 ,1 ;  Conc.z Predicted Cone. for Vgim k Rates (year-1)
Year (mg/l) .9— (m_g/l) . 01  . 1  1 .0  2.0 3 .0  6 .0  8 .0  10 .0

1968 — 4 I .0145 .044 .044 .043 .042 .042 .040 .030 .024
1969 — .0071 .021 .021 .020 .020 .019 .017 .013 .010
1970 - - .014 .014 .014 .013 .013 .012 .009 .007
1971 -— - .042 .042 .041 .040 .039 .037 .027 .021
1972 - — .004 .004 .004 .003 .003 .003 .002 .002
1973 ’ .0462 .0261 .021 .021 .020 .019 .018 .016 .011 .009
1974 .021: .016; .046 .046 .044 .043 .042 .038 .028 .022
1975 .014: .013: .016 .016 .016 .016 .015 .014 .011 .008
1976 - .0253: .008 .008 .008 .008 .007 .006 .005 .004
1977 — .0301 .019 .019 .018 .018 .017 .016 .012 .009
1978 -— — .013 .013 .013 .012 .011 .010 .007 .005
1979 - —- .006 .006 .005 .004 - .004 .003 .002 .002
1980 . - .0301 .027 .027 .026 .025 .024 .022 .016 .012
1981 - .0233 .011 .011 .010 .010 .009 .009 .006 .005
1982 - -— .020 .020 .019 .018 .018' .016 .012 .009

Note:  Observed Conifentration 1 = average of  stations within main body of  reservoir for the year.

Observed Concentration 2 = average of  pool station for the year.

Superscript indicates total number o f  measurements.

Subscript indicates number o f  measurements at or below detection limit.
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SIMULATION OF PHOSPHORUS LEVELS IN LAKE LBJ
AT VARYING K RATES

TABLE 5-24

Observed Observed

Cedric;1 Cone.2 Predicted Gone. for Vario1_1_s 1: Rates (year-1) .
Year (nip) (mg/l) 1.0 3.0 5.0 6.0 7.0 9.0 12.02%:

_. 3
1968 .0125; ' .01115 .026 .022 .020 .019 .013 .016 .014?
1969 .0022 .0001 .043 .034 .023 .026 .024 .021 .017
1970 - — .020 .017 .015 .014 . .013 .012 .010
1971 — — .036 .030 .026 .025 .023 .021 .013
1972 — — .021 .014 .011 .010 .009 .003 .006
1973 .0423 .0521 .025 .019 .016 .014 .013 .011 .009
1974 .0161: .013: .021 .017 .015 .014 .013 .011 _ .009
1975 .0123 .011; .011 .009 .003 .007 . .007 .006 .005
1976 .010: .011; .020 .015 .012 .011 .010 .009 .007
1977 .0302 .0301 .017 .014 .011 .010 .010 .009 .007
1973 — - .015 .011 .003 .007 .007 .006 .005
1979 - —- .011 .003 .006 .005 .004 .004 .003
1930 .0202 .0201 .031 .024 .020 .013 .017 .014 .012
1931 .0236 .0203 .019 .016 .013 .012 .011 .010 .003
1932 — — .023 .020 .016 .014 .013 .011 .009

. . e 2‘

Note: ObserveiéCancentntion 1 a: average o f  stations within main body of  reservoir for the year. j

Observed‘fioncentretion 2 = nverage o f  pool station for the year.

Superscript indicates total number of  measuremaxts.

Subscript indicates number of measurements at or below detection limit.
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111111.11 5-25

SIMULATION OF P30930805 LEVELS IN LAKE MARBLE FALLS
AT VARYING K RATES

' :‘Omd Ola-cud “L
im

l‘é
-1

11
’.

3 4:61 :51  Caaz Predicted Cone. t a  Vulous k Rate: $25-12
You (mg/l) (Ina/l) .1 5.0 6.0 7.0 12.0

1900 - .0015 .019 .019 .019 .019 .013
1969 — .0031 .026 .025 .025 .025 .024
1970 - - .015 .014 .014 .014 . .013
1971 - — .025 .024 .024 .024 .023
1972 .0274 - .011 .010 .010 .010 .010
1973 .040‘ .0731 .015 .014 ‘ .014 .014 .014
1974 .020: .024‘ .015 .014 .014 .014 .014
1975 .012; .011: .003 .000 .007 .007 .007
1916 - .015; .013 .012 .012 .012 .012
1977 - .0201 .012 .012 i .012 .012 .011
1973 - - .012 .011 .011 .011 .010
1979 - — .012 .012 .012 .012 .012
1900 - .030‘ .022 .021 .021 .020 .020
1921 - .0203 ' .015 .015 .015 .014 .014
1932 _ - — - .021 .020 .019 .019 .013

.<

" 1 . .Note: Qua-d Cancun-tum I «can at mum within nun body of  menu for the you.

Ola-cud Cancun-luau 2 2 our... of pool nation lo: the you.

511112391112 indium: tutu lumbar of  amounts.

Sub-1:14p: indicntu who: of  ammunit- n 1: below demotion limit.
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SIMULATION OF PHOSPHORUS LEVELS IN LAKE TRAVIS

TABLE 5-26

AT VARYING K RATES

0mm Ola-cud
is Canal Cum; Predicted Cone. for Various 1: Rates gag-1)

You : (ma/l) (mg/1) 1.0 3.0 5.0 0.0 7.0

1963 ’ A- .003 11 .0006 .013 .000 .006 .005 .004
1969 .0102 .0001 .016 .000 .005 .004 .004
1970 — — .012 .006 .004 .003 .003
1971 — — .014 .000 .005 .004 .004
1972 — — .009 .004 .002 .002 .002
1973 .021‘ .0131 .011 .005 .004 .003 .003
1974 .0301: .016: I .012 .007 .005 .004 .004
1975 .0111?J .011; .011 .006 .004 .004 .003
1976 .010: .010; .010 .004 .003 .002 .002
1977 .017: .010: .011 .006 .004 .004 .003
1978 - — .015 .003 .005 .004 .004
1979 - - .016 .007 .004 .004 .003
1900 .010; .010: .012 .005 .004 .003 .003
1901 .012; .010: .015 .003 .006 .005 .004
1902 - - .009 .004 .003 .002 .002

Nate: Observed Cncentnflm

Chas-"d Concentration

1

2

339

Sufi-crust indium total unbu- ol men-menu‘s.

I arena. o f  pool nation for 2110 you.

Sub-c2113: indium umber 0! management: at m below «tactic: 110111.

I flange of  satin: within uni: body of  mvoir {a  til. you.
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TABLE 5-27

SIMULATION OF PHOSPHORUS LEVELS IN LAKE AUSTIN
AT VARYING K RATES

-~ 3
W

3pm 004-0940
" Canc.‘ 0:000.z mama Cone. for Variou- k Rate: me“)You (mg/l) (mg/1) 0.1 1.0 3.0 0.0 7.0

1900 - .0045 .005 .005 .005 .005 .005
1909 - .0221 .005 .005 .005 .005 .004
1910 — — .004 .004 .004 .004 .003
1911 — — .005 .005 .004 .004 .004
1972 - — .003 .002 .002 .002 .002
1913 .015: .0001 .004 .004 .004 .004 .003
1974 .0141: .011; .005 .005 .005 .005 .004
1915 .043; .012; .004 .004 .004 .004 .004
1970 .013; .011: .003 .003 .003 .003 .003
“’77 ““5: .010: .004 .004 .004 .004 .003
1975 .025: .025: .000 .000 .005 .005 .004
1919 .0121: .012; .000 .000 .005 .005 .004
1900 .0103 .010: .004 .004 .003 .003 .003
1901 .012: . .013: ~ .000 .000 .000 .005 .005
1902 j; - -- .003 .003 .003 .003 .003

A

Note: 00.140 Comma-um 1 :- aveng- at  annual within main body of uneven- £0! the yen.

Ghana Concentration 2 - aver-p of pool station for th- yen.

Superscript inflates 101-1 nunbc o! mmmau.

Subscript inflate: number of augments It a below datectin unit.
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TABLE 5-2.8

SMULATIDN OF PHOSPHORUS LEVELS IN TOWN LAKE
AT VARYING K RATES

Observed Ohluvud
__ 56011:} Cum: Predicted Cone. for Vulcan 11 R119: {333. 2

Yan- .'.. (1113(1) (1113/!) .10 1.0 3.0 . 6.0 9.0

1966 4 ’ ' -  .0095 .006 .006 .006 .006 .006
1969 — .064.1 .000 .008 .006 .008 .008
1970 - - .006 .006 .006 .006 .006
1971 - - .006 .006 .006 .006 .006
1972 - - .007 .007 .007 .007 .Mb
1973 .0342 .0391 .010 .010 .010 .009 .009
1974 .027 ‘i .030: .002 .003 .006 .008 .000
1975 .0171; .017; .007 .007 .007 .007 .007
1976 .066“; .036; .007 .007 .007 .007 .007
1977 .016: .017; .005 .005 .005 .005 .005
1978 .0132 .019: .012 .012 .011 .011 .011
1979 .202: .267: .016 .016 .016 .016 .016
1950 .0226 .023; .007 .007 .006 .006 .006
1901 - .010: .012 .012 .012 .012 .012
1932 - - .007 .007 .007 .007 .007

Note: Obs-"ed Cue-attain 1

Supéiaeipt indict” col-1 1-1a- 0! menu-Inna.
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CHAPTER 6 .0

SIMULATION RESULTS AND DISCUSSION

6 1 ALTERNATIVE CONDITIONS

The mode l  HILAKES was  employed for  s imulat ion of future phosphorus concen»
trations in the Highland Lakes under several sets  of  alternative conditions for  the

period 1984-2000 .  , The scenarios represent a range o f  future development conditions,
formulated to depiét conditions that may potentially occur, as well as demonstrate the .
e f f ec t s  o f  loadings t o  upstream reservoirs  upon wate r  qual i ty  downstream.
Alternative scenarios are described be low.

Scenario I

The baseline scenario for projected future conditions (that which is anticipated
to occur) was described in  detail in Chapter 4 .0 .  The basis for Scenar io I  was
pro jec ted  population growth  in  the  count ies  contiguous to  the Highland Lakes .
Projected population growth was  used to est imate increases in  urbanized area within
the adjacent watersheds o f  the series of  reservoirs. The increase in urbanized area
produced an increase in  the  phosphorus loading originating from runoff f rom adjacent
watersheds.  Point  source phosphorus loads  were  also inc remented  in  accordance wi th
projected population growth. As  discussed in Chapter 4 .0 ,  hydrologic conditions for
the period 1967-1983  were assumed to  be  repeated for the period 1984-2000  to
formulate the baseline conditions. With this assumption,  phosphorus loadings f rom
major tr ibutaries and a tmospher ic  loads did not  increase over the historic conditions.

Scenario II

The second scenario was a variation of  Scenario I ,  in  that increases in  urbanized
area in the Highland Lakes watershed were based upon projected population growth.
However,  for Scenario II, the phosphorus concentration in  runoff from urban areas was
se t  a t  0 .30  mg / l , -  a 100  pe rcen t  increase  over  t he  previously assigned value o f -
0 .15  mg/l .  The 'Zafssumptions for  Scenar ioI  were retained for all other loads and__
parameters .

Scenario 1'11

In Scenario III, all assumptions in  Scenar ioI  concerning urbanized area and
external loadings were  re ta ined wi th  a single except ion.  A point  source load
equivalent t o  a population of 10 ,000  (2.  8 x 106  g/yr, at an assumed effluent phosphorus
level of  2 mg/l) was added to Lake LBJ.  This scenario was designed to examine the
ef fec ts  of  an intensive residential development i n  the watershed of  one of the
Highland Lakes ,  bo th  upon phosphorus leve ls  wi th in  that  reservoir  and within reservoirs
downstream.
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Scenar io  IV

The fourth scenario retained the assumptions of  Scenario III. In addition to  the
10,000—person point source load  to Lake LBJ ,  a supplemental  poin t  source  load
equivalent t o  a population of 50,000 (13.8 x 106  g/yr) was  added to Lake Travis. With
this scenario, the ef fec ts  of  hypothetical intensive residential developments on Lake
LBJ and Lake Travis were examined, with respect  t o  phosphorus levels within those
reservoi rs  as  wel l  a s  downs t ream waterbodies .

Scenario V

Scenar io  V represented a substantial  departure f rom the basel ine assumptions for
urbanization o f  the watersheds o f  the lower  reservoirs- Instead of  the baseline
assumption that urbanized area will  increase in accordance with projected population
growth,  i t  was  hypothesized that  the ent ire  adjacent watershed of Lake Travis ,  Lake
Austin, and Town Lake  would become completely urbanized. All  other loading
assumptions were compatible with Scenario I .  This scenario was formulated to
evaluate the potential e f fec t s  o f  a hypothetical maximum degree o f  residential
development  i n  the  a rea  surrounding the l ower  reservoirs .

Scenario VI

The sixth scenario was  ident ical  t o  Scenario V with one exception.  In addition to
the assumed complete  urbanization of  the watersheds of  the lower reservoirs, a
supplemental point source load was  introduced into Lake Travis, equivalent t o  the
phosphorus load f rom a fac i l i ty  or  faci l i t ies  t rea t ing  the  was t ewa te r  f rom a population
of 100,000 (27.6 x 106 g/yr).  This scenario thus examined the effects  of a very
intensive level o f  urbanization, supplemented with a substantial point source discharge
to  Lake Travis.

Scenario VII

Scenario VII was  devised to  investigate the increment  i n  phosphorus loading
required t o  e f f ec t  a specific increase  i n  predicted concentration within each reservoir.
The required load??? was  defined as the magnitude o f  the mass input that resul ted i n "
an increase i n  pre  c t ed  phosphorus concentration of  a t  least  0.010 mg/l within the
reservoir  d i rec t ly  receiving the  load for  a majori ty  of the years  i n  the  per iod
1984—2000. Except  fo r  the  supplemental phosphorus loading, all other input para-
meters  were identical t o  the assumptions i n  Scenario I .  The  supplemental phosphorus
loadings were input as point source loads; however, the simulation results are
independent of  the loading ca tegor iza t ion ,  and the  supplemental  load  can be
considered as originating f rom any o f  the potential  sources. Fo r  Scenario VII, the
reservoirs were  analyzed in sequential order,  and the model  HILAKES was exercised in
a trial and error process  for  each waterbody to  identify the loading required t o  achieve
the  ta rge t  level  of  e f f ec t s .  The  supplemental  loadings were  not  accumulated; that i s ,
only a single supplemental load was considered in the sequential analysis of  the chain
of reservoirs.
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Scenar io  VHI

In a manner similar to the previous scenario, the reservoirs were subjected to
supplemental phosphorus loadings above the baseline conditions. Instead of  a target
level  increase of 0 .010  mg/l phosphorus within the reservoir receiving the load, the
loading was adjusted to determine the mass  input required to elevate concentrations in
the reservoir immediately downstream by 0 .010  mg/l -  As  with the previous scenario,
the ta rge t  e f f ec t  was  required fo r  a major i ty  of t he  years  i n  the  pe r iod  l984~2000 .

V3

Scenario IX :3

Scenario IX  has formulated to investigate the ef fec ts  of  imposition of  urban
runoff controls upon the baseline predictions. The assumptions of  Scenar io I  were
retained, thus, the urbanized area within the  various watersheds was  es t ima ted  in
accordance wi th  p ro j ec t ed  populat ion growth .  In the  only except ion  to  the  basel ine
assumptions,  the  runoff phosphorus l oads  derived from urban areas were  reduced by
50  percent .  (The runoff load from the lower  of the two  subwatersheds defined for
Town Lake was not  reduced, since urbanization of  the watershed is already virtually
comple te . )  The reduction in  urban loads constitutes the simulated imposit ion o f  runoff
control measures.  Fo r  example, detention basins and filtration ponds represent
feasible control measures .

Scenario X

In a manner similar to the preceding scenario, the imposition of  runoff control
measures was  evaluated in Scenario X .  This scenario retained the basic assumptions of
Scenario V ,  which-evaluated the complete urbanization of the  adjacent watersheds of
Lake  Travis ,  Lake  Austin,  and Town Lake .  To  s imula te  runoff  cont ro ls ,  runoff
phosphorus l oads  f rom urban areas were  reduced by 50  pe rcen t .  (As wi th  the preceding
scenario, the runoff load from the lowermost  watershed of Town Lake was not
reducedJ

6.2. PROJECTE]?e PHOSPHORUS CONCENTRATIONS

Pred ic ted  avgrage phosphorus concentra t ions  i n  the Highland Lakes  are described"
below fo r  each alternative scenario formulated in the preceding section.

Scenario I

Simulated phosphorus concentrations i n  the Highland Lakes for Scenar ioI  are
displayed in Table 6 -1 .  Scenar io  I represents  p ro j ec t ed  deve lopment  conditions based
upon a sy s t ema t i c  increase in  urbanization i n  accordance with pro jec ted  population
growth,  and constitutes the future baseline predictions. The projected phosphorus
concentrations for the period 1984—2000 typically show nominal increases above the
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simulated levels for  1967—1983, the base  period for simulation o f  future conditions,
which are presented in Table 6-2,. In Lake Buchanan and Inks Lake, p red ic ted  future
phOSphorus concentrat ions are essent ial ly  identical  t o  the his tor ica l  basel ine levels .
Increments of 0.000-0.002 mg/l phosphorus are projected for Lake LBJ.  In Lake
Marble Falls, predicted increases range from 0.002—0.008 mg/l .  Phosphorus concen—
trations in Lake Travis are projected to increase by 0.000—0.001 mg/l above historical
conditions. In Lake Austin, increases of  (LOGO—0.002 mg/l are predicted.  Projected
increases in phosphorus levels in Town Lake range from 0 .000 -0 .003  mg/l .  Predicted
phosphorus ranges a re  as fo l lows:

5.3 Lake Buchanan 0.004 ~ 0.042 mg/l
2: _ Inks Lake 0.003 - 0.038 mg/l
* Lake LBJ 0.006 -— 0.027 mg/l

Lake Marble Falls 0 .012  - 0 .030  mg/l
Lake Travis 0 .002  - 0 .005  mg/ l
Lake Austin 0 .003 - 0 .00?  mg/ l

Town Lake 0.006 - 0.018 mg/l

There is  no  indication of  a persistently substantial elevation i n  phosphorus
concentrations within the series of  reservoirs under the Scena r io l  conditions. The
projected increases in urbanized area fo r  future conditions resulted i n  increases in the
runoff mass  loading from adjacent watersheds.  However ,  the p ro jec ted  increase  in
urban loading i s  generally insignificant when compared  to  the  overal l  runoff  mass
loading f rom all existing types  of land uses. Further ,  the tota l  runoff mass loading
does no t  usually comprise the major  fraction of  the total external mass  loading, wi th
the exception of  loadings to Town Lake. Phosphorus loads from major tributaries and
releases from upstream reservoirs typically account for  the major  portion o f  the total
load within the chain of  reservoirs,  and are often an order of  magnitude greater than
runoff loads  and a tmospher ic  loads.  In addition, the  point  source loading of  phosphorus
represents  a substantial  f ract ion of the  t o t a l  load  t o  Lake  Marble  Fa l l s .

Scenario II

Scenario II was formulated t o  examine the e f fec t s  o f  increased urban- mass  loads  ,_
upon reservoir ‘filxosphorus levels.  Simulated phosphorus concentrat ions under
Scena r io I I  assumations, presented  in  Table 6—3, display l i t t l e  departure from the”
resul ts  shown in  Table 6 - l  fo r  Scenar io  1. In response to  the  increase  in  urban runoff
phosphorus concentration t o  0 .30  mg/l,  small elevations in  reservoir phosphorus levels
over baseline (Scenario I)  conditions were occasionally predicted.  Phosphorus
concentrations were not elevated more than 0.001 mg/l over baseline levels.

The l imi ted e f f ec t  of  the increased phosphorus concentra t ion in  urban runoff i s
at t r ibutable  to  two  fac to r s .  F i r s t ,  runoff loads  from adjacent  watersheds  do no t
usually comprise  the major  port ion of  the total external mass  loadings t o  the
reservoirs. Second, of  the components of  the total  phosphorus loading from runoff,
urban area generally represents a small fraction o f  the entire watershed area.
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Scenario III

The e f f ec t s  of  a hypothet ical  moderate-size point source load t o  Lake LBJ ,  with
respect t o  phosphorus concentrations in Lake LBJ and downstream reservoirs, were
investigated in Scenario III. Simulation results for  ScenarioIlI are displayed in
Table 6—4.' Insertion of  the 10,000—person point source load to Lake LBJ increased
predicted phosphorus concentrations above baseline (Scenario I) conditions by
0 .001-0 .002  mg/l  within the reservoir. In addition, phosphorus concentrations down-
stream in Lake Marble Fal ls  showed comparable elevations. Slight elevations were
also occasionally observed farther downstream.

The e f f ec t  jfi f t h s  addit ional  point source loading was  general ly smal l .  The
ex ten t  of the  effeEt  i s  dependent upon the  magnitude of the  poin t  source contribution,
relat ive t o  the other  sources of mass  loadings. Fo r  example, i n  years with low
tributary inflow and l i t t le rainfall, direct point source loads can comprise the major
portion o f  the mass  loading to Lake LBJ.  However,  loadings associated with releases
from upstream reservoirs usually represent the phosphorus input of  greatest
magnitude.

Scenario IV

The e f f ec t s  of hypothet ical  moderate—size point  source loads t o  Lake LBJ  and
Lake Travis were  examined in  Scenario IV. Simulated phosphorus concentrat ions i n  the
Highland Lakes  under Scenario IV are presented in Table 6 -5 .  The  e f fec t s  of the
supplemental point source  load to Lake LBJ were  described for  Scenario Ill. Addition
of  a substantial point source load to  Lake Travis, equivalent to a population of  50 ,000 ,
resulted in projected increases in  phosphorus levels  within the reservoir o f  0 .001 -
0 .003  mg/l above Scenario I levels.  Concomitant increases in concentration of  0 .001 -
0 .002  mg/l were predicted for  Lake Austin and Town Lake.

The effects  of  the hypothetical point source discharge t o  Lake Travis can be
in terpre ted  in  t e rms  of the pe rcen t  increase  in  ambient  l eve ls ,  as  wel l  as  the u l t ima te
magni tude of  the  p red ic ted  concentrat ions.  The  supplemental  mass  load  resul ted in
generally 20—100percen t  e levat ions i n  phosphorus concentrat ion i n  Lake Travis above ‘
baseline (Scenario ) levels .  Howeve r ,  even with the elevations in  concentration, the,
predicted average phosphorus levels  within Lake Travis are consistently below
0.010  mg/l. The large volume of  the reservoir enables i t  t o  assimilate substantial mass
loadings ye t  remain at  a relatively low phosphorus concentration. Phosphorus levels  in
Lake Austin downstream also remain below 0 .010  mg/l ,  with increments in  concentra—
t ion o f  15 -70  percent.

Despite the increases i n  point source loading, re leases  f rom upstream reservoirs
usually const i tute  t he  major  f rac t ion  of t he  external mass  loading.  Howeve r ,  the
hypothet ical  point source  load to  Lake  Travis  is  general ly  on the  same order  of
magnitude as the  loading f rom the upstream reservoir. In years wi th  high inf low,
tributary loads can also achieve the order of  magnitude o f  point source and upstream
release loadings.
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Scenario V

The ef fec ts  of widespread urbanization of the watersheds of Lake Travis, Lake
Austin, and Town Lake were  invest igated in  Scenario V .  Results  o f  the simulation are
displayed in Table 6m6. The assumption of  complete  urbanization produced increases
in  phosphorus concentration of 0.000- 0.004-mg/l within Lake Travis, 0.001-0.008 “mg/l
within Lake Austin,  and 0.001~—0.012 mg/ l  within Town Lake .  In t e rms  of percen t
increases over baseline l eve l s ,  the resul t s  indicate elevations of  0-—100 percent in Lake
Travis, 15 -130  percent i n  Lake Austin, and 15 -80  percent i n  Town Lake. In terms of
the magnitude of; the predicted levels,  phosphorus concentrations in Lake Travis —
remain be low 0.01.0 mg/l.  The maximum predicted concentration in  Lake Austin i s
0 .014mg/1 ,  though the  l eve l s  are usually be low 0 .010 mg / l . .  Concentra t ions  are
generally higher in Town Lake, wi th  a predicted maximum phosphorus level o f
0.030 mg/l.

Of  the total  external mass loading to  Lake Travis re leases  from the upstream
reservoir  usually provide  the  major  por t ion under the Scenario V assumptions.  Runoff
loads from the adjacent watershed or tributary loads are the largest contributor of
phosphorus in other years. These three sources are typically of  the same order of
magnitude for Lake Travis. Upstream releases generally constitute the major source
of phosphorus loading to Lake Austin, through runoff loads from the contiguous
watershed are frequently o f  t he  s ame  order  of  magni tude.  Fo r  Town Lake,  the  ma jo r
source of phosphorus loading is  usually the release from the upstream reservoir.
Runoff loads from the adjacent watershed are occasionally the largest contributor, and
are typically of  the same order of  magnitude as the upstream release phosphorus loads.
With the  assumed complete level of urbanization i n  the  watersheds of the lower
reservoirs ,  the  magnitude of  the runoff load  i s  pr imari ly  dependent upon the  assumed
precipitation characteristics -— the largest loads are associated with the largest storm
events.  Thus, runoff loads can comprise a substantial fraction of  the total  external
mass loading in years with a large number o f  runoff-generating storm events.

Scenar io  VI

The effectSfpf a large point source discharge to  Lake Travis, equivalent t o  a”
population of  100300, in  conjunction with widespread urbanization of  the watersheds
of Lake Travis ,  Lake Austin,  and Town Lake,  were  examined wi th  Scenario VI.
Simula t ion  resul ts  a re  shown in Table  6—7. The combinat ion of the intensif ied
urbanization and the supplemental point source load produced the following ranges of
phosphorus concentration increments above baseline levels: 0 .003 -0 .007  mg/l in Lake
Travis, 0 .004-0 .011  mg/l in Lake Austin, and 0.004—0.015 mg/l i n  Town Lake.
Recogniz ing the  contributions from the urbanizat ion assumption discussed under the
preceding scenario,  i t  i s  evident that the supplemental point source accounted for
concentration increments of  approximately 0 .003  mg/l i n  Lake Travis and the reser—
voirs downstream. Percent increases i n  baseline concentrations under Scenar ioVI
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include 75 -300  percent in Lake Travis,  70-270  percent  i n  Lake  Aust in ,  and
70—120 percent  i n  Town Lake .  In t e rms  of t he  concentrat ions u l t imate ly  r ea l i zed ,  a
maximum average phosphorus level  of  0 .012  mg/l was  predicted for Lake Travis, with
most  of  the predicted concentrations below 0 .010  mg/l.  Fo r  Lake Austin, a maximum
phosphorus concentration of  0 .01?  mg/l was  predicted. The maximum concentration in
Town Lake was  es t imated  to  be  0 .033  mg/ l .

With the  large supplemental load,  the point source contribution usually accounts
for the major portion of  the total external mass  loading to Lake Travis, and typically
displays the same 50rder of magnitude as the tributary and runoff loadings. Upstream
releases generally? constitute the major fraction of  the total phosphorus loading to <
Lake  Austin and T=pwn Lake .  During years  w i th  substantial  precipi ta t ion even t s ,  runoff
loads can potentially represent  the largest  source of phosphorus.

Scenario VII

The magnitudes of supplemental loadings required t o  e f f ec t  a 0 .010  mg/l
minimum increase  in  phosphorus concentrat ion above baseline levels  within each
reservoir were  evaluated in Scenario VIE. Reservoirs were  examined sequentially, with
the loading supplement assigned to only one reservoir at a t ime .  The criterion for
specifying the required phosphorus load was  that the 0 .010  mg/l minimum increment  i n
concentration be  achieved in  a majori ty  of the  years  compris ing the 17- -yea r

simulat ion per iod.  Phosphorus loads  ef fec t ing the  target  concentra t ion increment
were determined as fol lows:

Lake Buchanan 69  x 106  g/yr
Inks Lake 7 x 106 g/yr
Lake LBJ 19 --x 106 g/yr

Lake Marble Falls 11 x 106 g/yr
Lake Travis 85  x 106 g/yr
Lake Austin 13  x 106  g/yr
Town Lake 12 x 106 g/yr

For  perspec t ive ,  the point  source load added to Lake Travis under Scenar ioVI was -
Z7 .6 x 106  g/yr, en‘s was  equivalent to an effluent phosphorus load from a population of__
100 ,000  (at an effluent concentration of 2. mg/l).  Under the supplemental loadings
identified above, the predicted average phosphorus concentrations in the respect ive
reservoirs  displayed the  fol lowing ranges:

Lake Buchanan * 0 .014  ~ 0 .051  Ing/l
Inks Lake 0 .015  - 0.047 mg/l
Lake LBJ 0.016 - 0.036 mg/l

Lake Marble Fal ls  0 .017 — 0 .051  mg/l
Lake  Travis 0 .012  - 0.019 mg/ l
Lake Austin 0.009 v 0.022 mg/l

Town Lake 0 .010 - 0.032. mg/l
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Predicted concentrations for each reservoir under i t s  respective supplemental
phosphorus loading are shown i n  Table  (iv-8 (no te  that  th is  tabulat ion does  not  include
consideration of the cumulative e f f ec t s  of  a loading upon reservoirs downstream).

Under the supplemental loads described above, measurable e f f ec t s  upon
phosPhorus concentration in  downstream reservoirs were  observed. Examples  of the
sequential  e f f ec t s  are displayed in Tables  6—9 through 6—11, present ing the resul ts  of
supplemental loads to  Lake Buchanan; Lake LBJ ,  and Lake Travis, respectively.

The effectspgof the supplemental loading to Lake Buchanan on downstream
reservoirs are shown in  Table 6—9. As  expected, the greatest  e f f ec t  is  exerted upon <
phosphorus concentrations in Inks Lake immedia te ly  be low Lake Buchanan. Phosphorus
concentrat ions are e levated  by 0.004— 0.009 mg/ l  above the  basel ine  (Scenario I)
predictions in Inks Lake.  Observed effects  i n  reservoirs farther downstream include
increases of  0 .001n0.004 mg/l i n  Lake LBJ and 0.000—0.004 mg/l i n  Lake Marble Falls.
Elevations o f  phosphorus concentration o f  0 .001  mg/ l  are predicted for  roughly half of
the years i n  the s imulat ion per iod in Lake Travis,  and similar i nc remen t s  are
occasionally observed in Lake  Aust in  and Town Lake. The  magni tude and longitudinal
extent of the e f f ec t s  on downstream reservoirs is  dependent upon the tota l  external
loading to each reservoir and the outflow through the series o f  reservoirs. Where the
total  external loading is dominated by the loading associated with releases from an
upstream reservoir, the e f f ec t  i s  potential ly more  substantial.  In addit ion,  the
downst ream e f f ec t  i s  more  substantial  with larger re leases  f rom the upstream
reservoir.

In Table 6 -10  are displayed the e f fec t s  of  the supplemental load to  Lake LBJ
upon downstream reservoirs. Phosphorus concentrations in  Lake Marble Falls show
inc reases  of  0.006—-0.011 mg/ l .  Increases  i n  rese rvo i r s  be low Lake Marb le  Fa l l s  we re
less substantial,  ranging f rom 0.000w0.002 mg/l  i n  Lake Travis, Lake Austin, and Town
Lake. The elevations in concentration in  Lake Marble Falls are equal t o  or slightly
less (by usually 0 .001  mg/l) than the concentration increases predicted in Lake LBJ as
a consequence o f  the supplemental load. Concentrations within Lake Marble Fal ls  are
influenced primari ly  by the loads  assoc ia ted  wi th  r e l ea se s  f rom Lake LBJ  upstream.

The effectséof a large supplemental loading to Lake Travis upon phosphorus"
levels  in Lake Allah: and Town Lake are presented in  Table 6—11. Concentrations in
Lake Austin resemble closely the phosphorus concentrations in  Lake Travis, due to  the
throughflow-dominated nature of  the  l ower  reservoir .  P red ic ted  concentra t ion
increments  i n  Lake Austin are i n  the  range of 0.008—0.013 mg/l, and range from
0.007-0.012 mg/l in Town Lake. External phosphorus loadings to  both Lake Austin and
Town Lake are dominated by upstream releases.

Scenario VIII

Under Scenario VH1, the magnitudes of supplemental loadings to individual
reservoirs required to  produce a 0 .010  mg/l increase in  phosphorus concentration
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within the reservoir immediately downstream were determined. As with Scenario VII,
the  concentrat ion increment  was requi red  in a major i ty  of the  years compris ing the
17—year simulation per iod.  Magnitudes of the phosphorus loads were as fol lows:

Lake Buchanan 84 x 106  g/yr
Inks Lake 25 x 102 g/yr
Lake LBJ 22  x 102  g/yr

Lake Marble Falls 90 x 102 g/yr
Lake Travis 85  x 102 g/yr
Lake Austin 13 x 106 g/yr

The phosphorus inputs l i s ted  above are generally larger than the loadings required to
produce increaseé’ - of 0.010 mg/ l  within each  reservoir  rece iv ing  the d i rec t  load
supplement, as described fo r  Scenario Vll. Considering the  results of  Scenario VB and
VIII, two alternative mechanisms have been defined for increasing the phosphorus level
in  a particular reservoir by 0 .010  mg/l:  either the load identified in Scenario VII may
be  input directly to  the particular reservoir, or,  the loads calculated under this
scenario may be  input to the reservoir upstream.

Scenario IX

The e f f ec t s  of runoff control  measures  upon the  p red ic t ed  basel ine (Scenar io  I)
phosphorus concentrations in  the reservoirs were evaluated i n  Scenario IX. As
descr ibed for  Scenario I ,  the  p red ic ted  baseline phosphorus levels  i n  the  reservoirs
were generally l ow ,  without substantial elevation over historical conditions. With the
assumed 50  percent reduction i n  runoff loads from urban areas, only very small
decreases in  baseline phosphorus levels were occasionally observed within the Highland
Lakes, except for  Town Lake, where more substantial decreases were prevalent. The
maximum reduction in concentration was 0 .001  mg/l  i n  reservoirs other than Town
Lake; phosphorus levels in Town Lake were reduced by 0.000—0.006 mg/l ,  as shown in
Table 6-12.

Under  the baseline conditions,  runoff control  measures  generally have l i t t l e
e f f ec t  upon predicted reservoir  phosphorus leve ls .  The e f f ec t  i s  negligible due t o  the  "
relatively smal l  pFiportion of urbanized area within the entire adjacent watersheds 0v
the Highland Lake The urban runoff loads are generally small compared to  external
phosphorus loadings from other sources. An  exception is Town Lake, where reduction
in urban loads demonstrated a more  substantial e f fec t  due to  the large degree of
urbanization and the relative magnitude o f  runoff loadings.

Scenario X

Under Scenar io  X ,  the e f f ec t s  of runoff  control  measures  were  examined wi th  a
hypothetical intensive leve l  of urban deve lopment .  As  wi th  Scenario V, i t  was  assumed
that the adjacent watersheds of Lake Travis, Lake Austin, and Town Lake were
completely urbanized. Control measures were simulated v ia  a 50  percent  reduction in
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urban runoff loads .  Pred ic ted  concentrat ions are displayed in Table 643 .  Compared
to  the  baseline conditions of Scenario 1, the average reservoir  concentrat ions  increased
by (LOGO-0.002 mg/ l  i n  Lake Trav is ,  0.000-—0.003 mg/ l  i n  Lake  Austin,  and
(LOGO—0.004 mg/ l  in Town Lake .  Compared  to  the  p red ic ted  concentrat ions under
comple te  urbanization wi thout  runoff controls ,  imposi t ion  of a 50  pe rcen t  reduct ion in
urban loads  generally resulted i n  a reduction of roughly 50  pe rcen t  or  l e s s  i n  the
magni tude of t he  reservoir  concentrat ion increases .  Reduct ions  in  concentra t ion vie»-
awvis the case  of  comple t e  urbanization without  cont ro ls  displayed the  fol lowing
ranges;  {LOGO—0.002 mg/ l  i n  Lake  Travis ,  0.000—0.005 mg/ l  i n  Lake  Austin,  and
0.001~0.008 mg/l  in Town Lake.

The e f f ec t  i n f  runoff control  measures  upon reservoir  phosphorus leve ls  is
dependent upon tlie re la t ive  magnitude of the  urban loading, Where  the  urban load
compr ises  a substantial  f ract ion of  the t o t a l  external  mass  load ,  runoff controls  can
exer t  a more  significant e f f ec t .  Under  the  urbanization assumptions of Scenario X ,
phosphorus l oads  associated wi th  re leases  f rom upstream reservoi rs  usually const i tute
the  primary source of  external loadings to  Lake  Travis  and Lake Austin fo r  the
s imulat ion per iod.  Runoff loads  f rom adjacent wate rsheds  are frequent ly of  t he  s ame
order of  magnitude as the  upstream re lease  loads ,  and on Lake Travis  occasional ly
represent  the  major  contribution of the t o t a l  external  loading. On  Town Lake,
upstream release loads and runoff loads  typically exhibit a s imilar  order  of magnitude
under Scenar io  X, with the  runoff loads  const i tu t ing the  primary source of mass
slightly more  than half of  the  t ime .

6 .3  DISCUSSION OF RESULTS

6.3.]. Implicat ions on Wate r  Quali ty

A casenby-case presenta t ion of t he  p red ic ted  phosphorus concentrat ions fo r  each
scenario was  provided in  the  previous sec t ion .  The alternative scenarios represented a
range of  future developmental  condit ions,  A summary of the  s imulat ion resul t s  i s
displayed in  Table 6—14. The  h is tor ica l  da ta  indica tes  that  t he  reservoirs  comprising
the Highland Lakes are usually charac ter ized  by  relat ively low concentrat ions of t o t a l
phosphorus. As  aégeneral conclusion, p ro j ec t ed  concentrat ions  for  future conditions ‘
indicate that phospgiorus will  r emain  at  re la t ive ly  l ow leve ls .

The  e f f ec t s  of p ro j ec t ed  future population g rowth  and urbanizat ion were
examined in  Scenar io  I ,  which const i tuted the base l ine  case  fo r  future condit ions,
Pro jec ted  phosphorus concentrat ions fo r  1984~2000 under the Scenario 1 assumptions
displayed increases  of 0.000n0.008 mg/l  above the s imula ted  h is tor ica l  concentra t ions
for  1967—1983 (see Table 6—1 and Table 6-2). Since the underlying hydrologic
conditions fo r  the per iods  1967—4983 and 1984~2000 were  ident ica l ,  p ro jec ted  changes
in  phosphorus concentrat ions are  a t t r ibutable  to  increases  i n  external  mass  loadings,
primarily point source and runoff loads  f rom the adjacent watersheds ,  No  increases  in
phosphorus concentrat ions above h i s to r ica l  l eve ls  are pro jec ted  for  Lake Buchanan and
Inks Lake  under the Scena r io l  assumptions,  due to  negligible increases  i n  external
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loadings.  Increments  of 0 .000«0 .002  mg/l  are p ro j ec t ed  fo r  Lake  LBJ ,  i n  response t o
increases  in  point  source and urban runoff loads .  P ro jec ted  po in t  source  and runoff
loads  t o  Lake Marble Fal l s  under the  Scena r io l  assumptions resu l ted  in  phosphorus
elevat ions  of 0.002—-0.008 mg/ l .  Loadings to  Lake Travis  we re  p ro j ec t ed  t o  increase
phosphorus l eve l s  0.000%).001 Ing/l  above his tor ical  levels .  In Lake Austin,  inc reases
of 0.000-=0.002 mg/ l  were  p red ic ted .  Increases  i n  phosphorus of  0 .000-0 .003  tog/l we re
pro jec ted  for  Town Lake  under Scenario I assumptions.

In Scenario II, the e f f ec t s  of inc reased  urban loadings were  examined.  I t  was
assumed that thegphosphorus concentra t ion i n  urban runoff was  doubled above the
basel ine  value. ‘fThis assumption inves t igated the  possibil i ty that  the  ave rage -
phosphorus concentration i n  urban runoff would  be  higher than ant ic ipated,  as  a
consequence of  either an inaccurate  fo recas t  of t he  basel ine  phosphorus l eve l  or  the
rea l iza t ion  of a more  intense l eve l  of  urban development .  In response t o  the increase
in  urban runoff loadings, e levat ions  i n  reservoir  phosphorus l eve l s  above the  basel ine
Scenar io  I resu l t s  of 0 .001  mg/ l  we re  occasionally predicted.

Hypothetical  supplemental po in t  source loads  were  examined in  Scenar ios  Ill and
IV. Addit ion of  a moderate—size point  source load to  Lake  LBJ ,  equivalent t o  a
populat ion of 10 ,000 ,  increased  p red i c t ed  phosphorus concentrat ions above basel ine
(Scenario I) conditions by 0.00l.-0.002 mg/l .  Addition of a larger point source load to
Lake Travis ,  equivalent t o  a population of  50 ,000,  resul ted i n  p ro jec ted  increases  in
phosphorus levels of 0.001—0.003 mg/l  above baseline conditions.

Comple t e  urbanizat ion o f  t he  watersheds  o f  Lake  Travis ,  Lake  Aust in ,  and Town
Lake was  examined  in  Scenario V. Pro jec ted  phosphorus leve ls  showed  increases  of
(LOGO-0.004 mg/ l  within Lake  Travis ,  0 .001 -  0 .008 mg/ l  within Lake  Austin,  and
0.001m0.012 nag/l wi th in  Town Lake .  A large supplemental  point source  load  to  Lake
Travis ,  equivalent t o  a population of  100 ,000 ,  was  coupled wi th  the  comple te
urbanization assumptions i n  Scenario VI. P ro jec ted  increases  i n  phosphorus leve ls  of
0 .003 -  0 .007 mg/ l  within Lake Travis ,  0.004—0.0ll  mg/l  within Lake Austin,  and
0.004m0.015 mg/ l  wi th in  Town Lake were  obtained.

In Scenario VII, the  magnitudes of supplemental loadings required t o  produce—
elevat ions i n  pho Thorns  concentra t ion of 0 .010  mg / l  were  def ined Required supple-n
menta l  inputs wer  substantial, f o r  example ,  85  x 106 g/yr for  Lake  Travis .  In a
similar manner ,  the magnitudes of  supplemental loadings requi red  t o  e f f ec t  a
0 .010 mg/ l  increase in  phosphorus i n  the  reservoir  immedia te ly  downst ream were
examined in  Scenario VIII. A load of  85  x106  g/yr t o  Lake Travis,  fo r  example ,  was
suff ic ient  t o  e levate  concentrat ions in Lake Austin by the  target  l eve l .

The  e f f ec t s  of urban runoff control  measures  were  invest igated in Scenarios  IX
and X .  In Scenario IX ,  urban loadings were  reduced by 50  percen t  f rom the base l ine
conditions i n  Scenar io  1. With  the reduct ion i n  urban loads,  decreases  i n  p ro j ec t ed
phosphorus l eve l s  of 0 .001  mg/ l  were  occasionally observed in  the ser ies  of  reservoi rs ,
though concentrat ions i n  Town Lake decreased  by (LOGO—0.006 mg/l. Urban loadings
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predicted with the complete urbanization assumption o f  Scenario V were reduced by
50  percent  for  the Scena r ioX exercise.
resul ts ,  the reductions in  loading resu l ted  in  decreases  i n  pred ic ted  phosphorus
concentrations of  0.000—0.002 mg/ l  i n  Lake Travis, 0 .000 -0 .005  mg/ l  in Lake Austin,
and 0 .001-0 .008  mg/l i n  TOWn Lake.

Compared to  the comple te  urbanization

Generally, the projected increases in  average ambient phosphorus concentrations
do  no t  appear t o  be  large enough to  cause a significant water  quali ty impac t .  The
primary coucern is that additional phytoplankton growth may be  st imulated by
increased phosphorus levels. To  est imate roughly the potential magnitude of  the

approximated with chlorophyll—a levels.
Chlorophyll-a levéls can demonstrate a strong correlat ion with algal b iomass  and are
commonly  employ’ed as  a re la t ive  measure  of  biological  act ivi ty,  especially when more
detailed phytoplankton data are not  available. In some systems,  correlations have
been demonstrated between total  phosphorus and chlorophyll—a levels. As  an example,
the following empirical relationship is frequently employed (Dillon and Rigler, 1974):

effect, biological activity can be

log (Chl~a)

where Ch l - a

1.449 log (P) ~ 1.136

concentration of  chlorophyll—a, 11 g/l
P = concentration of  total phosphorus, ug / l

Potent ial  increases  in  chlorophyllna l eve l s ,  though, have l i t t l e  in tui t ive  value as
Ideally, the projected to ta l  phosphorus or

chlorophyll-a concentrations should be  related to a readily discernible indicator o f
water  quality. An approach that has been used in other  investigations i s  to relate
chlorophyll-a, as  an indicator  of  algal density,  t o  transparency in  the  water  column.
For  example,  Ras t  and Lee  (1978) obtained the following relationship be tween  Secchi

a perceptible change in water  quality.

depth and chlorophyll-a:

log (SD)

where SD Secch i  depth ,  m
Chl—a : chlorophyll—a, ug/ l

3

Using the two  relaionships described above, increments i n  phosphorus concentration"

-0.473 log (Chl—a) + 0.803

can be  in te rpre ted  i n  t e rms  of chlorophy11~a and Secchi  depth,  as  shown in  Table 6 -15 .

According to data from Fruh and Davis (1969a, 1972), chlorophyll-a concentra-
tions in  the Highland Lakes were  in the approximate range of  l~60  ug / l ,  and Secchi

The data in  Table 6 -15  display a strong
sensit ivi ty in Secchi  depth at  l ow  chlorophyl l -a  leve ls .  Da ta  in  the lower  range of
chlorophyll~a values do  not  appear t o  be  representative of the Highland Lakes. In the
higher range of chlorophyll-a values, increments i n  concentration result in smaller
changes in Secchi depth: increases o f  0 .001  mg/l in phosphorus e f f ec t  roughly 0 .1  in

depths typically ranged from 0 .3 -3  m .

decreases in  Secchi depth.
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The empirical  relationships employed in the  calculat ion were  not  developed
specifically fo r  the Highland Lakes,  and i t  i s  probable  that  t he  re la t ionships  do  not
hold prec ise ly  for  the  se r i es  of  reservoi rs .  Though the  re la t ionships  may no t
accurate ly  p red i c t  t he  magnitude of chlorophyl l -a  l eve l s  or  Secch i  depths  in  the
Highland Lakes,  they could possibly p red i c t  the  co r rec t  sys t ema t i c  t rends .  Howeve r ,
th is  cannot be  assured,  s ince  additional f ac to r s  such as turbidi ty  and par t icula te  l eve l s
may in te r fe re  w i th  the  relat ionship.  The  Highland Lakes may have higher levels of
turbidity and thus lower  Secch i  depths that those used  in  the development of  the
empirical relationships. The extant turbidity levels may be  due primarily to erosional
material  as opposed to  algal densities. A higher level of  background turbidity could
diminish the effects  .o f  increased algal growth and preclude serious impairment of  —
water quality (Lee; 1977). The effect  of higher background turbidity would be  most
noticeable in the é’mpirical relationships at the lower range of  chlorophyll-a values.

Numerous assumptions concerning mass  loadings, hydrologic parameters ,  and
reaction ra tes  comprised the present simulation of phosphorus concentrations i n  the
Highland Lakes. Uncertainty in  the variables could a f fec t  the accuracy of  the
predicted phosphorus levels.  Confidence in  the  predicted concentrations i s  enhanced
by the fac t  that various simulation scenarios demonstrated that substantial augmen-
tation of  the basel ine external mass  loadings was  general ly required t o  e f f ec t  a
ma te r i a l  change in  phosphorus concentra t ions .  Recogniz ing  this  f ac t ,  t he  p red ic t ed
average base l ine  phosphorus concentra t ions  can be  assumed to  be  accurate  within
reasonable l im i t s ,  probably within f0 .010  mg/ l ,  and perhaps within i-0.005 mg / l .  How~
ever ,  l oca l i zed  f luctuat ions i n  phosphorus l eve l s  will occur .  Fo r  example ,  there  ex i s t s
a degree  of  longitudinal  var iat ion i n  concentration within cer ta in  reservoirs ,  primarily
the larger waterbodies .  In addition, discrete zones or embayments  within a reservoir
may  exhibit e levated phosphorus levels  as a result o f  local ized tributary, runoff, or
point source loadings.

As  a general conclusion then, projected reservoir phosphorus concentrations for
future conditions appear t o  be  in line wi th  historical levels.  In  terms o f  increments i n
concentration, low or nominal increases are generally projected,  and future phosphorus
concentrations should remain at relatively low levels .  However ,  the implications of
the projected ingreases in phosphorus levels ,  albeit small ,  cannot be  precisely "
ascertained a t  th present t ime .  The relationship be tween  phosphorus concentration"
and algal growth,  chlorophyll-a as an indicator, has not  been defined in the Highland
Lakes. Further,  the  relationship be tween  chlorophyll-a and transparency has not  been
defined. Based upon commonly used relat ionships,  though, the  p ro j ec t ed  phosphorus
increments  would entai l  no  substantial  s t imula t ion  of algal g rowth  o r  de te r io ra t ion  of
t ransparency.

6 .3 .2  Sources  of  Phosphorus Loadings

With in  Chapter  4 .0 ,  external  mass  loadings to the Highland Lakes from point
sources,  runoff f rom adjacent watersheds,  major  tributaries, and precipitation were
quantified for historical and projected future conditions. I t  was apparent that the
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nonpoint  source  loads exceeded  the  po in t  source loads  i n  the  mul t i tude  of wate rsheds ,
usually by orders  of  magn i tude .  An  excep t ion  was the  l oad  to Lake  Marble  Fa l l s ;
because  of i t s  l im i t ed  drainage bas in  and the  exis tence  of the  discharge f rom the  C i ty
of Marb le  Fal ls ,  t he  po in t  source load  compr i sed  the  major i ty  of t he  to t a l  external
loading from the a forement ioned  sources .

An  additional source  of phosphorus loading,  re leases  f rom ups t ream reservo i r s ,
was  examined  through exe rc i se  of t he  mode l  HILAKES.  The  loads  assoc ia ted  wi th
re leases  were  e s t ima ted  under the  assumption that the ou t f low f rom a reservoi r  was
cha rac t e r i zed  by the s ame  concent ra t ion  as ca lcula ted wi th in  t he  rese rvo i r ,  one of  the
pr inciples  of then-analysis of comple t e ly  mixed  sys tems .  Wi th  th i s  technique ,  the—
annual loads  werejfcalculated i n  conjunction wi th  the  mode l ing  analyses, subsequent t o
the  determinationj of t he  reservoi r  phosphorus l eve l .  The  s imula t ion  resul ts  f rom the
al ternat ive  future scenar ios  ind ica t e  tha t  the  loadings assoc ia ted  w i th  re leases  f rom
ups t ream rese rvo i r s  a re  f requent ly  the  major  source  of phosphorus loading,  on an
annual bas i s ,  t o  the  reservoirs  compris ing  the  Highland Lakes .  These  upstream re lease
loads  are o f t en  orders  of  magnitude grea te r  than loadings f rom other  sources .  As  an
i l lus t ra t ion  of t he  re la t ive  magni tudes  of  t he  various sources  of phosphorus loadings,  a
yearv-bynyear inventory of  source  loads  fo r  the  pe r iod  1984—2000 under the  ant ic ipated
future baseline conditions (Scenario 1) i s  displayed in  Table 6‘16.  For  the baseline
scenario,  loads  assoc ia ted  wi th  upst ream re leases  usually cons t i tu te  the  mos t
substantial  source  of phosphorus on an annual bas is  fo r  Inks Lake,  Lake  Marb le  Fa l l s ,
Lake  Travis and Lake  Austin.  Major  t r ibutary loads  mos t  f requent ly  represent  the
larges t  f r ac t ion  of  t he  t o t a l  phosphorus l oad  on Lake  Buchanan and Lake  LBJ .  On
Town Lake ,  runoff  loads  from adjacent  wate rsheds  are usually the  la rges t  component
of the  to ta l  external mass  loading under the  base l ine  scenar io ,  j u s t  s l ightly more  o f t en
than phosphorus l oads  f rom ups t ream re leases .  A summary descr ip t ion  of  the  pr imary
mass  loading sources  fo r  each  s imula t ion  scenar io  i s  p r e sen t ed  in  Table  6e17 .

Mean  loads  f rom the  various sources  for  the  future s imula t ion  condi t ions  were
calcula ted  fo r  each scenario and are compared  in  Tab le  6 -18 .  On  the  bas is  of these
calcula t ions ,  the  mean  load f rom ups t ream re leases  i s  usually the largest  contr ibutor
of phosphorus mass  t o  mos t  of t he  reservoi rs ,  f requent ly  an o rder  of  magni tude i n
excess  of l oads  érom o ther  sources .  Major  tr ibutary loads  usually cons t i tu te  t he
larges t  source  of: hosphorus loads  for  Lake  Buchanan and Lake  LBJ .  Runoff loads"
f rom adjacent  wa t  r sheds  are occas ional ly  substantial ,  some t imes  of t he  s ame  order  of
magnitude as o ther  sources .

The  magni tude and concomi tan t  e f f ec t s  of runoff l oads  were  enhanced under
cer ta in  scenar ios .  Wi th  the  ca lcula t ion  technique employed  in  t he  p re sen t  analysis,
the  magni tude of runoff  loads  was  dependent  upon the  land use  ca tegor ies  indigenous
to  each  watershed and the  vo lume  of s t o rmwate r  runoff .  The  annual runoff  l oad  i s
thus a function of t he  number and magni tude of la rge  s torm even t s  i n  any given year ,
and i s  potent ia l ly  a more  substantial  component  of the  to ta l  external  l oad  i n  years
wi th  a number of la rge  s to rm even t s .  Loads  a s soc ia ted  wi th  d i r ec t  p rec ip i ta t ion  input
are consis tent ly  l ow .
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The general system equation was  described in Chapter 5 .0  (eqn 18):

dC W_( t )  Q_C
V

According to  this  formula t ion ,  the various sources  of mass  are summed  together  for
input.  The  e f f ec t  of the  mass  load  upon concentration i s  determined by the magnitude
of  the total  load  and the volume of  the reservoir.  A specific mass  load o f  phosphorus
would have markedly different  e f f ec t s  upon Lake Buchanan and Inks Lake,  for
example,  due to the tremendous difference in volume. Year-to-year fluctuations in
the  average volume within a particular reservoir also influence the e f fec t s  o f  the mass
load. As  shown intTable 5 --3 ,  the annual average storage on Lake Travis,  for example,
ranged from 621. 5 x 106 - 1467.3 x 106 m3 during the period 1952-1983. If the mass
load was  held constant, such a fluctuation in  volume could account for  a variation in
reservoir phosphorus concentration in  excess of  100  percent.

As  described above, the load associated with releases  f rom an upstream reservoir
can comprise a major  port ion o f  the  total external loading to  a reservoir.  The system
equation indicates that the  releases also have a substantial  e f f ec t  upon the  phosphorus
mass  wi th in  the  reservoir  f rom which the ou t f low or iginates .  The  concentra t ion within
the re se rvo i r  i s  fur ther  a f f ec t ed  by  the  first—order decay t e rm.

The  reservoi r  concent ra t ions  obse rved  under the  s imula t ion  scenar ios  a re  thus
de te rmined  not  only by the  magni tude of external  mass  loadings ,  bu t  also by  the
volume,  ou t f low,  and decay t e rms .  In particular, the loss  of  mass  v i a  the  outflow term
can have a substantial e f fec t  upon reservoir concentration. The combined actions of
the various t e rms  can mi t iga t e  the e f fec t s  o f  what appear t o  be  large increases in
mass loading to a reservoir.  As  an example,  large point source loads of phosphorus
were  introduced in to  the  reservoirs under Scenario VII. Large supplemental loads, as
much as 85  x 106  g/yr t o  Lake Travis, were required to  e f f ec t  a small  increase of
0 .010  mg/l  in reservoir concentration. Though the absolute magnitude o f  the loads
appeared large, the effects  upon reservoir concentration were mit igated by the often
large volume and outflow terms.

_~e

Having es ta l  ' shed  the importance of the outflow term,  the implications should'
be  further examined. In t he  present analysis, the outf low is  input as  an annual total
volume. As  such, the magnitude of  the outf low term direct ly a f fec t s  the calculation
of  the annual average concentrat ion within a reservoi r .  If t he  vo lume of water
re leased  is  substant ia l ,  the  e f f ec t s  of l a rge  phosphorus loadings upon concent ra t ion
within  the  reservoir  will  be  diminished.  Though no t  accounted  fo r  analytically i n  the
present  analysis,  reservoir  r e l eases  i n  the  Highland Lakes  are no t  cons tan t  i n  t ime ,  bu t
ins tead  vary substantially i n  response t o  downst ream demands.  As  descr ibed  in
Chapter  3 .0 ,  much  of the  wa te r  fo r  sa t is fact ion of downstream irrigation demands is
released be tween  March and November  of each year. The t iming of releases can have
a significant e f f ec t  upon reservoir  phosphorus levels at any particular t ime .  I f ,  for
example,  a large storm event delivers a mass  influx of phosphorus to  a reservoir  during
a period wi th  substantial outf low,  the e f f ec t s  upon concentration within the reservoir
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will  be  l e s s  than if the influx occurred at  a t ime  when r e l eases  were  negl ig ib le .
S imi la r  reasoning applies  t o  sources  of cont inual  mass  in f low:  during any g iven  year ,
the e f f ec t s  of a point  source  load  upon average rese rvo i r  phosphorus l eve l s  may be
grea te r  under per iods  of negligible r e l ease .  I t  i s  in te res t ing  t o  no t e  that  maximal
out f low usually occurs  during warm-weather  per iods .  If indeed  a substantial  influx of
mass  is  r ece ived  during a pe r iod  of negl igible  ou t f low,  i t  i s  usually co inc ident  w i th
cold-weather  condi t ions .  S ince  biological  ac t iv i ty ,  including phytoplankton g rowth ,  i s
typically reduced during co ld  weather ,  inf lux of a substantial  phosphorus l oad  under
such condit ions may have re la t ive ly  l i t t l e  e f f ec t  upon b io t a .

6 .3 .3  Interrelationships Among  Reservoi rs

The  concentration of  phosphorus wi th in  a reservoi r  of t he  chain of Highland
Lakes  i s  in f luenced  no t  only by external  mass  loadings  d i rec t ly  t o  the  r e se rvo i r ,  bu t
also by loadings and charac te r i s t i cs  i n  upst ream reservoirs .  The  e f f ec t s  of a
substant ia l  influx of mass  t o  a part icular  rese rvo i r  may increase  the  concent ra t ion
within  that  reservoi r  and may  also p ropaga te  downst ream.  This propagat ion of e f f ec t s
def ines  t he  in terre la t ionships  among the  reservoi rs  i n  t e rms  o f  wa te r  qual i ty .

The  in ter re la t ionships  among reservoi r s  were  e luc ida ted  by  severa l  of t he
simulat ion scenar ios .  Speci f ica l ly ,  the  resu l t s  of Scenar ios  111, IV, VI, VII, and VIII
d i rec t ly  address  the  propagat ion  of wa te r  qual i ty  e f f ec t s  downst ream.  Wi th
Scenar io  III, inser t ion of a supplemental  point  source load to  Lake  LBJ  resul ted  in
nominal inc reases  i n  phosphorus concen t ra t ion  wi th in  the  reservoi r .  Comparab le
concentra t ion i nc remen t s  were  observed  downstream in  Lake  Marble Fa l l s ,  and s l ight
e leva t ions  were  occasional ly displayed far ther  downs t r eam.  Addi t ion  of a substant ia l
poin t  source load  to  Lake  Travis i n  Scenar io  IV produced p ro jec t ed  increases  in
phosphorus l eve l s  wi th in  the  rese rvo i r  of  0 .001 -0 .003  mg/ l .  Inc rements  of  0.00].-
0 .002  mg/ l  we re  p red ic ted  downstream in  Lake  Aust in  and Town Lake .  The  e f f ec t s  of
a larger po in t  source load  to  Lake Travis  we re  examined in  Scenar io  VI. Concent ra t ion
inc remen t s  up t o  0 .003 mg/ l  phosphorus were  p red ic ted  fo r  Lake  Travis  and the
reservoi rs  downs t ream.  Wi th  Scenar io  VII, the  e f f ec t s  of large supplementa l  l oads  to
each  of  t he  rese rvo i r s ,  suf f ic ien t  t o  e leva te  phosphorus concent ra t ion  by  0 .01  ling/1,
were  analyzed.  Ipsertion of a large supplementa l  l oad  to Lake  Buchanan resu l t ed  in
inc remen t s  i n  phk horus concent ra t ion  of  0.006~0.012 “mg/1. In Inks Lake  immed ia t e ly
be low Lake  Buch  an, phosphorus concent ra t ions  were  e l eva t ed  by 0.004—0.009 mg / l .
Downs t r eam e f f ec t s  included concentra t ion  increments  of approximately
0 .001-0 .004  mg / l  i n  Lake  LBJ  and Lake  Marb l e  Fa l l s .  I nc remen t s  o f  0 .001  mg / l  we re
occasional ly  p red ic t ed  for  Lake  Travis ,  Lake  Aust in ,  and Town Lake .  S imula t ion  of a
large supplemental  l oad  to  Lake LBJ  resu l ted  i n  downs t ream increases  i n  concen~
t ra t ion  o f  0 .006~0 .0 l l  nag/l i n  Lake  Marb le  Fa l l s  and 0 .000 -0 .002  mg / l  i n  t he  l ower
reservoi rs .  The  addi t ion of a large supplemental  l oad  to  Lake  Travis  i n  Scenar io  VII
produced concent ra t ion  inc remen t s  of  0 .008-0 .014  mg/ l  wi thin the waterbody and
roughly s imi la r  inc reases  in  Lake  Aus t in  and Town  Lake .  Downs t ream propagat ion  of
e f f ec t s  was s imilar ly  observed  in Scenar io  VIII.
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The magnitude and longitudinal extent of  the propagation of  e f f ec t s  on down—
stream reservoirs  i s  dependent upon the  tota l  ex te rna l  mass  loading to  each  reservoir
and the  outf low through the  se r i es  of r ese rvo i r s .  In s i tuat ions  where  the  t o t a l  external
mass  loading to  a reservoi r  is  dominated by the loading associated wi th  releases from
an upstream reservoir ,  the e f f ec t  is  potentially more  substantial. In addition,
downstream e f f ec t s  are generally more  substantial with larger releases from the
upstream reservoir.  In the extremely throughflow—dominated reservoirs-«Inks Lake,
Lake Marble Fal ls ,  Lake Austin, and Town Lake-~ef fec t s  upon concentration from
upst ream loadings are po ten t ia l ly  much  grea te r .  I n  essence ,  whatever  i nc remen t  i n
concentra t ion  i s  achieved in  the upst ream reservoir  will  a l so  be  r ea l i zed  in the
throughflow~dominated waterbody below.  Conversely,  a larger, less t h roughf low—t
dominated reservoir such as Lake Travis i s  less  likely t o  demonstrate substantial
increases  in  concé’ntration in  response t o  a mass  input t o  an upstream waterbody.

The phosphorus react ion r a t e  can have a substantial  inf luence  on  the  propagat ion
of e f f ec t s  downst ream.  In  the  con tex t  of the  present  analysis, the  reac t ion  r a t e
p resc r ibes  a l o s s  of phosphorus f rom the  wa te r  column. Thus, the reac t ion  rate  a f fec t s
the mass  of  phosphorus available for transport downstream. The nature of  the  present
modeling analysis also a f fec t s  the simulated interrelationships among the reservoirs.
By  analyzing the reservoirs as a ser ies  of CSTR's ,  the model  assumes instantaneous
propagation of  the  effects  of  mass loadings, representing a fraction o f  the original
load ,  down the  chain of impoundments.  In  r ea l i ty ,  there  i s  a t ime  delay fo r  the
downs t ream t ranspor t .

6 .3 .4  Implications Upon Development and Controls

The watersheds o f  the Highland Lakes are being subjected to  increasing
developmental pressures. Proposed developments are primarily residential wi th  l ight
commerc i a l  areas ,  and research/off ice  parks a re  currently under considerat ion i n  some
areas.  Accompanying the p ro j ec t ed  deve lopment  t r ends  are the  p rospec t s  of increased
wastewater  discharges and urban runoff loadings t o  the  reservoirs.  The prospect  of
additional discharges to  the reservoirs has generated heated debate within the Central
Texas  area. Proponents of development,  and subsequently discharge o f  t reated waste—
water ,  have argued that wastewater  effluent subjected to  relatively high levels  o f
t reatment  wi l l  have no  demonstrable impac t  upon wa te r  quali ty nor impa i r  t he  uses  of»
the  wa te r s .  Coniersely, others  v i ew  the  prospect  of was tewa te r  discharges  as  a
bes t i a l  a c t  tha t  will  total ly  degrade the  present  s ta te  of water  quality.  Much of  the
debate has been  largely emotional,  notably devoid of comprehensive quantitative
analyses. In 1983 ,  the Texas Water Development Board enacted a rule prohibiting
additional discharges o f  municipal wastewater  to Lake Travis and Lake Austin pending
the results o f  a comprehensive evaluation of potential e f fec t s  upon water quality,
presently being conducted by  the Cen te r  fo r  Research  in  Wate r  Resources  at The
Univers i ty  of Texas  at Aust in .

The prosPect  of increased urban runoff loadings has also generated considerable
debate,  as well  as a t tempts  at  regulation, i n  the Austin area. Deba te  has of ten
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centered upon the  means for  effect ing control of  runoff loads ,  namely ,  l imi ta t ions  in
developmental density versus structural con t ro l  measures .  The C i ty  of Aus t in  has
enac ted  ordinances  fo r  the  cont ro l  o f  deve lopment  wi th in  t he  wate rsheds  of Lake
Travis ,  Lake Aust in ,  and Town Lake tha t  general ly  p resc r ibe  a mix tu re  of densi ty  and
structural  controls. Ostensibly, the  Ci ty  of Austin promulgated the  regulations on the
bas i s  of main tenance  of  wa te r  qual i ty  fo r  p ro t ec t i on  of  the  municipal  wa te r  supply.

The  continuing debates over point  source discharges and runoff loads raise a
variety o f  issues, for  example,  maintenance of  water quality, continuation of existing
uses, rights of landowners, rights of  municipal government,  appropriate control \ .
measures, and assessment of  impacts.  Opposing viewpoints  have been  offered by?
concerned (and contracted) laymen and professionals-~all have in common redoubtable N
sincerity. With tli-‘e exception o f  the aforementioned comprehensive evaluation of  the
potential e f f ec t s  of point source discharges upon water  quality currently underway,
the  technical analyses supporting the issues have been l imi ted .  Typically, the
tendency has been to  focus upon a single reservoir when a specif ic  issue is  raised. As
an example,  debate over the ef f icacy o f  runoff controls fo r  maintenance of  water
quality in Lake Austin generally focused upon conditions in  that particular waterbody,
with l i t t l e  regard for  conditions upstream in  Lake Travis.

r
a

The resul ts  of t he  present  analysis indica ted  a potent ia l ly  significant  short—
coming  fo r  s tudies  that  f ocus  upon a s ingle  reservo i r .  I t  has been  demons t ra ted  that
loads  a s soc ia ted  wi th  r e l eases  from ups t ream reservoi rs  a re  frequently the  ma jo r
contr ibutor  of  phosphorus i n  the  to t a l  mass  budget  of a par t icular  reservo i r .  Fur ther ,
the in ter re la t ionships  among the reservoi rs ,  wi th  r e spec t  t o  phosphorus concentrat ions,
have been  shown to  be  potential ly significant. These two  aspects  are themselves
closely related;  a pertubation i n  concentration or mass  within one reservoir directly
af fec ts  the  magnitude of  the  outflow load,  which in  turn d ic ta tes  the magnitude and
longitudinal extent of  the  downstream propagation o f  e f fec t s .

The results of  the future developmental scenarios examined in  the present
analysis have d i rec t  implications upon the issues of  development  and controls.
Historically, the Highland Lakes  have been characterized by relatively low concen—
trations of  total  hosphorus. Projected future conditions indicated  thatphosphorus-
will remain at  relatively low levels  under a variety of  potential development scenarios.”
Under the baseling Scenario I ,  which incorporated the  mos t  likely prospects for  growth
in  the period 1984-2000 ,  p ro jec ted  phosphorus concentrations generally d id  no t  differ
substantially f rom the  s imulated historical  l eve l s  for  the per iod  1967-1983 ,  which
prov ided  the  hydrologic bas i s  fo r  s imula t ion  of future  condi t ions .  The  p ro j ec t ed
maximum elevat ion  above his tor ica l  l eve l s  was  typical ly  0 .001  mg/ l  i n  Lake  LBJ ,  Lake
Travis ,  and Lake  Aust in ,  and up to  0 .003  mg/ l  i n  Town Lake .  Larger  inc reases  i n
phosphorus concentrat ions were  demons t ra t ed  in  Lake  Marble  Fa l l s ,  ranging f rom
0.002—0.008 mg/ l .  Even  wi th  a doubling of  t he  p ro j ec t ed  basel ine urban runoff  loads ,
p red i c t ed  phosphorus concent ra t ions  within the reservoirs displayed only occasional
increases and were  never  e leva ted  more  than 0 .001  mg/ l  over  baseline (Scenario 1)
levels .  In essence,  these results indicated that projected long-term future trends in
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phosphorus concentration for the Highland Lakes demonstrate no substantial increases
over historical levels .

Comple te  urbanization of the watersheds of Lake Travis, Lake  Austin, and Town
Lake was postulated for  Scenario V .  The assumption of complete  urbanization
produced increases in phosphorus concentration of  0 .000 -0 .004  mg/l  within Lake
Travis,  0 .001 -0 .008  mg/l  within Lake Austin, and 0.001—0.012 mg/l within Town Lake.
In te rms o f  the ul t imate magnitude of  the predicted phosphorus levels ,  phosphorus
concentra t ions  in  Lake  Travis  r ema ined  be low 0 .010 mg/ l  (which i s  t he  cu1ren t
analytical l imi t  of de tec t ion  rout inely ob ta ined  by commerc ia l  wa te r  chemis t ry
laboratories) .  Similarly, p red ic ted  concentrations for  Lake Austin were usually be low )3

0.010 mg/l ,  wi th  ajprojected maximum of 0 .  014  mg/l phosphorus under the Scenario V r
assumptions. Predicted concentrations within Town Lake were  generally higher, with
a maximum phosphorus leve l  of  0 .030  mg/l .  The  predicted e f f ec t s  of  urban runoff are
relatively small,  wi th  respect  t o  the  magnitude of p ro j ec t ed  average phosphorus
concentra t ions .  Ins t i tu t ion  of runoff  cont ro l  measures  was  addressed by a s imula ted
f i f ty  pe rcen t  reduct ion  i n  urban loadings.  Compared to  the p red ic t ed  concentrat ions
rea l i zed  in the absence of runoff controls, imposit ion of a f i f ty percent reduction of
urban loads resul ted in  reduction i n  the magnitude of the reservoir phosphorus
concentration increases. However ,  since the projected e f fec t s  of  urban loads without
controls were  generally small, the ne t  benefi ts  o f  the simulated control measures were
not  readi ly  ascertained.

The results  of this analysis question the efficacy o f  urban runoff controls i n
te rms  of  realizat ion of  an improvement in  phosphorus concentrations within the
reservoirs. The effectiveness of  the various control  measures in  reduction of  urban
phosphorus loads i s  not  at issue-~control  o f  urban phosphorus loads can be  achieved by
some technique or combination o f  techniques. Instead, the issue raised within the
con tex t  of  t he  results  of  t he  p re sen t  analysis i s  whether  or  no t  a reduct ion of urban
loads  wil l  have a s ignif icant  benef ic ia l  e f f ec t  upon  rese rvo i r  phosphorus concentra—
tions. I t  i s  apparent that  reduction of urban runoff phosphorus loads will have l i t t le
material  benefi t  upon long-term reservoir phosphorus concentrations, due t o  the
relative magnitude o f  the urban runoff mass  loading compared to  other  sources. This
is not a general .condemnation o f  urban runoff control measures.  The benef i t s  of-sg
mitigation o f  urb‘fn runoff loads transcend the impl ica t ions  on phosphorus concentrations%

. 1
3 .

.

The e f f ec t s  of po in t  source loadings were  examined in several of the future
development scenarios. A phosphorus load to  Lake LBJ  equivalent t o  a discharge f rom
a population of 10 ,000  (2.8 x 106  g/yr) was considered in  Scenario III and Scenario IV,
the lat ter  including a load from a population of 50,000 (13.8 x 106 g/yr) directed to
Lake Travis. Within Lake  LBJ ,  projected phosphorus levels  displayed increments  of
0 .001 -0 .002  mg/ l  i n  response t o  the loading, w i th  comparable  e leva t ions  downstream in
Lake  Marble Fal ls .  The  addi t ional  point  source  load to  Lake  Travis (13.8 x 106  g/yr)
produced pred ic ted  concentration increments  of  0 .001-0 .003 mg/l ,  with the propa—
gation of similar effects  in  Lake Austin and Town Lake. Simulation of a larger point
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source load to  Lake Travis, equivalent to a 100,000-person discharge (27.6 x 106 g/yr),
was coupled wi th  the comple te  watershed urbanization assumption in Scenario VI. The
supplemental point source resul ted in p ro jec ted  increases  in  phosphorus concentrat ion
of approximately 0.003 mg/ l  wi th in  Lake  Travis .

Supplementa l  phosphorus loadings required to  produce a 0.010 mg/l  r i se  in
phosphorus concentration within each reservoir  were  determined in Scenario VII.
Required phosphorus loads ranged from 7 x 106  g/yr for  Inks Lake to  85  x 106  g/yr for
Lake Travis. Fo r  reference,  the required load to  Lake Travis represents the point
source discharge from a population of roughly 300,000. The predicted supplemental
loadings requiredjto e f f ec t  a nominal increase in  phosphorus concentration are _
substantial and are not  likely to  mater ia l ize  within the realm of p ro jec ted  future
condit ions up t o  the year  2000. The  p ro j ec t ed  poin t  source  phosphorus loading
equivalent  t o  a populat ion of  100,  000  descr ibed  above,  27 .  6 x 1.06 g/yr ,  was  based  upon
an assumed ef f luent  total phosphorus concentration of  2 mg/l .  Without the in—
corporation o f  specific phosphorus removal measures,  the uncontrolled phosphorus
concentration in a municipal eff luent  can range from roughly 3—14 mg/l  as discussed in
Chapter 4.0.  If  i t  i s  assumed that  an effluent value of 10  mg/l  i s  representative,  then
the corresponding phosphorus loads from populations of 10,000, 50,000, and 100,000
would be  14  x 10  g/yr, 69  x 106  g/yr, and 138  x 106  g/yr, respectively.  This level  of
loading would constitute a substantial increase over the assumed loading at  a
phosphorus concen t ra t ion  of 2 mg/ l .  I t  is  apparent  tha t  l imi t a t ion  of  t he  phOSphorus
l eve l  i n  point  source e f f luen t  i s  prudent .

In te rms of the results of the  present analysis, future phosphorus concentrations
within the Highland Lakes are predicted to  remain at relatively l ow  levels,  consistent
wi th  historical conditions. The results  indicate that ambient phosphorus levels  wil l
generally be  maintained, even under intensive developmental pressure. To  a large
extent ,  the predicted results are attributable to  the relat ive magnitudes of  the  various
sources of  phosphorus mass loads,  as  discussed in  Sec .  6.5, and the substantial volume
and throughflow character is t ic  of the  se r i es  of r e se rvo i r s .  Howeve r ,  the  resul ts  are
a l so  a consequence of  the  techniques  employed.  The  presen t  analysis was designed to
evaluate long-term wa te r  qual i ty  t rends,  thus, mass  loadings and hydrologic para"
mete r s  were  def ined in  t e rms  of annual values. Simulation results were  subsequently.
defined as proj ectbd average annual phosphorus concentrations. Projected phosphorus
levels  should be  inifierpreted wi th  cognizance o f  the analytical methodology: long-term ’
average phosphorus levels were  predicted.  With this qualifier,  the results described
throughout this sect ion are defensible and are likely representative o f  the typical
concentration characteristics of  the ser ies  of reservoirs  that will be  observed over the
period 1984-2000.

At  a smal le r  t empora l  s ca l e  or  more  in tens ive  spa t ia l  sca le  of analysis,  more
significant elevations i n  phosphorus concentration could possibly be  projected.  Fo r
example,  influx of  phosphorus mass  loads under conditions of  reduced throughflow in
the series  o f  reservoirs (typically cold—weather conditions) could comprise  a situation
where phosphorus levels are elevated above the concentration ranges projected in the
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presen t  analysis. However, effects at smaller temporal  or spa t ia l  scales are more
likely to be t ransi tory,  with respect to the long—term water quality characteristics of a
reservoir. For the objectives of the present analysis, then, the simulation of long-term
phosphorus concentration trends represented a practicable approach.

6.3.5 Analysis of Simple Trophic Models

Simple trophic models frequently employed in reservoir studies were described in
Chapter 2.0. Three of the most commonly used models were selected for application
with the data developed in the present modeling analysis: the Vollenweider (1968)
phosphorus loading-mean depth model, Vollenweider (1976) phosphorus loading-
hydraulic loadingii‘nodel, and the Dillon (1975) algorithm relating loading, phosphorus
retention, hydraulic residence time, and mean depth. The models are used to
determine the trophic state of a reservoir, given fundamental mass loading and
hydrographic data.

The trophic models were applied to the data and results of the Scenariol
simulation, which constitutes the baseline projection for future conditions in the
reservoirs. The mean loadings for each reservoir for the future simulation period were
employed, as well as average values for volume, outflow, and area, as necessary. The
data are summarized in Table 6—19. The plotting positions of each reservoir,
indicating the trophic state, are displayed in Figs. 6~1 through 60-3 for the three
models. Ranges are delineated on the loading ordinates for each reservoir. The
maximum and minimum values were determined from the extremes of the total
external mass load only, under the assumption that all other parameters, including
surface area, volume, and outflow, remained at average levels. This simplification
was based upon the realization that the projected individual annual loadings are in fact
independent of the area, volume, and outflow, and could occur under a variety of
combinations of these parameters. The ranges of loading parameters under the
Scenario 1 assumptions are displayed in Table 6—20.

Vollenweider LoadingmMean Depth Model

Vollenweideig's (1968) original model simply examined the areal - phosphorus-
loading rate and the mean depth of a reservoir as an indication of trophic state. Data,
for the Highland flakes are shown in Fig. 6—1. The graph classifies all of the reservoirs
as eutrophic. Further, all projected ranges of loading rates are situated within the
eutrophic zone, with the exception of the minimum loading rate for Lake Travis, which
crosses into the mesotrophic region. According to these results, all reservoirs are
strongly eutrophic, with virtually no potential for attainment of a lower trophic state
through a reduction of the phosphorus mass loading,

Vollenweider Mass Loadingmflydraulic Loading Model

Vollenweider's (1968) original model suffered from a lack of sensitivity to a
reservoir's hydrologic character. As a refinement, Vollenweider (1976) incorporated
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the  hydraulic re ten t ion  t ime  in to  the  analysis i n  a r a t i o  wi th  the  mean  depth ,  a t e rm
which  cons t i tu t e s  the  hydraulic loading to  the  reservoi r .  P ro j ec t ed  da ta  fo r  t he
Highland Lakes  are p resen ted  in F ig .  6-2.. Mean values  fo r  Lake  Buchanan, Lake  LBJ ,
and Inks Lake  ind ica te  a s t a t e  of eutrophy. The lower  range of  loading r a t e s  fo r  Lake
Buchanan fa l l s  into the meso t rophic  region .  Fo r  Lake  LBJ ,  the  lower  bound of the
range extends  through the  meso t roph ic  reg ion  and in to  the  o l igot rophic  zone .  The
range of values  for  Lake  Inks i s  except ional ly  large,  extending wel l  in to  the
ol igot rophic  region.

A mesotrophzic s t a t e  is  ind ica ted  for  t he  mean  loading charac te r i s t i cs  of Lake
Travis  and Lake Marble Fa l l s .  Maximum and minimum loading r a t e s  fo r  Lake  Travis  .
extend in to  the  ell-trophic and ol igotrophic  zones ,  respec t ive ly .  Fo r  Lake  Marble  Fa l l s ,
t he  range extends’into the  eutrophic reg ion .

Mean  values fo r  Lake  Aust in  and Town Lake  fal l  wi th in  the  o l igo t rophic  region .
The  Lake  Aust in  range remains  wi th in  the  o l igo t rophic  s t a t e .  The  upper end of  the
loading ra te  range for  Town Lake  ex tends  in to  the  meso t roph ic  zone .

The  e f f ec t s  of  the  hydraulic r e t en t ion  t ime  are evident  i n  the  graph. Values  fo r
the smal le r  reservoirs  tha t  are charac te r ized  by shorter  r e t en t ion  t imes  (or g rea te r
flushing ra tes )  p lo t  toward the  r igh t ,  where  higher phosphorus loading r a t e s  a re
requi red  t o  denote  a s t a t e  of eutrophy. Converse ly ,  the larger reservoi rs  w i th  longer
re ten t ion  t imes  are  s i tua ted  wi th in  the  region of  t he  graph where  l ower  phosphorus
loading r a t e s  def ine  a eutrophic condi t ion .

Di l lon  Loading Parameter -Mean Dep th  Mode l

The Di l lon  (1975) mode l  evaluates  t rophic  s t a t e  on  the  bas i s  of  mean  depth  and a
loading paramete r  that  inc ludes  the areal phosphorus loading r a t e ,  phosphorus re ten~
t ion  coe f f i c i en t ,  and hydraulic re ten t ion  t ime .  Da ta  fo r  the  Highland Lakes  are  shown
in Fig. 6—3. With the Dillon (1975) method, none of the predicted mean  values are
ind ica t ive  of eutrophic condit ions.  The  p lo t t ing  pos i t ions  of Lake Buchanan, Inks Lake ,
Lake  LBJ ,  and Lake  Marble Fal l s  indicate meso t roph ic  condi t ions .  Fo r  these
reservo i r s ,  the  maximum and minimum values represent ing t he  range of  mass  loadings-
ex tend  in to  the  etfirophic and o l igot rophic  reg ions ,  respec t ive ly .

Ol igotrophic  s t a t e s  are ind ica ted  wi th  p red i c t ed  mean values fo r  Lake  Travis ,
Lake  Austin,  and Town Lake .  The  ranges  of values fo r  Lake  Travis  and Lake  Aust in
are encompassed  wi th in  the  o l igotrophic  reg ion .  The  maximum loading pa ramete r  fo r
Town Lake  ex tends  in to  the  meso t roph ic  zone .

Lake  Travis fa l l s  wi th in  the  o l igot rophic  ca tegory  due t o  i t s  re la t ive ly  l ow areal
loading r a t e  and re la t ive ly  high mean  depth .  By  comparison,  the loading pa rame te r  fo r
Lake  LBJ is  s imilar  t o  Lake Travis ,  but  t he  substantial ly lower  mean  depth for  Lake
LBJ  p laces  i t  w i th in  the  meso t roph ic  region.  An  o l igo t rophic  s t a t e  i s  i nd ica t ed  fo r
Lake  Aust in  as a r e su l t  of i t s  re la t ively  low areal  loading r a t e  and shor t  hydraulic
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r e t en t ion  t ime .  Though having the s ame  mean  depth,  the larger  areal loading r a t e  of
Lake  Marble Fa l l s  p l aces  i t  wi th in  the  meso t roph ic  ca tegory ,

The  e f f ec t s  of a l ternat ive  future scenar ios  can be  a sce r t a ined  by  examinat ion  of
the  Scena r io l  resul t s  displayed in  Figs .  6—1 through 6 -3 .  Plo t t ing  pos i t ions  fo r  each
reservoi r  can be  de te rmined  by the  mean ,  max imum,  and min imum phosphorus
loadings,  w i th  the  underlying hydraulics remaining unchanged f rom Scena r io  I
condi t ions .  As  an example ,  resul ts  for  Scenar io  V, which assumed comple t e  urbani-
za t ion  of the l ower  wate rsheds  of  the  Highland Lakes ,  we re  p lo t t ed  on Vol lenweider ' s
(1976) mass loading-«hydraulic loading model and Dillon's (1975) model. (Vollenweider's
(1968) original model was  not  examined fur ther  s ince  all reservoirs  we re  pos i t i oned .
wi th in  the  eutrophic region under Scenar io  I condi t ions . )  The p lo t t ing  posi t ions  of Lake
Buchanan, Inks Lake, Lake  LBJ ,  and Lake Marble  Fa l l s  we re  unchanged f rom the
Scenar io  I assumptions.  Resul t s  for  Lake  Travis ,  Lake  Aust in ,  and Town Lake  on the
Vollenweider (1976) graph under the ScenarioV assumptions are shown in Fig.  64.
The  e f f ec t s  of t he  inc reased  phosphorus loadings  are ev iden t .  The mean  value fo r
Lake  Travis  moved  f rom the  meso t roph ic  to  the  eutrophic zone .  The  mean  value fo r
Town Lake moved  f rom the  ol igotrophic  t o  the meso t roph ic  zone ,  Fo r  Lake  Austin,
the  mean  loading ra te  remained  wi th in  the  o l igot rophic  reg ion .

Means and ranges on the  Di l lon  (1975) p lo t  are shown in F ig .  6w5. Wi th  the  Di l lon
(1975) analysis, mean  loading pa ramete r s  fo r  Lake Travis  and Lake Aust in  remained
within the  o l igot rophic  region.  A move  f rom ol igotrophic  to  meso t roph ic  was
ind ica ted  fo r  Town  Lake  under the  Scenar io  V assumptions .

In an analogous manner ,  resu l t s  for  any of the  future s imulat ion scenarios can  be
examined ,  and the  p lo t t ing  pos i t ions  can  be  ascer ta ined  f rom the  mass  loading da ta ,
The  p lo t s  themselves  can be  examined for  an indicat ion of the  loads  r equ i r ed  t o  e f f ec t
a change in  trophic classification. In Fig.  6—5, depicting the Dillon (1975) plot,  for
example ,  the mean  loading pa ramete r  for  Lake  Travis  r ema ined  within the o l igot rophic
region under the  Scenar io  V condi t ions .  Inspec t ion  of  t he  ver t ical  d is tance  requi red  to
e l eva t e  the  mean  value t o  the  l ine de l imi t ing  the mesotrophic  zone  ind ica tes  that  a
tota l  phosphorus loading of approximately  85  x 106  g/yr t o  Lake Travis  would be
needed  to  effect .  the revis ion  i n  c lass i f ica t ion .  S imi lar ly ,  a phosphorus l oad  o f .
170  x 106 g/yr  is’fndicated fo r  e levat ion  of Lake  Travis  t o  the  eutrophic region on  the
Di l lon  (1975) plot} F rom a r ev i ew  of t he  loadings summar i zed  in  Table  6 -48 ,  i t  is"
evident  that  none of  t he  p ro j ec t ed  future  scenar ios  develop  a mean  phosphorus loading
suff ic ient  t o  e f f ec t  a change in  t rophic  c lass i f ica t ion  for  Lake  Travis  on the  basis  of
the  Dillon (1975) model. (Scenarios VII and VIII, which defined loads necessary to
elevate  phosphorus concent ra t ions  by 0 .010  mg/ l ,  involved loadings suf f ic ien t  t o
change the  reservoir  c lass i f ica t ion  t o  meso t roph ic .  Howeve r ,  t he se  scenar ios  were
fo rmula t ed  fo r  inves t iga t ive  purposes  only,  and do no t  represent  p ro j ec t ed  po ten t ia l
future conditions.)

For  Lake  Aust in ,  the  Di l lon  (1975) p lo t  ind ica tes  that  a mean  phosphorus l oad  of
16  x 106  g/yr  i s  requi red  t o  ach ieve  a meso t roph ic  c lass i f ica t ion ,  and a l oad  of
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3?. x 106  g/yr would change the  s t a tus  to  eut rophic .  Returning to  Table 6m18, t he
mean  tota l  phosphorus loading under the  Scena r ioVI  assumptions  i s  suf f ic ien t  to
denote  a meso t rophic  s t a t e .  S imi lar ly ,  mean phosphorus l oads  of 15  x 106  g/yr and
30  x 106 g/yr are requi red  t o  e f f ec t  c lass i f ica t ions  of  meso t roph ic  and eutrophic ,
respec t ive ly ,  fo r  Town Lake ,  ba sed  upon the Di l lon (1975) mode l .  The  f ac t  that  the
required  loads  double i n  magnitude f rom the  l ower  l im i t s  of t he  meso t roph ic  and
eutrophic  reg ions  i s  not  co inc idence .  The boundaries  del ineat ing the  t rophic  s t a t e s
were  based  upon permiss ib le  phosphorus concentra t ions  of  0 .01  mg/ l  and 0 .02  mg/ l  f o r
the  l ower  and upper l ines ,  r e spec t ive ly .

The preceding discussions focused  for  the  mos t  par t  upon changes i n  t rophic
class i f ica t ion brought about  by  changes i n  the  phosphorus mass  loading. While  this  i s
cer ta inly  a val id  ioncern, loadings that a r e  no t  suff ic ient  t o  e f f ec t  an a l te ra t ion  in
trophic  s t a t e  In ay s t i l l  incur  undesirable changes i n  wa te r  qual i ty .  De l inea t ions  among
trophic  s t a t e s  are no t  p r ec i s e ,  i n  f ac t ,  i t  is  imposs ib le  t o  def ine  unequivocably
charac te r i s t i c s  of  o l igot rophic ,  meso t rophic ,  or  eutrophic reservo i r s  that  are
universally appl icable .  Charac ter i s t ics  t o  be  cons idered  could include nutr ient
loadings,  phytoplankton populat ions,  d isso lved  oxygen deple t ion  i n  the  hypolimnion,
wa te r  clar i ty,  and a mul t i tude  of addi t ional  f ac to r s .  Genera l  charac te r i s t i cs  of
ol igotrophic  and eutrophic ca t ego r i e s  are descr ibed  in  Table  6 -21 .

Having examined the  pred ic t ions  of t he  s imple  t rophic  mode l s ,  a d iscussion of
the i r  l imi ta t ions  i s  warranted.  The mode l s  a re  s impl is t ic  i n  nature,  and are based  on
the  p remise  that  t rophic s t a t e  can be  de t e rmined  from a f ew  readi ly  available
parameters .  The  mode l s  we re  der ived empir ical ly ,  us ing c lass i f i ca t ions  fo r  l akes
outs ide  of  the  southwestern Un i t ed  S ta t e s .  I t  may be  signif icant  t o  no t e  tha t
manm ade reservoirs  we re  generally absent  f rom the  da ta  s e t .  The Vol lenweider  (1976)
and Di l lon  (1975)  mode l s  r e f e r  t o  phosphorus concen t r a t i ons  o f  0 .01  mg / l  and 0 .02  mg / l
as  ind ica t ive  of changes i n  t rophic  c lass i f ica t ion .  These concentra t ions  may  be
inappropriate  for  mos t  reservoi rs  i n  Texas ,  including the  Highland Lakes .  The
Highland Lakes  may  be  able t o  ass imi la te  more  or  l e s s  phosphorus than sugges ted  by
Vollenweider and Dillon. Putnam e t  a1. (1972), for example, determined that  Florida
l akes  could ass imi la te  more  phosphorus than ind ica t ed  by Vollenweider‘s  (1968) analysis
before  becoming_meso t roph ic  or  eutrophic ,  and subsequently r ev i sed  the  c r i t ica l
loading delineatifins. Lee  (1977) cautioned against application of the 0.01 mg/l
phosphorus concefitration a s  cr i t ica l  i n  Texas impoundments ,  c i t ing high l eve l s  o f ’
background turbidi ty due t o  erosional  ma te r i a l .  Fac to r s  which  could inf luence c r i t ica l
phosphorus concent ra t ions  include turbidi ty  leve ls  and the  depth  of t he  pho t i c  zone ,
phosphorus fo rms  and availabil i ty fo r  algal nutr i t ion,  tempera ture  and the  e f f ec t s  of
thermal  s t r a t i f i ca t ion ,  and reservoi r  opera t ional  character is t ics ,  including e f f ec t s  on
hydraulic res idence  t ime  and the  configurat ion of  ou t l e t  s t ructures .  An  accurate
defini t ion of c r i t i c a l  phosphorus l eve l s  i s  s imply  no t  available for  the Highland Lakes .

6 .3 .6  U t i l i t y  of  t he  Mode l

The mode l  HILAKES developed in  the present  inves t iga t ion  was  fo rmula ted  t o
analyze  annual phosphorus mass  budgets  i n  a se r ies  of reservoirs .  A reservoi r  was
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t rea ted as a completely mixed sys tem,  with the concentration of  phosphorus in the
outflow equal t o  the concentration within the reactor.  Internal phosphorus kinetics
were  represented  by a single first-order decay react ion,  which assumes a ne t  loss of
phosphorus f rom the  wa te r  column to  the  s ed imen t  layer .

The assumptions inherent i n  this model ing  approach are numerous  and should be
closely examined.  The reservoirs i n  reality are no t  completely mixed;  there exist
longitudinal and vertical phosphorus concentration gradients, particularly in  the larger
impoundments. Under  warm weather conditions, many of the reservoirs exhibit
marked thermal stratification, with distinct epilimnion and hypolimnion layers. _
Phosphorus dynamics, entail a cycle of sedimentation and deposition t o  the benthalf?
layer,  coupled with release of phosphorus under anaerobic conditions. The assumption “,
tha t  t he  p l e tho ra  15f in ternal  and external  p roces se s  can  be  charac te r i zed  on  an annual :5
basis  is  c r i t i ca l .

Alternative modeling approaches are available. The completely mixed mode l
could be  employed to  s imulate  phosphorus levels  on a smaller t ime scale.  A multi—
layer model  could be  used to  represent the  epilimnion and hypolimnion compartments.
Or ,  a model  with longitudinal segmentation could be  employed. With any of  these
approaches, additional phosphorus forms and kinetic te rms can be  incorporated.
However ,  the use  o f  a more  sophist icated model  places additional demands upon the
available da ta  base .

Se lec t ion  of an appropriate model ing  approach is d ic ta ted  by the  ob jec t ives  of a
particular analysis and the nature and extent  of available data. Fo r  the Highland
Lakes, the historical phosphorus data set  is  severely l imi ted ,  in t e rms  of both
frequency and locations o f  measurements.  The l imitations o f  the  data se t  discourage
the use of  an overly complex analysis. Fo r  the present investigation, the fundamental
objective was to  evaluate long—term characteristics i n  reservoir phosphorus concen—
trations. Therefore,  the comple te ly  mixed analysis was  se lec ted  as the basis for  the
model ing  approach. The  s implifying assumptions inherent i n  the analysis are
warranted due to the l im i t ed  data base  for  the  Highland Lakes .  The  e f f ec t ivenes s  of
the  model ing  approach employed  in  t he  p re sen t  inves t iga t ion  has been  demons t ra ted  i n
other waterbodies, as described in Chapter 2 .0 .  Fo r  example,  the completely mixed,
model  was  succéssfully used  to  simulate long-term phosphorus trends in  Lake
Washington (Lorefien, et  al., 1976). Similarly, Snodgrass and Dillon (1983) determined
that a single—layer model  demonstrated performance comparable wi th  a two—layer
model  in certain types of lakes. In the present investigation, the single-layer model
provided es t imates  o f  reservoir phosphorus concentration in  general agreement wi th
his tor ica l  observat ions .  The  ut i l i ty  of the  mode l  for  long-range projection of  average
phosphorus l eve l s  has been  demons t ra ted .
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TABLE 6-1

SIMULATION OF PHOSPHORUS CONCENTRATIONS
SCENARIO 1

(mg/l)

Marble
Yen ‘ Buchanan Inks LBJ Falls Travis Austin Town

1984 :. ' .008 .007 .012 .020 .002 .003 .010
1985 4 ' .018 .017 .010 .012 .004 .004 .006
1986 .020 .017 .027 .030 .005 .006 .010
1987 .014 .012 .015 .018 .004 . 004 . 008
1988 .042 .037 .026 .029 .005 .006 .007
1989 .004 .003 .011 .018 .003 .003 .008
1990 .021 .016 .015 .020 .004 .005 .010
1991 .041 .038 .015 .019 .005 .006 .009
1992 .016 .014 .008 .012 .005 .005 .009
1993 .008 .007 .012 .019 .003 .004 .009
1994 .018 .016 .012 .016 .004 .004 .006
1995 .013 .010 .009 .018 .005 .007 .014
1996 .006 .003 .006 .019 .005 .006 .018
1997 .027 .022 .019 .025 .004 .004 .008
1998 .010 .009 .012 .017 .005 .006 .013
1999 .020 .016 .014 .022 .003 .004 .008
2000 .004 . 003 .015 .030 .003 .003 .009
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TABLE 6-2

SIMULATION OF HISTORICAL PHOSPHORUS CONCENTRATIONS FOR 1967-1983

'1
,.

Jé
w

f.

(mg/1)

: Marble
Yea: - :  Buchanan Inks LBJ Falls Travis Austin Town

1%7 .mo  mm mm .m2  .m2 mm .M7
1960 .044 .040 .019 .019 .005 .005 .006
1969 .020 .017 .026 .025 .004 .005 .008
1970 .014 .012 .014 .014 .003 .004 .006
1971 .042 .037 .025 .024 .004 .004 .006
1972 ‘ .004 .003 .010 .010 .002 .002 .007
1973 .021 .016 .014 .014 .003 .004 .009
1974 .041 .038 .014 .014 .004 .005 .003
1ws  .M6 .m4  .m7 0m mm mm .m7
1976 .003 .007 .011 .012 .003 .003 .007
1977 .018 .016 .010 .012 .004 .004 .005
1978 .013 .010 .007 .011 .004 ' .005 .011
1979 ' .006 .003 .005 .012 .004 .005 .016
1930 .027 .022 .015 .021 .003 .003 .006
1901 .010 .009 .012 .015 .005 .003 .012
1932 .020 .016 .014 .019 .002 .003 .007
1 983 . 004 . 003 . 015 . 023 . 002 . 003 . 006
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SIMULATION OF PHOSPHORUS CONCENTRATIONS

TABLE 6-3

SCENARIO 11
(mg/1)

Marble
Year Buchanan Inks LBJ Falls Travis Austin Town

1984 :_  .008 .007 .012 .020 . 002 . 003 .011
1985 :1 . 018 .017 . 010 .012 .004 . 004 .006
1986 ; .021 .017 .027 .030 .005 . 006 .010
1987 .014 .012 . 015 .018 . 004 . 005 . 008
1988 . 042 . 037 . 026 .029 . 005 . 006 . 008
1989 .004 .003 .011 .018 .003 .003 .009
1990 .021 .016 .016 .020 .004 .005 .011
1991 .041 .038 .015 .020 .005 .006 . 010
1992 .016 .014 .008 .012 .005 .005 .009
1993 . 008 . 007 . 012 . 019 . 004 . 004 . 009
1994 .018 .016 .012 .016 .004 .005 . 006
1995 .013 .010 .009 .019 .006 .007 .014
1996 . 006 . 003 . 007 . 020 . 005 . 007 . 019
1997 . 027 . 022 . 019 . 025 . 004 . 004 . 008
1998 . 010 .009 . 013 . 018 . 006 . 007 . 014
1999 .‘020 .016 .014 .023 .003 . 004 .008
2000 .004 .003 .016 .031 .003 .004 .009
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TABLE 6-4

SIMULATION OF PHOSPHORUS CONCENTRATIONS
SCENARIO 111

(mg/1)

. Marble ‘ -
Year ; Buchanan Inks LBJ Falls Txavis Austin Town ’3

1984 4 '  .008 .007 .013  .021 .003 .003 .010 f4
1985 .018 .017 .010 .013 .004 .004 .006
1986 .020 .017 .028 .031 .005 .006 .010
1987 .014  .012 .016 .019 .004 .005 .008
1988 . 042 . 037 . 027 . 030 . 006 . 006 . 008
1989 .004 .003 .013 .020 .003 .003 .008
1990 .021 .016 .017 .022 .004 .005 .011
1991 .041 .038 .015 .020 .005 .006 .010
1992 . 016 . 014 . 009 . 013 .005 . 005 . 009
1993 . 008 . 007 . 014 . 020 . 004 . 004 . 009
1994 .018 .016 .013 .017 I .005 .005 .006
1995 .013 .010 .010 .020 .006 .007 .014
1996 . 006 . 003 . 008 . 021 . 005 . 006 . 01 8
1997 . 027 . 022 . 020 . 026 . 004 . 004 . 008
1998 .010 .009 .014 .018 .006 .006 .013
1999 .020 .016 .016 .024 .003 .004 .008
2000 . 004 .003 . 017 . 031 . 003 . 004 . 009
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TABLE 6-5

SCENARIO IV

(mg/1)

15  Marble
Year ~.- Buchanan Inks LBJ Falls Travis Austin Town

1984 j .008 .007 .013 .021 .004 .005 .012
1985 .018 .017 .010 .013 .005 .005 .007
1986 .020 . 017 . 028 . 031 . 007 . 007 . 01 1
1987 .014  .012 .016 .019 .006 .006 .009
1988 . 042 . 037 . 027 . 030 . 007 . 007 . 009
1989 .004 .003 .013 .020 .004 .005 .010
1990 . 021 . 016 .017 .022 . 005 . 006 . 012
1991 .041 .038 .015 .020 .006 .007 .011
1992 .016 .014  .009 .013 .006 .006 .010
1993 .008 .007 .014 .020 .005 .006 .010
1994 .018 .016 .013 .017 .006 .006 .007
1995 .013 .010 .010 .020 .008 .009 .016
1996 . 006 . 003 . 008 . 021 . 006 . 008 . 019
199? . 027 . 022 . 020 . 026 . 006 . 006 . 009
1998 .010 .009 .014 .018 .007 .008 .015
1999 .020 .016 .016 .024 .005 .005 .010
2000 .004 .003 .017 .031 .005 .005 .010
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TABLE 6-6

SIMULATION OF PHOSPHORUS CONCENTRATIONS

vi
a

3..
"

1,
..

.J
u

SCENARIO V

(mg/l)

; Marble
Year : :  Buchanan Inks LBJ Falls Travis Austin Town

1984  4 .008 . 007  . 012  . 020  . 004  . 008  . 013

1985  . 018  . 017  . 010  . 012  . 005  . 006  . 008

1986  I . 020  . 017  . 027  . 030  . 007  . 009  . 014

1987 . 014  . 012  . 015  . 018  . 005  . 007  . 011

1988 . 042 . 037  . 026  . 029  . 006  . 007  . 009

1989  . 004  . 003  . 011  . 018  . 004  . 006  . 013

1990  . 021  . 016  . 015  . 020  . 006  . 009  . 018

1991  . 041  . 038  . 015  . 019  . 007  . 009  . 014

1992  . 016  . 014  . 008  . 012  . 007  . 009  . 014

1993  . 008  . 007  . 012  . 019  . 004  . 006  . 013

1994  . 018  . 016  . 012  . 016  . 005  . 005  . 007

1995 . 013  . 010  . 009  . 018  . 008  . 012  . 022

1996  . 006  . 003  . 006  . 019  . 007  . 014  . 030

1997 . 027  . 022  . 019  . 025  . 004  . 006  . 011

1998 . 010  . 009  . 012  . 017  . 009  . 012  . 022

1999 . 020  . 016  . 014  . 022  . 004  . 006  . 012

2000 . 004  . 003  . 015  . 030  . 004  . 006  . 013
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TABLE 6-7

SflflULAVEKJN(DFIHiOSPHCNRUS CCnWCEhflHIATHJNS
SCHENDKRIO'VI

(tug/D

Adarbde
Year Buchanan Inks LBJ Falls Travis Austin Town

1984 y .008 .007 .012 .020 .008 .011 .022
1985 :3  .018 .017 .010 .012 .007 .008 .010
1986 .{r ' .020 .017 .027 .030 .010 .012 .017
1987 3 ; :  .014 .012 .015 .018 .008 .009 .014
1988 .042 .037 .026 .029 .009 .010 .012
1989 .004 .003 .011 .018 ‘ .007 .009 .015
1990 .021 .016 .015 .020 .009 .012 .021
1991 .041 .038 .015 .019 .009 .012 .017
1992 .016 .014 .008 .012 .010 .011 .017
1993 .008 .007 .012 .019 .007 .010 .016
1994 .018 .016 .012 .016 .008 .008 .010
1995 .013 .010 .009 .018 .012 .016 .026
1996 .006 .003 .006 .019 .011 .017 .033
1997 .027 .022 .019 .025 .008 .010 .014
1998 .010 .009 .012 .017 .012 .015 .025
1999 .020 .016 .014 .022 .007 .010'  .015
2000 .004 .003 .015 .030 .007 .009 .016
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TYUBLE 6-8

UDIDEEIINEIECTT SIHPPIJEhflElfrAl.LCMkEflN<35
SCENARIO V11

(mg/1)

‘ i r .  Idarble
Yea: _; Buchanan Inks LBJ Fans Travis Austin Town

1984 .019 .020 .024 .039 .014 .017 .025
1985 .027 .022 .016 .017 .012 .009 .010
1986 .030 .027 .036 .039 .015 .015 .018
1987 .024 ' .020 .023 .025 .013 .011 .014
1988 .051 ‘ . 044  .036- .038 ‘ .016 .015 .016
1989 .014 .015 .022 .033 .013 .017 .022
1990 .033 .029 .025 .031 .013 .015 .020
1991 .051 .047 . . 023  .027 .013 .012 .015
1992 .025 .022 .016 .018 .013 .010 .014
1993 .017 .018 .022 .030 .013 .015 .019
1994 .028 .024 .020 .024 .013 .010 .012
1995 .024 .025 .020 .033 .019 .020 .027
1996 .016 .031 .019 .038 .015 .021 .032
1997 .037 .032 .028 .035 .014 .017 .021
1998 .020 .020 .021 .025 .014 .013 .019
1999 .029 .026 .025 .035 .013 .014  .019
2000 .014 .027 .028 .051 .014 .028.022
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TABLE 6-9

SIMULATION OF PHOSPHORUS CONCENTRATIONS
SCENARIO V11, SUPPLEMENTAL LOAD T0 LAKE BUCHANAN

(mg/l)

5 Marble
Year : Buchanan Inks LBJ Falls Travis Austin Town

1984  ’3' . 019  . 014  . 014  . 022  . 003  . 003  . 010

1985 . 027  . 025  . 013  . 015  . 005  . 005  . 006

1986  . 030  . 025  . 029  . 032  . 006  . 006  . 010

1987  . 024 . 020 . 018  . 021  . 005 . 005  . 008

1988  . 051  . 045 . 030  . 033 . 006 . 006  . 008

1989  . 014  . 010  . 013  . 020  .003  . 003  . 008

1990 . 033  . 025  . 017  . 022  '. 004 . 005  . 011

1991  . 051  .047 . 017  . 021  . 005  . 006  . 010

1992  . 025  . 022  . 011  . 014  . 005  . 005  . 009

1993  . 017  . 014  . 014  . 020  .004  .004  . 009
1994 . 028 . 024 . 014  . 018  . 005 . 005 . 006

1995  . 024  . 018  . 010  . 020  . 006  . 007  . 014

1996  . 016  . 007  . 007  . 019  . 005  . 006  . 018
1997  | . 037 . 030  . 021  . 027 . 004 . 004 . 008
1998  . 020  . 016  . 014  . 019  . 006  . 007  . 014

1999  . 029 . 024  . 017  . 025  . 003 . 004  . 008
2000 . 014 .008 . 016 .030 .003 . 003 .009
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TABLE 6-10

SIMULATION OF PHOSPHORUS CONCENTRATIONS

SCENARIO VII, SUPPLEMENTAL LOAD TO LAKE LBJ

(mg/1)

"ids Marble
Year : ~ . Buchanan Inks LBJ Falls Travis Austin Town

1984 y .008 .007 .024 .031 .003 .004 . 011
1985 .018 .017 .016 .018 . 005 .005 . 007
1986 . 020 .017 .036 .038 .006 .007 .011
1987 . 014 . 012 . 023 . 026 . 005 . 006 . 009
1988 . 042 . 037 . 036 . 038 . 007 . 007 . 009
1989 . 004 . 003 . 022 - . 028 . 003 . 004 . 009
1990  . 021  . 016  . 025  . 029  . 005  . 006  . 01  1

1991 .041 .038 .023 .027 .006 .007 .010
1992 .016 .014 .016 . 019 . 006 . 006 . 010
1993 . 008 . 007 . 022 . 028 . 004 . 005 . 009
1994 . 01 8 . 01 6 . 020 . 024 . 005 . 005 . 007
1995 .013 .010 .020 .028 .007 . 008 .01  5
1996 .006 .003 .019 .030 .005 . 007 .018
1997 . 027 . 022 . 028 . 034 . 005 . 005 . 009
1998 . 010 . 009 . 021 . 025 . 007 . 007 . 014
1999 .020 .016 .025 .032 .004 .004 .009
2000 . 004 . 003 .028 . 040 . 003 . 004 . 009
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TABLE 6-11

SIMULATION OF PHOSPHORUS CONCENTRATIONS
SCENARIO VII, SUPPLEMENTAL LOAD TO LAKE TRAVIS

(mg/1)

Marble
Year Buchanan Inks LBJ Falls Travis Austin Town

1984 .5 . 008 .007 .012 .020 . 014 .014 . 020
1985 : ' .018 .017 .010 .012 .012 .012 .013
1986 :5 .020 .017 .027 .030 .015 .015 .018
1987 L .014 .012 .015 .018 .013 .013 .015
1988 .042 .037 .026 .029 .016 .016 .017
1989 .004 .003 .011 .018 .013 .013 .017
1990 .021 .016 .015 .020 .013 .014 .018
1991 .041 .038 .015 .019 .013 .014 .017
1992 .016 .014 .008 .012 .013 .013 .016
1993 .008 .007 .012 .019 .013 .014 .017
1994 .018 .016 .012 .016 .013 .013 .014
1995 .013 .010 .009 .018 .019 .020 .026
1996 .006 .003 .006 .019 .015 .017 .027
1997 .027 .022 .019 .025 .014 .015 .018
1998 .010 .009 .012 .017 .014 .015 .021
1999 .020 .016 .014 .022 .013 .014 .018
2000 .004 .003 .015 .030 .014 .015 .019
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SIMULATION OF PHOSPHORUS CONCENTRATIONS

TABLE 6-12

SCENARIO 1X

(mg/l)

j Marble
Year f Buchanan Inks LBJ Falls Travis Austin Town

1984 . 008 .006  . 011  .020  .002  . 003 .007
1985 .018  .017 .009  . 012  .004 .004 .005

1986 .020  .017  .026 . 030 .005 .005 . 010

1987 .014  .012  .014  .018  .004  .004  .006
1988 .042 .037  .026 .029  . 005  .005 .007

1989 .004  .003 . 011  .018  .003 .003 .006

1990 . 021  .016  .015 .020  .004 .004  .008
1991 . 041  .038  .014  .019  .005 .005 .008
1992 .016 . 014  .008  . 012  .004  .005 .007
1993 . 008 .006  . 012 . 018 . 003 . 004 . 007
1994 .018  .016 . 011  .016 .004  .004  .005
1995 .013 .010  .008  .018  .005 .006 .010
1996 .006  .003 .006 .019  .004  .006  .012
1997 .027  . 022 .019  .025 . 004 .004  . 006
1998 .010  .008  .012  .017  .005 .006 .010
1999 .020  .016  . 014 .022  .003 . 004  . 006
2000 . 003 . 003 . 015 . 030 . 003 . 003 . 007
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SIMULATION OF PHOSPHORUS CONCENTRATIONS

TABLE 6-13

SCENARIO x
(mg/1)

Marble
Yea: _, 5 Buchanan Inks LBJ Falls Travis Austin Town

1984 "'7 .008 .007 .012 .020 .003 .005 .014
1985 .018 .017 .010 .012 .004 .005 .007
1986 .020 .017 .027 .030 .006 .007 .012
1987 .014 .012 .015 .018 .005 .005 .009
1988 .042 .037 .026 .029 .006 .006 .008
1989 .004 .003 .011 .018 .003 .004 .010
1990 .021 .016 .015 .020 .005 .006 .013
1991 .041 .038 .015 .019 .006 .007 .011
1992 .016 .014 .008 .012 .006 .006 .011
1993 .008 .007 .012 .019 .004 .005 .010
1994 .018 .016 .012 .016 .005 .005 .006
1995 .013 .010 .009 .018 .006 .008 .017
1996 .006 .003 .006 .019 .006 .009 .022
1997 .027 .022 .019 .025 .004 .005 .009
1998 .010 .009 .012 .017 .007 .008 . 017
1999 .020 .016 .014 .022 .003 .004 .009
2000 .004 .003 .015 .030 .003 .004 .010
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TABLE 6-14

SUMMARY OF SIMULATION RESULTS

386

Scenario Description Results

I Baseline future urban growth Total phosphorus levels generally low; generally no substan-
in accordance with population tial elevation above historical conditions.
projections

11 'iSimilar to Scenario 1: in- Occasional small elevations in baseline phosphorus, maximug:
:‘crease urban runoff phos- of 0.001 mg/l increase. _

orus concentration :1
00 percent to 0.30 nag/l -

111 Similar to Scenario 1; add Phosphorus in Lakes LBJ and Marble Falls increased by 0.001-
10,000~person point source 0.002 nag/l.
load to  Lake LBJ

IV Similar to Scenario 111; add. Phosphorus in Lake Travis increased mom-0.003 mg/l; in-
50.000-person point source creased mom-0.002 mg]! in Lake Austin and Town Lake.
load to Lake Travis

V Assume complete urbanization Phosphorus increased 0.000-0.004 nag/l in Lake Travis, 0.001-
in watersheds of Lake Travis, 0.008 mall in Lake Austin, 0.001-0.012 nag/l in Town Lake.
Lake Austin, and Town Lake

VI Similar to  Scenario V; add Phowhorus increased 0.003-0.007 mg/l in Lake Travis, 0.004—
100,000-person point source ’ 0.011 mg/l in Lake Austin, 0.004-0.015 mg/l in Town Lake
load to Lake Travis above baseline conditions.

VII Add supplemental load to  Average phosphorus concentrations mom-0 .051  mg/l in Lake
each reservoir, based on Buchanan, 0.015-0.047 mg/l in Inks Lake, 0.016-0.036 nag/l in
Scenario 1, to  elevate Lake LBJ,  0.017-0.051 mg/l in Lake Marble Falls, 0.012-
phosphorus by 0.01 mg/l the 0.019 mg/l in Lake Travis, 0.009-0.022 mg/l in Lake Austin,
majority of  the time 0.010-0.032 mall in Town Lake due to  loads in those

reservoirs.

V111 Similar to Scenario VII, but Average phosphorus concentrations 0.008-0.049 mg/l in Lake
add load to achieve 0.01 nag/l. Inks, 0.015-0.037 1113/! in Lake LBJ, mom-0.042 mg/l in Lake
phosphorus increase in Marble Falls, 0.012-0.018 mg/l in Lake Travis, 0.012-
reservoir immediately 0.020 mg/l in Lake Austin, 0.010-0.030 mg/l in Town Lake
downstream due to loads to  upstream reservoirs. )2

IX ”Similar to  Scenario 1, but Occasional reductions in phosphorus o f  0.001 mg/ l ,  except  for3
crease urban runoff loads Town Lake with reductions o f  0.000—0.006 mg/l.  1
50 percent

X Similar to  Scenario V,  but Compared to Scenario V results without controls, attained re-
decrease urban moff loads auctions in phosphorus of  0.000-0.002 mg/l in Lake Travis,
by 50 percent 0.000-0.005 mg/l in Lake Austin, 0.001-0.008 mg/I in Town

Lake.

Note: Results describe increases relative to baseline (Scenario 1) conditions, unless otherwise noted.
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TABLE 6-15

IKELJKTRDNSIHPSIBETVVEEblPIflDSPIflDRJJS,
CHLOROPHYLL-a, AND SECCHI DEPTH

Phosphorus Chlorophyll-a Secchi Depth
(fig/1) (Hg/1) (m)

4 .001  .073 21.9
.002 . 20  13 .6

.003 .36  10 .3

.004 . 54  8 .5

.005 .75 7 .3

.006 .98  6 .4

.007 1 .23  5 .8

.008 1 .49  5 .3

.009 1 .76  4 .9

.010 2 .06  4 .5

.011  2 .36  4 .2

.012 2 .68  4 .0

.013 3 .01  3 .8

.014 3 .35  3 .6

.015 3 .70  3 .4

.016 4 .06  3 .3
_<:. 017 4.44 3 . 1 ‘
F3018 4.82 3.0

.019 5 .21  2 .9

.020 5 .61  2 .8
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TABLE 6 -18

MEAN PHOSPHORUS LOADS FOR SIMULATION SCENARIOS

Phosphorus Loadings (106 g/yr)
Mean
Point Mean Mean Mean Mean Mean

Case Source Runoff Trib. Atmos.  Upstream Total

_z - Lake Buchanan -
I j -  .017 3.67 118.34 1.17 -— 123.21
11 5 ,  .017 4 .22  118.34 1 .17  - -  123.75
111 .017 3.67 118.34 1 .17  —- 123.21
IV .017 3.67 118.34 1 .17  —- 123.21
V .017 3 .67  118.34 1 .1?  ~— 123.21
VI .017 3.67 118.34 1 .17  - -  123.21
V11 69.00 3 .67  118.34 1 .17  - -  192.19
VIII .017 3 .67  118.34 1.17 - -  123.21
IX .01? 3 .41  118.34 1 .17  -— 122.95
X .017 3 .67  118.34 1 .17  - -  123.21

— Inks Lake -
I - -  . 19  - -  . 045  11 .53  11 .77

II - -  . 20  - -  .045 11.60 11.84
111 - -  .19  - -  .045 11.53 11.77
N - -  .19  - -  .045 11.53 11.77
V - -  . 19  ~ -  .045  11 .53  11 .77

VI —— .19 - -  .045 11.53 11.77
V11 7 .00  .19  - -  .045 11.53 18.77
VIII - -  . 19  - -  .045 18.20 18.43
IX - -  .18  -— .045 11.51 11.74
X j - -  .19  —- .045 11.53 11.77

<5

- Lake LBJ -
I 1.86  1 .21 14.50 .36 9 .95  27.88
11 1 .86  1.85 14.50 .36 9 .98  28.55
HI 4 .62  1 .21 14.50 .36 9 .95  30.66
IV 4 .62  1 .21 14.50 .36  9 .95  30.66
V 1 .86  ‘1 .21  14 .50  . 36  9 .95  27 .88

V1 1.86 1.21 14.50 .36 9 .95  27.88
V11 20.86 1 .21 14.50 .36 9 .95  46.88
VIII 1.86 1 .21 14.50 .36 29.66 47.59
IX 1.86 .89 14.50 .36 9 .92  27.53
X 1.86 1 .21 14.50 .36 9 .95  27.88
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TABLE 6-18 (Cont'd)

Phosphorus Loading (106  sh!)
Mean
Point Mean Mean Mean Mean Mean

Case Source Runoff Trib. Atmou. Upstream ' Total

- Lake Marble Falls -

1 6.64 .46 - -  .044 14.36 21. so
11 f 6.64 .59 -- .044 14.70 21.97
m '1‘. . 6.64 .46 -- .044 15.70 22.84
N ’ 6.64 .46 -- .044 14.36 21.50
v 6.64 .46 -- .044 14.36 21.50
v1 6.64 .46 - -  .044 14.36 21.50
v11 17.65 .46 - -  .044 14.36 32.51
vm 6.64 .46 - -  .044 24.60 31.74
IX 6.64 .38 - -  .044 14.19 21.26
X 6.64 .46 -- .044 14.36 21.50

- Lake Travis -

I .29 3.42 12.23 1.06 20.26 37.26
11 .29 4.39 12.23 1.06 20.72 38.69
m .29 3.42 12.23 1.06 21.55 38.54
N 14.14 3.42 12.23 1.06 21.55 52.40
v .29 16.61 12.23 1.06 20.26 50.46
V! 27.94 16.61 12.23 1.06 20.26 78. 11
v11 85.27 3.42 12.23 1.06 20.26 122.25
vm .29 3.42 12.23 1.06 104.51 121.50
1x .29 2.93 12.23 1.06 20.03 36.54
x .29 8.30 12.23 1.06 20.26 42.15

g - Lake Austin - .
1 F; -- .70 - -  .13 6.42 7. 25
11 - -  1.05 - -  .13 6.66 7.83
111 - -  .70 - -  .13 6.61 7.44
N - -  .70 - -  .13 8.86 9.69
v - -  3.16 - -  .13 8.63 11.92
V! -- 3.16 - -  .13 13.09 16.38
v11 13.00 .70 - -  .13 6.42 20.25
vm - -  .70 - -  .13 20.09 20.92
IX - -  .53 -- .13 6.29 6.94
x - -  1.58 - -  .13 7.24 8.95
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TABLE 6-18 (Concluded)

Phosphorus Loading! (106 gm)

1.
41

.3
-0

.

Mean
Point Mean Mean Mean Mean Mean

Source Runoff Trib. Atmos. Upstream Total

—_ ' - Town Lake -
I 4'; ’ -- 5.30 1.21 .028 6.57 13.11
11 t - -  5.44 1.21 .028 7.13 13.81
m ‘ -  5 . 30  1 .21  .028  6 .77  13 .31

IV - -  5.30 1.21 .028 8.78 15.32
V -- 8.16 1.21 .028 10.78 20.18
VI -- 8 .  16 1.21 .028 14.78 24. 18
V11 12.00 5.30 1.21 .028 6.57 25.11
VIII - -  5.30 1.21 .028 18.91 25.42
IX - -  2.87 1.21 .028 6.31 10.41
X - -  6.44 1.21 .028 8.10 15.78
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TABLE 6-21

TROPHIC CLASSIFICATION

Parameter Oligotrophic Mesotrophic Eutrophic

GENEEALV DESCRIPTION
Aquatié plant production low - -  high

Algal blooms rare - -  frequent

Algal species variety many - -  variable
to few

Characteristic algal groups varied - -  blue-green

Littoral zone aquatic plant sparse - -  abundant
growth

Number of plant and animal many - -  few
specxes
Oxygen inthe hypolimnion present - 4  absent

NUMERICAL DESCRIPTION
Chlorophyll-a (mg/l) < 7 7-12 > 12.
Total phosphorus (ug/l) < 10 10-20 > 20

Secchi depth (m) > 3 .7  2 .0 -3 .7  <2.0

From Rast and Lee (1978), EPA (1974).
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CHAPTER 7 .0

SUMMARY,  CONCLUSIONS AND RECOMMENDATIONS

7 .1  SUMMARY OF ANALYSIS

7 .1 .1  Me thodo logy

Phosphorus concentrat ions  within the  Highland Lakes  were  e s t ima ted  w i th  the
model  HILAKES.~~3The mode l  t r ea ted  the  Highland Lakes  a s  a s e r i e s  of completelysj
mixed  r eac to r s .  Fo r  each  r eac to r ,  or  r e se rvo i r ,  a mass  budge t  equa t ion  was  eva lua ted .
The mass  budget  gouation requ i red  the  def in i t ion of all phosphorus mass  inputs  t o  the
reservoi rs ,  volume‘and ou t f l ow  t e rms ,  and reac t ion  ra tes .  Fo r  the  presen t  analysis,
phosphorus dynamics  were  approximated  by  a f i rs t -order  decay  t e rm,  which  can be
construed as an apparent sed imenta t ion  r a t e .  Average  annual condi t ions  were
s imu la t ed  w i th  t he  mode l  HILAKES,  t he re fo re ,  all input pa rame te r s  we re  de f ined  as
yearly to t a l s .

Annual mass  loadings  were  ca lcu la ted  for  po in t  sources ,  runoff f rom adjacent
watersheds,  ma jo r  t r ibutar ies ,  and a tmospher ic  contr ibut ions.  His tor ica l  phosphorus
loadings were  def ined  for  the pe r iod  1952—1983. Future  condit ions were  p ro j ec t ed  fo r
the  years  1984—2000. The fundamental  hydrologic charac te r i s t i c s  fo r  t he  pe r iod
1967-1983 were  assumed to  be  r epea ted  for  the  future s imula t ion  pe r iod .  Point  source
loads  were  e s t ima ted  f rom current was tewa te r  discharge pe rmi t  l imi ta t ions  and
h i s to r i ca l  da ta .  P ro j ec t ed  point  source loads  were  based  upon fo recas t s  of populat ion
growth  fo r  a rea  count ies  and discharge pe rmi t  l imi ta t ions .  The  nonpoint  source
loading e s t ima te s  from adjacent wate rsheds  were  based  upon runoff vo lumes
calcula ted  wi th  annual s to rm charac te r i s t i cs .  The  SCS curve number  technique  was
employed  for  calculat ions of runoff  vo lumes .  Runoff  phosphorus concent ra t ion  was
es t ima ted  f rom analysis of minor  tributary da t a  co l l ec t ed  in  the  Aust in  area .  Runoff
loads  were  ca lcu la ted  f rom the  runoff vo lume and concentra t ion  charac ter i s t ics .  Fo r
de te rmina t ion  of ma jo r  tr ibutary loads ,  h i s tor ica l  ins t ream phosphorus da t a  were
analyzed and load-discharge relat ionships  were  developed.  Major  tr ibutary h i s to r ica l
loads  were  derivigd by  applicat ion of the  loading re la t ionships  t o  recOrded  daily
discharge va lues?  P ro jec t ed  t r ibutary loads  were  based  upon the  assumption that.
h is tor ica l  f l ow  r eg imes  fo r  t he  pe r iod  1967—1983 would be  r epea t ed  fo r  t he  pe r iod
198492000.  Atmospher i c  l oads  were  based  upon r eco rded  precipi ta t ion volumes  and an
assumed phosphorus l eve l .

7.1 .2 .  S imu la t i on  Resu l t s

The  mode l  HILAKES was  employed  fo r  s imula t ion  of future  phosphorus concerr
t ra t ions  i n  the  Highland Lakes  under  several  a l ternat ive  scenar ios  fo r  t he  pe r iod
1984~2000.  The  scenarios were  fo rmula t ed  to  dep ic t  an t ic ipa ted  condi t ions  and
condi t ions  tha t  may  po ten t ia l ly  occur ,  and inves t iga t e  t he  in te r re la t ionsh ips  of  wa te r
qua l i ty  through the  s e r i e s  of  rese rvo i r s .  S imula t ion  resul ts  we re  summar ized  in
Table 6~l4..
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Under  the  ant ic ipated Scenario I condi t ions ,  p ro j ec t ed  phosphorus levels fo r  the
per iod  1984-2000  generally did no t  display substantial  i nc reases  ove r  t he  s imula ted
his tor ica l  l eve l s  fo r  1967-1983 .  P ro j ec t ed  concentra t ions  in  Lake  Buchanan and Inks
Lake  remained  unchanged. P ro j ec t ed  concentra t ions  i n  Lake  LBJ  displayed inc reases
in  phosphorus concent ra t ion  of 0.000— 0.002 mg / l ,  while  increases  of 0 .002-0 .008 mg/ l
were  e s t ima ted  in Lake  Marble  Fa l l s .  In Lake  Travis ,  inc reases  of  0 .000~0.001 Ing/l
above h i s to r ica l  l eve l s  we re  p ro jec t ed .  Increases  of 0 .000-0 .002  mg / l  phosphorus were
p ro j ec t ed  fo r  Lake  Aust in .  Phosphorus inc reases  of  0.000—0.003 mg/ l  above historical
l eve l s  we re  p ro j ec t ed  for  Town Lake  under Scenar io  I assumptions .

Addi t ional  sienarios examined  increases  i n  urban mass  loadings and supplemental
point  source loadings. Increasing the assumed urban runoff  phosphorus concentra t ion
from 0.015 to  0.0310 mg/l  throughout the  adjacent watersheds (Scenario II) had only
small  e f f ec t s  upon p red ic t ed  concent ra t ions ,  as e levat ions  i n  reservoi r  phosphorus
leve l s  of  0 .001  mg/ l  above  the  basel ine Scenar io  I resul ts  we re  occasional ly  obta ined .
The  hypothet ica l  case  of comple t e  urbanization of the  adjacent wa te r sheds  of Lake
Travis ,  Lake  Aust in ,  and Town Lake  was examined in  Scenar io  V .  P ro j ec t ed
phosphorus l eve l s  showed  increases  of 0.000——0.004 mg/ l  i n  Lake  Travis ,
0 .001—0.008  nag/l i n  Lake  Aus t in ,  and 0 .001 -0 .012  mg / l  i n  Town  Lake .

Under  Scenar io  III, a supplemental  point  source load  to  Lake  LBJ ,  equivalent  t o  a
populat ion of  10 ,000,  increased  p red i c t ed  phosphorus concent ra t ions  above  base l ine
(Scenario I) conditions by 0.001-0.002 mg/l.  Addition of a point source load to Lake
Travis ,  equivalent t o  a populat ion of  50 ,000,  r e su l t ed  i n  p ro j ec t ed  inc reases  i n
phosphorus l eve l s  of 0.001—0.003 mg/ l  above  base l ine  condit ions (see  Scenar io  IV). A.
poin t  source  load  equivalent  t o  a popula t ion of  100,000,  coupled w i th  t he  comple t e
urbanization assumption,  was  s imula ted  in Scenar io  VI. P ro j ec t ed  inc reases  i n
phosphorus l eve l s  of  0.003~0.007 mg/ l  i n  Lake  Trav is ,  0.004—0.011 nag/l in Lake  Aus t in ,
and 0.004~0.015 mg/ l  i n  Town Lake were  obta ined.

Supplementa l  loadings requi red  t o  e f f ec t  a 0 .010  ting/1 increase  i n  ambient
phosphorus concentrat ions  were  def ined in  Scenar io  VII. A supplementa l  l oad  of
85  x 106 g/yr was  def ined  fo r  Lake  Travis ,  f o r  example .  In Scenar io  VIII, loadings
requi red  t o  produce a 0 .01  mg/ l  increase  in  phosphorus concen t r a t i on ’wi th in  t he ‘
rese rvo i r  immediaiely downstream were  inves t iga ted .

The  e f f ec t s  of urban runoff control  measures  were  inves t iga ted  i n  Scenar ios  IX
and X,  assuming a 50  percen t  r educ t ion  i n  urban loadings.  Under  Scenar io  IX ,  the
e f f ec t s  on the  base l ine  condi t ions  of Scenario I were  examined.  Wi th  the  reduct ion  i n
urban loads ,  dec reases  i n  p ro j ec t ed  phosphorus l eve l s  of  0 .001  Eng/1 were  occasional ly
observed in  the  s e r i e s  of rese rvo i r s ,  though concentra t ions  i n  Town Lake  dec reased  by
0.000~0.006 mg / l .  Under  Scenar io  X ,  t he  urban loadings  genera ted  in  Scenario V wi th
comple t e  urbanization were  reduced ,  resul t ing in  decreases  in  p red ic t ed  phosphorus
concen t ra t ions  o f  0.000—0.002, mg / l  i n  Lake  Trav i s ,  0 .000“  0 .005  mg / l  i n  Lake  Aus t in ,
and 0.001«-0.008 mg / l  i n  Town Lake ,  compared to  the  p ro jec t ions  fo r  Scenar io  V.
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As  a general conclusion, projected rese rvo i r  phosphorus concentrat ions  fo r  future
conditions appear t o  be  in line wi th  historical  l eve l s .  In t e rms  of  e levat ions  in
phosphorus  concent ra t ion ,  l ow  inc reases  were  generally p ro j ec t ed ,  and future  concen~
tra t ions  should remain  at  re lat ively l ow  leve l s ,  consis tent  w i th  his tor ica l  t rends.

The  p ro jec t ed  phosphorus concentra t ions  were  in te rpre ted  in  t e rms  of
chlorophyll-a  l eve l s  and Secch i  depths  wi th  empirical relationships that  are frequently
used. I t  i s  probable that the relationships do not  hold precisely for  the Highland Lakes,
due to background levels  o f  turbidity. Based  upon the empirical relationships, the
projected phosphorus increments would entail no substantial elevation of  chlorophyll— at
levels or  deterioration o f  transparency.

Mean loadings for  the various sources under the future simulation scenarios were
calculated. The mean load from upstream releases  was usually the largest contributor
of  phosphorus mass to  mos t  of the reservoirs,  frequently an order of  magnitude in
excess of  loads from other sources. Major  tributary loads usually constituted the
largest source of phosphorus loads for Lake Buchanan and Lake LBJ .  Runoff loads
from adjacent watersheds were  occasionally substantial,  somet imes  of  the s ame  order
or magnitude as other sources. Loads associated with d i rec t  precipi tat ion input were
consistently low.

The in ter re la t ionships  of  wa te r  qual i ty  among the  reservoirs  we re  exhibi ted by
several  of  t he  scenar ios .  The  magnitude and longitudinal ex t en t  of t he  propagat ion  of
e f f ec t s  on  downst ream reservoi rs  was  dependent  upon the  t o t a l  external  mass  loading
to  each  rese rvo i r  and the  outf low through the  ser ies  of reservoirs .  In si tuations where
the tota l  external mass loading to  a reservoir  is  dominated by the loading associated
with  releases from an upstream reservoir,  the e f fec t  i s  potentially more  substantial.
Downstream e f fec t s  are generally more  substantial with larger releases from the
upstream reservoir. Ef fec t s  upon concentration from upstream loadings are
potentially much greater  i n  the extremely throughflow-dominated reservoirs: Inks
Lake ,  Lake Marble Fal ls ,  Lake Austin and Town Lake. Any increment i n  concentration
achieved in  the upstream reservoir  will in  e f f ec t  he  real ized in the throughflow-
dominated impoundment be low.  Conversely, a larger, less  throughflow—dominated
reservoir such as Lake Travis is  less  likely t o  demonstrate substantial increases in“
concentration in  risponse to  a mass  input t o  an upstream waterbody.

The efficacy o f  urban runoff controls in t e rms  of  rea l iza t ion  of an improvement
in  phosphorus concentrations within the reservoi r  was  addressed.  Compared  to  the
pred ic ted  concent ra t ions  ob ta ined  wi thout  runoff  cont ro ls ,  impos i t i on  of a f i f t y
pe rcen t  reduct ion i n  urban loadings r e su l t ed  i n  a reduct ion i n  the  magnitude of
reservoi r  phosphorus concent ra t ion  increases .  Howeve r ,  s ince the  p ro j ec t ed  e f f ec t s  of
urban loads  wi thou t  con t ro l s  were  generally smal l ,  the  ne t  bene f i t s  of t he  s imula ted
cont ro l  measures  were  no t  readi ly  ascertained. This analysis d id  not  constitute a
condemnat ion  of urban runoff  control  measures,  as the benefi ts  of  mi t iga t ion  of  urban
runoff loads transcend the  implications on phosphorus concentrations.
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The simulation results  demonstrated that  l im i t a t i on  of the phosphorus leve l  i n
point source effluent i s  prudent .  The e f f ec t s  of a supplemental discharge to  Lake
Travis ,  f o r  example ,  equivalent  t o  the  discharge f rom a populat ion of 100 ,000 ,  we ie
examined.  Under  an assumed ef f luent  phosphorus l eve l  of 2 mg/ l ,  t he  po in t  sou rce
load  was  e s t ima ted  at  27 . 6  x 106  g/yr .  If phosphorus l eve l s  were  not  l im i t ed  in  the
ef f luen t ,  t he  po in t  source  load would be  e s t ima ted  at  138  x106  g/yr ,  assuming an
ef f luen t  concentra t ion of 10  mg/ l  phosphorus. Such differences in  loading would have
a marked e f f ec t  upon predic ted  reservoir phosphorus concentrations.

Mass loading and hydrologic data for Scenario I were applied to  three empir icalé
models  that  are commonly used to  assess the trophic s ta te  of  a waterbody. With  the
Vollenweider loading-mean depth model, all of the reservoirs were classified as
eutrophic. Under the Vollenweider phosphorus loading—hydraulic loading model ,  mean
characteristics for  Lake Buchanan, Lake LBJ ,  and Inks Lake indicated a s tate  of
eutrophy, a mesotrophic s ta te  was indicated for  Lake Travis and Lake Marble Fal ls ,
while mean values for Lake Austin and Town Lake were  situated within the
oligotrophic region. With the Dillon loading parameter-mean depth model ,  meso—
trophic conditions were  indicated for Lake Buchanan, Inks Lake,  Lake  LBJ ,  and Lake
Marble Fal ls ,  while Lake Travis,  Lake Austin, and Town Lake were  ca tegor ized  as
oligotrophic.  Classif icat ion results for  a l ternat ive  scenar ios  were  also descr ibed.  The
analysis i nd i ca t ed  tha t  the  s imple  empir ica l  mode l s  p rov ide  wide ly  varying pred ic t ions
of  t rophic  s t a t e  fo r  the  Highland Lakes .  These mode l s  may have signif icant
l imi t a t ions  i n  their  applicabil i ty t o  the  Highland Lakes .  The  mode l s  we re  de r ived  wi th
data for  l akes  outs ide of t he  southwestern  Un i t ed  S t a t e s ;  manmade  r e se rvo i r s  we re
general ly absent  f rom the  da t a  base .  Among the l imitat ions of  the  s imple  trophic
state mode l s  for  application t o  the Highland Lakes, an important  fac tor  may be  the
e f fec t s  of higher background turbidity levels  on light availability for  phytoplankton,
which in turn may a f f ec t  the cri t ical  nutrient concentrations.  The ef fec ts  of  thermal
stratif ication and reservoir operational characterist ics are additional potential
limitations.

7 .2  CONCLUSIONS

The present ganalysis comprised a detai led inventory and projection of phosphorus
loadings t o  the ‘ hland Lakes  and simulation of  average phosphorus concentrations
within the  series f reservoirs for  the period 1984-2000 .  I t  i s  appropriate to review
several key assumptions which permeated  the  analysis. The  analysis was based upon
simulation o f  the  impoundments  as  a series  of comple t e ly  mixed  reac tors ;  as such,  i t
was  assumed tha t  mass  loadings t o  each  reservoi r  were  instantaneously d ispersed ,  and
the  contents  of each  rese rvo i r  displayed a homogeneous  const i tuent  concent ra t ion  a t
all t imes .  Wi th  t he  assumed instantaneous d ispersa l  of  mass  and homogeneous
concent ra t ion ,  calculated e f f ec t s  of  loadings to  a spec i f i c  r e se rvo i r - - represen ta t ive
of a f r ac t ion  of  the  original  load-ware propagated instantaneously downst ream,  subject
to  attenuation through the se r i e s  of reservoirs .  Annual mass input loads of phosphorus
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were  determined for use in the modeling analysis, and results were  obtained in t e rms
of  annual average phosphorus concentrations within the reservoirs. (The terminology
of  annual average concentration denotes a temporally and spatially averaged value
over  a one-year per iod. )  Thus, transient or  l oca l i zed  f luctuations i n  mass  loadings or
phosphorus concent ra t ions  were  no t  included in  the present  evaluat ion.  I t  should be
noted that  fluctuations (for example, seasonal) i n  phosphorus concentrations are
frequently o f  great  importance in  the determinat ion of the biological  dynamics of
natural lakes and reservoirs.  These integral assumptions are appropriate fo r  satis—
faction of  the fundamental object ive of this investigation, which was t o  analyze long—
term trends in  water quality in  the impoundments, and more  specifically, t o  evaluate
the implications o f  point and nonpoint source control measures upon long-term, annual
average reservoirjphosphorus concentrations.  The approach and assumptions o f  this -
invest igat ion may  ’not be  appropriate for  other research or management objectives.

Wi th  t he  p resen t  l eve l  of knowledge of  t he  water  qual i ty  charac te r i s t i cs  of  the
Highland Lakes, and in particular the existing l imi ta t ions  in  the avai lable  da ta  base ,
complet ion o f  this analysis consti tutes a necessary and appropriate f i r s t  s tep to
securing a more  comprehensive understanding of  the potential e f fec t s  of  point and
nonpoint source mass  loadings upon long—term phosphorus concentrations in the
reservoirs. There are many other water quality-related issues for which alternative
analytical approaches may  be  more  appropriate. Fo r  example,  evaluation of  local ized
e f f ec t s  of a spec i f i c  point source discharge would require a more  refined spatial and
perhaps temporal  resolut ion.  Similar ly ,  a more  in tens ive  t empora l  s ca l e  would be
necessary t o  evaluate  the transient  e f f ec t s  of s t o rmwate r  runoff  f rom a s ingle
precipitat ion event .  However ,  a more  sophis t ica ted  o r  de ta i l ed  analysis will require  a
more  comprehensive input data se t .

Recognizing the objectives of  the present analysis and the underlying assump-
tions and data availability, the following conclusions were formulated:

1 .  The  his tor ica l  da ta  base of phosphorus measurements  for  the Highland
Lakes  avai lable fo r  the  presen t  analysis was  ex t remely  l im i t ed ,  bo th  i n
t e rms  of  temporal  and spat ia l  coverage .  Da ta  were  generally available
over  t he  pe r iod  1968—1981. The rout ine  moni tor ing program of the  Texas
Deparjgment of  Water  Resources was  the  source of  the majori ty of  the-

‘3histor a1 data  base ,  providing quarterly measurements  fo r  several years,”
supple ented  by less frequent sampling in several other years. These data
consisted o f  surface measurements of  phosphorus concentration col lected
at a lower  pool  s ta t ion and usually one or more  additional s i t e s  within each
reservoir.  Other  data  sources included the Center  for  Research i n  Water
Resources  at The Univers i ty  of  Texas  at  Aust in  and the  C i ty  of Austin.
L imi t a t i ons  i n  the  da t a  base  const ra ined the  analyses conducted i n  th i s
study.

2 .  Profi les of  his tor ical  phosphorus concentration through the series  of
reservoirs  were  presented fo r  several sampling surveys, indicating that
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concent ra t ions  general ly decrease  f rom the  upper t o  the  l ower  rese rvo i r s .
The  analyses were  based  upon sur face  layer  measurements  of phosphorus
concentra t ion,  because  these were  the  only da ta  general ly avai lable.  The
highest  concent ra t ions  usually were  encountered  i n  Lake  Buchanan, a t  a
typical range of 0.0l-—0.05 mg / l ,  wi th  higher values occasional ly  de t ec t ed  in
the  headwate r  reach.  In  the  reservo i r s  be low Lake  Buchanan,  the major i ty
of observat ions  ranged f rom 0.01—0.02 mg/ l  to ta l  phosphorus.  Values be low
the  analytical de t ec t ion  l im i t  (0.01 nag/l) f requent ly  were  encountered,
part icularly in  the  l ower  r eaches  of Lake  Travis .  Sporadic  inc reases  i n
phosphorus concentra t ions  obse rved  wi th in  the  se r i es  of r e se rvo i r s
appeared t o  be  loca l i zed ,  probably in  response  t o  tr ibutary inputs.

The  historical phosphorus concent ra t ions  through the s e r i e s  of reservo i r s
were  a f f ec t ed  by hydraulic re tent ion t ime  and internal  reac t ions .  The
re t en t ion  t ime  is  i n  e f f ec t  the t ime  required fo r  in f low loads  a t  the head  of
a reservoi r  t o  demons t ra te  e f f ec t s  upon concent ra t ions  i n  the  l ower  pool ,
based  upon hydraulics only. Thus,  phosphorus concentra t ions  observed  in
headwater  reaches  are  r e f l ec t i ve  of  r ecen t  incoming  mass  loads ,  but  the
e f f ec t s  requi re  longer  pe r iods  of t ime  to  become  mani fes t  i n  the l ower
pool ,  part icularly in  the  larger  reservoi rs .  Lower  poo l  concentra t ions  i n
the larger impoundments  would be  expec t ed  t o  be  in f luenced  primari ly  by
internal reac t ions  ra ther  than incoming mass  loads .  In  the  smal le r ,
throughflow~dominated impoundments ,  the observed  concentra t ions  were
inf luenced  predominantly by r ecen t  mass  loadings,  rather  than internal
k ine t ics .

There  was  no ind ica t ion  of  marked t empora l  o r  seasonal  t rends  i n  the
l imi t ed  h is tor ica l  phosphorus da t a  base .  The  analysis of seasonal  t rends
may have been  dele ter iously  inf luenced by an inadequate number  of
samples  and insuff ic ient  sampling f requency,  e f f ec t s  of hydraulic
re ten t ion  t ime ,  and e f f ec t s  of thermal  s t r a t i f i ca t ion  and mixing condit ions.

Phosphorus loadings  t o  the Highland Lakes  f rom poin t  and nonpoint  sources
were  e s t ima ted  as annual mass  inputs fo r  h is tor ica l  (1952—1983) and
projec<ted future (1984~2000) condi t ions .  Point  sources  inc luded several—
domesfic  was tewate r  t r ea tmen t  fac i l i t i es .  Inf low f rom major  tr ibutaries,"
stormvaater runoff  f rom adjacent  watersheds ,  and d i r ec t  p rec ip i t a t ion  were
included as nonpoint sources .  Re l ea se s  o f  water  f rom upstream reservoi rs
cons t i tu ted  an addit ional  t ype  of nonpoint  source  loading.  Mass  loadings
assoc ia ted  w i th  re leases  f rom an upst ream reservoi r  we re  usually the
largest  component  of the  to t a l  external  phosphorus load  to  mos t  of the
reservoi rs ,  f requent ly  an o rder  of  magnitude in  excess  of loads  f rom o the r
sources .  Major  t r ibutary loadings  usually cons t i tu ted  the  largest  source  of
phosphorus to  Lake  Buchanan and Lake  LBJ ,  Runoff loadings f rom
adjacent  wa te r sheds  and loadings f rom point  sources  were  occasional ly
substantial ,  some t imes  of the  s ame  order  of  magnitude a s  o the r  source
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loads .  Loadings  f rom poin t  sources were  substantial  only t o  Lake  Marb le
Fa l l s  and, t o  a lesser ex ten t ,  Lake  LBJ .  A tmosphe r i c  loads were  re la t ive ly
minor .

The  mass  loadings  en ta i l ed  charac te r i s t i c  phosphorus concen t ra t ions  fo r
the  respec t ive  sources .  Point  sources  were  typically cha rac t e r i zed  by  a
phOSphorus concent ra t ion  of 2 mg/ l  ( as  phosphorus) where  pe rmi t  l imi ta»
t ions  were  imposed ,  and an assumed concent ra t ion  of  10  mg/ l  (as
phosphorus) fo r  uncontrol led discharges .  A concent ra t ion  of 0 .02  mg / l
phosphorus was  assumed fo r  d i r ec t  p rec ip i t a t ion  t o  the  reservoi rs .  Storm—
water  runoff loads  f rom adjacent wate rsheds  represented  a compos i t e  of
phosphorus contr ibutions of  0 .03  mg / l  f rom rangeland, 0 .02  mg/ l  f rom
forest-gland, 0 .10  mg / l  f rom cropland,  0.15 ting/1 f rom urban areas ,  and
0 .60  mfg/1 f rom the  Aust in  urban area .  A phosphorus concent ra t ion  of
0.018 mg/ l  was  assumed fo r  Bar ton Springs in f low.  Fo r  in f low f rom major
t r ibutar ies ,  t he  p ro j ec t ed  future  mean loadings cons t i t u t ed  approximate
long—term average phosphorus concent ra t ions  of 0 .19 mg/ l  i n  the  Colorado
River ,  0 .03  mg/ l  i n  t he  Llano R ive r  and Sandy Creek ,  and 0 .05  mg/ l  i n  t he
Pedernales R ive r .  The  phosphorus concentra t ions  assoc ia ted  wi th  re leases
to  an impoundment  downst ream were  def ined by the  s imula ted  average
concent ra t ions  wi th in  the  ups t ream reserv ior .  Fo r  example ,  a long-term
average phosphorus concent ra t ion  of 0.02. mg / l  cha rac t e r i zed  r e l eases  f rom
Lake  Buchanan under the p ro j ec t ed  future base l ine  condi t ions ,  consis tent
wi th  the  p ro j ec t ed  average concent ra t ion  wi th in  the  reservoi r .

A variety of  model ing approaches can be  u t i l i z ed  for  s imula t ion  of wa te r
qual i ty  i n  natural  sys t ems .  The a l te rna t ive  approaches vary signif icantly i n
complexi ty  and sophis t ica t ion ,  ranging f rom re la t ive ly  s impl i s t i c  empi r i ca l
mode l s  t o  ex t r eme ly  de ta i l ed  mode l s  of comple t e  ecosys tems .  Assoc i a t ed
wi th  increases  i n  complex i ty  are addi t ional  demands upon the  input  data
base  necessary  fo r  formula t ion  of  mode l  pa rame te r s  and r a t e  coe f f i c i en t s .
There i s  no  single mode l  that  is  universally sui table fo r  all po ten t ia l
applicat ions.  Se l ec t i on  of a mode l ing  approach mus t  be  based  upon an
assessment  of the  u l t imate  ob jec t ives  of a s tudy and the  nature and extent
of  t he  available da t a  base .  Fo r  the  p resen t  analysis,  a mode l ing  approach
that  examined  the  Highland Lakes  as a s e r i e s  of continuously—stirred tank
reactog‘s (CSTR) was  employed .  This  approach cons t i tu tes  a re la t ively
conve“ ' en t ,  economica l ,  and s t ra ightforward analysis of a complex  sys t em»
The continuously—stirred tank r eac to r  mode l  has  enjoyed successful  and
widespread usage fo r  a var ie ty  of environmenta l  s tud ies ,  and i s  part icularly
useful  fo r  evaluat ion of long-term wa te r  quali ty management  s t ra teg ies .
This  approach was  appropriate fo r  the ob jec t ive  of s imulat ing long-term
average rese rvo i r  phosphorus concent ra t ions  i n  response  t o  po in t  and
nonpoint source  mass  loadings expressed on an annual bas is ,  part icularly
wi th  recognit ion of t he  l imi t a t ions  in  the  avai lable da ta  base .  More
sophis t ica ted  model ing  techniques  requi re  a much  more  comprehens ive  s e t
of  input da t a  than i s  present ly  available fo r  the  Highland Lakes .
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A water quality model  was  developed for the Highland Lakes and was
applied to  the simulation of  historical and projected future reservoir
phosphorus concentrations. The model  analyzed the reservoirs as an
interdependent series  o f  continuously-stirred tank reactors  and considered
influx of mass  f rom var ious  sources ,  out f low of  mass  in  associa t ion  wi th
rese rvo i r  r e l eases ,  and an in te rna l  f i rs t -order  decay t e rm fo r  r emova l  of
phosphorus f rom the wa te r  co lumn.  The  f i rs t -order  decay te rm cons t i tu ted
an apparent sedimentat ion ra te .

Prior to i t s  application for simulation of  reservoi1 phosphorus concentra-
tions, the water quality model  was calibrated with the historical data base
for  the’ Highland Lakes.  The calibration exercises entailed adjustment of :2,
the  first—order decay rate coeff ic ient  i n  order t o  achieve ag reemen t”
between s imula ted  concentra t ions  and measured  da ta .  Da ta  describing
annual ”ave rage  concentra t ions  of phosphorus i n  the reservoi rs  were
employed,  although the  l im i t ed  availabi l i ty of  h i s to r ica l  da ta  severe ly
handicapped the calibration exercises.  A first—order decay rate of 6 .0  yr
was obtained in the calibration process;  however ,  recognizing the l imita~
tions i n  the data base,  a value in  the range of  1.0—10.0 y r "1  could be  used.

With the continuously-stirred tank reactor modeling approach, projected
annual average phosphorus concentrations in  the reservoirs fo r  anticipated
future condi t ions  were  s imi lar  t o  s imulated average historical  levels .
Smal l  inc reases  i n  phosphorus concent ra t ion  were  generally p red ic t ed ,  and
future concent ra t ions  were  p ro j ec t ed  to  r ema in  a t  re la t ive ly  low l eve l s ,
consistent wi th  simulated and measured historical  trends.

Projected  phosphorus concentrations represented long-term average values
fo r  completely mixed reservoir  contents.  In reality, local ized fluctuations
in phosphorus levels  did occur, based upon the historical data s e t .  Fo r
example,  there exis ted  a degree o f  longitudinal variation in  concentration
within  cer ta in  rese rvo i r s ,  primarily the larger impoundments.  Thermal
s t ra t i f ica t ion  markedly a f f ec t ed  the  vert ical  dis t r ibut ion of phosphorus i n
the water  column under warm wea ther  condit ions.  In addi t ion,  d i sc re t e
zones  or embayments  within a r e se rvo i r  some t imes  exhib i ted  higher
phosphorus levels  as a result of local ized tributary, runoff, or  point source“
loadingp.

With a d iverse  s e t  o f  simulation scenarios, alternative future conditions
were examined, including hypothetical increases in  urban runoff and point
source loadings.  Under  the various scenarios,  increases in  annual average
reservoi r  phosphorus l eve l s  above  p ro j ec t ed  future base l ine  condit ions were
rea l i zed .  P ro jec t ed  increases  in  annual average phosphorus concentra t ion
with  the continuously~stirred tank r eac to r  mode l  we re  typical ly  on the
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15 .

order  of several  mic rograms  per  l i t e r ,  and only ra re ly  was  an i nc remen t  of
0.010 mg/l  or g rea t e r  observed .

The  interrela t ionship among reservoi rs  was  an impor tan t  considera t ion
under cer ta in  condi t ions .  The magnitude and longitudinal ex ten t  of t he
propagat ion of e f f ec t s  on downst ream impoundments  was  dependent  upon
the  total  ex te rna l  mass  loading to  each  reservoi r  and the  ou t f low through
the  se r i e s  of reservoi rs .  Downs t r eam e f f ec t s  we re  substantial  whe re  the
externa l  mass  loading was  domina ted  by loadings assoc ia ted  w i th  upstream
re leases .  The e f f ec t s  of ups t ream loadings displayed grea tes t  propagat ion
downst ream in  the  ex t r eme ly  throughflow~dominated reservoi rs :  Inks
Lake ,  Lake  Marble  Fa l l s ,  Lake  Aust in ,  and Town  Lake .  Rese rvo i r s  tha t
were  s l l e s s  throughflow—dominated were  less  l ikely to  demons t ra te
substantial inc reases  i n  concentra t ion i n  response  to  a mass  input  t o  an"
upstream impoundm ent .

Invest igat ion of urban runoff  control  measures  was  accompl i shed  wi th  an
assumed 50  pe rcen t  reduct ion i n  phosphorus l oads  f rom urban areas°
Impos i t ion  of the  reduct ion  i n  urban loadings resul ted  i n  generally smal l
dec reases  i n  the  magnitude of p ro j ec t ed  annual average phosphorus concen*
trat ions wi th in  the s e r i e s  of r ese rvo i r s .  Dec rease s  i n  p ro jec t ed  phosphorus
l eve l s  were  mos t  substantial  i n  the  more  heavily urbanized  impoundments ,
Lake  Aust in  and Town Lake .  The  observed  overal l  e f f ec t s  were  smal l  due
to  the  re la t ive  magnitude of t he  urban loading compared  to  o the r  sources
of phosphorus.  S ince  the  p ro j ec t ed  e f f ec t s  of urban loads  wi thou t  con t ro l s
were  generally smal l ,  t he  ne t  bene f i t s  of the  s imula ted  cont ro l  measu re s
were  no t  readi ly  apparent.  This  analysis d id  no t  cons t i tu te  a condemnat ion
of  urban runoff  cont ro l  measures  pe r  s e ,  as  t he  bene f i t s  of control  of urban
runoff t ranscend the  impl ica t ions  on phosphorus concent ra t ions  a lone.

The e f f ec t s  o f  hypothe t ica l  addit ional  point source  loadings were  examined
under the  assumption tha t  e f f luen t  phosphorus l eve l s  would be  l im i t ed  t o
2, mg/ l .  Phosphorus l oads  at  an assumed uncontrol led l eve l  of 10  mg/ l  were
compared .  The  d i f f e rences  i n  phosphorus loading be tween  cont ro l led  and
uncon t ro l l ed  e f f l uen t s  we re  subs tan t i a l ,  and such  d i f f e r ences  cou ld  have  a
marked  e f f ec t  upon p red ic t ed  reservoir  phosphorus concentra t ions  under
futureéscenarios that  examined intensive l eve l s  of deve lopmen t ;

Simpleitrophic c lass i f ica t ion  mode l s  we re  applied t o  the  s imula t ion  resu l t s .
Vol lenweider ' s  phosphorus loading versus  mean  dep th  mode l  ind ica ted  a
s ta te  of eut rophicat ion fo r  all o f  the  r e se rvo i r s .  Wi th  Vol lenweider ' s
phosphorus loading versus hydraulic loading mode l ,  Lake  Buchanan, Lake
LBJ ,  and Inks Lake  were  c lass i f ied  as eutrophic;  Lake  Travis  and Lake
Marble  Fa l l s  were  c l a s s i f i ed  as meso t roph ic ;  and Lake  Aus t in  and Town
Lake  were  c lass i f ied  as o l igo t rophic .  Di l lon 's  loading paramete r  versus
mean  dep th  mode l  i nd ica t ed  a meso t roph ic  s t a t e  fo r  Lake  Buchanan, Inks
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Lake,  Lake LBJ ,  and Lake Marble Falls ,  and an oligotrophic state for Lake
Travis ,  Lake  Aust in ,  and Town Lake.  I t  was apparent that the  simple
c lass i f i ca t ion  mode l s  have s ignif icant  l imi ta t ions  fo r  application to  the
Highland Lakes .  The  t rophic  mode l s  are s impl i s t i c  in nature ,  assume
equilibrium conditions exis t ,  and are based  on the premise  that  trophic
s ta te  can be  determined f rom a f ew  readily available parameters .  The
models  were  derived empirically, using trophic classifications for  lakes
outside o f  the southwestern Uni ted  Sta tes ,  and in  fac t ,  reservoirs were
generally absent from the data se t .  Phosphorus concentrations employed in
the  mode l s  fo r  del ineat ion of  t rophic  ca tegor ies  may  be  inappropr ia te  fo r
the  Highland Lakes .  Fac to r s  which could influence c r i t i ca l  phosphorus
concentrations in  the  Highland Lakes and a f f ec t  t he  propr ie ty  of  the  s imple
trophi-ci models  include background turbidity levels  and the depth of  the
photiclizone, temperature and the e f f ec t s  of  thermal stratification, and '
reservoir operational characteristics.

The impl ica t ions  of p ro jec ted  increases  in  reservoir  phosphorus leve ls
cannot be  p rec i se ly  ascer ta ined  at  t he  present  t ime .  The  relat ionship
be tween  phosphorus concentra t ion and algal g rowth ,  or chlorophyll—a as a
surrogate indicator ,  has not  been defined fo r  the Highland Lakes. Further ,
the relationship be tween  chlorophyll-a and transparency has not  been
defined. Algal growth may also be  l imi ted  by other factors .  Determina—
tion of  these relationships was not  within the scope  of the present analysis.

The  present  inves t iga t ion  demons t ra ted  the  u t i l i ty  of the  continuously-
s t i r r ed  tank r eac to r  model ing approach fo r  e s t ima t ion  of annual average
reservoir phosphorus concentrations, wi th  mass  input represented as annual
loads,  and internal kinetics represented as a f irst-order decay. The
continuously—stirred tank reactor  model  is  a useful and appropriate tool  for
the long-term, t ime—dependent projection o f  average reservoir phosphorus
concentrations and evaluation o f  the long-term e f fec t s  of  changes in
external  phosphorus loadings ,  including the  impl ica t ions  of  cont ro l
measures  on po in t  and nonpoint sources .  The  model ing approach is  based
upon the assumption o f  completely  mixed  conditions within a reservoir ,
therefore,  mass loadings are assumed to  be  immediately dispersed
throughout the  reservoir into which they are introduced. Consequently, the
effectg of mass loadings-— representative of a fraction of the original"
load-é‘ ropagate instantaneously downstream. In actuality, longitudinal.
and ver t ica l  gradients  i n  phosphorus concentrat ion,  which can have
significant inf luence  on biological  dynamics,  ex i s t  within the  reservoi rs ,
and the hydraulic re tent ion t ime  varies  f rom severa l  days t o  several  years ,
depending upon the specific impoundment under examination and the
extant f low regime.  With the present formulat ion of  input data as annual
loads fo r  u se  in  simulation of  annual average reservoir phosphorus concen-
trations, the modeling approach cannot be  employed to  examine the e f f ec t s
o f  loca l i zed  o r  t ransient  input loads.
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7 .3 RECOMMENDATION S

The fol lowing recommenda t ions  Were developed pursuant to the present analysis
of reservoir  phosphorus concentra t ions :

1 .

2 .

The existing historical data  s e t  f o r  the  Highland Lakes  i s  l im i t ed  at  bes t .
Additional data are needed to  develop a comprehensive long-term data
base for support of  future water  quality analyses, modeling act ivi t ies ,  and
management decisions. Mos t  importantly, water quality data should be
col lected at  frequent intervals i n  t ime .  A t  a minimum,  a routine data
collection schedule should be  implemented,  wi th  sampling at monthly,
bimonthly, or  quarterly intervals.  The frequency o f  sampling in  individual
reservoirs could be  inf luenced by the  hydraulic retent ion t ime :  fo r  the
purposes of es t imat ing  average charac te r i s t i cs ,  l e s s  frequent sampling is  “
required fo r  reservoirs  wi th  longer  r e t en t ion  t ime .  Howeve r ,  t he  sampl ing
frequency should also r ecogn ize  the impor t ance  of in ternal  k ine t ics .  The
primary sampling stat ions should be  s i tua ted  i n  the lower  pool  of  each
reservoir ,  and additional spatial coverage is  desirable.  Stat ions should also
be  established to  monitor  releases f rom each reservoir  and major tributary
inflows.  Samples  should be  collected both above and below the
thermocline,  when present.  With  respect  t o  phosphorus, samples  should be
tested for both  total  phOSphorus and dissolved orthophosphate (reactive)
phosphorus, at  a minimum. Necessary ancillary data would include
tempera ture ,  d issolved oxygen,  conductivi ty,  pH ,  suspended sol ids ,  Secchi
depth ,  chlorophyll—a, t he  n i t rogen  se r i e s ,  and a var ie ty  of addit ional
censt i tuent  analyses.

I t  would be  prudent to single out one or two  reservoirs for  more  intensive
routine surveys, for  example,  Lake LBJ  and Lake Travis would be
attractive candidates, representing a. large and an intermediate-s ize
impoundment. Fo r  the intensive surveys, enhanced temporal and spatial
coverage would be  achieved. Periodically, diurnal sampling surveys would
be  conducted. In addition, a more  comprehensive network o f  sampling
s ta t ions  would be  established,  sufficient t o  evaluate the existence of
longitudinal concent ra t ion  gradients  and inves t iga te  l oca l i zed  areas of
concern .

An  eff, a r t  should be  made  to  establish the relationship be tween  phosphorus
concen ration and chlorophyll-a and be tween  chlorophyll-a and
transparency, as measured by Secchi  depth or photometer ,  for  the Highland
Lakes. Relationships be tween chlorophyll-a and other potentially l imiting
factors for  algal growth (nitrogen, for example) should also be  examined.
Additional data will  be  required to  establish these relationships. Initially,
the investigation could focus upon only one or two  reservoirs.  Af te r  rela—
tionships are developed fo r  these  reservoirs,  t he  resul ts  of a longmterm data
co l lec t ion  program cover ing  all of the  impoundments  cou ld  be  employed  to

415

“u
nd

u l
-

m
in

.N
H

-
M

l .



3.

periodically revise the formulations.  These investigations are necessary to
ascertain the  e f f ec t s  on water  quality of  projected increases or  decreases
in  reservoir  phosphorus concentrat ions.

Though the present  analysis of long—term average  phosphorus concentra—
tions  i s  useful ,  transitory and loca l i zed  e f f ec t s  of mass  loadings  upon
concentration should also be  examined. To  develop such an analysis,
phosphorus levels  should be  simulated on a daily, or smaller t ime  sca le ,
basis. Input data on compatible temporal  and spatial sca les  will be
required for  the analysis. With a more  intensive simulation, the local ized
ef fec t s  of  mass loadings, such as point source inputs, can be  examined. In
addition, transitory loadings, such as s tormwater  runoff inputs, can be
analyzed.

As additional data  become available, t he  continuously~stirred tank reactor
moderdeve loped  in  t he  p re sen t  analysis should perhaps be  r ev i sed  to
incorporate epil imnetic and hypol imnet ic  layers wi th in  each  reservoi r .
Phosphorus cycling and release from the  sediments  may also be  included in
future analyses. Consideration should also be  given to  analysis of  the
ser ies  o f  reservoirs w i th  a plug—flow model ,  i n  order t o  incorporate the
effects  of hydraulic retent ion t ime .
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Evaluation o f  Historical Colorado River Flows
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APPENDIX A

EVALUATION OF HISTORICAL COLORADO RIVER FLOWS

The s t r eamf low gauge at  San Saba  wen t  i n to  opera t ion  i n  1915 .  Howeve r ,
hydrologic modi f ica t ions  in the  Colorado  watershed have continually impac t ed  the
s t r eamf low observat ions.  The mos t  r ecen t  hydrologic mod i f i ca t ion  was the  comple t ion
of Robe r t  Lee  Dam on  E .  V .  Spence  Reservoi r  i n  t he  upper watershed in 1968 .
Subsequent  t o  th is  modi f ica t ion ,  only 14  years  of da t a  a re  available fo r  computat ion of
the  average f lowrate .  An  average discharge of 19 .17  m3 / s  (67'? f t3 / s )  was  r epo r t ed  for
the period 1969-1981 (water years), while an average of 37.95 m3/s  (1,340 ft3/s)  was
reported for t he  period 1917-1968 (USGS, 1983 3.). Thus, a significant difference exists
be tween  the  average f lowra tes  fo r  t he  two  per iods of  record .  The d i f ference  may
indica te  that  t he  closure of  Rober t  Lee  Dam did  indeed have  a very  substantial impac t  '
upon downs t reamht reamflow ra t e s  a t  San Saba .  Alternat ively,  a 14~year  per iod  of
record  may be  inSuff icient  fo r  representa t ion of  average  condit ions.  The  la t te r
possibil i ty would s eem to  be  ind ica ted  by the  f ac t  that  t he  drainage a rea  above the
dam cons t i tu tes  only 25  percent  of  t he  wa te r shed  area  downstream a t  San Saba ,  while
the  d i f ference  in  average discharge be fo re  and a f te r  construct ion of t he  dam is
49 percent .

The  data base  for  exis t ing condit ions at t he  San Saba  gauge was  artificially
ex tended  back  to  previous years  i n  order  t o  lengthen the pe r iod  of  record .  The
technique employed involves corre la t ion  of  annual discharge r a t e s  be tween  s ta t ions  i n
the  watershed  (Beard, 1983) .  The San Saba  R ive r  i s  a ma jo r  tributary of  the Colorado
River ,  w i th  a confluence above gauging s ta t ion no .  08147000 on the  Colorado.  The
drainage area at  t he  San Saba River  gauging s ta t ion no .  08146000 compr i ses
approximately 15  percent  of  t he  Colorado  River  wa te r shed  at  gauge 08147000.  Annual
discharge r a t e s  fo r  the Colorado  River  at  gauge no.  08147000 were  p lo t t ed  versus  the
corresponding r a t e s  fo r  s tat ion no .  08146000 ,  l oca t ed  on the  San Saba  River .  (Both
stat ions are loca t ed  near San Saba ,  Texas . )

Discharge  r a t e s  were  p lo t t ed  for  the pe r iod  l 969" l982  to  es tabl ish  the  re la t ion“
ship be tween  the  two  gauges under the  exist ing s cheme  of hydrologic modif ica t ions .
The relat ionship is displayed in F ig .  Awl .  Under the  assumpt ion that  t he  relat ionship
fo r  the  per iod  19694982  and the  attendant hydrologic modi f ica t ions  i s  representat ive
of  the  longetermiéorrespondence be tween  the  two  s ta t ions ,  h i s tor ica l  discharge r a t e s
fo r  the  San Saba: iver  we re  u sed  to  synthes ize  e s t ima ted  discharge r a t e s  fo r  the
Colorado  River  at  s t a t ion  no .  08147000.  These e s t ima ted  discharge r a t e s  are assumed
to  approximate  the  ra tes  which would  have occurred  had the  exis t ing hydrologic
modi f ica t ions  been present  ove r  the  long-term per iod .  Discharge r a t e s  were  e s t ima ted
fo r  s ta t ion  no .  08147000 wi th  this  me thod  fo r  t he  per iod  1932—11968, as  presented  in
Table  An l .  Using  the  synthes ized  data base  w i th  the  actual  observat ions  fo r  t he
period 1969ml982, an average discharge ra te  of 18.5 m3/s  (652. ft3/s) was calculated
for  s t a t ion  no .  08147000 for  a S lnyea r  per iod  of  r ecord .  Fo r  the  p resen t  analysis ,
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Colorado  River  loads  t o  Lake  Buchanan are r e f e r enced  to  the  moni tor ing  s t a t ion  at
Bend ,  Texas .  A f ac to r  of 1.007 was applied t o  the  observed  discharge r a t e  at  s ta t ion
no.  08147000 to  cor rec t  fo r  inc reased  drainage area. Wi th  the drainage area
cor rec t ion ,  an average discharge r a t e  fo r  the  Colorado River  above  Lake Buchanan of
18.6 m3/s (657 ft3/s) is obtained.
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PROGRAM HILOADS

PROGRAM NILOADS

oxasnsxou cN(20,20),AREA(25,4),ASOILt25).3501L(25),csoxL(25),
.osoxL(25),cuLU(zs,a),PRec(25,3),xsvon<25,3),570R(25,41,
.cLu(25,a,3),sunc(25,4,3),couc(25,4),SL0A0(25,k,3),1L0Abt25,4),
.BLOADCZS),BSUHOIZS),TSUMO(25,4)

INPUT NUMBER OF SUBBASINS,STORM EVENT CATEEORIES

READ(5,1)NSB,NPREC
1 [QRHAI (Z IS )

READ MATRIX 0F CN( I , J ) , l -LAND USE,J=SOIL TYPE

HRIIE(6,11D)
11o rannur( / ,1ox, -natx  or CN(I,J),I=LAND USE,J=SOIL TYPE',I I ,

.5x,-Lauo uss 1 - , 10x , ' sos  1 -4 - , I )
no 100 1:1,4
aeao(s,2)(cu(1,4),4=1,4)

2 roannr¢ar5.o)
URITE(6,9)I,(CN(I,J),J=1,4)

9 roanat¢5x,15,1ux,ars.0)
10u cou11~ue

Input LAND use AREAS roa RANGELAND,FOREST,CROPLAND,URBAM
. IN  50  KM

URIIE(6,11)
11 FORHAY(I,ZUX,'LIND use (KM2)',l/,3X,'SUBBASIN',3X,'RANSELAND',

.3X,'FORESI',3X,'CROPLAND',2X,'URBAN',I)
oo 20 1u=1,~sa
READ(S,3)(AREA‘IU,1),I=1,A)

3 roanAT(ar1u.0)
unxrz(6,12)xu,tnnsA(Iu,I),1=1,4)

12 rounnr<2x,15,4x,kr1o.01
20 CONTINUE

Input FRACYION or eacu HYDROLOGIC soxL TVPE IN sueaasxu

unxrs(6,1o1)
101 roanAI(/,1nx,'rnac1xou or sac» HYDROLOGIC SOIL TVPE',I!,

.3X,'SUBBASIN',6X,'ASOIL’,SX,'BSOIL',5X,'CSOIL',5X,'DSOIL',I)
no 21 1u=1,usa
READ(5,6)ASOIL(lU),BSOIL(IH),CSOXL(IH),DSOIL(IU)

4 roanat¢ar1o.2)
uaxtzté,102)1u,AsoxL(In),asoxL(1u),c501L(IU),0501L(IU)

1022g0RMAT<2x,15,4x,4r10.2)
21j£fNTlNUE

COMPUTE CN FOR EACH LRND USE CATEGORV

HRITE(6 ,1D3)
103 FORMAT(I,ZDX,'CURVE NUMBERS', I I ,3X, 'SUBBASIN' ,3X, 'RANGELAND'

. ,3X , 'FOREST ' ,31 , 'CROPLAND' ,3X , 'URBANP, I )
00 -22  1H=1,NSB
DO 23 131 ,4
CNLU( IU , I )=ASOIL ( IH ) *CN( I , 1 )+BSOIL ( IU ) iCN( I ,Z ) *

.CSOIL ! !U ) *CN( I ,S )¢DSOIL ( IH ) *CN( I , 4 )  '
23 CONTINUE
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C PROGRAM HILOADS

URITE(6 ,13 ) IU , (CNLU( IH , I ) , I 31 ,4 )
13  IORMAT(ZX , IS ,5¥ ,LF10 .2 )
22  CONTINUE

C
C INPUT STORM DATA
C

URITE(6 ,104 )
104  FORMAT( I ,ZUX, 'STORM DATA' , / / , 3X , 'SUBBASIN ’ ,9X , 'PRECIP ITAT IONI IN ) ’

. , 12X , 'NUMBER 0 ‘  EVENTS PER VEAR' , / )
DO 40  IU ‘1 ,NSB
R§A0(5 ,7 ) (PREC( IU ,K ) ,K=1 ,NPREC) , IXSTORCIH ,K) ,K=1 ,NPREC)

7 EORMAT(3F10 .2 ,3F10 .2 )  ,
fiBITE(6 ,105 ) IU , (PREC( IH ,K ) ,K=1 ,NPREC) , (XSTOR( IH ,K ) ,K=1 ,NPREC)

105  EORMAT(2X ,15 ,3X ,3F10 .2 ,3X ,3F1U.2 )
k4  CONTINUE

C
C COMPUTE STORM RUNOFF H ITH  SCS EQUATIONS
C

HRI IE (6 ,14 )
14  FORMAT( I ,  20X , 'STORM EVENT RUNOFF( IN ) ' ,  l l ,  3X ,  'SUBBASIN ' , 3 I ,

. ‘PRECIP ( IN ) ' , 2X , 'RANGELAND' ,3X , 'FOREST ' ,3X ,  'CROPLAND' ,

. 3X , 'URBAN' , I )
OO 24  IH ‘1 ,NSB
DO 25  1 :1 ,4
STORCIH , I ) ‘ 1DOU. ICNLUCIH , I ) - 10 .
DO 26  K=1,NPREC
TOP=(PREC(1H ,K) - . 2 *STOR( IH , I ) ) * *2 .
BOT= IPREC( IH ,K )+ .8 *STOR( IH , I ) )
OLU(1U , I ,K )=TOP/BOT

26  CONTINUE
25  CONTINUE

DO 106  K=1,NPREC
HRITE(6 ,15 ) IU ,PREC( IH ,K ) , (GLUI IH , I ,K ) , I =1 ,4 )

15  FORNATCZX, IS ,3X ,T10 .2 ,3X ,4F13 .2 )
106  CONTINUE

24  CONTINUE
C
C COMPUTE FLOWS FROM EACH SUBBASIN CATEGORY
C

HRITE(6 ,17 )
17  FORMAT(I,1UX,'FLOHS FROM LAND USE CATEGORIESKCU.MIYR)' , I I ,

. 2X , 'SUBBASIN ' ,ZX , ‘PRECIP( IN ) ' , 2X , 'RANGELAND' ,CX , 'FOREST ' ,7X ,

. 'CROPLAND',5X, 'URBAN',5X, 'TOT FLOH' , / )
Q0  32 IH I1 ,  NSB

UMG(IH)= 0 .  U
31 I =1 ,  4

TSUMG( IJ , I )=O.D
DO 30  K=1,NPREC
SUMO( IH , I ,K )=OLU( IH , I ,K ) *XSTORCIU ,K) *AREA( IH , I ) ' ? .54E4
TSUMO( IH , I ) ‘TSUMQ( IH , I )+SUMG( IH , I ,K )

30 CONTINUE
BSUMG(IH)=BSUMO(IH)*TSUMQ(IU,I)

31  CONTINUE
DO 107  K31,NPREC
HRITE I6 ,16 ) IU ,PREC( IU ,K ) , (SUMO(1H, I ,K ) , I ' 1 ,L ) ,BSUMO( IH )

16  FORMAT(ZX, 15 ,  3X ,  F10 .  2 ,  4 (3X ,  E10 .  3 ) ,  3X ,  E12 .  5 )
107  CONTINUE
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PROGRAM HILOADS

32  CONTINUE

INPUT RUNOFI CONCENTRATION FOR E lCH LAND USE CATEGORY

unxvs(o,19) '
19 f0RMAT(/,IUX,'TOTAL P CONCENTRATION IN RUNOFF(MSIL)',II,

.ZX,'SUBBASXN',3X,'RANGELAND‘,3X,'FOREST',3X,'CROPLAND',3X,

.‘URBAN',I)
no 99 Iu=1,NSB
R§A0(S,8)(CONC(1w,I),1=1,L)

a toanntt451o.0)
wa11£(6,1811u,(conc(1H,I),I=1,A)

18 fioan1112x,15,3x,ar1a.3)
99 GDNTINUE

COMPUTE MASS LOADS(G/VR)

URITE(6,61)
61 FORMAI(I,20X,'PHOSPHORUS LOADS(GIYR)',II,2X,'SUBBASIN'.2X,

.'RANGELAND',SX,'FORES1’,5X,'CROPLIND',SX,'URBAN',BX,'TOYAL',I)
DO 42 1u=1,~sa
aL0AD(xu)-o.u
oo 51 I=1,a
TLOAD(IH,X)=U.U
no 66 K=1,NPR£C
SLOAD(1H,:,x)asunatlu,1,x)tcouc(Iu,1)
ILOAD(IH,I)=1LOAD(IU,I)+SLOAD(IU,1,K)

Ah CONIINUE
BLOAD(IH):BLOAD(IH)+TLOAD(IH,I)

L1 courlnus -
HRXTE(6,60)IU,(TLOAD(IU,I),I*1;4),BLOAD(IH)

60 ronnnt(zx,15,4(3x,£1u.3),3x,E10.3)
42 coutxvur

CALL EXIT
END
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APPENDIX C
EVALUATION OF SCS METHOD

The SCS  curve number technique for runoff calculation has enjoyed widespread
usage. The method was  originally developed empirically and has been tes ted  and
proven reliable under a wide range o f  conditions. In conjunction with its use in this
study, the performance of  the SCS  method was  evaluated for local  watershed
condi t ions .

The SCS curve number technique was  se lected for the present study because o f
i ts  explicit consideration o f  land use ,  which is a key variable in the projection o f
future developmenta l  condi t ions .  Of  course ,  any pred ic t ive  methodology i s  only as
reliable as the input data available for  u se .  Key variables for the SCS technique .
include soils,  landiuse and precipitation data.  The accuracy o f  the precipitation data
directly af fects  theiprediction o f  runoff. This is a cr i t ical  shortcoming in many areas,
due to an absence of  rain gauges.  Indeed, the watershed  o f  the Highland Lakes
features an acute  absence o f  rain gauges. To calculate runoff for  a specific volume o f
rainfall, the SCS  technique should perform admirably, given the assumption that the
rainfall is dispersed uniformly over the tes t  watershed.  However ,  the absence o f  a
comprehensive ne twork  o f  rain gauges for es t imat ion  o f  rainfall  vo lumes  const i tu tes  a
significant shor tcoming when the  SCS  technique (or any other technique, for  that
mat ter)  is employed for the simulation o f  actual historical conditions. Without
knowledge o f  actual rainfall volumes,  accurate determination o f  runoff volumes
cannot be  achieved.

Tests  were  run on selected watersheds in the Highland Lakes drainage basin in
order t o  assess the general performance o f  the SCS  method against observed runoff
characterist ics.  Selected test  areas included the Shoal Creek watershed in Austin,
Texas ,  represent ing urban condi t ions;  the Bull Creek  watershed  near  Austin,  represen-
ting a combination o f  rural and low density urban conditions; and the Sandy Creek
watershed near Llano, Texas, representing a large, undeveloped drainage basin. Data
were compiled from USGS (1983b) reports for observed runoff to rainfall ratios for
disc re te  s torm events  on the Bull Creek and Shoal Creek  basins.  For the  Sandy Creek
watershed ,  runoff vo lumes  were  es t imated  f rom observed hydrographs in order to
develop runoff t o  rainfall ra t ios .

Soil  and land use information were  tabulated for the t e s t  watersheds  and a
compos i t e  SCS  crave number was  calculated for  each  basin.  Curve numbers  were"
corrected for local conditions in accordance with SCS guidelines. The SCS curve
number technique was then employed to calculate runoff for reported storms in the
test  basins over the period of roughly 1976 to  1982..

Results derived from the SCS  technique are compared to  observed data in
Table (3 -1 .  The calculated and reported runoff to rainfall ratios exhibit reasonable
agreement for the Shoal and Bull Creek watershed, but poor correlation for the Sandy
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Creek basin. The performance is  not  surprising, since much more extensive data bases
were  available for the Bull and Shoal Creek watersheds.  In particular,  these two
watersheds featured a relatively comprehensive network o f  recording rain gauges.
Conversely, l i t t le  data were  available for the Sandy Creek watershed.  The nearest
rain gauges are situated in the c i t ies  o f  Llano and Burnet,  both  a considerable distance
f rom the t e s t  wa te r shed .  The Sandy Creek  wate rshed  i s  quite l a rge ,  thus rainfal l  i s
l e s s  l ikely to  be  uniform throughout the watershed,  increasing the importance o f
accurate rainfall data.  Errors may also have been introduced into the analysis o f
runoff to rainfall rat ios in Sandy Creek  due to a lack o f  intuition on the response o f
the runoff hydrograph to  the duration and intensity o f  rainfall.

In summary,  the SOS method per forms adequately where  suff ic ient ly  accurate
input data  are available. The method should thus be  suitable for  application to t he
watershed of  thejfl-Iighland Lakes.  Input data for estimation o f  runoff loads in the
Highland Lakes watershed are l imited.  This lack o f  data is a handicap for any runoff-
est imation technique.
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TABLE C - 1

COMPARISON OF REPORTED AND CALCULATED RUNOFF

R ortedl Calculatedz—i—W Runoff/
Rainfall Runoff ~ Rainfall Runoff Rainfall

Stern} (in) (in) Ratio (in) Ratio

1' - BULL CREEK -
12-31-73 2.64 .13 .05 .33 .14
04—29-79 1.30 .03 .06 .01 .01
05-13-32 5.42 2.13 .39 2.02 .37
03-27-30 3.53 .33 .09 .34 .23
04-25-30 1.67 .12 .07 .07 .04
10-16-80 2.61 . 21 .03 .37 .14
03—03-31 3.01 .55 .13 .55 .13
05-23-31 6.09 2.02 .33 2.51 .41
06-10-31 3.29 3.45 .42 4.25 .51

- $110.41. CREEK -
03-03-31 3.03 1.12 .36 1.51 .49
05-23-31 3.30 ' 4.41 .53 6.26 .75
06-10-31 6.42 5.75 .90 4.43 .70
05-13-82 5.47 2.33 .52 3.60 .66
12-31-73 2.42 .69 .23 1.00 .41
05-21339 3.46 1.99 .57 1.32 .53
07-1939 3.43 1.22 .35 1.34 .53
03-27-30 3.26 .96 .29 1.66 .51
05-12-30 1.30 .70 .39 .56 .31
04-15—77 2.45 .43 .20 1.02 .42
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TABLE C- l  (Concluded)

Regatta}! Calculate}
Runoff/ Runoff/

Rainfall Runoff Rainfall Runoff Rainfall
Storm (in) (in) Ratio (in) Ratio

- SHOAL CREEK - (Concluded)

0446.77 1.06 .32 - .30 .16 .15
04-19—77 .5 1.78 .40 .23 .55 .31
05-02—78 I: f 1.82 .37 .21 .57 .31
05-11—78 4 ;  ' 1.42 .28 .17 .33 .23
04-18-76 3.98 1.04 .26 2.27 .57
05-25-76 3 .02 . 54 . 18 1 .46 .48
09-02-76 1.37 .12 .09 .31 .23 '
04-23-75 4.02 .93 .23 2.30 .57

- SANDY CREEK -
12-31-78 2.19 0.09 0.04 0.24 .11
02—05—79 1.54 ' 0.26 0 .  17 0.06 .04
03-20—79 1.77 0.37 0.21 0.11 .06

1 Reported by uses.
2 Calculated with scs method. ‘

47
2.

1.

431

M
R

I“
;M

.
A

M
I

“4
&

1



3.2
.1113:

31%
.13.

3...
r

fi
ftxs 

.i}:



Ju
l.

19
;:

APPENDIX D

Model HILAKES

433

13
4'

;q
52

%
.

M
t



n
n

n
n

n
n

n
n

an
h

n
n

n
n

n
n

h
n

n
n

n
n

n
n

o
n

n
hfi

fi 
fi
fi
fi

o
n

n

PROGRAM HILAKES

PROGRAM HILAKES
SIMULATION OF PHOSPHORUS CONCENTRATION IN  A SERIES  OF RESERVOTRS
INPUT- IS  IN  THE FORM OF ANNUAL PHOSPHORUS LOADS
VARIABLES ARE AS FOLLOWS:
NREACT=NUHBER OT RESERVOIRS
NSETS'NUMBER Of  DATA SETS
H=T INE  STEP,YEARS
N'NUMBER OF T IME STEPS FOR A PARTICULAR DATA SET

VOLCIRES)=RESERVOIR VOLUME,CUBIC METERS
OOUTCIRES)=RESERVOIR RELEASES,CUBIC METERS/YEAR
QyDCIRES)8RESERVOIR HITHDRAUALS,CUBIC METERS/YEAR
' :K{ IRE5)2MASS K INET IC  COEFF IC IENT ,1 /YEAR
SL?S{ IRES) ‘POINT  SOURCE MASS LOAD,GRAMSIYEAR
*fiLADTIRES)=HASS LOAD PROP ADJACENT UATFRSHED;GRANSIVEAR
iLUP(XRES)=MASS LOAD FROM UPSTREAM RESERVOIR,GRAMSIYEAR
HLTR( IRES) ‘HASS LOAD FROM TRIPUTARIES,GRAM$IYEAR
HLPRCIRES)3PRECIP ITAT ION MASS LOAD,GRAMSIYEAR
CONCCIRES)*CONSTITUENT CONcENTRATION,MILL IGRAMS/L ITER

KEY COUNTERS ARE AS FOLLOWS:
IRES‘RESERVOIR  NUMBER
JSTEP 'T IHE  STEP,YEAR
JJ=CALCULATION CALENDAR YEAR

THE SVSTEH EQUATION 15  SOLVED NUMERICALLV WITH A FOURTH-ORDER
RUNBE KUTTA TECHNIQUE

nxnsusxou CONC(10),VOL(10),DK(10),
1AL(10),CONCUP(TJ),00UT(10),ULUP(10),ULADt10),HLTR(10),
ZULPS(10),HLPR(10),HHD(1U),TDTUL<10)
runcrxou STATEMENT
f(Y)=TERM1-Y¢ALPHA
pnxur READING
URIIE(6,Z1)
READ uunaen or REACTORS, NO. or DATA sews, STEP szzs,
READ(S,2)NREACT,NSETS,H,JJ
READ INITIAL VALUES ran EACH wencvon
READ(S,3)(CONC(IRE$),IRES=1,NREACT)
np  THROUGH SOLUTIONS son ALL DATA SETS

’ a

06120 NDAtss1,Nsets
LOOP THROUGH INPUT DATA SETS ron ALL asncroas
READ<S,6)NREAD
no 3 xnes-1,~asnc1
READ(5,11)VOL‘IRES),QOUT(IRFS),OHD(IRES),DK(IRES)
READ(5,1D9)HLPS(IRES),HLADLIRES),HLTR(IRES),HLPR(IRES)
CONTINUE
READ NUMBER OF TIME STEPS FOR THIS DATA SET
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no
n

oh
0

112 f0RHfiT( / l , 13X , 'T IME ' ,5X , 'CONC(1 ) ' , 5X , 'CONC(2 ) ' ,S r , 'CONC(3 ) ' , 51 ,

36

26

T57
10

129

EU
60

11

PROGRAM HILAKES

READ(5,6)N

PRINT READINGS

HRITE(6 ,122 )JJ ,H ,N
HRITE(6 ,123 )
URITE(6 ,12L ) (VOL( I ) , I =1 ,NREACT)
URITE(6,TZ?)(OOUT(1) , I=1,NREACT3
URITE(6 ,TZ8 ) (DK( I ) , I =1 ,NREACT)
URTTE(6 ,131 ) (HLTR( ! ) , I =1 ,NREICT)
HRITE(6 ,132 ) (ULAD( I ) , 131 ,NREACT)
HRITE(6 ,133 ) (ULPS( I ) , I =1 ,NREACT)
R i lTE(6 ,13k ) (ULPR( I ) , I =T ,NREACT)
URJTE(6 ,112)

1 'CONC(4 ) ' , 5X , 'CONC(5 ) ' , 5X , 'CONC(6 ) ' , 5X , 'CONC(? ) ' , / )
I f (NDATS.GT.T)GO T0 3 ‘
"R ITE(6 ,101 )JSTEP, (CONC( I ) , I =1 ,NREACT)
CONTINUE
JSTEP=D
JPRINT'TOD
LOOP THROUGH SOLUTIONS FOR'N STEPS 0? SIZE H FOR A DATA SET

00 10  NSTEP=T,N
JSTEP=JSTEP91

LOOP THROUGH ALL REACTORS FOR A T IFE  STEP

oo 9 IRESIT,NREACT
HLUP(IRES)=O.J
Ir<1REs.en.1)so TO 26
NLUP(IREs)=coNcuP(1RES-1)caouv(IRES-1)
CONTINUE
ALPHAI(OOUT(IRES))IVOL(IRES)#DK(IRES)
Toe(1RE5)=¢HLUP(IREs)+uLAn(1RES)+wLPs(IREs)+wLPR(xRES)+

1NLIR(1RES))
TERM1-TOTHL(TRES)IVOL(IRES)
Y=CONC(IRES)
DEL18H*F(Y)
DEL2=N*F(Y0.SIDEL1)
DEL3=H*F(Y+.SIDELZ)
DELbzntF(Y*DELS)
CONCUP(IRES)=CONC(IRES)
CONC(IRES)8CONC(IRES)*.16667*(DEL1*2.DibEL24Z.O*DEL3+DEL41
-cpNYINUE
_ (JSTEP.NE.JPRINT)GO To 157
u ITE(6,1DZ)JSTEP,(CONC(IRES),IRES=1,NREACT)
JPRINTzJPRINTOTJO
CONTINUE
CONTINUE
HRIIE(6,129)(ULUP(1RES),IRES=1,NREAcV)
FORMAT(I,1X,'UPSTR LOAD(G/YR)’,1X,7(2X,ETO.3),/l)
JJ-JJv1
CONTINUE
courxuue
roanA1(zr1o.5)
ronmn1(5x,se13.5,1ux,e14.6)
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109
101
102

Z
4

21
122

PRGGRKW HILkKES

FORMAT(5X,4E1U.5)
FORMAT(14X , I3 ,1X ,7 (2X ,E10 .3 ) )
FORHflT(13X , I£ ,1X ,7 (2X , r10 .3 ) )
FORHAT(2I1U,1F13.D, I1D)
FORMAT(5X,11U)
f 0RMA1‘20X , 'S IMULAI ION 0 f  RESER
f 0RHhT( / , 5UX , ' 1VPUY CONDITIONS

1f1u .5 , l , 1x , 'N0 . OF STEPS ' , I 9 )

VOIR  PHOSPHORUS LEVEL ' , I )
' , I& , / , 1X , 'T IME STEP(YR) ' ,

125 FORMAT(1X,'REACTOR',17X,'1',13x,'2',12x,'3',1ax,'k',11x,'5',
12k
127
128
131
132
133
13k

.1ax, '5 ' ,12x,-7-)
rgkna1(1x,-v0L(n3)-,1ux,7(2x,r1o.3))
f9RMA1(1X,'0UTFLOH(M3IYP)',3X,7(2X,E10.3))
rOfiMAT(1x,~RXN RAYE(1/YR)‘;3X,7(?X,E10.3))
FGRHAT(1X,'TRIB L0AD(GIYR)' ,2X,7(2X,E10;3))
FORMAT(1X,'BA$1N LOAD(GIYR)‘,1X,7(2X,E1D.3))
FORMAT(1X,'P1 sac LOAD(GIYR)',7(2X,E10.3))
FORMAT<1X,'PRECIP LOAD(GIYR)',7(PX,E1D.3))
CALL EXIT
END
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PROGRAM HYDROBI INFLOH,OUTTLOU,RETENTION T IME

PROGRAM HYDROBI INFLOH,0UTFLOU,RETENTION T IME

DIMENSION GOUIR(7,2J5),OTURR(7,205),GSP!LL(7,205),
.00UIT(7,205),QEVAP(7,205),DELSTO(7,205),STOR(7,205),
.GRUNOF(7,205),GIN(7,205),VOLAVG(7,205),RTIME(7,205),
.OMISC(7,205),0VAR(7,ZUS),flOVAR(7,205),CUMVOL(7,205),
.RTIME3(7,ZOS),ANNVOL(7,205),ANNRT(7,205),
.ANNC$(7,235),ANNRO(?,205),ANNINF(7,205)

* "  SET CONSTANTS

c15= 0.7
uunoax = 205
DQ;ZU 1 :1 ,6
oo 16  J'1,NUMDAT
READ(5,9)STGR(I,J),GTURB(I,J),DSPILL(I,J),OEVAP(I,J),DHISC(I,J),

.GVAR(I,J)
9 EDRHAT(3X,6F10.D)

CORRECT PAN EVAP DATA

GEVAP( I ,J )=OEVAR( I ,J ) *CF
1d  CONTINUE
20  CONTINUE

DO #0  181 ,6
L=D
DO 3U J=Z,NUMDAT
L=L+1

OOUTR( I , J ) lOTURBCI ,J ) *GSPILL ( I , J )
OOUTT( I , J )=OOUTR( I , J )¢0EVAP( I , J ) ‘OVAR‘ I , J )
QOVARTI ,J )=GOUTR( I , J ) *0VAR( I , J )
JM1BJ-1
JHZ:J~2
JHSBJ-3
JMABJ-h
J !5=J -S
JM6=J-b
JM7 IJ -7
JM8=J '8
JH9 ‘J -9
JQ1J=J-1O
&&11=J-11
J .  2=J -12
I = I -1
DELSTO( I , J )=STOR(1 ,J ) 'STOR( I , JH1 )

CALCULATE RUNOFF INFLOH H IT"  HYDRO BUDGET FOR EACH MONTH
XF( I . £0 .1 )QRUNDF( I , J )=DEL$T0(1 ,J )+GOUTT( I , J ) ‘EH ISC( I , J )
IF ( I .GT .1 )hRUNOF( I , J )=DELSTO( I , J )+GOUTT( I , J ) 'GOUTR( IM1 ,J ) -

.QMISC( I , J )

CALCULATE TOTAL INFLOH WITH HYDRO BUDGET PER MONTH
IF ( I .EQ.1 )O IN( I , J )=0RUNOF( I , J )+OMISC( I , J )
IF ( I .GT .1 )G IN(1 ,J )=0RUNOF( I , J )+0MISC( I , J ) *DOUTR( IM1 ,J )
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30
AU

51

PROGRAM HYDROB/ INFLOJ ,0UTFLUU,RFTFNTION TIME

CALCULATE AVG VOLUME FOR EACH MONTH
V0LAVGCI ,J ) I (ST3R( I , J )+STOR( I , JM1) ) /Z .O

I f  OUTFLOH IS  .LE .  ZERO, SET 8 1 .3
IF (OOVAR( I , J ) .LE .D )GOVAR( I , J )=1 .0

CALCULATE RETENTION TIME FOR MONTH
RTIME(I ,J )=3U.*VOLAVG(I ,J ) I (00VAR(I ,J ) )
THREE MONTH AVERAGE RET TIME
I f ( J .LT .4 )CUHV0L( I , J )3U .O
IFC£.GE.4 )CUHVOL( I ,J )= (VOLAVG( I ,J )OVOLAVG(1 ,JH1) *VOLAVG( I ,J"Z) ) [3 .0
IF(J.LT_.41RTIME3(I,J)=0.0
I fCJ .GE.  A)RTIME$(I ,J )=91

.00VAR(I ,  JN2) )
ANNUAL AVERAGE RET TIME

. 0 ‘CUHVOLI I , J ) I (OOVAR( I , J ) *QOVAR( I , JM1) *

CALCULATE AVG ANNUAL VOLUHE
IF (L .EO.12 )ANNVOL( I , J )= (VOLAV9( I , J ) ’VOLAVG( I , JM1 I 'VOLAVS( I , JM2) *

.VOLAVG(I,JM3)9V0LAVGCI,JM4)+V0LAV6(I ,JM5)+VOLAVG(I,JM6)O

.VOLAVGCI,JM7)AVOLAVG(I,JM8)*VOLAVGCI,JH9)§VOLAVG(I,J113)9

.VOLAVGCI ,JM11) ) I12 .
15 (L .  E0 .  12 )ANNRT( I ,  J ) ' 365 .  UfANNVOL(I ,  J) I (OOVAR(I ,  J) *GOVAR( I ,  JM13+

.OOVAR(I ,  JHZ)+OOVAR(I,  JH3)§OOVAR(I,  JMZ)*OOVAR(I ,  JM5)900VAR( I ,  JHb) ‘

.OOVARCI, JM7)¢00VAR( I ,  JN8 ) *00VAR( I ,  JM9)‘GOVAR(I:JM1U)*

.OOVAR(I ,  JM11))

CALCULATE ANNUAL RUNOFF INFLOU

I f (L .EO.12 )ANNRO( I , J ) ' (ORUNOF( I , J ) *ORUNOF( I , JM1)90RUNOF( I , JM2) *
.ORUNOF(I,JM3)*ORUNOF(I,JMA)*ORUNOF(I,JM5)§0RUNOF(I,JM6)O
.9RUNOFCI,JM7)§ORUNOF(I,JM8)*ORUNOF(I,JM9)*ORUNOF(I,JM1D)‘
.GRUNOFCI,JM11))

CALCULATE ANNUAL TOTAL INFLOU

IFCL.EH.12)ANNINF(I ,J )= (OIN(I ,J )*OIN(I ,JH1)AOINCI ,JH2)*
.OIN(I ,JM3)*GIN(I ,JMA)*OIN(I ,JMS) ‘OIN(I ,JH6)40IN(I ,JM7)§
.GIN(I ,JM8)+GIN(I ,JM9)+QIN(I ,JMTU)0OIN(I ,JH11I )

CALCULATE AVG ANNUAL CHANGE IN  STORAGE

I f (L .EG.12 )ANNCS( I ,J )= (DELST0( I ,JJ+DELST0( I ,JM1)ADELSTOCI ,JM2)9
.DELSTOKI JM3)+DELSTO(I ,  JHA)ODELSTD(I,  JM5)*DELSTO(I ,  JM6)*
.DEE5T0(I  JM?)*DELSTO(1,JMB)+DELSTO(I ,JM9)*OELSTO(I ,JH1J)‘
.DE TO(1 ,JM11) )

IF (  .LT .12 )GO T0 29
L30  '
CONTINUE
CONTINUE
CONTINUE

URITE(6 ,51 )
ronnAr(1x,Ines-,2x,-no-,3x,-DEL STOR',3X,'GIN Run-,3x,

. '01~ Tor-,zx,'oou1 rot',2x,~ner Irma-,2x,-3-no~1n',

.2X,'ANNUAL RTIME',2X,'DEL swo-,2x,vnvs VOL',

.ZX,'RUNOTF',2X,'TOT INFLO')
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PROGRAM HYDROB/ INFLOH,0UTfLOH,RETf - ‘NT!0N T IME

oo 90 X=1,6
no so J;1,NunoAT
HRITE(6,79)I,J,DELSTO(I,J),GRUNOF(I,J),GIN(I,J),00UT1(I,J),

.RTXME(I,J),RTIME3(I,J),ANNRT(I,J)

.,ANNCS(I,J),ANNVOL(I,J),ANNRO(I,J),ANNINF(I,J)
79 FORNAI(2X,12,1X,13,2X,7F1U.U,4F1U.O)
su c0NT1Nu5
9o ceNTTNuE

CONNERT Tn METRIC (CU.MIYR)

- uK1T£(5,103)
103 ro¢nA1(1x , ' s ' , 2x , 'no ' , 3x , -oEL  510' ,3x,-Ave VOL',6x,

. tnuN0?r - , 4x , 'TOT  INTLo ' )
be 101 1 :1 ,6
K80
no 102 $=2,NUHDAT
K=K+1
ANNR0(1,J)aANNn0(1,J)a1233.49
ANNINF(I,J):ANNINF(I,J)¢1233.69
ANNcs(1,J)sANNcS(I,J)~1233.49
ANNv0L(1,J)=ANNv0L(I,J)«1233.k9
IF(K.LY.12)GO To 110
KID
NRTTE(6,104)1,4,ANNc5(1,4),ANNVOLTI,J),ANNR0(1,J),ANNTNTTI,J)

104 FORMAT(2X,I2,1X,IS,2X,&E12.S)
11o CONTINUE
102 CONTINUE
101 conTxuue

CALL £111
END
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