Journal of the Arkansas Academy of Science

Volume 39 Article 28

1985

Watershed Land Uses and Phosphorus Export
Coefhcient Relationships: A Planning Tool for Lake
Resources Management

CarlR. Stapleton
University of Arkansas at Little Rock

Follow this and additional works at: http://scholarworks.uark.edu/jaas

b Part of the Environmental Monitoring Commons, and the Natural Resources Management and
Policy Commons

Recommended Citation

Stapleton, Carl R. (1985) "Watershed Land Uses and Phosphorus Export Coefficient Relationships: A Planning Tool for Lake
Resources Management," Journal of the Arkansas Academy of Science: Vol. 39, Article 28.
Available at: http://scholarworks.uark.edu/jaas/vol39/iss1/28

This article is available for use under the Creative Commons license: Attribution-NoDerivatives 4.0 International (CC BY-ND 4.0). Users are able to
read, download, copy, print, distribute, search, link to the full texts of these articles, or use them for any other lawful purpose, without asking prior
permission from the publisher or the author.

This Article is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion in Journal of the Arkansas Academy
of Science by an authorized editor of ScholarWorks@UARK. For more information, please contact scholar@uark.edu, ccmiddle@uark.edu.


http://scholarworks.uark.edu/jaas?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.uark.edu/jaas/vol39?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.uark.edu/jaas/vol39/iss1/28?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.uark.edu/jaas?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/931?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/170?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/170?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.uark.edu/jaas/vol39/iss1/28?utm_source=scholarworks.uark.edu%2Fjaas%2Fvol39%2Fiss1%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholar@uark.edu,%20ccmiddle@uark.edu

ournal O € Arkansas

cademy o

cience, Vol. 39 [1985], Art. 28

WATERSHED LAND USES AND
PHOSPHORUS EXPORT COEFFICIENT
RELATIONSHIPS: A PLANNING TOOL

FOR LAKE RESOURCES MANAGEMENT

CARL R. STAPLETON
Department of Biology
University of Arkansas at Little Rock
Little Rock, AR 72204

ABSTRACT

Relationships between nonpoint source pollutant loadings and water quality degradation In lakes have
been established. However, practical methodolagies necessary to identity and manage nonpoint sources
in accordance with lake water quality indices have been lacking. Objectives of the current study were
as follows: (1) to compare predicted model values for in-lake total phosphorus (TP) concentrations with
actual values; and (2) to determine the applicabllity of areal phosphorus loading modeis for lake resources
management. The research site was located 19 km west of the City of Little Rock in the Lake Maumelle
basin, Areal tolal phosphorus (TP) loadings in g m~?yr~ ' were calculated for existing and projected water-
shed land uses for the period of 1985 to 2005. Model predictions for in-lake TP concentrations yielded
0204 mg 1-' and .0223 mg 1 ' for the years 1985 and 2005, respectively. An average summer-
time TP value of .0280 mg 1~ ' was measured in Lake Maumelle. The predicted TP value was not
significantly different from the measured TP value. This model offers a practical planning approach for

managing lake resources when phosphorus limited conditions are present.

INTRODUCTION

The role of nonpoint source pollutants in relationship to surface water
degradation has been clearly established (Overcash and Davidson, 1984;
Wilken and Jackson, 1983-84; Swank, 1984; USEPA, 1984). Research
concerning impacts of nonpoint source pollutants on lake resources can
be categorized: (1) research focusing on trophic status measurement
and related lake indices; (2) in-lake water quality modeling techniques;
(3) areal phosphorus loading methodologies for predicting water quality
trends.

Carlson's (1977) trophic state index provided a methodology for com-
paring lake water quality using three parameters: secchi disc reading,
total phosphorus and chlorophyll @ concentration. This approach was
emploved in several related lake research studies (Junes and Bachman,
1976; Oglesby and Schoffner, 1978; Aika, et al., 1980; Smith and
Shapiro, 1981; Smith, 1983). The modeling of in-lake water quality
parameters presents an additional category of lake resources research.
Higgin and Kim (1981) developed phosphorus retention models for Ten-
nessee Valley Authority reservoirs. These models were not designed to
operate interactively with watershed input models. A final category of
lake resource research includes areal phosphorus loading models which
combine in-lake water quality with watershed factors (Logan, 1980; Hill,
1981; Davis and Swartz, 1983; Lehman and Edmondson, 1983; Reckhow
and Chapra, 1983).

Lake resource managers face a difficult task in selecting an appropriate
planning strategy. A need exists for a practical methodology 1o iden-
tify and manage nonpoint sources in accordance with lake water quali-
ty indices. This paper reports a study designed: (1) to compare predicted
model values for in-lake total phosphorus concentrations with actual
values; and (2) to determine the applicability of areal phosphorus loading
models (Reckhow and Chapra, 1983) for lake resources management.

STUDY SITE DESCRIPTION

The research site is located 19 km west of the City of Little Rock
in the Lake Maumelle basin (Figure 1). Primary inflow to Lake
Maumelle is provided by the Big Maumelle River. A total watershed
area of 31,900 ha drains into the lake. Forestland represented 85.5 per-
cent of total land use within the watershed. Silvicultural activities are
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Figure 1. Location map for the Lake Maumelle basin, Pulaski Coun-
1y, Arkansas,

commonplace with 43 percent of forested areas owned by private timber
companies. An additional 21 percent of forestland, located in the western
end of the watershed is owned by the U.S, Forest Service. Private land
ownership and land owned by the City of Little Rock represents 19 per-
cent and seven percent of the total watershed area, respectively.
Agricultural land use represents 2.9 percent which consists of cultivated,
non-cultivated and livestock production categories. Residential and
related urban land uses account for 1.4 percent of the Lake Maumelle
watershed. Demographic data indicates an estimated increase of 756
residents in the watershed between the years of 1985 to 2005. Based
on these population estimates, land use changes were projected for the
Lake Maumelle warershed (Table 1).

Four major sub-watersheds (SW) and associated tributaries were
delineated for the Lake Maumelle basin (Figure 2). The Lower Maumelle
(SW3) contained approximately 22,705 ha with 95 percent of this land
area forested. Severe to moderate development limitations were iden-
tified in SW3 due to soils and slope conditions. These development
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Figure 2. Lake Maumelle watershed with delineation of major sub-watersheds and tributaries,

limitations were apparent throughout the total watershed. The remaining
sub-watersheds included the upper Maumelle (SW1), Brown Creek
(SW2), and Reece Creek (SW4) with 9.9 percent, 13 percent and six
percent of the total Lake Maumelle watershed, respectively. Reece Creek
(SW4) contains the highest degree of urban development with 1.6 per-
cent of its area devoted to this land use.

Lake Maumelle

Lake Maumelle (Figure 3) exhibits characteristics associated with a
warm monomictic lake (Wetzel, 1983). Stratification occurred in the
summer with a fall turnover and free circulation during the winter. Water
depths in Lake Maumelle varied from 2.5 m in the western end to 13.7
m near the center of the lake. The maximum length of Lake Maumelle
is 19 km with 114 km of shoreline. The ratio of the lake watershed area
to lake surface area is 9:1. Hydrologic budget calculations revealed an
average annual runoff inflow of 124,300 ac-ft (174.8 cfs) with an an-
nual water loss of 33,304 ac-ft attributed to evaporation and water supply
demands (Forest and Cotton, 1972). Based on these calculations, an
annual flushing rate between 25.2 cfs and 104.2 cfs was determined.
Selection of the appropriate rate was dependent on seasonal occurrences
of spillway overflows. Table 2 contains a summary of morphometric
and hydrologic characteristics for Lake Maumelle.

The area of Lake Maumelle west of the Highway 10 bridge (Figure
3) is relatively shallow (2.5 m) and exhibits high turbidity. An average
secchi disc value of .96 m was recorded at this location during a
12-month observation period. During storms the Highway 10 bridge
outlet tended to function as a weir. Inflow velocities from the Big
Maumelle River were reduced with significant deposition of sediments
occurring. Water quality in the remainder of Lake Maumelle has
benefited from these hydraulic characteristics. However, this area was
highly nutrient enriched with emergent vegetation evident near its
shoreline.

Due to pre-reservoir characteristics of the Big Maumelle River chan-
nel, greater average depths were observed in the south-central areas of
Lake Maumelle. The north shore areas tended to have more shallows
with the exception of isolated coves.

METHODS

Data collection and analytical methods were divided into two sec-
tions: (1) sampling and analyses related to Lake Maumelle; and (2)
development of areal phosphorus loadings and prediction of in-lake
total phosphorus values.
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Table 1. Existing and projected land uses in hectares for the period of
1985 1o 2005, Lake Maumelle Basin, Pulaski County, Arkansas.

CATEGORIES 1985 1990 1965 2000 2005
AGR1CULTURE 1,015.8 1 076,5 1,1%7.3 1,198.1 1,258.7
ForesT 30,323.1 32985 30.0AS,0 29,603.5 29,815.0
Usnan BIN.5 B4 627.1 657.9 175.3
Maren _L65R.3 _1.F58.3 .658.3 _3.€58.3 _3.658.3

TOTALS 35,507.7 15,507.7 35,507.7 35,507.7 35.507.7

Sampling Site Selection

Six sampling sites were located on Lake Maumelle to assess curren
water quality conditions (Figure 3). Sampling site one was selected due
to the isolated nature of this area from the main body of Lake Maumelle.
Sampling site three provided an assessment of conditions for a typical
cove. The remaining sampling sites were purposively located 1o assess
conditions in the main body of the lake. Sampling sites two, five and
six were located near the old Big Maumelle River channel.

Vertical discrete sampling was conducted at each sampling site from
March, 1982, through February, 1983. Biweekly samples were collected
during the summer (June-August) with monthly sampling for the re-
mainder of the year, In-situ determination of dissolved oxygen, con-
ductivity, and temperature was accomplished with a Hydrolab' unit.
Discrete sampling was performed in accordance with the U.S. EPA lake
sampling protocol. Sampling instrumentation included a Kemmerer bot-
tle for discrete chemical and physical sample collection and a secchi
disc for transparency measurement. Analyses of the Lake Maumelle
samples were conducted at the University of Arkansas at Little Rock,
Department of Biology. A quality assurance project plan approved by
the U.S. EPA established the guidelines for analytical methods,

Trophic status determination for Lake Maumelle was accomplished
in accordance with Carlson (1977). Input parameters included biweek-
ly summer (June-August) sampling results for secchi disc readings,
chlorophyll @ concentration and total phosphorus. Total phosphorus
input values represented an average of vertical discrete’ sample analyses
for each sampling site and a total lake average representing all six sampl-
ing sites. Secchi disc and chlorophyll @ values were determined by averag-

‘Manufactured by the Hydrolab Corp., Austin, Texas.

‘Total phosphorus samples collected at .5 m beneath the surface, each
additional 1.5 m in depth and .5 m above the lake bottom.
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Figure 3. Map of Lake Maumelle, Arkansas, with sampling site locations.

ing results for the six sampling sites. Chlorophyll @ samples were col-
lected in the epilimnion .5 m beneath the surface. Analytical results
for chlorophyll @ were corrected for the presence of phaeophytin a.

Carlson's (1977) methodology required the calculation of indices for
total phosphorus (TP), secchi disc depth (SD) and chlorophyll a
(CHLA). Equations required for calculation of the trophic state index
(TSI) are listed below:

Secchi Disc TSI (TSISD) = 60-14.41 In(SD)
Chlorophyll @ TSI (TSIC) = 9.81 In (Chl a) + 30.6
Total Phosphorus TSI (TSITP) = 14.42 In (TP) + 4.15
where: SD = secchi disc transparency in meters
Chl @ = chlorophyll a concentration in ug 1-'
TP = 1oal phosphorus concentration in ug 1!

Lake Phosphorus Loading and Response

Based on methods developed by Reckhow and Chapra (1983), a rela-
tionship was established between total phosphorus inputs and predicted
values for total phosphorus concentrations in Lake Maumelle. Water-
shed land uses provided the total phosphorus loading data which was
a function of selected phosphorus export coefficients. The following
steps (Reckhow and Chapra, 1983) were used 1o calculate phosphorus
loading and lake response parameters: (1) determination of areal water
loadings (q,); (2) calculation of areal phosphorus loading (L); and (3)
determination of predicted lake phosphorus concentrations.

RESULTS AND DISCUSSION

Trophic Status Determination
An analysis of existing water quality in Lake Maumelle vielded an
average total phosphorus concentration of .028 mg | ! (Figure 4). This

value represents an average of vertical discrete analyses for each sampling
site and an overall average consisting of all six sampling sites. The deci-
sion to use averages for vertical discrete total phosphorus was based
on data of Reckhow and Chapra (1983) which indicated a greater polen-
tial for error when using only samples collected from the epilimnion.
Secchi dise depth averaged 2.5m with chlorophyll ¢ averaging 6.05 mg
1 '. Total phosphorus, secchi disc. and chlorophyll a values were
derived from biweekly summer (June-Auvgust) samples. Summer
measures were selected to coincide with the growing season and fulfill
model input data requirements of Carlson (1977) and Reckhow and
Chapra (1983).

Table 2. Summary of Morphometric and hydrologic characteristics for
Lake Maumelle, Pulaski County, Arkansas.

PARANETER MEASUREMENTS
SURFACE AREA 3,603 maA
Max1MuM DEPTH 13,72 m
AVERAGE DEPTH 7.53m
VoLume 27,07 x 1073
HYDRAUL1C RESIDENCE TIME 628 pavs
AREA DF WATERSHED 360,8 kl
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Figure 4. Average total phosphorus concentrations for all sampling sites
combined, June-August, 1983, Lake Maumelle, Arkansas.

Using the values presented above, trophic state indices (Carlson, 1977)
were calculated for Lake Maumelle, Index values of 46.8, 48,3 and 52.2
were obtained for secchi dis¢, chlorophyll @, and total phosphorus,
respectively. An average trophic state index value of 49.1 indicated
mesotrophic conditions in Lake Maumelle. Comparative index values
presented by Carlson (1977) were 45.0 (mesotrophic) and 53.0
(eutrophic). However, the total phosphorus index value (52.2) was very
close to a eutrophic level. For a 12-month observation period, the ratio
of total nitrogen (TN) to total phosphorus (TP) was 19:1. This ratio
indicates that Lake Maumelle was phosphorus limited. Based on this
value, it is apparent that phosphorus loading is critical for maintain-
ing water quality in Lake Maumelle.

Phosphorus Loading and Lake Response

Calculation of areal phosphorus loadings required application of
phosphorus export coefficients to land uses in the Lake Maumelle water-
shed. High, most likely and low phosphorus export coefficients (Table
3) were selected from values presented in Reckhow and Chapra (1983).
These coefficients were used to calculate mass phosphorus loadings for

Table 3. High, most likely and low phosphorus export coefficients for
land use categories, precipitation and septic tank inputs.

SOURCE *INITS HIGH HID LoW
AGRICULTURE kGl Cia-vr) 3.0 A5 0,10
Forest ko Cha-vr) 0,45 0,225 n.o2
PRECIPITATION K6/ (Ha=yR) 0,60 0,35 0.15
Unaan ka/ (Ha-ve) 5.0 2.0 0.50
Sepric Tane Ineuts Ko/ (cariTa-wR) 1.8 0.675 0,30

*XILOGRAMS DF TOTAL PHOSPMORUS PER WECTARE PER YEAR AND K1LOGRAMS
OF TOTAL PHOSPHORUS PER CAPITA-YR AS APPLIED TO SEFTIC TANK IKPUTS,

SOURCE: Recwnow anp Cwarma, "EWGINEERING APPROACHES FOR LAKE
Manacement™, 1983, e, 278,
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Table 4. Mass total phosphorus loadings (W) for the period of 1985
to 2005, Lake Maumelle basin, Pulaski County, Arkansas. High, most
likely and low mass loadings are shown.

LEVELS “MASS PHOSPHORNS LOANING (W) xedvi

20mn 205

1805 1890 1995
HIGH 23,524.2 ,158,5 20,8810 25,528.2 26,641.1

POST LIKELY 10,696.5 10,9056 11,146 11,3474 11,725.5
| 1.£89.6 1.740.9 1.8M.5 1,851.1 1.949.5

*Il% (Eey x Amea ) ¢ (Ec,. x fnen ) ¢ Fe, ¢ Anes,) 4

(Ec, x Agd ¢ (Ecyy @ # oF capiTa vEars x (1-5,8.)) + PS5l

Table 5. High, most likely and low areal phosphorus loadings (L) for
the period of 1985 to 2005, Lake Maumelle basin, Pulaski County,
Arkansas.

LEVELS AREAL PHOSPHORLS LOADINGS (L) afn’-vn

1985 1950 1995 2000 2005
HIGH 653 670 691 709 Jun
MOST LIKELY 297 302 \310 1315 526
LOW 7 48 050 051 054

*L=WAg (A =Anen oF Laxe MauneLLe IN Hz)

Table 6. Predicted in-lake total phosphorus (P) concentrations for the
period of 1985 to 2005, Lake Maumelle, Pulaski County, Arkansas.
High, most likely and low total phosphorus concentrations are indicated.

LEVELS “LAKE PHOSPHORUS CONCENTRATION (P) M/t
1935 14990 1995 2000 2005
H1GH JHUE 457 Jr2 BN M510
MNST LIKELY 0704 0206 0213 N215 0273
LoW 0032 083 003 L0035 037

*Pel/11.6 + 1.2 os (os=Angal Waren Loaping s/va)

the Lake Maumelle basin (Table 4). Based on these loadings, a
phosphorus budget was developed for Lake Maumelle. Total phosphorus
inputs for 1985 of 10,696.5 kg yr ' were compared to phosphorus
outflows which consisted of 1,364.1 kg yr~' and 1,272.3 kg yr ! at-
tributed to water supply demand (41.7 cfs) and spillway overflows (4.3
cfs), respectively. An additional total phosphorus sink was likely to be
lake bottom sediments, especially in the area west of the Highway 10
bridge (Logan, 1980). This analysis assumed a most likely mass total
phosphorus loading.

Areal phosphorus loadings (Table 5) were used as inputs for the
phosphorus model (P=L/11.6 + 1.2 gs) of Reckhow and Chapra (1983)
to predict existing and projected in-lake phosphorus concentrations for
Lake Maumelle (Table 6). An actual summer period total phosphorus
concentration of .0280 mg 1 ' was measured in Lake Maumelle, When
compared to the predicted value of .0204 mg 1 ', a difference of .0076
mg 1! existed. This difference was not statistically significant P <
.05 (Table 7). Modifications of the above analyses by using the high
phosphorus export coefficient for forestland while leaving the remain-
ing coefficients at the most likely level, resulted in a predicted in-lake
total phosphorus concentration of .033 mg 1-'. This modification was
reasonable based on the area devoted to forestland and silvicultural ac-

'A t-test was used for all analyses comparing differences between ac-
tual and predicted average total phosphorus concentrations.
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Table 7. Comparison of actual and predicted summer average total
phosphorus (P) concentrations using most likely and high phosphorus
export coefficients for forestland areas, Lake Maumelle, Pulaski County,
Arkansas.

EroRT COBFFICIENTS Toraw. Prosrrers () 1o 7L
FoRESTLAMD feTuaL IETED

JosT Likgry® 04 + 010

Hie® 280 » 00E2 JB30 & 135

*UIFFERENCES ARE NOT STATISTICALLY StamiFicawm P<.05, [F =5

tivities in the Lake Maumelle basin (Swank, 1984). The difference be
tween the predicted total phosphorus concentration (.033 mg 1 ') and
the actual value (.028 mg 1°') for the second analysis was not
statistically significant P = .05 (Table 7).

The phosphorus model applied to Lake Maumelle was originally
developed from data representative of lakes in the north temperate
climatic zone (Reckhow and Chapra, 1983). Validation of this empirical
model for Lake Maumelle supports its potential application to lakes
in the south-central climatic zone. Model predictions also compared
very favorably with the trophic state index results. Since this model
depends on areal phosphorus loadings, it emphasizes the role of water-
shed management for protecting lake resources. Water quality planners
can utilize this model (Davis and Swartz, 1983) to develop cost-effective
strategies for reduction of lake phosphorus inputs. Prioritization of
watershed problem areas based on phosphorus contributions can be
easily accomplished (Hill, 1981; Lemon and Edmondson, 1983). Best
Management Practices (BMPs) and related costs can be identified for
the priority areas. Based on the BMP phosphorus reduction capabilities,
changes in areal phosphorus loadings and in-lake phosphorus concen-
trations can be calculated.

In summary, the areal phosphorus loading model based on Reckhow
and Chapra (1983) provided statistically significant predictions of total
phospharus concentrations in Lake Maumelle. Furthermore, the model
proved to be applicable to lake watershed planning strategies.
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