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ABSTRACT

The temporal spectral light envirorment of shallow areas of the lower
Chesapeake Bay was characterized by cosipe coillection of  dowrwelling
diffuse irradiance at 12 wavelengths between 400 and 700 nm.  An extensive
monthly and site comparison of spectral attenuvation coefficients s
presented and compared with previous measurements of the light quality
enviroment aof the Chesapeake Bay and other estuaries and marine waters.
Spectral irradiance and attenuation of Jlght In a2 mamgrove creek and
Thalasaia testudinum bed of Laquna de Terminos, Campeche,
Maxico and their relationships to wind-driven suspension of particulate
matter, and dissolved substances From the mangrove swamp is alsc discussed.
A review of the physica of spectral attenuation in estuariea 15 included.
Particular attention was given to the relationship between the occurence of
seagrasses (Zostera marina mainly}) in the Chesapeake HBay and
gpectral attepuation. Potential losses of photoaynthetically storable
radistton (PSRY due to reduced Hght quality in  non-vegetated arean s
calculated. A theoretical homeostatic relntionship between seagrass leaf
baffling of the water column, light quallty and crittcal bed aize s
presented. The logic and output of o digital ecosystem simulation model of
theoretical estuarire photosystem responses to siwlated varying underwater

vii



light quality fs pressnted, The model assumes that photosystems adapt to

maximize power.

Conclumions  include: a dramatic pattern of seasonal spectral
attenuation in the Jower Chesapeake Bay; geasona) differences in spectral
attenuation between vegetated and unvegetated sites; 63% less violet light
was able to pass through & weter of water at unvegetsted sitea in May than
vegetated gites,

vil§



ASPECTS OF THE ECOLOGY OF ESTUARINE LIGHT

with
SPECIAL REFERENCE TO SEAGRASSES OF THE CHESAPEAKE BAY:
PEASUREMENTS AND MODELS



INTRODUCTION

Burpose of MHork

The emergetic basts of abmost all He on Carth 8 Mght. For at
east 3.5 bilHon years mariee plants have been evolving exquisite
mechanisms for the optimization of lYight capture and conversion of s
ehnive snovgy to thelr puposes. They were 50 succesaful that they
forever chamnged the stmoephere and deterwined the course of evolution for
all YWfe to come. Descemdents of these original producers are srguably
still the most successful crestures on Esrth today.

I mave approached the problem of understanding the complex
interactioms of photons 1n the Hying matrix of estuarine waters from a
aystams ecology perspective. As 1 see #, primsry production in the
squatic enviromment comaists of an interactive st of pigment receptor
systess that have ocevolved in such a way as to maximize the capture of
specific quanta of available 1Tight. Individeal types of organfoms evolve
within ecosystess, all of whose parts sust adapt to and with each other
collectively and individumlly. Ecosystems survive whose wembers are best
able to coadapt in such a way as to balance optiwization of individuml
species needs with those of the larger system which supports the whole.
The adaptations of the light capture mechantsms of plarktonic and bentivic
aquatic macrophybes and microphwbes are sn example mot so mch of
competition for light but of cooperation Ffor maximm community light
captire, The seasonslly and spatially varying specific  miature of
ptwytoplankton, benthic microalge, macrophytes and epiphytic algee of &



particular enviromment constitubes that ecosystems's best cwrrent  solution
for the waximization of the seasonal and spatial distribution of pigment
receptor sysbems necessary for the optimml conversion of seasonally and
spatially varying mix of light energies avaflable.

The work reported in this dissertation was undertaken for a mmber of
purposes: (1} To gafn an understanding of the physics of light in water;
{2 To deterwine the Feasfbility of weasuring spectral firradiance and
spectral attenuation 1n shallow estuarine envirorments; (3} To describe the
underwater light environment of the estuvarime environeent, especially the
Lower Chesapeake Bay; (4} To deterwine If there was a relationship between
the presence or absence of seagrasses In the Chesapeake Bay and spectral
attenuation; (5) To Mentify those factors of the estusrine environment
most relabted to spectral attenuation; (6) To investigabe the theoretical
relationship between light quality and potenttal estuarine primary
productivity; (77 To conoeptualize and silate computer ecosysten wodels
which describe the interactions between light and the estuarine environment
with special reference to pigment systews. Inchuded In this work s a
brief swmmery of marine optical physics, a description of the light
enviroments of several estuarine ecosystems — especially shallow regions
of the lower Chesapeake Bay, and the results of a theoretical ecosystem
simuiation model.

Light in the Estusrine Epviromment
The study of the interaction of solar energy with the eatuarine milleu



necessitabes not only an  understanding of the properties of light amd
water, but must also take inte comsideration the wyriad lving amd
non-1ving entities, both disscived and suspended, which affect the
propagation of light In squatic emvironments.

The sun emits electromagnetic radlation in discrete packets of quanta
{@) of energy termed photons. The energy content (€} of each quantum is
directly proportional to the Frequency {(u},

£ = {1.1}

and considering the speed of any wave form (8} ¢ = ps, we find:

€ 3 — 1.2)

where h s Planck's universal constant, ¢ is the speed of light 1in
a vacum and 4 s the wavelength, Thus, quanta of shorber wavelengths

contain more energy than do those of Jonger wavelengths,

The complete spectrum of downward irvadiance for incoming solar
radiation at the top of the stmosphere, at sea level, and at several water
deptha T the open ocesn 8 {llustrated n Figure 1a.  Most of the energy
reaching Earth's surface 3 costaimed within  the shorter wavelengths
{#00-3000rm). Net swrpriasingly, this region faciudes the wavelengths of
grestest bdiologica) importance, 400-700mm, the Photosymthetically Avaflable
Region of the spectrwm tevwed PAR. There i alaost o epergy outside
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FIGURE 1. Theoretical path of lHght Ffrom top of atwosphere to the
benthic macrophytes. (a) Spectral energy distribution of light From the
top of the atmosphere, at the surface of Earth, and at two deptim in the
ocean on a clear day {Redrawn from Jerlov, 1976 and Gates, 1971), (b)
Relative  spectral absorption of wvarious comstituents of estuarine waters
(Redrawn from Priew smd  Sathyendranath, 1981), (¢} Typical spectral
frradiance and attemuation in a lower Chesapeake Bay seagrass bed (van
Tine and Wetzel, 1963), (d} Mean quantum action spectrum for higher plants
{after Imada, 1976).



the PAR at a depth of one meter in Clear open ocean water. Most of the
"wisaing® emergy has been converted finto heat via absorption,  Only about
4-11% (depending on zenith angle} of Inckdent irradiance between 300-700 rm
ts reflected from the surface of the water or backscattered out of the
water cokmn (Clark and Ewing, 1974). Slightly sore may be backscattered

From estusrine waters,

The properties and concepts of optical oceanography are  usually
divided into two mrtually exchusive classes: (1) inherent, and ({2)
apparent propertiles, Inherent properties, such as absorption and
scattering are independent of changes 1in  insolation, whereas apparent
properties, such a9 underwater frradiance, vary with changing solar amd
atmospheric comditions.

As Hght passes through the water colmmn its energy comtent and
speciral quality are canged by absorption and scattering due to the water
ftaelf, dissolved substamces, and wespended particles. The combined effect
of twese processes 8 tevand attemmtion. The spectral distribation of the
total attemmtion coefficient {(«), meeswred with the besw transwissometer,
generally shows high attenmnce at both ends of the PAR.  Since « @& an
aggregated coefficlent, 1t is wmeceasary to comsider the component
parameters which cause the observed attemmnce.

Scattering 5 the cmnge in direction of light propegetion caused by
diffraction, refraction, and reflection duwe to particles, water molecules,



and dissolved substences.  Backscatterimg results in the loss of energy
from the squatic enviroment. Forward and laters] scattering effectively
increases the path-length of light thereby exposing it to additional
absorpt ion. The major particleas in estuartes are clays amd silts with
small dlameters which tend to scatter light of the shorter wavelengths of
the vislble light spectrum (blue end} more than the longer wavelengths
Millates, 1970). Thevefore one would expect greater attemmtion of blue
Hght than red Hght 1In estuaries. {See Table I for the approximte
perceived colors of wavelengths of light). Scattering 13 wavelength
dependent, but In an frregular and complex manner (Jerloy, 1976}

Absorption fa a thermodyawically irreversible process wherein photons
are converted into therme]l, kinetic or chewical energy - as in
photosynthests,  Absorption accounts for most of the observed attenuation
of light in estuaries If one takes into accoumt the additional ebsorption
which occurs during the persabulations caused by the forward and lateral
scattering induced by suspended silt and clay. Much of the attemmtion of
the energy contaimed in the long wavelengths (500m} 8 dve to etther the
water wmolecules themselves, a3 shown by James and Birge {1938) for pure
water, or to the water phm tts dimsolved salts (Clarke and James, 1939).
There 13 Httle difference in attenuation between pure water and Filtered
seawater {Yentsch, 1960); the effect of sea salts themselves fs
insignificant, therefore estuarine salinity chamges are of little direct
portance in determining fluctuatioms 1n estuarine light attenuation (see
fFig. 1b).



TABLE I
APPROXIMATE WAVELENGTH RANGE of VISIBLE LIGHT

Pevceived Color Napometers
Uttraviclet < 3800
Violet 380-450
Blue 450-450
Green 490-560
Yellow 560-590
Orange 590630
Red §30-760

Infrared > 760




MNatural water bodies, particularly estuaries, are not  pure, but
contain constantly varying amounts of perticulate and dissolved substances
Burt, 1955; Kiefer and Austin, 1974; Risux and Douville, 1980; Thompson et
al.,, 1979}, The energy contained in the lower and upper PAR, viclet-blue
and orange-ved, Tespectively, i3 particularly susceptible to absorption by
particulate matter. Burt (1958), using uncontaminated filtered seawater
samples, was able to deterwine the attenuance due to dissolved substances.
By subtracting thizs from the total attemation coefficlent of non-Filtered
seavater he was able to calculate the light attenuance due solely to
particulate matter. The energy of blue and red wavelengths are selectively
absorbed by particles, as shown in the example given by Priewr and
Sathyendranath (1981} {se=e Fig. 1b).

The shorter wavelengths are alsc sttenuated by DOM (Kirk, 1976; Zep &
Schlothauer, 1981), or Gelbstoff, the name given to & complex wmixture of
organic compounds by Kalle (1966). Gelbstoff i3 formed from the
decompoaition of carbohydrates. Sources are both alocthopous and
autochthonous.  Flecculation of Fine suspended and colloddal materfals 19
also belelved to participate in the formatton of these organic complexes.

Chiorophyll pigmemts In the water cohmn assocfated with phytoplankton
and the breskdown products of plants also absorb most stromgly in the blue
and red.  Thum, since estuaries are loaded with & myrfad of autechthonous
and sllochthonous dissolved and suspended substances, the light energy
reaching the benthic plamts of an estuary 5 lkely to be reduced 1in both
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the red and especially the blue regioms of Hw spectrum — euactly those
portions to which green plants respomd wost efficiently photosynthetically,
This 5 graphically depicted In Figure 1. Specific spectral attenuation
patterma resulting from combimations of wabter colun  constituents are
liustrated in Figure 1b. As these constituents change both tesporally amd
apatially, the resultant spectral sbeorption patterms change.  Plerce et
al. (1981) have deterwined by step-wise multiple lincar regression analysis
that chlorophylla "a" and “c” and iworgank particles explain most of thelr
observed wvarlatfon in spectral attenuation In the fhode River Estuary of
the upper Chesapeske Bay. Prieur and Sathyendranath (1981) and Kirk (198])
have attempted to classify waber bodies based on combinations of these
factors,

The apparent optical properties of 3 body of water result from the
measurement of natwral Jight flelds underwater, le. the measirement of in
attu radiant flux. Irradiance (&), the Flux of Hght reaching a defined
aven, s wmually sempled with a flat circular opal glass or plastic
dif fuser cailed & 20 collector. The diffuser s designed 90 that light
received from all angles f8  transwitted to the semsor according to
Lambert's cosine law, f.e., the irradiance tranamitted {= proportional teo
the incident radlant inbersity switiplied by the cosine of the angle of
incidence.  Jerkv (1976) reports that the retfo of cosine collection of
dowvowelling irradiance ({£4) to equal bhemispherical collection (E,)

B generally within the range .75 to .85 That s, wmore than 75% of the
light actually dowrwelling on a perpendicular plame 18 registered by cosine
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collection, Although hewispherical or spherical collection would be the
preferable measurement to make For biclogical purposes, since that would
wore acurately measure what an organism In a three dimensional medium
experiences, 2§ frradlance s the apparent property of water bodies most
commonly made by blologists and ecologists.  Although the mumbers recorded
from these devices are inaccuarate fin one sense, the majority of the
Herature contsins comparative values ({broad range integrated PAR
irradiance} determined in this way. Irradiance can be expressed as either
energy or gquanta and measured 1n broad apectral ranges, such as PAR, or at
diascrete wavelengths, fie., spectral frradiance. The weasurements made in
this study were downwelling 20 spectral firradiance. A typlcal family of
dowrwelling spectral firradlance curves by depth, In quanta, s presented in
Fiure 2 for the water colmn over a Zostera maring bed off the
Fastern Shore of the Chesapeske Bay.

AW} plants, whether aquatic or terrestrial, differentfally absorb the
energy of specific ranges of light of different wavelengths via
charactertstic complements of photoreactive pigment wolecules  located
within subcellular systems. The energy thus absorbed by quantim amounts s
utilizedd, with varying spectral efficlency, to drive the reactioms of
photosynthesfs — the asynthesfs of complex organic compounds from simple

inorganic compounds wusing the photon energy of sunlight.

The light capture pigments of wost phytoplankton are similar to thoae
of higher plants. These pigment s3ystems absorb atrongly in the blue and
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red regions of the spectrum.  Green plants, both terreatrisl and marine,
photosynthestze wmoat  efficlently in  the viclet-blue {400-500mwm) and
orsnge-red (600-700m)} regions of bthe spectrum {Halldal, 1974). Inada
{1976) sumarized the action spectra literature Ffor a diverse taxonomic
group of terrestrial anglosperms and foumd quite a consistent pattern. The
pattern for the common estuarine green alga Ulyg s remarkably similar
{cf. Levring, 1947, 1966; Haxo and Dlinks, 1950; Halidal, 1974). ANl show
the highest rates of photosynthests in the above mentfomed spectral
regioms. Of course this i3 no surprise.  Green plants appear green because
they absorb blue and red light awd reflect green Jight!

Although I sm woaware of any reported scagrass action spectra, #
seems reesomble to assume thet these plants are siilar to  thelr

tervestrial taxomowic counmims and theidr marine ecological kin with simflar
pigment complexes, le., chlorophyll &, b and accessory pigeents
f-carcbens and xanthoplrylis, The chlorophylls are wsolely respomsible for
the absorption of energy sbove 602 mm but that beiow 500 mw is due to both
acoessory pigments and chlorophylls 2 and b (Jacheile and Comer,
1941, JZachelle et al., 1942; Govindjee and Govindjee, 1975}

The diffuse downwelling {or vertical) atbenuation coefficlent (K4)
expresses the decay of irradiance as an ewponential function of depth and

fs often refered to as the extinction coeffictent with ounfts of w1l
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The reciprocal of the attensation coefficient s termed attenuation length
and s considered by some to be wmore {ntuitively understandable than the

former.

If  the depth inberval over which the decay functhon (K4) s

calculated brackets the air-water interface # will include the effects of
ref lect fon, Therefore, Kg calculated between depths within the water

column will measure the effects of the inherent properties of that laver of
wvater on the propagation of Mght through the layer. Since this
distinction 18 not always specified in the liberature 1t 3  sometimes
difficult to compare attemmtion values. The welldefined spectral at-
tenuation coefficient W a particularly useful parameter for comparing
undervater irrsdiance between water bodies, seasons, and wavelengths and as
such can be comiidered a “quasi-inheremt® property of bodies of water
(Baker and Saith, 19080), As K4 & inconaistent at different depths In

water Jess than about 10 m deep, comparisons should be wade between
attenuation values calkulated cover the same depth inbervals. A typical
spectral  distribution of both €4 and K s shown n Figwe 1c For

shallow Chesapeake Bay water over & seagrass meadow.

Since  assagrasses exist in an enviroment dwracterized by drastic
bemporsl and spatial fluctuations in absorption and scattering due to the
water iteself, dissolved dnorganic and organkc subatances, and smspended
particles, the resulting differential spectral attenuation causes Tight
quality shifts which may have profound implications For Fixed benthic
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plants with their gemetically determined finfte range of usable light
energies. Thia author (vam Time, 1977, 198]1) found that the turbidity
caused by effluent from a power plant elwminated & meagrass bed in the Gulf
of Mexico.

The =mall amount of avallable Chesapeake Hay data on  diffuse
downwelling 20  irradiance attenustion indicates & severe attenuation of
gt energy in the photosynthetically fmportant 400-500 mm (violet-blue)
reqlon of the spectrum. Attenvation in  these short wavelengths s
particuiarty marked in the turbidity saximm region of the Bay at the mouth
of the Sassafras River and at the mouth of the Patuxent River during Auwgust
{Champ et al, 1980). The mean Bay attemuation coefficlentas calculated by

Champ et al. ({1980) are about 1.0 m~! higher than Jerlov's (1976) most
turbkl coaatal water classification,

A comparison of attenuation coefficients reported for the Chesapeake
Bay and its tributartes is presented in Figue 3 along with Jerlov's (1976)
standard spectral attemmtion curve representing hs moat turbid coastal
water clamification (specified Type 9). For the Chesapeake Bay, the
ear llest measurements of spectral attenuation were made by Hurlburt (1945)
(Fiq. 3a). His wvaloes Ffall §n the lower rarge of more recent in witu
measurementa. Champ et al  {1980) conducted a light characterization
survey of the Chesapeake Bay during Auquet, 1977, Their mean values are
shown 1n Fig. 3a. Specific site messurements made by thew In and near the
wouths of the Sassafras, Patuxent, Potomac and Chester Rivers appear in
Fig. 3c. Their calculatiom fn the turbidity waximmm zone at the mouth of
the Sassafras River are the higheat reported for the Bay: there 3
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essentially mo avallable vnderwater light below 500 me wavelength,  Plerce
at al. (1981) interatvely monttored the Rhode River dwing 1900-198].
Thelr asmm] wean sttemmtion valuea for an upriver station and one at the
mouth of the river are plotted n Fig. 3b, The wpriver statfon was Found
to be comistently wore turbid, presimably due to s proximity to
autochthonous sources. Maximm penetration was at 575 m and windmm at 775
and 425m. Attenuation coefficlents derived from AF irradiance (spherical)
meassroments from the Rhode River (Seliger and Loftus, 1974} are also shown

in the Figure,

Estuarine waters are mturally sore turbikd than coastal or oceanic
waters a3 is shown in Figure 4 which combimes coastal and oceankc data from
Joriov (1976) and estuarine cata from this shidy,

Instead of conceptuslizing plant species that co—exist in an ecosystem
as competitors for quanta, 1 have finterpretad the ecosystem as  an
interactive and finterdependent cowplex of complmentary and cooperative
pigment systems which have co-evolved in such & way as to maxiwize the

ecoaystem's light capturing potential. From thia perspective the
bewiidering vartety of plants with diverse combimtions of light absorbing
plkment complexes perhaps becomes  intelligible. If one comiders the
spatial, depth and aseasona] distribution of photosystems H wmay be that
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Filgure 4. Lepth protles of perventapes of Aurldce quanta (350-700 om!) tor
different watet typrs ranging from the clearest oceanic to coastal {Atter
Jerlew, 19703 tu vatuarine (Lower Chesapeake Ray),
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aquatic ecosystess that are successful have become expert at maximizing the
total potential light energy seasonally available by diatributing their
specific absorption systems in space and time s0 that the particular
combination of quanta available = harvestad one way or amther. It may
matter lHMttle whether chlorophyll-green aeagrasses or  their epiphytic
blue-green algae, or yellow—green phytoplankton or gokdenbrown benthic
dlatoms actually capture a specific photon — as long as ftt's captured and

made avaflable +to the asystem in the form of Fixed carbon!

In addition to this Flexibility of community “clromatic cooperation”,
individual planta have an amazing plastictty with respect to their abflity
to adapt physiologically and wmorphologically to changing  Mght  quaiity
condttions. B36rn, 1979; Saith, 1962; Humphrey, 1983; Bogard, 1975,
Oring, 1981, Raghavendra 4 Oas, 1977; Voskreserskaya, 1979, Spence, 1981,
Corre, 1983; Strves, 19681).

The model detafls the paths of "Dhe®, “green”, *yellw", and “red"
quanta as they negothate the hazards of mavigation thwough an  estuarine
wvater column, meeting thelr eventual fate of aboorptiqn by either water
mlecules and  dissolved sals, dissolved organic matter, pom-pigmented
suspended =olids, or possible capture by “blue, “green”. “yelhw®, or
“red” plant antenmae (see Fig. 45). The grosa primery production of the
system 15 comidered a function of the tota) amoumt of activated pigeents

of all photosystews. Each specific pigment system #s allowed to absorb all
of the quanta surviving backscattering, attenuation by seawater
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particulate and DOM except for those quanta reflected by the plgment itself
which then become available to the other pigment systems. Each part of the
commmity light harvesting complex s allowed to grow in proportion to its
quantity of excited pigment and the net productivity,



Seectire) Irradiance Messuroments
Downwelling diffuse 21 spectral! firradiance, €4, was measured

as quanta-m-l-cw?e"l st  twelve biologically significant wavelengths
(410, 441, 488, 507, 520, 540, 570, 589, 625, 656, 671 and 694 +wm 1S mm).
The messurements were made using s Biospherical Labs model Mer-1000
miltiwavelength spectroradiomster (Booth and Dustan, 1979), calibrated
against U.S. Bureau of Standards lamps approvimmtely every six  months.
Calibration curves changed less than 0.5% indicating an extremely stable
syatem.  Each measuresent recorded was the mean of 250 scans made over an
approximtely M second interval in order to reduce verfations in fir-
radlance due to surface water wave crest vrefraction distortions,
nor=uniform distribution of wsumspended particulates and o0  integrate sky
conditions,

Princtpal Sites
Measurements in the lower Chesapeake Bay were taken at aix shallow

sites {2 wm depth) and at one relatively deep site in the Tower Chesapeske
Bay (Fig. 5). The shallow sites were chosen for thelr vegetational history
— all but one having been wvegetated by wacrophytes in the recent past {Orth
et al, 1979}, Five of the sites were located on the western shore of the
Lower (hesapeake Hay in the York River and Mobjack Bay. The remaining two
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sites were across the Bay on the eastern shore of Virginia of F Vauciuse
Shores just north of the wmouth of Hungar's Creek. The Mumfort Is. {York
River) amt Severn River (Mobjack Bay) sites were unvegetated during the
study but had previously been part of 3eaqrass beds. There were healthy
seaqrass beds (Josterd wmaring and Ryppia maritimal at the
Guinea Marsh, four Point Marsh (Mobjack Bay) and Vaucluse Shores sites
during the course of the study. Measurements at the later atte were made
in corroboration with in  aftu productivity studies ({Wetzel et al, 1982;
Murray and Wetzel, 1982; Murray, 1983; Murray and Wetzel, 1987). The
Allen's Isjand site (York River} represented a tramsitional wvegetative
state — the natural population of macrophytes had disappeared yet Orth and
colleaques {Orth et al., 1979} had successfully transplanted f1t.
Furthermore, it appeared that a natursl population may hawe been returning
to this afte (K. Moore, persopal commumicatfon, 1981). The deep site on
the Eastern Shore wes located outside a sandbar and about 1 mile west of
the Yaucluse Shores vegetated site. It was chosen as a reference station,

The western shore stations were monftored twice a month on pafred
dates approximately ome week apart selected to coincide with the
confluences of high tide with solar noon and lw tide with sclar poon.
Measurements were made twice each day at each asite. The eastern shore
sftes (Vauchmse Shores) were monftored at least every other momth at times
chosen &0 accomodate ongoing 1n altu productivity studies (Wetzel et al.,
1962; Murray and Wetzel, 1982; Murray, 1983).
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In order to facilitate an understanding of the possible tremda in the
spactral distribution of underwater light in the shallow Lower C(hesapeake
Bay, the data for the seven stations monitored has been summarized
varjously by month, season, site and vegetational state All mention of
attenuation coefficlents, unless otherwise noted, refers to Spectral

kKd(0.1,0.5). te.. the diffuse downwelling spectral attenuation

coefficlent {(w1) for the upper water column (between 0.1 and 0.5 m}
Thia {13 a purposefully comervative measure of attemaation fintended to
characterize specific water bodies. The attenuation coefficlent 13 not
constant within water columns of bess than 10 m in depth {Jerlov, 1976).

Laguna de Termines, Cumpeche, Mexico

Light quallty measurements were made at three sites:  at the mouth of
Estero Pargo Creek over a Jhalassia testudipum bed, at & site
approximately lkm up the (reek just off the UNAM. Centro de Clencias del
Mar y Lismwologia dock, and at an intermediate wmidstream site (see fig. 6).
Measurements at the Thalassia site were made perfodically throughout
the daylight hours over a three day period coinciding with other studies
described in van Tine and Wetzel, 1982, The water depth ranged from 0.75
to 1.1 m at the mouth of the creek.
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Colcylation of Spectra) Attemation Coeffictent

The diffuse aspectra) attenuation coefficlent, kg, For
dowmwelling 20 irradfance was chosen as the most suftable parameter for the
characterization and comparison of the underwater lght enviroments at
each site due to its  quasi-inherent nature. It has been found to be
relatively imsensitive to changes in aplar lenith angle except for wvery
large angles (Baker and Smith, 1980).

The diffuse dowrwelling attemwation coefficlent was calculated for

each wavelength wmeasured between depthes of interest as:

“W(Ed(z5)Ed(zq)]
kdizj.zp) = 2.1}
(zz-71)

wvhere kg has wunits of vreciprocal length (m~l) and 2z,
s the depth at which the downwelling frradiance Egq¢yy, Is
measured. The atteruation coefficlent 1is  usually considered a  value

representing the asmmed exponential decay of light with depth. Irradiance
at depth 22 «can be estmated for a body of water with known

kg from:

Eaiz1) = Eqzz) expl ¥aizp-zy)l (2.2)

The attenuation coefficlerts extemively evaluated for the seagrass portion
of this work {stations 1-7 in the York R., Mobjack HBay and at Vauciuse
Shores) were calculated between depttm of 0.1 and 0.5 m as an estimator of

water colen atbtenuation mot assoclsted with alr-water or water-substrate
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interface phenomena. Hence, these values are a Function of the Inherent

optical properties of the water bodles concerned, Since k4 15 not

a comstant for water bodies less than 10 m deep, all comparisens between
sites and seasems were made for the same depth interval, 1e., 0.1 to 05
m. Al such cakulations were based on frradiance measures taken at these
depths between 1000 and 1400 hours E.S.T. Variatioms 1n kg due to

sun zenlth angle differences at this tiee of day are less than 5X In the
extreme (Baker and Swmith, 1979),

Mean wmonthly  attenuation coefficlents reported for the Jlower
(hesapeake Bay stations include &1 measurementis made during that month.

Mecan seasonal values were cakculated over seasoms defined as: Winter -

January through March; Spring — Apri! through June; Summer — July through
September; and Autumn — October through December.

It shouid be emphasfzed that attenuation coefficients are log
transforms of mmbers. Comparisons of the various attenuation coefficient
means reported in this work therefore are actually comparisons between very

large mmbers of quanta with large differences. For example, If there
are 100x1013  guanta-nm-2.cm2.a"1 at the asurface and 1x1013
quanta e Zcm?s ] jeft 1 meter below, the attenuation coefficlent repre-
senting this difference of 99x10l3 quanta-m'zﬂl'z-s‘l would be only 4.6
wl If the frradlance at 1.0 meter were 2x1013 qunnta-m“z'm‘zﬂ‘l

Instead of 1x1013 quantam Zcm?al, then the atteruation coefficient
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would be 3.9 w1l a difference of only 0.7 m' representing a real

difference of 10,000,000,000,000 quanta 2 cm<s-],

Relative Potentiasl Photosynthetically Storable Radiation

The relative potential photosynthetically gatorable
radiation, PSR, was caiculated a3 the product of the I{rradiance
distribution and the theoretical photosymthetic action spectrum. The
PSRk 8 defined by Morel (1478} and Swmith {1979} as that portien of
asbsorbed energy  actually transferred into stored chewmical energy in the
form of organic matter through photosyntheats. The relative poteptial
PSR thus expresses the relative potential efficlency of photosynthesis

given a specific irradignce distribution and a specific absorption complex
{set of plgments).



RESULTS

Metn Sessona] Spectrsl Atbenvation

The mean sessons] spectral attenvation for all stations in the lower
Chesapeske Bay seagrass study s presented in Flg. 7. A comparison of the
distribution of the mean seasona) spectra) attenustion coefficients (Figs.
A through 1! and Table II} reveals a seasonal pattern and some significant
differences between vegetated and umvegetated sites.  The season of jeast
attenyation {greatest water clarity) was wvinter and of greatest attenuation
was summer.  Spring and Avtumn were intermediate.  There was no obvious
difference in mean spectral attenuation between the average vegetated and
unvegetated sites during the seasons of meximm and winimm attenustion,
sumer and winter respectively, MWinter values calculated for seagrass beds

ranged from & low of 0371 ml at 578 m to a high of 1.14 w1 at
410 s while corresponding values for unvegetated sttes were 9.283 and
1.84, The highest winter wean attenuation of red light was calculated as

9.830 ml for the vegetated sftes and 0.678 » 1l for the unvegetated

sites, both at £94 nm, the longest vwavelength measured.

The wsmmer values were the highest mean  seasonal  coefficients
calculated, ranging from 307 wl at 419 a to 1681 st 57 ™ for

vegetated sftes and 3.08 wl to 106 wl for the same wavelengthm
of light at unvegetated altes. For example, IF 1.0 unft of Irradiance were
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 TABLE II
MEAN STASONAL SHALLOW MATER SPECTRAL ATTENMATION (w~1)
(Depth Imterval 6.1 - 0.5 m)

Vegetated and Unvegetated Stations of the Lower Chesapeske Bay, 1981

J

SPRING

Wave- WINTER

Tength

Unveq

:

¥

(nm] Veg Uwvey

33

N -

o
0 ==t

g3

3o

[
L

§3
0 0

]
Lo ]

1.854

1.28

1.78

1.79

1.45

14

1.

.56 9.503

= ] ~r
(s
m_.m&

[
g

von s
R -l

3

= . oa
i =

g

a - 4
] gy i

m‘-n

e O
-I-_-I-'

& ™
> R

- B e

S=3
3

e ®

g5t

33

34

]

a L]
L B |

Lok

9.935 8.754

1.15

1.24

4.967 9. 987

625 .56 4.497

383
i v
252

- s
vl ey

ST

. -
] )

BTZ

[ ]
] g y—]

SEy
P

Re=

-
L R ]

35
183

g25d




| WM by

’: 4
[ .
X .
t
, .
b
, [ r
i P
t
L1
L
° . ‘Q\‘\ - ol
1] L1 .
H‘.h_‘_ a é = A s
i ﬂ'ﬂ [ Q ﬁ a - " « MWL AL
TR Y
Y — . - ' e
E YA 440 SHIG faaly L ASNIN [3N14} Al
Wyttt (o]

Figure 8. Mean Winter spectral attenuation at ve-

getated and unvegetated sfites ofF the lover
Chesapeake Bay,




SER NS

4
r' L]
! t
L
"
u
Il
R . "
)
r [
11 & -
¥ 5 -
L T n < &
il
S A B., o™ A _&*®
-:: 'd' H - -l
—a A
i i Y ' Y v r
' 4(%) 450 ALY Bl LRIy Rl 00
' Wageenenott: ()
1
|
I
Figure 9,

[ el

[ EL L]

- LAYELLIAR L,
vOWEGEIAR D

Mean Spring 1981 spectral attenuation at
vegetated and unvegetated sites of the

lower Chesapeake Bay.




S ML T

o
i
i
| LN R
I t -
| . hi
: kY
& \
S P .
i 2 "
i i L
! L, . S
: T A § oo A [aragernd
=1 . A HAr
| Aoa s oMV LLAT L
: EUTRSFVEY
1
; I . . . ' -
IS a0 TS A e fab 1 A
Wervelertn {nina)
Filgure 10. Mean Summer 1981 spectral attenuation at

vegetated and unvegetated sites of the
lower Chesapeake Bay.




AL, IR

1
H
: A
:‘l Id A
v -
. r4
iy S s
K] ™
' n s R
' 3 H & " T
. - - Y o - IS RS
] : - i o - )
, < R T4 4 " & FiA
“n,
- -
< INE L TAR L,
1 oWEAE AT L
o T T T i T
4170 477 ] S50 3149 [ i

Worvedength (nen)

Figure 11. Mean Autumn 1981 spectral attenuation at

vegetated and unvegetated sites of the
lower Chesapeake Bay.




36

attenuated over a distance of 1.8 m at a rate of 3.0 wl only 005
units of {rradlance would remain. Over a path of 2.0 m of water the unit
would be reduced to about ©.0625. The mean seasona) coefficients for
vegetated and unvegetated sites were amost identical but there was & large
difference between the mean deep-water (bay site) coefficients and the
shallow water coefficients possibly due to lesser resuspension of

particulates at the deep site.

The mean autumnal values were similar to the apring mean coefficients
for the vegetated sites, and ranged from 6.787 »l at 578 nm to 2.21
ml at 418 mm and the unvegetated wmean from 0581 wl to 2.4

w1l at the same wavelengths.

A large difference between the mean spectral attenuation coefficients
for wvegetated and unvegetated aftes was found for spring (Fig. 9). The
mean  spring  violet-blue (<5880 ) unvegetated spectral kg was  found
to be more than one standard deviation higher thap the mean atteruation of
viclet-blue light 1n the water column at the vegetated sites (cf. Figs. 12,
13). Both shallow water vegetated and unvegetated mean attenuation values
were higher than those for the deep water reference site (bay station).

Mean spring vegetated spectral kg4 ranged from @.711 ml st 570 m

to 1.91 m! at 416 mm.  Corresponding values for the unvegetated sites

were 02041 wl and 2.48 w1, respectively.  Viclet lght of 410 m
was veduced B5E per meter at the average vegetated site and over 2% per
weter at the aversge unvegetated site during spring.  There was Iittle or
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no mean difference for wavelengths greater than 5580 ma  (yellow, orange,

red). The deep water station ranged from about 1 to 1.5 wl during

spring.

Mosns Momthly Spectral Attemustion

Comparison of the wmorthly mean spectral attemustion for vegetated
sfbes (Figs. 14, 16, 18) with that for unvegetated sttes (Figs. 15, 17, 19)
shows that the most obvious differemce to be found, as discumsed above, is
the higher attenuation of shorter wavelengtha at the unvegetated aijtea
during the spring of the year. Unvegetated albes eare characterized by
elevated attepuation over the entire measured speciram From May Uwough
October, whereas wegetated asttes do mt show  comsistently elevated
attenuation coefficlents over the ssme tie period. Attervation of the
violet and bilue wavelengths (400-5080 me) at the vegetabed sftes increases
gradually, reeching fts maximm dwring September with minor pesks occuring
during April and July. The attemation coefficient For the resminder of
the PAR spectrum (580-7080 re) alao exhibits these winor peaks but there s
no Increase towards the September maxisum

There does, however, appear tn be s strong seasom! pattern to the
attenuation coefficient at both vegetabted and unvegetated aftes, differing
mainly n the tiwing of commewncement of high values. For example, the
mearmonthly viclet-blue attemmtion values for unvegetabted stes Fig. 15)

reveals that attenuation of light of 410 and 441 mw excoeded 2 al
starting during May of 1981 and lasted isto October of that year. However,
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similarly high attenuation of the same wvavelengtis of light at  the
vegetated sttes did mot occr  untll  July. During 1982, the high
atbenuation values at the unvegetated stbes started even earler in the
year {(l.e. March), whereas, short wavelength {(418-441 mm} attenuation at
the vegetsted sites during Jamuary and March of 1982 were only about half
43 high. Thizs timing difference In Mgt quallty could effect biological
evernts such as Flowering and germination processes (Spence, 9813} The
ot of high atbtenustion, especially of short wavelengths, appears to
differ from year to year, as can be sten by comparing the March 1982 values
fmomth 15 on the Figaes) with the March and May 1981 values (Figa. 14,
15). The correspomdences at each type of site between the March 1987 short
vavelength attemaation coefficients and those for the preceeding May (month
5) are quite strking. The relationship between the vegetated and
uvegertated sites for the March 1982 aetterustion coefficlents = also
apalagous to their relationship in May, 19681, That i5, for the wvegetated
sites the mesn values of coefficients for the attemuatton of wviolet light
fat 410, 441 rm) for May 1981 and for March 19682 were both between about

15 and 2.8 wl whereas thomse for the unvegetated sites were between

about 2 and 3 ml for both months.

For the unvegetated sttes the year 1981 was divided Into two distinct
Ight  envirorments with Hitle tramaition, while in the vegetabed sites
there was a shorbter high attenuation pertod with a more gqradual tramaition
from lJow to high valwes. This gradual tramsition may be fWmportant In
allowing the plants to acclimate.
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The variability of the wonthly mean attenustion for vegetated amd
unvegetated sites t shown for wavelengthm of 441 m and 671 mm in figures
20, 21, 22, and 2). These wavelengths are pear the photosynthetic action
peaks for marine green plants (Hallda), 1974). The variation 1in violet
attepuation (441 mm) 18 consistently greater during the high turbidity
season {(May through October, 1981) for unvegetated sites than tt fta Ffor
vegetated sites {(cf. Figs. 28, 21). A comparfson of the variabliity of red
light attenuation between wvegetated and unvegetated sites reveals much less
difference. Constancy of light quality mamy be of consequence to benthic
plants,

May 1981 seems to have been not only s pivotal momth for the relative
light enviromment in the unvegetated attes of the Lower Bay, but 1= also
the wonth with the highest observed net seagrass community productivity
Murray and betzel, 1982; Murray, 1983, Murray and Wetzel, in press}). The
mean  irradiance values calculated for vegetated and  unvegetated aites
during May are shown in Fig. 24. The unvegetated mean i3 much higher at
all wavelengths, There fs a difference of more than 1.0 ml at 410
and a difference of about 1.8 at 441 mm, The difference decreases to about
8.5 at 520 m.  Below 540 mm there 3 a comstant difference of less than

04 wl A 18 w1l difference 1n asttenuatfon represents a relative
frradiance reductton of 63% over just 1 meter! That fa, during May
approxtmtely 635 less viplet light was able to pass through a meter of
witer at the "wverage®™ unvegetated site than at the “average® vegetated

site. OQver a two weter path the reduction would be 88X
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A comparison of the mean spectral attepuation for May for each site s
presented In Flg. 25 The two unvegetated asftes (Mumfort Ja. In the York
River and the safte in the mouth of the Severn River] had the highest
attenuation at all wavelengihm. The Severn R. aite was especially high
below 5868 . The mean kg for the viclet wavelengtha (410, 441 )

was between 3.5 and 4.8 ml for this site, A hundred quanta would be
reduced to fust 2 or 3 gquamta In  Just ome meter of water with an
attenuation coefficlent between 1.5 and 48! A reduction of greater than
994 would result from the passage of Jight through two meters of water with

& kg value greater than 35 wl, That ts, there was essestially

no violet light below the msurface of the wvater at the Severn R, sibe during
the May saspling perfod. Blue light (468 ™) was alse greatly attemated
at this site, reduced about 9% per weter. Mean attenwation at the Mumfort

Is. alte ranged form a high of about 3.0 ml at 4180 me to about 1.5 at
587 mm and no higher than that for the remainder of the spectrum. The red
region of the spectrum was even wore attensated at the Mumfort Is. alte
than in the 3Severn.

ANl mesn spectral attenuation coefficients for May at the wvegetsted
sites — Guinea Marsh, fFour Point Marsh apd Vauchme — were found to be

betow about 2 wml except those for wviclet light at Four Point Marsh.
However, the attenuation of yeilow, orange and red light at the Four Point

Marsh site was extremely low — less than 8.5 wl. This is a reduction
of about 48% per meter. This site and the unvegetated Severn R. afte are
Jocated very close to each other, Both are in Mobjack Bay snd have very
similar patterns of spectral attemvatfon but of differing magnitudes. The
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mean value for the unvegetsted Severn R. site 13 about 1w}
comtatently higher than that of the vegetated Four Point Marsh site during
May. Violet attenuation at the Guines Marsh and Vauciuse Shore wvegetated

sites was between 1t and 1.5 ml.  The Vaucluse sfte had the loweat
violet-blue wmean attemuation during May while thes Four Point Marsh site had
the lowest vyellow to red attenuation; lower than even the mean winter
values at a)l other sites. With the exception of the violet light at Four
Point Marsh the m=an May attemuation Ffor all wvegetated sites at all

wavelengths was less than about 2 wl. Thus, the extremely low May
attepuation of the Jonger wavelengths at Four Point Marsh wmay have
compensated for the high attemuation of the short wavelengths in terms of
total light energy available Ffor photosynthests.

The spectral attenuation at the Allen's Is. site was intermediate to
that of the wvegetated and unvegetated aites. This is interesting because
this site 18 also intermediate with respect to fts benthic vegetation.
Seagrasses here were comsiderably reduced in the 1978's with vegetation
persisting in only the shaliowest areas. In the last few years, however,
seagrasses have been slowly returning at this site via natural
recolonization as welt as from transplant experiments {(Orth et al, 1985,
1966). Since this sfite appeared to be in a transitional vecetations)
state, fts f{rradiance measurements and calkoulated attenation values have
been included 1n nmeither the ‘vegetated® nor the ‘“unvegetated" means
reported herein, but have been treated separately.
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A comparison of the mean seasonal spectral drradiance attenuation
values calculated for the iIndividua) sites (Figs. 26 - 32) reveals both
differences between vegetated (Vaucluse, Guinea, Four Point} and
unvegetated (Mumfort, Severn) sites and reveals individual site

Kiosyncractes.

Mean seasonal spectral attenustion values were at or belkw 2 wl
for all seasons except summer at the western shore vegetated sites (Figs.
28, W), As moted previoualy, attenuation at the red end of the spectrim
wvas particularly low at Four Point Marsh (Fig. ). Autumn, winter and
spring values appear quite simflar at this site.  Winter and spring wean

values were also less than 2.0 wl at the Vauclwe Shore vegetated site
{Flg. 31) on the other skle of the Chesapeake Bay, but autuwn was the most
turbid season for this site and alao for the deep sibe on the ssstern shore
(Bay, fig. 32). None of the western shore sites showed this pattern. The
ight envirorment, not surprisingly, appears to be quite different n the
different masoes of water on opposite sides of the Bay. MWith the exception
of fall, the mean seasonsl attenuation at the deep site (Fig. 32) was
comtstently lower than the corresponding valuses at any other aite,  Note
the relative color shift from blue to red between 3pring and sismmer at this
site (the intersection of the two seasoral) curves). This shift also occurs
in modified form at the Vaucluse Shore seagrass site (Fig. 31 Here,

though, the penetration of red 1light {s noet {increased.

The western shore unvegetated sites (Mumfort, Severn, Figs. 26, 29)

both had mean spring viclet attensation values between about 2 1 and
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3 m]l, much higher than the corresponding values at any vegetated site.
fach of the seasonal mean attenuation curves for Mumfort [s. (Fig. 26) are
high compared tc the other sites, The autumn and winter mean spectral
atternation coefficients For the Severn R. 3ite are, however, similar to
the corresponding curves for vegeliabted sites.

The Allen's Ja. aite (Fig. 27} ia once again difficult to classify.
Its mean spring spectral attention curve is  intermediate - summer low,
winter high and fall about awverage.

The mean monthly water column attenuatfon curves Ffor selected
wavelengtha at individua) sites are presented in figs. 33 thwouwgh 39. The
wavelengths presented 1n these Fiqures (418, 441, 488, 578, 671, and 694
) were selected mot only for thweir blological relevance with respect to
photosynthetic action spectra and fn vivo pigment absorption peaks, bt to
outline the extremes and weams of the full set of twelve wavelengths
measured with more clartty amd less confusion than would be possible using
the complete set measured.

A seasonal pattern of turbidtty at all sites is most obvious. Ag
previously mentiomed, the high turbidity at the unvegetated sites (Figs.
33, 3) clearly starts 1n May and continues through October, during 168].
This fs especially obvious for the shorter wavelengths, The omet of high
turbidity appears earlfer in 1982, during March, with viclet attenvation

approaching or exceeding 38 m] &t the unvegetated sites At Guinea
Marsh (vegetated, Fig. 35) the violet attenuation incressed gradually from
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a low of sbout 1.5 ml in March of 1981 to a peak of between 3.5 and

41 wl durfng Septewber, declining dramatically to winter levels in
November. As of March 1982, no iIncrease was evident, The attemuation of
longer wavelengths at Guinea Marsh peaked sharply in September and declined
during October to reach otherwise constantly low values during November., A
siwmilar pattern of attenusation for the longer wavelengths of light was
found at the other western shore vegetated alte, four Point Marsh (Fig.

37).  However, May 1981 values were extraordimarfly low (8.5 ml) for
the red end ofF the PAR at this site. Swwulitanecusly, the violet-blue
attenuation during May was higher than the other vegetated sites, The
Allen's Is. site (fig. 34) shows much less montly varfation than any other

western shore site,

The Vauclme Shore vegetated site (Fig. 38) reached its maximm short
wave aAttenuation during October, but also pesked In April. The winima
occured during March, May and June 19681 and January 1982. The long wave
attenuation followed the same pattern but with much less magrttude. March,
May and Jun=, 1981 were also the months of maximm net productivity Ffor the
benthic Zostera community at this site (Murray 4 Wetzel, 1982; Murray,
1983). The same pattern of attenuation, but with less extreme oscillation
is apparent at the deep water reference station (fig. 39} adjscent to the

Vaucluse site,

Spoctral Irradiance & Attenyation In Estere Parge Creek
The downwelling spectral trradiance for noon and 1300 hours, both at

the surface (incident frradiance) and at a depth of just less than a wmeter
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{benthic irradfance) are presented in Figure 4 along with the corres-
ponding attenation coefficlents for a clear sky at the Thalassis site.
The noon measurement (Fig. 46A) was made during & 10-15 knot southwest
wind, whereas the measurements made at 1300 hours (Fig. 488) were wade
after the wind had ceased. There s a sharp attemuation of blue and violet
Tight below asbort 568 rm, while the lowest attenuation occurs in the yel-
low region between 556 and 600 wvm,  As indicated, atthough I1ittle appreci-
able difference exists between the two Imsolation curves, there s a
comiderable fincrease §n  attepuatfon, across the spectrum, between the
windy noon and the calm (1308 hours) vaiues (see shaded area of Fig. 48).

Noontime PAR insolation was about 23x1016 quantz-owZs7l, while benthic

PAR irradiance ranged from 3xi0l6 to 6x1616 quanta-cwZsl

Mean dafly spectral attemiation coefficlents are shown in Table III
for three days at the Thalassia site off the mouth of the creek.
Attenuatfon per meter of the shortest wavelengths ranged from & mean dafly
Jow of 3.64 to & high of 527 - the highest value measured at the site,
The wmid-band yellew light (570-599 nm)} was least attenuated, ranging from
1.8 wl to 210 wl The grand weekly mean attenuatfon coef-
ficlents represent the average of 4008 scans. Climatic conditions ranged
From windy and cloudy to clear and cam, covering the time period 1115 to
173 hours C.5.7T. Depths ranged from 8.76 to 1.1 m. The grand mesn (Fig.
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y =

rhe mouth of Estero Pargo

{AY 1200 C.5.T., 1t-19% knot sw wind, z = K8 m, (B)
Shaded arva represents difterence in

artenudat ion which may be doe to wind diiven tesuspension,



DAILY MEAN SPECTRAL ATTENUATION COEFFICIENTS (m-1)

TABLE II1

Seagrass bed at mouth of fatero Pargo Creek, 1981
Color {nm) Feb. 6 Feb. B Fab. Meanw
Violet 418 3. 64 3. 48 5.27 4.13

44] 1.42 2.77 4.26 3.35
Blue 488 2.22 1.92 2.9% Z.38
Green 587 2.05 1.76 2.74 2.18
526 1.98 1.66 2.55 2.84
5440 1.75 1.54 2.4 1.87
Yellow 57¢@ 1.63 1.4 2.10 i.71
5849 1.66 1.48 z2.88 1.71
Orange 625 1. 686 1.52 2.26 1.88
Red 656 1.94 1.53 2.25 .91
671 2. 06 1.58 2.34 1.99
694 2. 11 1.65 2.4¢9 2.85
PAR 40¢-708 2.81 1.74 2.54 2.18
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41-1, curve "C"} should characterize the spectral sttenuatton at this site
during the "1 Norte™ season since the weasurement period was between two
such weather eventsa.

Compartson of spectral attenuation coefficients along a 1 i upstream
trammect (Fig. 41-1) revesls s dramatic decrease of viclet and blue light
[400-588 rm).  Attenuation of underwater light 1in Estero Pargo Creek was
higher at all wavelengths upstream (Fig. 41-1A) than at the mouth (Fig.

41-1C), the difference assymptotically increasing to awost 3.9 wl at
the wviolet end of the spectrum and approaching 2zero in the red region
(658-708 rm). Midstresm stbemmation (Fig. 41-18}) was intermediate between
these extremes,
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Flgure 41. (1) comparison of diffuse downwelling spectral attenuation
coefficients at three aites in Eaterc Pargo Ureek., (A) Upatresn off the
U,N.A.M, dock {B) widatream, (L) off the mouth in a Thalsssia bed. Data for
curves A and B represent the mean of 250 srane. Curve £ represents the mean
ot 4UHUU scana taken during 3 deye. (2) The difference 1n downwelling spectral
gtlenuat ion caoefficient between the upsttream aite and the mouth of Estero
Pergo Creek, The curve represents the asrithmetic difference between curves &

and



DISOUSSION

Potential benthic production s debermined both by the light svallable
for photosynthests at the bottom of the water colmmn snd by the inherent
photosynthettc response of thw plants present. Limiting thia discussion to
green plants and using published photosynthetic action specitra, mean
scasoma) attenustion coefficlents and incident frradiance measurements From
this study, the relative potential photosynthetically storable radiation,
PSR Movel, 1978, Saith, 1978), can be calculated. The results of
these calculations Ffor sprimg are presented 1in Figqure 42, Spring was
chosen For this example not only because §t Is the season with the qreatest
difference in atbenuation between wvegetated and unvegetated sites, but
because 1t s the w»eason of highest net seagrass cosmunity productivity,
period of higheat growth, and the time of greabtest leaf turnover (urray &
Metzel, 1982; Wetze! et al., 1862; Morray, 1963; Morray and Wetzel 1987).

The total attenuation to o depth of 1.0 m Ky ja) Plotted

in Figure 42 was estimated as a weighted average between the water cohmn
attenuation k¢ g, 5). (depth Interval #.1 to 6.5 m), and the
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atr-water interface attemuation kﬂ.-ll- {depth interval 0 to 0.1 w):

B)%(.1,.5) * (1)¥k(0,.1)

Ki0,1.0) = o) (4.1)

where k(1 5) 1s a conservetive estimator of k¢ 3 1 0}

since  water cohsm, substrate Interactions are not considered. The

atr-water interface attenuation coefficlent Kkqg 1) was calculated

as the ssasonal mean for calm awmny days at 1200 — 0030 hours ES.T,

The mean incident spectral frradiance during Clear spring days at noon
s plotted as curve "a" 1n fiqure 42. The quantum distribution decreases
rapidly below about 500 mm.  The estimated total attenuation coefficlent
for both vegetated and unvegetated sites are labelled *b* in the same
figure,  These represent the spring spectral attemmtion from just above
the wabter's surface to a depth of 1.0 m on calm, clear days around noon.
The attenuation of Yight at all wvavelengthm i3 higher at the unvegetated
sttes than 8 the attemmtion at vegetated sites during spring: espechl)
Iy for wavelengths of light less than 50C mm. This difference increases

from 023 wl at 507 mm to 051 wl at 410 There 13 a
difference between vegetated and unvegetated sites of about 0.1 wl
from 570 to 700 mm. Addittormlly, attenuation across the PAR spectrum at

unvegetated sites begim eariler in the year and increases at a more rapid
rate than at the vegetabed sites.
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The resylting estimabed benthic irradiances for both vegetated amd
unvegetated sites are labelled *c® on Figure 42, (Note that the scale of
the vertical axis of " is only a Fifth that of the vertical axis of *a").
A comparison of curves "a" and “c® reveals the dramatic decrease in ir-
radiance over Just a meter of water. The benthic trradiance at  the
average spring unvegetated sfte ranges from (.21 quanta-cm¢a-11013 st 410
m to 213 quanta-cmZ+-11013 at 570 wa.  The corresponding irradiance

for vegetated aites s 0.349 qunnta-cn‘3-5‘1-1013 and 2Z.37

quanta-cm 25° 11013 respectively.

The relative photosynthetic action spectrum For {lya
tacniata, & typical shallow water estuarine green alga i3 plotted as
arve "d* after Hexo and Blinks (1950} and Halldall (1974). The
photosynthetic plgment complex of green algae s very similar to that of
seagrasses,  Quanta of 400-500 nm and 650-6G80 mm are used most efficiently
by this green plant,

The potential PSR for the average spring vegetated and umvegetated
astte 5 presented as crve "e® th Figure 42, This fs simply the normelized
{0-100} product of curves “c* and *d". The resulting potential PSR curve
s a function therefore of Incident radiation, total attenuation and the
inherent sapectral efficlency of ‘“"typical gqreen wmarine plant”
photosynthests, This PSR spectral distribution includes two peaks:  one
broadly centered about 490 m in the blue end of the spactrum and the other
extending Ffrom about 590 to 690 mm.  The blue peak has been shifted from
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about 448 nm in the action spectrim to about 49 mm in the PSR due to the
combined effects of the high attepuation of viclet and the low originel
violet iresglation. Much of the difference between the mean vegetabted and
Mean unvegetated PSR curves lles within the blue peak. The unveqetated
blue peak 3 quite insubstantial whereas the vegetated peek i3 from 12 to
16 relative units higher. In a marginal light enviromment this difference
in potential storeble radiant epergy may be quite iwportant. In the red
peak region, the difference between the two curves is much less pronounced,
being only 5 to B relative units in the 599 to 6/ mn reglon of the
spectrim.

Using 19C, wetzel and Penhale (1983) calculated a  theoretical
Paax Of 2.084 wmgCglh~l for individual leaves of Zosters marim

removed from the same Yauchme Shores stte studded in this work, They also
reported a community apparent gross 03 productivity of 464

wglomZh-l in the same seagrass bed. The difference 1in PSR

discussed above could result in  reductiom of about 9.2 waCyglnl

For leaves or about 46 wmg0,-m2-h-1  for the entire benthic

community.

In the lower Chesapeske 8ay the light available to benthic plants may
not include great gquastities of energy at those wavelengtha which can be
most efficiently used by these plants. The greabest loss of potential
enerqgy appears to be in those regioms of thwe spectrum most significant For
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photosynthesis. Whether the reduced lewels of light of critical
wavelengths 3 caisally related to the absence of =eagrassess and the
direction of that causality #s difficuit to sssess. But, there does appear
to be a correlation between the high gattenvation of certain
photosynthetically skgmificamt wavelengths and the lack of seagrasses.
Comsideration of the direction of the causattty may be amlogous to asking
— Which came first the chicken or the egg? -~ and jumt as imsignificant.
That s, does the baffling effect of wseaqrasses cawse the settling of
enough fine =uspended material to reduce scattering and absorption to the
point thet enough quanta of appropriate wavelengths reaches the benthos
erabling the seagrasses to costinue gqrowth? Or, does » water body with
relatively littie suspended materia) provide a light enviromment suitable
for seagrasses to survive, grow and tham baffle the water and maintain
water clarity so light of sufficient quality and quanttty can continue bo
reach the benthos awxd support seagrasses which baffle the water - etc.?

The anwer 3 yes — to both! Ecosystems are comprised of dynamically
interconnnected bilological and physical components which {interact
materiatly and erergetically. The morphogenesta of an ecosystem from
simple ploneer beginnings to mature dynemically stable stages Involves a
contimnuml reciprocal fnduction process between its physical and bilological
parts, This i1 acheived through sensitive feedback mechanisms. A mature
ecosystem 3 2 homeostatic entity capeble of intermal adjustment to a range

of external conditions — within limits, and 1t may be those
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Imits that are the critical aspect of the success or fallure or

disappearance or reappearance of seagrasses in the C[hesapeake Bay.

Let's defipe the benthic seagrass community and fits overlying water
column an ecosystem. The water clarity 13 affected by the baffling effect
of the plants (Ginsburq and Lowenstam, 1958, Scoffin, 1970; MWanless, 1981;
Boynton & Heck, 1982) and the plants are certainly affected by the wvater
clartty. A mintm] water clarity 18 necessary for a seedling of seagrass to
succesafully colonize a suftable barren substrate and to grow vegetatively
to some minimal size (cf. Boynton A& Heck's “critical bed size®, 1982}
necessary to provide the baffHng which will in turn induce settling and
trapping of encugh fine particles to clear the water coluwm and maintain a
tolerable light environmeat for continued qrowth. Seeds of many
anglosperms need specific wavelengths of light epergy before germination
will occur (Vazquez-Yanes, 1980; Stoutjesdijk, 1972). If, during the early
seedling stage, water clarity 13 insufficlent then the ecoaystem will not
succeed to the »e)f regulatory, homeostatic stage and a Setagrass community
will not be established.

A model of a seagrass ecosystewm including the water cclumn 13 shown in
Figure 43 as an ald te the comceptualization of the semsitive feedback
relationship between the seagrass community and  water clarity. OF
particular interest ¥ the relationship between critfcal bed size and
sedimentary baffling and attenuation.

Due to the dynamic nature of the littoral zome and coastline, normal
variations in physical and blological parameters (Burt, 1955; Kiefer and



WiN{D IRRADIANCE

RAIN

REFLECTED

a
FERTHLIZER BALCK-
t ‘L SCAYTERED
SEWAGE

ATT a1 O

SUSPENDED
FARTICLES

L2
\_
=
L)
o
[ ]
a0
[FT]
Wl
L
SEEDS

1

ExPORY

TRITICAL BED SIZE T }

"'

f"“r' 43. venceptual model ot critical teedback between hiclagical snd
plivetcal «ompuneut s ol the acaprdfs ecosvsl em.  (Symbola after dum, [YHT).



86

Austin, 1974; Kranck, 1998; S5Scott, 19/8) wmay often excred an established
seagrass commmity's abllity to adjust and survive on 4 local scale., Rapid
recolonzation — both vegetatively and sexually {via seeds) — would be
expected f water clartty perpitn. But, f - due to nutrient
emicment and subsequent plankton blooms, or partioulate runoff, or due to
a combinatfon — the light envirooment becomes orsuitable for  the
re-estabiishment of & new Seaqrass community, then the net  ssagrass
ecosystea size may diwminish despite survival of established beds mot
affected by normal local  pertubations. That #s, since there must be
thweshhvlids below which the critical Ffeedback between blological and
physical parsmeters of the system camot bDe established ({(critical bed size
and a winkeal! Hght emvirorment); replacement of sSeagrass comunities lost
due to normal processes may be iwmpomsible during periods of reduced wabter

quality and albered lght quality.

There 8 a dramtic difference between the Spring attenuation at
vegetated vs.  unvegetabed aftes, Peak attenvation at all wavelengths
doesn't occur untll labe Summer at the vegetated sttes (Figs, 14, 16, 18)
whereas the omset of high attenuation at unvegetated aftes starts during
Spering.  The May, Jume, and July pesk attenuations found at unvegetated
stations (Figs. 15, 17, 19} may be due to the baffling effect on the water

columan by seagrasaes during spring runoff conditions,

The historical pattern of increasing nutrient ewichment of  the
Cheasapeake Bay from agricultural runoff, mmicipal waste water offluent
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and wban norpoint sources and thelr presumed contribution to exoess
plarktonic productivity (Heinle et al, 1988) coupled with Increased
particulate loads assoclated with the escalating wrban, suburban and
economic development of the Chesapeske Bay's watershed my tave altered the
water clarity epough to sccoumt for the decline fin submerged aguatic
vegetation wvia the mechanise discussed above. The spectral irradlance
measurements and spectral sttenuation calculations reported in this  study
indicate a scarcity of benthic lght in shaliow sreas of the lower
(hesapeake Bay, especlally in those wawlengths most effictently used by
green plants for photosynthesis.

Wind, Gelbotoff and Jeectral Attemyation in Eatero Parge Creek

A schemstic representation of spectral energy flow through the marine
envirorment 15 presented as Figure 44, The relative proportiom of the
various comsthuents of seawater deterwine the ultmate light quality and
quantity avallable to power benthic photosynthesis. The typical noon clear
sky quanta distributions for both incident and benthic trradiance measured
at [Estero Pargo are Indicated graphically in the conceptual diagraa
Typical wmarine specific  asbsorption curves for dissolved organic matber,
nonp—green  particulate matter, chlorophyll, and pure seavater arve shown
interacting with the underwater quanta. fain and wind (Los Nortes) cause
runoff with iecreased diasolved organics and resuspemsion of particulate
matter and benthic chlorophyll bearing wmicroaigae, thus fincreasing particle
scattering, absorption and consequently botal attemuation. The specific
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spectrel energy characteristics of the water column and the forcing
functioms tmpinging on the system,

In Estero Pargo Creek the dominating infhence seewms to be from dis-
solved orgamics. If the spectral ettermation coefficlents for the mouth of
the creek are subtracted from those at the upstream stte (Curve A - Ciwve
B, Fig. 41-1), the resultant curve, Figure 41-2, way represent the attenua-
thon due solely to the constituents of the water colusn present upsiream
but mot downstrean If this cwrve (Fig. 41-2) 15 compared with the
specific absorption curves in Figure 44 amd Fig. 1b, {Introduction) #t can
be seen tat H matches the shape of the diswived organic matter curve
quite closely. The extreme attemption of the short wawelengtin decreases
downstream as the diluting effect of the waters from the lagoon becoms wore
apparent. The creek wvabers no doubt affect the light environment in the
grassbed at s wmouth, contributing to the high vioket-blue attemaation,

An example of the effects of resuspemsion caised by wind can be seen
in Figure 48, The shaded area of the Figure represents the decressed
attenuation corresponding to a decrease in wind from 1815 knots to calm
during & one hour interval. Both sets of measurements were taken during a
clear  sky, Notice that although the fincident f{rradiances at the
wid-spectral region {556-625 ww) are almost identical, the attemvation
coefficlerts and benthic {rradiances differ significantly. This s
probably due to resuspenion of particulate mstter and benthic wicroalgae.



At the Estero Pargo study site, an area of seagrasees that are
probably light-stressed {(Wetzel et al, 19682), there 3 a significant

attenvation (Z2-4 w1} of the photosynthetically fimportant short
wavelengths, 408-508 m. Incident mnoon PAR irradiance was about

23x1816  quanta-cw=Z 3”1  and benthic irradiance (z=] =) was

between 3 and 6x1816 quanta-cm2a-l, In the upsatream mangrove
swvamp chammel (Estero Parge Creek] there o extreme blue-viclet sttenuation

which 18 probably due to dissolved organica originating from mangrove
Ifther decomposftion.

At the Thalgssia study stte, wind events of even relatively mild
magnitude {18-15 knotw}, affected both light quality and quantity reaching
the plant canopy. Since the greatest attenuations occured in a spectral
region (408-525 rm) which #8 extremely fimportant Ffor absorption by
chlorophylis and acoessory pigments in higher plants, the observed benthic
trradiance distribution has  significant fmplications for asesgrass commumtty
productivity.



COMMUNITY PHOTOSYSTEM RESPONSE MODEL

Introduct fon

I have conceptualized and stwlated & wodel which traces "blue®,
‘qreen’, “yellow®, and “red" quanta as they propagate through an estuarine
water column, and are eventually abscorbed by either water wmolecules and
dissolved salty, dissolved organic watter, non-pigmented suspended solids,
or captured by "blue’, “green®, “vellow®, or "red" plant antennae (see Fig.
45). The spectrum has been arbitrarily divided into Four regfons as &
simple approximation of reality. OF course quanta of each wavelength are
different and plants attempt to capture moat of these. Correspondingly,

['ve groyped plant photosystems 1nto four categories.

The conceptual diagram presented as Figure 45 uses the symbols of the
widely used ‘Energy Circuit Language™ (also termed “Visual Systems
Mathematica®™) of H.T. Odum (1960, 1957, 1971a, 19758, 1975b, 1963). In
this language each symbol has implicit physical and blological meaning and
an assoclated mathematical structure based on  well known biological,
chemical and physical relationships, Use of this sywmbolic language frees
the creator of s conceptual model to work out all the imterrelationships of

& system without concern for the wmathematical intricacies
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during the conceptualization. After the wmodel 1is  conceptualized, the
author may then translate the dlagram into a series of smulianecus
differential equations for wathematical analysls or Into & set of
difference equations that can be digitally evaluated via 1terative
procedures in a computer lanquage. Appendin 1 lists one of the Basilc 4.8
programs developed to swulate the conceptual wmodel of an  estuarine
community photosystem (4P1G17.5) fillustrated in Figure 45 Lines 7627 -
0066 show the equations of state For tha non-bliological attenuation of
Hght and lines B1M - B9 describe the biological difference equattons

used to simulate absorption, photoaynthesis and pigment synthesis,

The wodel s forced by =easonally varying functions simulating the
relative spectral proportions of energy fincident on the water coluwn.
Atbedo {reflectfon and backscatter out of water) are then subtracted.
Seasonally varying Fumctioms For suspended solids and DOM, based on runoff
maxbma and estmated peak in situ  decomposition, respectively, interact
with each arriving spectral group of quanta and specifically attenuate
them. The relative atbtenuation s based on llterature values, especially
those of Priewr and Sathyvendramath (1981), These spectfically attenvated
quanta become unavailable to the pigmented plant photosystewms and are
eliminated from further iterstions via heat sinks.

The pigment systems — ble, green, yvellow, and red — are modelled as
cyCling receptors (Ddum, 1983) which alternate between activated (excited)
and basal states. The gross prisary production (GP) of the syatem s
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corsidered a function of the total amount of activated pigments of ald
photosystems. [Each specific ploment system s allowed to absorb all of the
quarnta surviving seawvater, particulate and DOM attenuation except for those
quanta reflected by the pigment. For example, green pigments absorb blue,
vellow and red quanta but reflect green quanta. Each plgment system fis
allowed to grow iIn proportion to the quantity of excited pigment and the
net productivity, Thus, ploment synthesis s stimulated by absorption - a
positive feedback, siwilar to the approach of Fremch & Fork, 1961.

The wodel includes two major sections: {1} Spectral attemation of
light by nmon-blological processes, (2) Bilological absorptton, reflection
and consequent photosynthetic production via wavelength specific pigment
systewms,

Prysical Attenuation

The PAR spectrum was arbitrarily divided into four broad spectral
bends termed "Biue® (300-490nm), "Green" (490-560mm), "Vellow" (560-630rm),
and "Red® (630-700mm). Fercing functions JB, JG, JY, and R, respectively
were derived to drive the model and to represent dowmnwelling 1incident
spectral irradiance within the above wavelength bands. The relative mmber
of quanta 1In each of these spectral regions of the PAR used in model
versions through 4PIG.17A was estimated from Fleld measurements of the
dowmwelling spectral irradiance distribution just above thwe water at the
Vaucluse Shores study stte during nmoon in April (see "surface insolation®,
Fig. 2). The relative values thus derived were B = 0.147 ([Blue),
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G = 9381 (Green), Y = 8.280 (Yelkow), and R = 0.265 (Red). [Estimates of
relative irradiance for mode) versions 4PIG.17.5 and beyond were based on
an average spectral distribution cakulated Ffrom data of Tyler and Smith
{1970 as plotted by Kirk, 1983, p. 29). The average spectral distribution
wad Dased on  frradiance measurements made by Tylker and Smith at two
latftudes: 42°56W and 25'45W around moon during summer. These relative
percentages were ysed to derive the individual daily time varying functions
(0B, JG§, Jv, R) for each band by applying them to a simmcidal function
for maxmum dally total PAR incident Irradiance described by Krewer and
Nixon (1978) for their Naragansett Bay model:

PARgax = 677.5 - 371.5 cos [2w(t+18}/365],

where t is the day of the year (t=1 at January 1). Thelr daily maxtmum
radiation function accounted not only for sun angle changes but alse for
dally photoperiod ilength. It Fit the predicted clear sky PAR frradiance
maximms calculated for the solatices and equinoxes. Applying the relative
wavelength band peroentages calculated above to this equation and
arbitrarily dividing by two to approximate air-water interface attemmtion
due to reflection and backscatter ylelded:

JB = 49.8-27 3cos[2w(t+18)/365]

JG = 102-55 7con[2s{t+18)/365]

J¥ = 97.5-53.5cos[2s(t+18)/365]

JR = 90-49.2cos[2w(t+10)/365],



where t 13 te mber of the day of the year. Subsequent functions

derived wming the data of Smith and Tyler (1978) For wverstons 4PIGL7.5 and
beyornd were;

[}

88.1-48.3cos[ 28 (t+10}/365]

B84.7-46.Scos[2x (t+18)/365]

94.9-52.0coa[ 2o (t+10}/365)

" 9 = &

71.1-39.8C0a{ 2% (£+18)/365]

Specific spectral attenuation coefficlents For absorption and
scattering due to the water molecules apd  thelr dissolved toms  were
estimated based on spectral attenuation distribution curves calculated by
Prieur and Sathyendranath {1981), Clark and James (1939), and Yentach
(19568). The coefficlents thus derived were kb = 6.83 {Blue), kg = 8.85
{Green), ky = 8.25 (Yellow), asnd kr = &.4 (Red), representing the
relatively large attenuation of the lJong wavelength quanta by water
molecules and dissolved fons.

Specific attenuation within these four wavelength bands due to
absorption and scattering by particles {55) and dissolved organic matter
{00My Involved the use of tiee varylng truncated sinusoidal functions to
describe  nominal suspended solid loads and the nominal quantity of DOM.
These cosine functions were based on those derived by Kremer and Nixon
(1978} to fit data of Hesa and White (1974) which described the seasonal
pattern of river flow into Naragamsett Bay. The function resulted in a
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sinusoidal Increase to s maximm Followed by a sinusoldal decresse to a
minimem which i3 sustained unti]l the next sessonal increase begins. The
functiom were devised so as to allow manipulation of the maximm and the
timing of the commencement of the increase. Suspended soHd concentrations
in eatuaries are largely a function aof runoff and river Flow. The output
of the equation thwe derived for suspended solids seemed to fit
observatiom made for the Chesapeake Bay and 1ts tributaries (Smullen, et

al., 1982} reasonably well:

$S = $2+S2cos[2w(t-51)/365],

where 51 determines the twming of the omset of the increase and $2 its

magnitude, A similar function was wused Ffor DOM concentrations:

JOOM = G2+G2cos[2s(t-G1)/365].

Specific spectral attenuation coefficlents for suspended solidas (le.,
non-chlorophyllous particulate matter) were derived from the curves
presented by Prieur and Sathyendrapath (1981: see Fig. 1b, this
dissertation) resulting In relative values of 1.8 Ffor blue attenuation
{cc), 8.5 For green {cd), 8.75 for yellow (ced and 1.25 for red (cf)
specific  relative non—chlorophyllous particulate attenvation — normalized
for blue light.
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Specific relative attenuation coeffictents for DOM  absorption and
scattering were also derived from Prieur and Sathyendranath (1961). These
estimates reswlted in relative coeffictent values of 1.0 for blue {cB), 0.2
for green {c9), 885 for vyellow (ca) and 08.81 for red ({cb) specific
attenuation due to dissolved organic material. This simulates the
relatively large attenuatfon of quanta of short wavelength by Gelbstoff.
Both particulate and DOM  attenuation are wmathematically handled as

exponential decay based on the coefficlents discussed above.

i tivi

The quanta surviving the above reflection, backwscattering, non-
chlorophyllous particulate absorption, and DOM  absorption are now made
avaliable to the four pigment systems arbitrarily defined hy thelr colors
{blwe, green, vellow, and red). PB, PG, PY and PR designate the quantity
of umexcited blue, green, yellow and red pigments, respectively, while AB,
AG, AY and AR vrepresent the quantity of activated pigment, T
conceptualized as being able to recieve apd use wavelengtis of all colors
except that of fits pamesake, blue. Likewise, PG absorbs Blue, Yellow and
Red, while PY absorbs all except Yellow snd PR absorbs all specified quania
except those defined as Red. The quanmta of light of fmproper wavelength
which impinge upon a piyment aystem are reflected and returmed to the pool
of stored lght of that color, thus becoming available to the other pigment
asyastesss which may be abke to absorb thewm. Since each plgment system can
absord three colors — any two of which can be absorbed by another
photosystem — a sapecific absorption coefficlent has been devised for esach
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pigment receptor system to alkw 1t to absorb light of a specific color In
proportion to both the mumber of quanta of that color svallable and to the
relative abundance of that particular pkment system during the iteration.

The amount of Vight “atored® underwater {B, G, Y, R) and available to
the pigment vreceptor systems ts calcylated apew at the beqinning of each
iteration by starting with the forced irradiance functions (B, JG, JY, and
J} and attenuating them via the above coefficlemts and attenuaticn
functiona.  These quanta are then allowed to be absorbed by the pilgmemta
resulting from the previous fteration. Ouring that previous {teration, the
pigments may have fincreased due to pigment synthesis or decreased due to
cataboltam — both dependent upon the rate of absorption of light for that
swecific ploment, and the overall growth or decline of the entire primary
production of the ecosystem. That fs, apecific pigment synthesis or
catabolism i controlled by the rate of increase or decrease of activated
pigment between two iterations and by the overall growth or decHne of
grosa productivity.

A single pigment photosystem and 1tes interconnectiors with the general
productivity module are diagramed as Figure 46, This example uses the Blue
photosystem with ita dpactive PB pigments and active AB pigments. G, ¥,
and R represent the mmber of quanta of Green, Yellow and Red Tight
actually mpinging upon this photosystem. The amournt of activated pigment
{AB) 1s dependemt upon the mumber of quanta, above, which interact with the
Blue pigments present ({PB). The light eperqy thus trapped 13 wmed to
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synthesize organic materfal sccumulated aa GP  (gross productivityl The
amourt of activated pigment actually converted iInte GP depends upon the
amount of P already present In addition te the size of AB, GF 13 reduced
by respiration, animal comsusption, maintenance, etc. If AB has qgrown
since the previous Iiteration then PB is pllowed to grow via pigment
aynthesis based also on the size of GP. If, however, the amount of
activated blue pigments has declined aince the last iteration then PB i3
reduoced by an amount related to that negative differential (catabolism).
Ths, when there 18 an Increasing supply of light which can be absorbed by
blwe pigments, blue pigment synthesis occurs.  But, if the Jlight quality is
such that there fa a declining supply of light of the proper colora for
absorption by blue plgments, then the amount of blue pigment s reduced.
The other three photosystess operate in the same Fashion, all Four dumping
their photoaynthetic ATP into a common GP which represents the entire
production of the ecosystem.

Since the spectral quantum yleld of photosynthesis s incomsistent
with sapectra) absorption, coefficlents kd {(Blue), ki1 (Green), ki (Yellow),
and kt (Red} were derived from data of Emerson and Lewis (1943) as reported
in  Kirk {1963) This wodification was introduced In  wodel version
4PIG17.5. {Quantum yield 1s lowest for the short wavelengths and best for
the Jomy wavelength photons. The coefficients were normalized to yellow
Hght (k1=1.9). The coefficient for Red light, ki, way set to 8.95 and
those Ffor both Bilue (kd} and Green {ki] were 3et to 8.85.
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Compytation

The model was coded n Basic 48 on a Commodore 64 with a single
VI(-1541 disk drive. The program wis set up to dimp the output of mode!?
rum to dfsk. It was quickly learmed that the disk capacity was
insuffickent For holding the output of even a three month run, 50 the
program was altered to sample the output based on the length of the run so
it would fit on & disk. The first runs of 1 year took about 3 days. A
compller was emplyed subsequently (Basic-64, Abacws Software, Grand
Rapids, M1.). Complled wversions of a 3 year run took only about 24 hours
to run and then apother 3 hours for & graphics program to read the output
from the disk and plot #t to the screen in Commodore 1782 High Resolution
{4,008 pixels). The graphics program employed a basic extemion called
Video Basic-64, also from Abacus Software. The screen graphics were dumped
to either a Mapnesmann Tally MT-1680 or an Okimate 10 printer, The
challenges of swulating a complex mode) on a Small computer were manifeld.
The model was run hundreds of tiees untll adjustments of varlous
coefficients resulted in reascnable output of a stable nature. [teration
intervals From .865 day to 8.5 day were tried. It was foumd that an
interaval of 8.1 day resulted in stable output and reasonably estmated
resyits obtained using wmuch shorter intervals,

Model Output

Some of the output of the 4PIG Models s presented in Fiqures 47
through 52, The jaggedness of the curves i3 due to allasing caused by the
Imited resolution of my computer monitor, mnot the model output which {s an
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order of magnitude more detailed than could be shown by the graphic means
available. The wupper growp of curves (Eg) plotted in each graph
represent, From top to bottom, JR, JY, J6 and JB. They are presented added
on top of one another so that the curve for JR 18 also PAR - taken by

itself. Trwe next group of curves (E,;,) are from top to bottom R, Y,

G, B — also plotted cumulatively so that once again the top curve, R, also
represents underwater PAR frradiance. The ({E ) curves were plotted

at different scales, there 5 actually an order of wmagnitude dJifference
between syrface irradiance and underwater irradiance. Below the underwater
irradiance are plotted curves ({(labelled PIGS) representing the combined
vaives of the activated and inactive pilgments for each photosyatem — for
example, ABHPH, In all of the output presemted the top PIG curve
represents Yellw (AY+PY), the PIG curve below that ts Green (AGHG) and
the curves For Red (AR+PR) and Blue {(AB+PB) taper off from start wp
condittoms to extremely low valuse by the end of each run. The bottom
curve presented In each §Figure represents GF, community photosystem gross
productivity,

The output of a four year nominal Standard Rum For 4P1G.17a ts shown
as Fig. 47, The S5tandard Run forced SS to peak in Spring and DM to peak
in late Suwmer — ecarly Fall. The relative light quality above and below
water has been changed as a result of the differential attenuation of
particular wavelengths of light by particles, the seawater itself, pigment
absorption, and dissolved orqanic materfals — all time varying themselves.
The moat obvious differences are that the relative amount of green light is



LAIJME QD

9

T 4 mme (days)

1422

Figure 48,

Qutput of community photosystem model

with 5520 and DOM=0.




106

much qreater in the submarine Tight fleld, and the underwater blue light (s
qreatly attenuated, especially in the fall when the wmodel forces the
highest concentrations of DOM, which selectively attenuates short
wavelengthe., Comparing Figures 47 and 48 brimgs out some of the changes
caused by the DOM and 5SS Functions. Figure 48 is the plotted output
4PIG.17a without DOM or 55, The underwater light, pigments and production
are all aymmetrical about the summer frradiance peaks, In the Standard
Run, with its nominal DOM and 55 loads, the underwater Jlight, pigments amd
production are both truncated at the peaks and skewed, by comparison. The
Yellow photosystewm predominates 1n all rums of wversion 17a, closely tracked
by the Green photosystem. Output from verston 17.5, mot shown 1n these
Fiqures, rever.es this — Green pigments become dominant, followed by Yellow
pigments, This s probably due to the Inchmston of quantum yleld
coeffictents in  wversion 17.5 which Favor the conversion of longer

wavelength ilght energy Into ATP over that of the shorter wavelengths.

The results of running the model with approximately triple the DOM 15
ploted 1in Figure 49, Late Summer and Fall values of PIGS amd GP
aredrastically effected, since that s when the DOM function peaks. In
Figure 58 just the opposite situation s  shulated: tripled S5 and
Standard DOM. The simulated water is so turbid that the peak Sureer
incident surface frradiance s severely attenuated causing the underwater
irradlance to be lower during summertime than during winter. This resulta
in Spring and Fall ‘“blooms® of the dowminant pigment systems, and GP.
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Tripling both DOM and 55 during the model run resulted in severe reduction
of all photosystess From Spring until Fall, as indicated 1n Figure 51.

Surface frradiance wvas held comtant at waximm imsolation during a
run of verston APIGI7.5 (fig. 52) a8 part of the procedure for stabilzimg
the output. As has been true For 1ll versiom of the model, at high levels
{for when the coeffictents lwiting gqrowth were too low) s series of
*blooms® of different photosystems resuited.  When one particular pigwent
complen was able to take advantage of the lght envirorment and grow
rapidly, 1t would change the light quality of the water to such an extent
that the very wavelength it needed would no longer be avallable in
suffictent quanttty to sustain exponential growth, but the changes that it
had caused to submarine tght quality would induce another combination of
pigment complexes to grow exponentially — and se on -~ imtl] #t stabilized.
These changes in the underwater spectra)l frradiance caused by ploment
absorption and the subsequent effect on PIGS and GP can be clearly seen in
this Figure (52). It s not unlke the sequential algal blooms sometimes
observed in estuaries,

Discussion of Mode]
The commnity plotosystes respomse model output has flaws. The red
and blue pigments decline to extremely umealistic levels, The wodel also

assumes that all other conditioms (mutrients and temperature, for example)
in the estuarine emvirorment which effect photosynthests do not exfist or
have no effect on differential pigment production or photosynthests, The



LA C D

3x55/3xdom LSS Bk k]

Figure 51.

T 3 e (days)

Output of community photosystem model
with IxS5 and 3IxDOM,




Consrant Egomayy 119

HEwY

188 T i me (days) 420

Figure 52. Sequentfal blooms and crashes of specific
photosyatems in model run with constant
maximum {rradiance.



112

model also has not been calibrated or Formlly wvalidated against fileld
conditions, However, the Inftial purposes for which the model was
conceptualized were met, le, to get a better understanding of the complex
interactions between various photons and the llving and  non-living
components of the estuarine enviromment. The wodel additionally serves as
a4 starting point for the development of further wmodels which can more
adequately address the wvalddity of the concept of & community of
cooperating photosystems which coadapt in such a way as to mawimize the
ecoaystem'a utilization of available energy — the maxmum power principle
(Lotka, 1922; Oduw & Pinkerton, 1955, Odum 1971b, 1982: Nicolia &
Prigegine, 1977).

Deapite this wmodel’s flaws, 1t serves to {llustrete drametically the
possible effects of changes 1in dissolved and =suwspended materfals on pigment
synthesis and productivity. The many phyafological coefficient adjustments
that were necessary to stabllize the output alse dewonstrated the delicate
homeostatic mechanfsms which must exist within ecosystems n order for them
te Function successfully within constantly varying environmental
constraints, The process of conceptualizing and fine tuning an ecosystem
smulation model serves to rewind one of the great complexity amd
flexibility of natura) systems and of the mutually interdependent
relationshipas existing between their blotic and  abfotic  parts. The
individual compomnents effect each other and the whole — and the whole
effects the individual components.
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f Modifications 1

I have begun simulating conceptusl model 4PI1G.18 which iIncorporates
several changes which may wmake the wodel conform wmore closely to wmy
orkyinal conception of an aquatic photosynithetic ecosystem that modifles
iteelf in respome to the underwater light quality in such a way as to
optimize capture and conversion of quanta into ATP. The changes include:
{1} separate GP for each photosystem to aliow individual reward loops
{feedback} to photosystems successful in capturing photons. All the GP's
dump into s community NP;  (2) Incorporation of the “Z-schewe® which allows
tramsfer of excited electroms from ome plotosystem to  another; (3)
Incluston of photochemically reversible photoctwomic pigments, {(If Red 1a
stimslated by photons, Blue pigments are synthesized and vice-versa [Bjorn,
1979; Voskresenskaya, 1979] .  Also, there is evidence of the existence of
a similar Yellow-Green complimentary system Thomas, & O¥elley, 1973); (4)
More realistic absorption spectra for photosystem plkment complexes; (o)
Stmulation of photofnhibition.



CONCLUSIONS

Genera} Conchmions

The physics of the propagation of Jight underwater is extremely
complex, 1nvolving the Interactfon of myrfad 1living and non-Hving
entities. One way to qgain an understanding of the ecology of underwater
Hoght 13 to attempt to conceptualize and sWmulate ecosystem models of the
submarine lght environment. Computer ecosystem models were conceptualized
and simlated which attempted to describe the interactions between light
and the estuarine enviromment with speclal reference to pigment systess,
The feasibility of deterwmining spectral irradiance amd attenuation in
shaliow estuarime waters was proven. The underwater lght envirorment of
an estuary was described. The seasenal dynamics of spectral attenuation in
the lower C(hesapeake Bay was described. A correlation between the
occurence of seagrasses and spectral attenuation was found., Parameters of
the estuarine environment poasibly responsible for the specific attenuation
were  identified. suspended  particulate watter, phytoplankton, dissolved
organic  wmaterial. Differences in  potential photosynthetically atorable
radiation were found 1n vegetated and unvegetated reqions of the lower
Chesapeake Bay.
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Light Quality and bSeaqrasses in the loyer <Chesapeake Bay
i1} A seasoral pattern of spectral attensustion occurred in the

shallow waters of the Jower Chesapeske Bay. Summer showed the highest
attenuation, sprimg and Ffall were intermediate and winter the lowest.

iz} Owver a 15 month period, the date of omnset of high attenuation

differed from year to year.

{3} The seasonal pattern of attepuation differed between vegetated
and unvegetated sites, Attemuation across the entive spectrum  at
unvegetated saites began earlfer in the year and iIncressed at a more rapid
rate than at the vegetated aites. The tramition from Tow winter
attenuatton to high susser attemation was wmore abrupt at  unvegetated
sites. There was a shorter high attenuatfon season at vegetated sites.

4}y A wuch qreater attemnuation of vioket light occured 1n unvegetated
attes during s=pring, especlally during May 1981 and March 1982. During
May, 63% less violet Hght was able to pass through a meter of water at the
average unhvegetated site compared to the average vegetated site; B8% less

through 2.0 meters. (A difference of 1.0 m-l at 441 nmi.

iS5y The variabiHty of violet attenuation was greater at unvegetated
sites during the high turbkiity seasoms.



116

([+3] The pattern and maqnitwde of spectral attenuatfon differed on
opposite aides of the Bay.

7 There was a reductton of potential light energy available for
photosynthesis by benthic green plants at the unvegetated altes. Less
light was available at those wavelengths most efficlently med by green

marine plants,

8} A critical feedback Dbetween the blological and physical
componenta of the seaqrass/water column ecosystem mmt be established If
the system 13 to maintain homeostasis. Increased levels of particulates
and phytoplankton blooms may degrade the water clarity and shift #ts
attenuation to the point that sufficient Ilght of the proper quality i

unavailable to the re-colonfizing 9seedlings of seagrasses.



APPEMDIX 1

{Commodore Basic Hstimg of 4P1G.17.5 Model)



1 REM BGRAPIGLI7.S 12/07/86

2 POKESI280, 11: POKESI281,8;. PRINT *5°

6 PnK[3ﬁ531 11 POKE3@582,8: POKE3N548, 5

526 INPUT mit}utunu QuUTPUT FILEHAH[';FS

538 1NPUT* renwmpeh O UMP STATE VARIABLES
TO PRINTER <n>-u--

1658 INPUT" =orwweND. GF DAYS FOR SIMULATION (TMAX)
", THMAX

1804 = 1

1858 PRINT"WCURRENT ITERATI{ON INMTERVAL [5"I

1868 INPUT"NEW INTERVAL <R>eh";1

2788 KBe 83 . KG=.85 KYe 25 . KRs 4

2785 (Ce] :CD=B.5 CE=®.75 ;{F=1.25 :6ax. 1

2715 (8x] T :CA= 85 .CBe. 81 CG=. 2

2725 K8u_8] :KG9= 8] :Cla. 81 . (2=.81 .Cd= 8pP81.
CSe_ 08081, CE=_R8881:C7= 00881

2758 KC=1 1 KHe] tKZml (K5e]

2775 KX=1 rK5e] t Kb K=l

ZB88 KEx_ 975 KJ=. 875 (K2= @75 (XU= 875

2858 KD=_8% .KI=. A5 :K1m) +KT=_ 95 :CH=.13
2968 KF=8 1KK=f :KImt cKy=8 tXP=. 5
2975 KL= 9885 KM= 885 :K{=, | : KN=, 895 :CL=. 75

:EM=, 75 (0= 75 CH= F5

Joed K¥Ws ] K4 3

AR50 Be2 72 Y=2. F7:G=2.57:R=1.66

359¢8 PR=3.3:PY¥=3, 3:PG=3.3,PR=1.]

4000 AB=7 5, AG=7. 5 AY=7. 5 AR=7_.5

AR@B GP=125

4518 T1eBd:S]=}85:61225;:52%2.5:6223:G3=2: 5372

4528 JK$«"N": INPUT "pomorswesmm 0L D IRRADIANCE CONSTANTQ ¢
R>=MOT"; JK%

4530 ZS54="N", INPUT"HB=HOLD RUNOFF CONSTANTEf <RDwNO]*; Z5%

4540 Z0S="N"; INPUT " megHOLD DOM COWSTANTE[ <R>=NO]*; ZD%

4550 DOS="N": INPUT "rmmpeww HANGE COEFFICIENTS®; S
tIFO0S="Y*"THENGDSUB114000

4568 TDS$="N", INFUT " roucxEpC HANGE INITIAL CONDITIONS";I
DS:; IFID$="Y"THENQOSUB140818

A578 S54="N": INPUT "PEICHANGE RUMDFF/S55”,S5%;: IF5548="Y"THENGD
SUB147809

4572 YS4u"N", INPUT"XWCHANGE DOM", YS5: IFYSS="Y "THENGOSUB1 48
a4

4575 PRINT"Z R0 WvYIEW SCREEND PUSH 'V'mm"

4576 PRINT® PEsT ( S TOPE ITERATIONS PUSH 'mXg' mam"

4578 PRINT'*@m AT 0 enPRINTERITERATIEON PUSH ‘=Pl mam"

4500 ITIMES=8; XXS=", ";Pl=( 1«THMAK}/[115%]}:LC=0

4021 OPENLS, B 15, 0PeN2 B 2 "8: "+F$+" 5 W :PRINTSZ F3
tPRINT#Z T1:PRINT#Z, TMiPRINTRZ, 1

4627 INPUTHLS, SX I IFSX>OTHENPRINT"DISK ERROR MO. *;SX

4623 TFSX=GITHENPRINT"ooF ILE EXISTS®:STOP

AG24 JFSXa72THENPRINT"paD1SK FULL":STOP

4625 IFSXa74THENPRINT"paDRIVE NOT READY®:STOP

A626 IFSKCOOBTHENSTOP

4709 OPENG G:PRINTFG, "P " OPEN4, 4,2, PRINT#4, CHDA: REM
(1) MAKES BUFFER PAUSE {2} OPENS PRIKTER

A78]1 PRINT 'csnnsnsrnaesascssant s s st asasssaaassnsenes
sdssassunsanasenena 'L "sunvuuanaan’




4742

PRINT®

INITIAL

CONMDITIDNS
4783 PRINT*"T1="T]
4764 PRINT"51="51, "S2=°52 "53="53, *Gi="G]1, "92~"G2, "G2=-

"Gl
PRINT"TMAX="TH, “I=*1
JA=88.1-48 3«{05({2»we(T1418)/365): PRINI"JB=")8,
Jo=B4. 7-46. S«CO5(2=w={T1+18)/365). PRINT" JG="J0G,
Y204 9-52«L05({2ene{T1+18)/365):PRINT*JY="]Y,
JR=71.1-39+COS{2=we{T)+18)/365):PRINT*JR=*JR
PRINT"8="B, *G="G, "Y="Y "Ra"R
PRINT“PB="P8, "PG="PG, “PY="PY, "PR="PR
PRINT*AB="AB, "AG="AQ, "AY<"AY, "AR="AR
PRINT"GP="GP

4745
4786
4787
4788
4789
4710
471%
4724
4725
4889

PRINT®

4018
4820
4838
4849
4858
4868
4870
4898
4892

4910
4558
4975
5880
818
hese
5875
5150
5168
178
5188
209
5250
5360
5354
5564
55548
56048
5658

COEFFICIENTS ——

PRINT*KB="KB, "KG="KG, "KY2"KY, "KR="KR
PRINT*CCn®CC, “CDs"CD, "CE="CE, "CFa"CF, "C3="C3
PRINT*CA="CH, "CH9=*(Y, "CA«"CA_ "CB=*CH, "CO="C
PRINT*KE="KB, "K9="K9, "({1=*(],"C2="C?
PRINT"CA4=*C4, "C5="C5, "(Ga"CE, "CT="(7
PRINT"KCm"K(, "KH="KH, "KI="K7, "K5="K3
PRINT"EX="KX,6 K5« "K5, "K6="Kb, *KF="K7
PRINT'KE="KE, "KJu"KJ, "KZ="K2, "KU="KU
PRINT KL="KL, "KM="£M, "EN="KN, "K0v*K0: PRINT*CL~
“CL,"CM="CM, “CN="Ch “CO="(0
4893 PRINT "KD="KD, "KI=*KI,6 *K1="K1l,6 "KT="KT, "CHe"CH
4854 PRINT“KQ="KQ, "KA="KA, "Fi="KW, "Kd="§4
4895 PRINTKF="KF, *"KK=*KK, “K3="K3, "K¥Va"K¥, “KP="KP
4899 PRINTHA, CLOSES 4,0
4580 FORT=TITOTHAXSTEP](REMssensssncnnenununaSTART
OF MAIN ITERATION LOOPesssneusw
4985 IFJIKSCO>"Y*THENSOOE, JB=88. ]1-48. 3«05 {2nan{T1+18)
F365)

JGx84 T-A6_5sC05{Z2=we({T1+]18)/365)
JYv94 G-52eCO5S(2eun{T1+]8}/365)

JR=*71.1-39eCOS{20we (T1+18)/365}.:G0TO5158

JB=88, 1-48, J=C05(2«wa{T+10]/365)
JG=84_ 7-45, 5«(05(Zews (T+18}/365)
JY294, 9-528(Q5{2ens {T+18}/365)
JRe71.1-39COS{Znun{T+18}/365)

1F 8<=8 THEN B=1E-38
IF G<=8 THEN G=1E-38
IF Y<=8 THEN v=iE-38
IF R<=8& THEN R=1E-38

IF PB<=N
If Pa<=0
IF PYc=@
IF PR<=8
IF ABc=8
IF AGe=#
IF AY<=8
IF ARc=®

5708 -IF GP<=80
5858 IFLC>ePIORITEI=OTHENGOSUB20268: REM WRITES ITERATION
FILE 10 FIT DISK SIZE

5958 IFP$="Y" "ORZZ$»"P "THENGOSUBLI OGRS

THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

PA=1E-238
PGa1E-2F
PY=1E- 38
PR=1E- 38
AB=)E-38
AG=1E-3B
AY=1E-38
AR=1E-38
GP=1E-J8

5951 LF((TM-.B95<T)AND(T<TM+, 895} JOR((TH-46. 9 TIAND(T>
TM-47. 1)) THENGOSUB1 8668
5955 IF((TM-319.95)T)AND{T>TM-328_ 85} )0R({{TN-228_05>



TYAND(T>TM-229 05) )THENGOSUB1 8606

5956 IF((TM-137.95>T)AND(T>TM-138_ 85))THENGOSUB] 8GR

5957 IFTM> JESTHENQOSUBL 5858

5988 GEVZZS:IFZ2%a"X"GOTOl040¢8

5981 [FZZ3<»"v GOTOG50M

5998 PRINT"<------~---v--cmmm oo oo
-*:PRINT®:2] @f="t

6008 PRINT*@iE(0):m"JB, JG:PRINT Y, JR.PRINT"@E(U/NW),
_"B, G: PRINTY R:PRINT*@INACT P1GS: m"PB; PG: PRINTPY,
FR

6025 PRINT"@ACT. PIGS  m"AB. AG: PRINTAY AR; "@GP="GP

6038 [FLCH>wPIORT=TITHENPRINT " SITERATION "1Tx"DBaesm@OR]TTE

N T3 DISKE FILE: "FS§°
8508 ITIMEX~ITIMER+1
7H27 IFZSS«) "Y "THEN7G29:55n52452eC05{53ewe{T]1-51)/365)
7629 SS=S2452eC0S(SIuwe{T-51)/365)
FESE TFZD8«<>*Y"THEN7GGED,: JOOM=(G2+G2=CO5{GI»we{T]1-G1}
1365}
7660 JDOM=G2+G2#COS(Gnw={T-G1)/I65):REM DOM
7705 DI«JBsEXP(-KB)-Ba({PR"2+PY 24PG"2}/ (PR+PY+PG)+
Ca=KBieB)
7786 D1=DYebXP(-CO=JDa{G-CCeCIe53)
7085 D2=JGeEXP{-KG)-Go{({PR"2+PY Z2+PR~"217{PR+PY+PBH )+
C5eKS=G)
7086 D2=DZ2«EXP(-COs JDe(G-LD=L3=53)
7905 Dn)YEXP{-KY)-Yo{({PR"2+PB-2+¢PG"2) 1 {PR+PB+PG}+
CoulleY)
7906 DI=DI=EXP{-CA»ID=CG-CFulI=SS)
Bllg?DE;J:-EIP{—KR}*R-{[Pi‘?+Pﬂ*?+FB'2}F{PT+PG+PB]+
- - :|
8083 D4uDE«EXP(-CBeID={G-CFe{3eS55):REM DOM ATT, &
85 AT.
g0e6 AxDie]: GeD2e]: Y=0D3#] :R=DA«I:REM FFFITERATE U/
W LIGHT IR
A098 REM" AAB
B108 D5S=PR 2xKXn((Y/{PB+PR+PG))+{G/{PB+PR+PY} )¢ (R/{PB+
PG+PY)) )-AB=KC
8198 REM* ARG
a208 DG=PO " 2eK5«{{Y/(PG+PR+PB) )+ (B/(PG+PR+PY)}+({R/(PG+
PB+PY )} }-AG=KH
BZ298 REM" AY
BI0d D7=PY 2okl ({B/{PG+«PY+PR} )+ {F{PB+PY+PR))+{R/(PB+
PG+PY ) ) )-AYsKZ
8398 REM® AR
408 OB=PR " ZekK7a{{B/{PG+PY+PRY I+ {G/{PB+PY+PR})+(Y/{PB+
PG+PR) ) }-AR=KS
8508 JFDS>OTHENDG=AB»EL+ [KF«DSeKL =GP ): GATOASZA: RfM"
~PB
B518 DI=AB» (KC+KE=D5eCL): REMN D58
8520 DYnDI- (KFukPeTL4PB " 2aKXa{ (Y/{PR4PG+PR) ) +{G/{PB+
PY+PRY)+(RI{PB+PG+PR} ] })
A548 JFDEOTHENEY =AGeKH+ (KJaD6=KM=GP ) : GOTORS560: REM"
PG
A558 El=AGe(KH+¥.JeDE=CH):REM DG <h
B5S60 FleEl-(KKeKPuTL+PG " 20K5«((Y/(PB+PG+PR))+(B/(PG+
PY+PRYY+{R/{PR+PG+PY )}
B588 IFD7?>OTHENEZwAYsKZ+ (K2eD7oKOaGP): GOTOB598; REM®
~PY
B5BS [2=AYe (KI+K2aD7e{0):REM D7 <@
B598 E2=E2- (KJaKPaTL+PY " 2sKBe{({B/(PY+PG+PR) )+ (G/(PB+



PY+PR)I+IR{PB+PO+PYYI )

B6AS TFDBYOTHENE3I=ARKS+ [KU+DB=KN=GP): GOTOOG28: REMN"

~FPRE

BG18 EI=AR={KS+KU=DB«CN):REMN DB<@

A678 EJcEI-{KVeEPaTL+PR"2aK7=({Y/{PB+PG+PR})+{G/{PB+
PY+PRYY+(YI(PB+PG+PR) ) ))

8720 Eadu(PelHa(KOsAB+KI=sAGeKiuAY +KT=ARY -GP o { KWoEd=GP)
: REM® AGP

B732 IFDS>OTHENEA=E4-DS=KE=GP oKL

B736 1FDG>STHENEA=E4-D6=K J=GP=KM

748 IFD7>BTHENEA=ES-D7uk2«GP=KN

A744 JFDR>OTHENEA=E4-DB=KUsGP =KD

B988 AB~AB+{DS«] ): AGaAG+ (DB=])

8928 AYaAY+ (D71} ARnAR+{DB=1) i PB=FB+{D9=]).FPGoPG¢([]=
Iy¢PYePY4(E2n]}

BGI8 PRePR¢(E3w]}:GPuGP+(Ede])

988 IFLCC<(Pl+1)THENLC=LC+1

9858 JFLC = (PI+]1)1THENLC=1

G999 MEXTT: REMeteet-v e ENDMA I NeL QOP tvttn ittt bttt

lﬂlti ﬂﬁiﬁz,sls=EETﬁli#:EHD!:PﬂlﬂT'lTI-'l?i:PPIHTJ4:
CLOSE4 4.0
10482 [FST<BTHEM1NA9Y
19484 GOSUBlaGuA
10488 IFSX=BITHENPRINT"woFILE EXISTS™
10409 IFSXK=72THENPRINT"DISK FULL"
18418 IFSX=7ATHENPRINT“EnDRIVE NOT READY®
18499 JFST<OTHENPRINT"DEVICE lg} PRESENT Eﬂﬂﬂﬂ;g{ N
: " 6: 5 : O T ] 1
laﬁ.ﬁgﬁiﬂ'l?éfzﬂpﬂf(gsl"‘r‘ﬁ* U*:PRINTSG: CLOSES, b N

16501 FHD

18600 OPENI, 4, 2:PRINT#1:CMDL: FFST<BTHEN10499

10681 PRIKT - - ———— e rmmmm et e mr e - -
---------- ";PRINT" aT="1

10682 IF{TM-319.95>T}AND{T>TH-328, 85)THENPRINT"Q
STATE VARTABLES DURING MID-WINTER, .

18683 IF(TM-46_95> T)AND({T>TM-47_ B5)THENFPRINT g

STATE YARIABLES DURING NIOD-FALL: *

10684 TF{TM-228.95>TIAND{T>»TN-229, 85)THENPRINT "
STATE VARIABLES DURING MID-SPRING: *

10685 [F(THM-. 895«TIAND(T<TM+ 895 )THENPRINT"O STATE
VARIABLES AT TMAX. *

10686 IF{TM-137,.95)TIAND(T>TH-138. 65)THENPRINT*R
STATE VARIADLES DURING MID-SUMMER: *

10687 IFZ2Z2%="X"THENPRINT *"g STATE VARIABLES WHEN
EXECUTION TERMINATED:

18618 PRINT*;@=" JB; JG; JY; JR: PRINT*E{U/W}=* 8;G;Y,R:
PRINT*INACTIVE PI1GS=" PB;PG;PY;PR

10828 PRINTTACT.P1GS=" AB|AG AY{ AR, PRINT "GP "GP

10638 IFLC>=PIORITS=BTHENPRINT*mITERATION"ITS" inppumpuaWwRITT
EN TO DISE FILE:"Fs*

10648 PRINT#1:CLOSEY.RETURN

11098 DAS«"N"; INPUT"BRCHANGE ATTEMUATION COEFFICIENTS®; DAS
rIFDAS="Y*THENGOSUS 12888

11818 DBs="N";: INPUT"mr2CHANGE BIOLOGICAL COEFFICIENTS™;DBS
st JFDA4="Y"THENGOSUR 3082

§1100 RETURN

12008 WAS="N";: INPUT* ICHANGE PURE SEA WATER ATTENUATION
* WAL LFWAS="Y"THENGOSUB12588

12018 SAI="N": INPUT*"IWCHANGE 55 ATTENUATION VALUES®";S5AS



: IFSAS«"Y"THENGOSUBLZ2G08

12020 GAS«"N", INPUT"RHARGE DOM ATTENUATION WALUES™, GA%
i IFQAS="Y"THENGOSUBL 2788

12025 H34n*N"; INPUT"PRCHANGE QUADRATIC HEAT STHK"; HSS
t [FHSS$=*¥ "THENGOSUBL 2800

128638 RETURN

12588 REM CHANGE SW K

12518 PRINT*KB="KB, "KG="KG, "KY="KY, "KR="KR: INFUT "GNEW
KB, KG, KY, KR";KB, KG, KY, KR

1252=RPRIHI'-'E’MLUES STORED AS: AESEMISIEISOESEREM " K0 KG; KY

12599 RETURN

126808 REM CHANGE 35 K

12618 PRINT*CC="CC, "Ch=*CD, "CE="CE, "CFu"(F,"C3="C]

12612 INPUT*gNEW CC, CD,CE,CF,C3";€C.CD.TE,{F,C3

12628 PRINT"-smVALUES STORED AS: nimnossndasaafbibBM“CC; CD; (L
; CF;C3

12699 RETURN

12788 REM CHANGE DOM K

12718 PRINT"CA="CH_ "({O9="C% *“CA="CA,  "CB="{8, "CG="CH

12712 THPUT"DMEM C8,C9,CA,CB,CG",C8,C9,CA, 08,00

12720 PRINT"nmVALUES STORED AS: muusaadlESiMEE "0, C9; CA
. CB; CG

12799 RETURN

12804 REM CHANGE QUAD HEAT STNK

12818 PRINT*KB="KB, "K9="K%9,*C1="C], "{2="[2

12812 PRINT"C4=*C4 "“CH="CH, *C6="CH, "(7="(7

12813 IMPUT"@NEW KB K9,C1,C2,C4,C5,C6,C7*KB,K9,C1,
€2,C4,05,(6,C7

12828 PRINT"n@VALUES STORED AS: AEISpubaRetbanEded" K8, K9; C1
;C2,CA;C5;C6;C7

12899 RETURM

13008 ABS«"N": INPUT"EmCHANGE PIG ABSORPTION COEFFICIENTS™; A
B4: IFABS="Y*THENGOSUB] 3508

13R10 PSS="N"  INPUT"RICHANGE P16 SYNTHESLS COEFFICIENTS®;PS
$. IFPS$="Y*THENGOSUBL 368D

13815 GPS="N'  INPUT"ILCHANGE GROS55 PROD. COEFFICIENTS®;GPS
t IFGP3="Y"THENGOSUB1375¢

13820 RSS="N", INPUT"BLCHANGE RESPIRATION COEFFICIENTS";RSS
 IFRS$="Y"THENGOSUB13788

13038 PHS="N" INPUT*HXHANGE PHOTOINHIBITION VALUES";PHS
: IFPHE="Y"THENGOSUB1I0 08

13831 RETURN

13588 REM CHANGE F1G ABSORPTION &

13510 PRINT"KC="KC, "KH="KH, "KZ2="KZ, "KS="K5

13512 PRINT"KX="KEX, "K5="K5, "K&G="K6, "K/="%7

13513 INPUT"DNEW KC,KH,KZ, S, KX, K5, K6, K7*,KC, kN, KZ,
KS,KK,K5,K6,K?

13528 PRINT*"-mYALUES STORED AS: mpancsunnEBaiBaEandds" K {; xH; K7
s K5 KX K5, k6 K7

13599 RETURN

13608 AREM CHANGE PIG SYNTHESIS K

13619 PRINT"KE="KE, "KJ="K.], "E2»*“K2, *EU=*KU

136172 PRINT*KL="%KL, "KM="KM, "KO="KO, *KN="KN: PRINT "L =
*CL, "CHM="CM, "CO="CD, *CN="CN

§3613 INPUT'"DNEW KE, KO K2, KU, KL, KM, KO, KN*; KE, KJ, kY,
KU, KL, KM, KD, KN

13628 PRINT"rp¥ALUES STORED AS: mesdeusMMESRIODEE" KE;K.J; K2
P KU KL KN, KD; KN

13627 IWPUT"CEWNEW CL CM, CO, CN";CL,CM, LO.CN



13624 PRINT "rmVALUES STORED AS: misaseunsesseusemsm™CL;CH; {0
. CN

13699 RETURN

13768 REM CHANGE RESPIRATION X

13717 PRINT"KW="KN, "Kd="K4

13713 INPUT“GNEW KN, K4° KN, K4

13728 PRINT*rmVALUES STORED AS. MAOESESBORSSONEBEM"KW; K4

13749 RETURN

13758 REM CHANGE GP K

137680 PRINT*KD="KD, "K1="KI, "K1="Kl “KT="KT, "CH="CH

13773 INPUT"@NEM KD, KI K1 K7, CH*;KP,KI K1 KT, CH

137880 PRINT "-@VALUES STORED AS: MEuDEEESeRsSseEaN"XD;K]1; K]
(KT CH

13799 RETURN

13868 REM CHANGE PHOTOINHIBITION K

13818 PRINT*KF="KF, "KK="KK, "K3="KJ, *K¥="KY| "KP="KP

1381 INPUT*ONFW KF KK K3 KV KP"(KF, KK, K3, KV KP

13829 PRINT"mVALUFS STORID AS, musevenssesesmssewms”Kf;KK; K3
KV KP

13899 RETURN

14616 T13="N", INFUT*BCHANGE INITIAL DAY (T1) [Y/<R>
aW)*; T1$: IFTL$a*Y*THENGOSUB14608

14028 [R3="N"; INPUT*:gpCHANGE INITIAL IRRADIANCE®;IRS
cIFIRS="Y"THENGOSUB14160

14825 PAS=*"N": INPUT"ZBCHANGE INITIAL ACTIVE PIGS™;PAS
V IFPAS="Y"THENGOSUB14768

140360 PGS="N", INPUT"mmCHANGE INITIAL INACVIVE PIGS®;PG%
t IFPGS=*Y " THENGOSUB144848

14040 UWs="N". INPUT*ImCHANGE INITIAL U/W IRRADIANCE";UWS
 IFUMS=*Y"THENGOSUB14200

14858 PP$="N": INFUT*"S@CHANGE IMITIAL PRODUCTION®:PP$
cJFPPS="Y"THENGOSUR14500

14099 RETURN

14188 REM CHANGE INITIAL IRRADIAMCE

14118 PRINT*JA="JA *JG=*DG, "JY="JY, "JR="JR

14129 INPUT=EMEW I8, JG,JY, JR"; I8, JG, J¥, IR

14133RPRIHT'?]5'I’!LUES STORED AS: msenessesssnsgnenm® JB; JG; JY
i

14199 RETURN

14208 REM CHANGE INITIAL U/W IRRADIANCE

14218 PRINT"B="B, "Gs"G, "Y="Y, "R="R

14220 INPUT"GNEW B, G, T, R";B,G,Y R

14238 PRINT"~@WALUES STORED AS: AnmeausnNassuassam“0; G, ¥; R

14299 RETURN

143080 REM CHAMGE IMNITIAL ACTIVE PIGMENTS

143180 PRINT*AB="AB, "AG="AG, "AY="AY, "AR="AR

14328 INPUT"GNEW AB,AG,AY,AR"; AB, AG, AY, AR

14330 PRINT"sVALUES STORED AS: MSSESERNDREREEEM " AD; AG; AY
pAR

14399 RETURN

14480 REM CHANGE INITIAL INACTIVE PIGMENTS

14416 PRINT"PE="PB, “PG="PG, “PY=a"PY, *PR="PR

14428 INPUT"GNEW PB PG PY PR";PD, PG, PY,PR

14438 PRINT nevALUES sTORED AS: messsewumuwesnspemi®PB; PG; PY
; PR

1449% RFETURN

14588 REM CHANGE INITIAL PRODUCTION

14518 PRINT*GP="GP

14528 INPUT*GNEW GP®(GP

14538 PRINT"BVALUES STORED AS: RESEURROSRIEDEREENN"GP; NP



14599 RETURN

14608 REM CHANGE INITIAL DAY

14610 PRINT"WINTER: }-91°, "SPRING: 92-182", *SUMMER: 183-
274", "FALL:275-365"

14628 PRINT"Ti="T71

14638 INPUT*EMEW T1°;T4

14649 PRINT"ssVALUES SYORED AS: ApaneminnslasmBMW" T 1

14699 RETURN

147848 REM CHANGE RUNDFF /5SS

14718 PRINT"Gl="Gt, "GZ="GZ, "6GI="G13

14728 INPUT"G@NEW G1,6G7,G31";61,G2, 63

14738 PRINT"SEVALUES STORED AS, unnaanaeeessunssm Gl ; G2; G3

14799 RETURN

14880 REM CHANGE DOM/GILVIN

14818 PRENF*S1="5),=52=°52,%53=", 53

14828 INPUT“GNEW S1,52,%$3";%51,52,53

14839 PRINT“A@VALUES STORED AS: ANMDENESOBEEEeaEN’S51;52;5]

14899 RETURN

(5850 REM PRINY MID-SEASON VALUES

15868 ON-{{44. 95<T}AND{T<45 85))-{{135.95«T1ANMD{T<136.05)
JGOSUB10688

15865 ON-{{226.95<TIAND({T<227.05))G0SUB196H8

15870 ON-{{317_ 95%<T}AND(F¢318.85))GOSUB1e5608

15675 LFIM<731G0TO15892

15878 ON-[(489.95<T)AND(T<418.85))GOSUBLe6AD

15888 ON-{{568. 95<TIAND{T<581.85})-((591.95<TIAND{T <592 .05)
YGOSUR1MGSS

15898 ON-((682.95<TJAND(T<683.085))60StB186080

15892 TFTM<IO96THENRE TURN

15095 ON-{(774.95<T)IAND{T<775.85})GOSUBLI8600

15908 ON-{{BE5 95<TIAND{T<B66.85))- ({956 . 95<T)AND[T<957.85}
JGOSUBL1AGEA

15911 ON-({({1047.95<TIANDL{T<1848. 05)}1GOSUBLOGAD

15999 RETURNW

20208 THaSTRS(T): IBS=STRS{ID): IGS=STRE{IG): Ir$=STRS
{JY) e JR$=STRS{ IR}

28281 BS=STRS{B):G5=STRS{G):V3$=STRS{Y)1:R$=STRS(R):FBS
-srns:Pnj=Pﬁs=STns(Pﬁ;

20282 PYSmSTRS(PY): PRY=STRS({PR): GP4=STRS{GP)

28203 ABS»STRS(AB): AGS=STRS{AG)

20284 AYSuSTRS{AY): ARS=STRS{AR)

20206 SS$mSTRS${SS): IDS=STRS(JID)

20214 PRINTFZ TS XX$;

26220 INPUTHLS, SX, IFSX<>OTHENPRINT*DISK ERROR MO. *;SX
AT e, 7:G0TO18488

28221 TFST<«BTHEN1®499

20223 IFVAL(JBS) <. BLTHENPRINTZZ, JBS XX$,:G0T020238

28225 PRINT#Z LEFTS(JBS,5) XX$;

28234 #F?AL{JG$]<.GITH[HPRIHTIZ.JE$ XKXS;1G0T028248

78235 EIHle.LEFlitJGS,E& XX

20248 IFVAL(JY$)<. O1THEWPRINTZZ, J¥s KX$,:G0T020250

28245 PRINTEZ LEFTS(JIYS.5) XNS;

20250 IFVAL{JRS)<.DITHENPRINT#Z, IR GOTO28266

28255 PRINT#2,LEFTS{JIRS, 5)

20266 _LFVAL(BS) <« OLTHENPRINI#2. B8 XX&:: 6507020276



20258
20255
20266
8270
28276
zZozae
28286
2872380
24296
20386
28329

IFVAL (JR$) <. 81 THENPRINT#2, JR$. GOT028266
PRINT#2, LEFTS{ RS, 5)

TFVAL{BS)< 8YTHENPRINTEZ, BS XXS$;:GOTD28276
PRINTZZ LEFTS(BS 5& XXS$:

TFVAL(GS) <. OLTHENPRINT#S, G$ XX5,.GOT020206
PRENT#2, LEFTS(GS,5) XX$,
TFVAL(YS) <. O1THENPRINT#2, Y5 XX$;:G0OTD20296
PRIHT!E.LEFTS§T$ sa XXS;
TFVAL{RS)<.01THENPRINTZ2, R$. GOT0O28320
PRINT#Z, LEFTS{RS,5)

GOSUB28688, REM =«MEW LINE NUMBERS NEEDED TO

MOVE SUBR HEREw«

781359
20360
208369
20378
20379
ZR388
203889
204089
20450
20455
285618

IFVAL{PBS)<. 61 THENPRINT#2, PBS XX$::G0T020369
PRINT#Z, LEFTS(PAS,S) XX3;
IFVAL(PGS) ¢ OITHENPRINT#Z, PGS XX$;:GOT028379
PRINTS2 LEFTS{PGS,5) XX$;
IFVAL(PYS} <. OLTHENPRINTS2 PYS XX$;:G0T028389
PRINF#2, LEFTS{PY¥$,5) XX$;

IFVAL(PRS )<, OITHENPRINT#2 PRS: GOTOZ0458
PRINTZZ, LEFTS{PRS,5)
IFVAL(GP$) <. DI THENPRINT £2, GPS XX$;:60Y0D205180
PRINTHZ, LEFTS(GPS, 5} XX%;

PRINT#Z,SSS: REM ADD DOMS$ AND CONVERT “GROGR*

FOR READ/PLOT

20599
20600
286509
206648
20669
20678
28679
28688
28689
28695
28699

RETURN

REM WRITE ACTIVAVED PIGS TG DISK
IFVAL{ABS) <. ®1THENPRINT#Z, ABS XX$;:GOT020669
PRINT#2, LEFTS(ABS,S) XX$,
TFVAL{AGS) <. 8ITHENPRINT#Z, AGS KX$, GOTOZ28679
PRINTEZ, LEFTS({AGS, S XX$;

IFVAL{AYSYC. OLTHENPRINTE2 AYS XXS$;.GOTO20689
PRINTHZ LEFTS{AYS, 5) NX$;
TFVAL(ARS} <. @LTHENPRINT#2, ARS: RETURN
PRINT#Z,LEFTS{ARS, 5}

RETURM



MPEDIX 11

{Commodore Basic listing of Graphfic Routine used for reading and plotting
sequential disk Flles of 4PIG.17 output. Written using Abacis Software's
"Yideo Basic 64"



|l REM GREBOGR. G L)1/ 24/86

J POKEIASB] , {1 POKESIZER, 1]

4 POKE3OSB2 &:POKESIZ?RL &

5 POKEJG548 5

1848 INFUT*FrvelEBm] 5 VE-64 IMPLIMENTED <R>=¥ES"; 50%

118 IFSGS="H"THENPRINT"Om " ¥BDEV": [ ND

4080 F$=®a® INPUT "pommermdf ILE TO RFAD [<R>=«]";F%

538 [NFUT * i s e UMP STATE YARIABLES
TO PRINTER <Ry=Nm";P%

532 JFPS="Y*THENPFP$=*P*. QPERG, &: PRINYIG, "P*

S48 REM: (NEEDS WORE )} [NPUT "poeeseonRI DEMTIFY
POINTS WITH MARKS <R>=Nw*;(%

546 INPUT"gZSUPPRESS CONNECTING LINES <R>c=MO";: LS

1608 REM: ++++GRAPHIC PROPORTIOMS++++ Py
P N Y S P

1788 MPu]l OMAX=1@, YQ=S4/0M, Z0=. 4. FM=1.U7=1_ 2 :MB=4:
MW MV e, MR=@: FE=]1:FG=]l.F¥=1

1781 FR=1:MPcA

1782 ZQS="*. INPUT"BLHANGE IMCIDENT LIGHT SCALING FACTOR®;?Z
Q$:IFZQ5<>"Y"THEN] 706

1704 PRINT"Z(Q="2Q: INPUT"GNEN 70*;20:PRINT"wSTORED AS.
"I

1796 UZ5="": INPUT*"m) HANGE U W { [GHT SCALING FACTOR® el s
cJFUZScr"FY "THENL7I®

17068 PRINT UZ="LUT: INPUT 3NEW U7";U7:PRINT*®STORED AS:
“ui

1710 MES=""  INPUT *sggCHANGE PIGMENT SCALING FACTORS ™, Mt $
+JFMFS<)"Y*"THENLGRS

1712 PRINT"MFc"MF: INPUT GNEW MF " . MF . PRINYV*OSTORED AS:
“MF

1714 PRINT "y MB="NB; " MG="MG; " MY="MY;" MR="MR:PRINT"RFB-=
"FB; " FA="FG;" FY="FY." FRa"fR

1716 INPUT“DNEW MINIMUNS: WB, MG, MY, MR"; MB, MG, MY MR
PRINT*@STORED AS: *MB, MG, MY, MR

1718 THNPUT"cmMNEW MULT. FACTORS: FB, FG FY FR";FB,FG, FY,
FR:PRINT"®STORED AS.*FB.FG, FY,FR

1808 FNS$=*" INPUT"SCHANGE PRODUCTION SCALING FACTORS®; FM$
:JFFME<>"Y*"THEN] 988

1628 PRINT"FM="FN; "MP="NFP; [KPUT"NEW FM, MP*, FM _MP.PRINT "&5T
ORED ASc"FM, WP

1838 FORI=1TOS500: NEXT
1988 BREM++ 4444+ 4+ ANES+ 24 4444 44 4 4444444+ 2 b 4444 +4

I EL AL E LSS I P E R LY R RS S 2 X

1950 HIRES 1,12 :TIC 1,},14

1968 DRAWZ2S,128, 299, '28,14

1961 DRAN26,129, 299,129, 14

1962 DRAMN28,153 299, 153,14

1963 DRAWZS, 154, 299,154, 14

1964 ORANZ®, 74,299, 74, 14

1965 DRAN2®, 75, 299,75, 14

1967 BOX19,19, 380, 188,14

1968 BOX28, 28,299, 179, 14



1969 80X1,1,318,198,14

2818 CHAR3, 7,176,114, "a"

2011 CHAR:, 7,168,114, "u"

2012 CHARY, 7,168, 14, "A"

2813 CHARI, 7,152, 14 *'N"

2014 CHARI, 7,144 14, "'T"

28015 CHARI, 7 136,14, "A"

2028 CHARY, 7,81, 14 "9"

2058 CHAR1Y, 108 12, 14, IME"

2068 CHAR3I, 178, 12,14, “{(DAY3)"

3eed OPEN1L,8,15:0PEN2, 8,2, "8; "+F%+* 5 R"

Ie58 TNPUTELS, SX; IFSK<SOTHEN: NORM: PRINT"ERROR": SX: G0T09999

3108 INPUTRZ NFS T1 TMAX, I

J128 CHARY 185,195, 14 NFs$

I138 T1%=STRS{TYI):CHARL, 7, 17,14 LEFTS(T1%,4}

3150 NORM;PRINT"QREAD FILE: * NFS

J151 PRINT"3T1:"; T PRINT"mTMAX: " THMAX

3152 PRINT " I:";:1

3168 CFesm*Y ", INFUT" X ORRECT FILE <R>=YES";CF%: IFLFS
Cry*Y"THENCLOSEZ: CLOSEL1S . GOTOAND

1588 INPUT"meEpNEW TMAX [ENTER NEW TH OR <R>=NO]"; TN
PRINT"®H]1": TP=TM-T1

I185 MNGS=NF S, NFS="N": INPUT"[3ENTER NEW PLOT TITLE (<R>
ENG) " MFS: TFNFS="N"THEN]I]G®

3186 MODEL: CHAR7, 105,195 1,6 NGS: MODES: CHART, 185, 195,
14 NF$%

3187 DRAWZ®, 188 388 1B8 14

J188 DRAWZE, 179,299, 179,14

3189 DRAWZ®, 198,318,198, 14:DRAMZS, 199, 318,198, 14

3199 TMS=STRS(TM) CHARL, 277, 17, 14, LEFTS${THMS S): NORM

208 XT=279/TF

Jz41 REM JB=49. . 8-27, Jal0S5({2»x«[TP#5+18)/365)

1282 REM CHARA, (TP/5)uXT+28, J8=20+152,2, "gBLUE"

Q249 REMCC e 044 L{e (< ¢CCL{START
LOOP»> >335 32333333333 133)3)

3250 INPUT#Z,T%,JB%, JGS, JVS%, JRS

3251 INPUT#Z2 BS, G3, Y5 RS

3252 REM IFACTSc"Y-THENGOSUBI111)

3253 TNPUTF2 ABS, AGS, AYS ARS

3254 INPUTEZ2, PBS,PGS, PYS PRY

J255 INPUT#2, GPS, NPS

1265 JFSTaGATHEN: NORM:PRINT"END OF FILE®: GOTO9599

3383 T=WAL(TS)

3384 JIB=VAL(JBS}

3386 JG=VAL{JGS)

3368 Jy=vAL{J¥%)

3319 JR=VAL{.RS)

3312 BeVAL{BS)

3314 G=¥AL(GS)

3316 v=vAL{Y%)

3318 R=VAL(RS)

3328 AB=VAL[AB

331721 AG=¥AL{AG

3322 AY=WAL{AY

33723 AR=VAL[AR

3324 PB=VAL(PB

3325 PG=VAL{PG

3326 PY=YAL(PY

3327 PRaVAL(PRS

3328 GP=VYAL[{GP3)

$)
%)
%)
$)
$)
$)
$)
)



568008 GETPPS: IFFP3="P “ORFS="Y"THENGOSUR31GaB4

3798 PRINTY ------------- gr=";7; "#-------~--=r---

56808 PRINTJIO, JG,JY, JR: PRINT"": PRINTB, G, Y R.PRINT"":
PRINTAB, AG, AY, AR: PRINT""

818 PRIMTPE,PG,PY,PR:PRINT"* . PRINTGF

5058 IFT=TITHENOKS="Y". INPUT*" 500K [<R>=<YES]",0K$: IFOKS
<O)"Y"THENCLOSEZ: CLOSEL1G,: GOTOA80

5909 TPSeLEFTS{TS 7)

5984 MODEL: CHARZ 248,193 14, ~T=*.CHARZ, 248,193, 14, °Q

", MODES

5985 GRAFH: MODEY: CHAR2, 248,193 .14, " “:MODES:
CHARZ 748 193, 14, "T="+TFP%

5918 IFCS="Y "THENGOSUBGZOMA

59728 IFLS$S<>"Y*"THENGDSUBGOBAR

6158 IFT=T1THENGZ258

ﬁlﬂlﬁ?ﬁﬁ:{T*Tl}*:T*?ﬂ.JB‘Zﬂ*lﬁ?,{U—Tl}'IT*zﬂ.IB‘zﬁf
157,1

6198 DRAW{T-T1}=XT+20, ZQ#{JR+JG)+157, (U-TE)=sXT+28 Z(«
{IB+IG)+157, 14

6198 DRAW{T-T1)aXT+20, 2Q0=({JE+JG+JY)+157 {U-T1aXT+28,
Z0»{TB+IG+IY}+157 8

622% DRAN{T-T1)=XT+28 2Q=(JB+JG+JY+IR)+157 (U-Tl)=)XT+
20,20 (I8+16¢1Y+IR)+157, 11

6222 DRAW{T-T)1)=XT+28, 131 +BaliZ, (U-T1)}=XT428 131+C=l2,
15

6224 DRAW(T-T1y»XT+20 131+iB+G)=U2, (1/-T1}=XF+20, 131+
{C+H)=UZ 14

€226 DRAW{T-T1)=XT+28, " 31+{B+G+Y)=lZ (U-T1)axT+208 131+
(CeHeZ}oUZ, B

6228 DRAM{T-TL)»XT+28, 131« {B+G+Y+R)oUZ {U-T]I})eXT+28,
131+{C+H+7+5)eU7 11

6258 REM IF{PB+AB}»Y(Q>54 THEMNGI8S

6380 DOT(T-T1)=XT+20, MF=(PB+AB-MD)eYQeFA+77,7

6385 REM IF(PG+AG)=Y(»54 THENG311

G110 DOT{T-T1)=XT+20 MF=(PG+AG-MG)«YQeFG+77,6

6311 REM IF(PY+AY)eY(Q>54 THEN6312

6312 DOT(T-T1)eXT+ZB8 NFo(PY+AY-MY)=Y(Q=FY+77 B

6313 REM IF{PR+AR)=YQ>54 THENG3IZS

6314 DOT{T-T1)«XT+26, MFe(PRIAR-KR)sYQ*FR+77, 3

6325 REM IF GP«Y(>53 THENG4MS

6338 DDT(T-T1)=XT+28, (GP-MP)sYQ=FM+Z2 5

6408 QB=PR: QG=PG: HP=GP: U=T; CoB: H=G: F=Y:5=R: Q¥=PY: QR=
PR: IB=JB, I1G=JG: I¥=2Y

6418 IR=JR.8B=AB.BG=AG: BY=AY,BR=AR

G998 GOTOIZ258, R(M sssscassspsasssdessasssasssannansans
snsssesfEND OF LOODPassssnscsannssn

9999 CLOSE2: CLOSELS: PRINTSG, "U":CLOSES, 6

10418 FORW=1T04888: NEXT

18428 NORM

10438 PRINT "TESEEEsERF USH :RETURN BTO CONTINUE": PRINT*~CON
IO, "oz 5TOP

18432 PLS="N": INFUT"FROGRAM LISTING TO SCREEN<E?
sN@"PL%

18437 IFPLS="Y"THENFORLZ=1TO1508: NEXT  LIST

18448 INFPUT " seeeeee@mmDUMP GRAPHIC OQUTPUT TO DISKa*;G%
. POKE53288, 11.POKE53281, 8

14458 IFGS$="Y "THENGDSUBISABS

19468 POKESI280 11 POKESI201, 6: TWPUT "M HARD COPY OF
GRAPHEB<R>=N*"[H%



10482 IFH%="Y" THEHGUSUE4D!§&

10476 Liad dds i e Catasiig a e

LISTING <R>-I.' PL!

10475 IFFLi-'T'THEﬂﬁﬂSUBS!lGE

10458 INPUT* I FROGRAM LISTING TO SCREENwm <R>=h™,PLS

19482 IFPLS="Y" THEHFHRLI LTORSME: NEXT LIST

194483 INPUT " ivrER AP EHAANSAYE THIS VERSION
‘R>=N", 57%

19404 Ifszs--v'rH[uPﬂluI'amwﬂ,ﬁlaaﬁ::::‘:PﬂtESHEBﬂ,
8:POKESIZBL, 8: L1578

10497 1HPUT "prrerrm SR SR EEERAL 1 FINISHED «<R>
IH',-.JH

190498 [FZ5=*Y“THENGGTO] A58

10499 [F25<>"Y*GDTQ18428

10588 FORC~1TO2:FORZO=]TOZO:CZeCZ+1: POKESIZE0, (246,
POKES3281, C2+8; NEXTZQ, C: GRAPH: NORM

18581 END

11118 REMsssssasassaS UBROUTINES#sesunusns

11111 REM INPUTHZ, ABS, AGS, AYS, ARS:RETURN

170080 REM ACT PI1G PLOT ROUYINE

12258 REM I[F AD«YQ>54 THEN1Z385

123008 REM DOT({T-T1)eXT+28 MF«ABeY(Q+77 7

12385 REM IF AGsY(Q254 THEN1Z311

12318 REM DOT{T-T1)mXKT+28 MFeAGeYQ+77 6

12311 REM IF A¥«7(Q>54 THEN12313}

12302 REM DOT{T-T1)=XT+2B MF=AY=Y0+77 B

12313 REM IF AR=Y(>5%4 THENRETURN

12314 REM DOT{T-T1)=XT+28 MFsAR=YQ+7 ¥ ]

12999 RETURNM

20008 MFSTATUS=GATHEN; NORM:PRINT"END OF FILE®: GOTO9999

208818 RETURN

184099 REM PRINT ROUTINE

39410 JOPENL, 4. PRINT#LI.CMD]

38828 PRINT" -~ ---em—-—- pf=*;T."@------—--—-———--

WWRINT PROGRAM

38l0e PRINTJB,JJG,JY,JR.PRINTB,G,Y R: PRINTPB, PG.PY, PR:
PRINTAB, AG, AT, AR

Ja1485 PRINTGP

JoIie PRINTHL: CLOSEL

3708 RETURN

I509890 PRINT "PRESS 'F2' ENTER GRAPHIC DUTPUT FILENAME
AND RETURNH*

I5188 FORJI=1TO10008:NEXT

3159908 RETURN

48308 INPUYT IS ULTRABASIC INSTALLEDS®;DBS: PRINT "y

4968] IFUBS="Y"THEN4RBA]

A0887 IFUBS()'T'TH[HIEd?E

48883 INFUT" X e 0K IMATE jém"; OMS

4ﬂﬂga TF OM$="Y" THEH PRINT*gg UAD URCBM AND BUSY *CONNECTI

+!I

48886 1FOMSO>"Y“THENASO1®

40088 RETURN

48618 INFUT " SiFrrrr LR QUBLE SIZE
pUTPUTE*, 04

48458 [NFUT"mggls PRINTER 5SET UP FOR GRAPHICSE";MTs
1PRINT" "

400868 IFMTS="Y "THENGOTO4H14R0

40061 FRINT*CONNECTION SNFL OFF"

48862 PRINY ™ P OPC--YES": PRINT" "yl F IMPLIES CR--YES":
PRINT'ZE-CODES--YES"




40063 GETXS: IFX$ "Y*THENABAED

40108 [FOS="Y"GOTO40118

40185 [FO$<>"Y*A0TO40186

40168 HARDA, @

40189 RETURN

48110 HARDA, 1

48124% RETURN

50088 PRINT“® 1;CLOSE1, 4. RETURN": OPENL, 4. PRINT#1 . CMDI.
LIST

68580 REM  CONNECTS POINTS

68885 IF TaTITHENRETURN

60180 TA=PB+AB-MB, TG=PG+AG-MG; TYaPY+AY-MY  TR=PR+AR-
MR

68101 DRAM{T-T1)=XT+2@8 MFaFBeTBaY(Q+77 {U-F1)eXT+28,
MFe(QB+BB-MB}«FBeYQs 77,7

6OI50 DRAW(T-T1)eXT+28, MFefGaTGeYQ+77, (U-T1)=XT+20,
Mfe{QG+BG-MGYeFGaYQ+77,5

66288 DRAN{T-T1)sXT+28, MFaFY=TYaYQs77, (U-T1)uXT+28,
MF={QY+BY-MY)aFYsY(2+77 8

682580 DRAW{F-TL1)aXT+20, MFaFReTReYQ+77, (U-T1)sXT4+28,
MFe{QR+BR-MR)=fRaY(Q477 3

68350 DRAW((T-F1)eXT+28), ({GP-MP)=YQaFMe22}, ((U-T1)
s T+208), ({HP-MPYuY(QuFM+22}),5

60588 REM IFACTS$ > "Y*THENRETURN

60608 REM DRAW{{T-T1)=XT+20), (MFeAB=Ye77), {(U-T1)
#XT+20), (MFeBBeYQ+77),7

68658 REM DRAW((T-T1)=XT+28), (MFuAG*YQ+77), { (U-T1)
eXT+28), (MFeBGeYQ+77),6

60786 REM DRAM({(T-T1)uXT+20), (MFeAYaYQ+77), ((U-T1}
sXT+28), (WFaBY+YQ+77),8

687580 REM DRAM{{T-F1)}aXT+28), (MfeARaYQ+77), {{U-T1)
«XT+28}, (MFeBR=Y(Q+77), 3

60999 RETURN

61888 GOSUBG1250

61648 IFWN=1THENGOTO18497

61858 INPUT“PNANE OF VERSION®;NZ$

6511808 SAVE NZ$,8

61998 Wh=1

61999 RETURN

652999 STOP:REM END OF BASIC PRGM AREA
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