Ageendix M. Brine ShrimE Productivitz Model

The brine shrimp productivity model was used to predict effects on brine shrimp productivity of
vaious Mono Lake eevations resulting from dternaive management scenarios. The modd includes
separate physica and biological limnology modelsto smulate temperature, light leve, vertica mixing, and
sdinity changes and theair effects on dgae and brine shrimp production.

PHYSICAL LIMNOLOGY MODEL

Mono Lake brine shrimp are generally restricted to the upper mixed layer of Mono Lake because
low dissolved oxygen concentrationsand cold temperatures|limit growthin deeper layers. Alga production
and sdinity in the upper mixed layer are both strongly affected by vertical mixing between the surface and
bottom layers. Vertica mixing is controlled by the temperature and sdinity gradient between layers.
Therefore, effects of dternative lake levels on the verticd mixing regime must be understood to estimate
brine shrimp production peatterns.

Vertica temperature, sdinity, and mixing patternsin Mono Lake were smulated with a computer
model, Dynamic Reservoir Smulation Modd (DYRESM) (Jdlison et d. 1991). DYRESM models the
lake as a verticd stack of horizontd layers of uniform temperature and sdinity (as conductivity).
Conductivity isthe measure of salinity used in University of Cdifornia, Santa Barbara (UC SantaBarbara)
monitoring of Mono Lake limnology. The surface mixed layer, in which temperature and conductivity are
relatively uniform, ismodel ed asthick dabs, whereasthe thermocline and chemocline, in which temperature
and conductivity change rapidly with depth, are modeled as a number of thin sections. These layers
fluctuate verticdly with changes in volume caused by inflows, rainfdl, and evaporation.

DYRESM smulationsfor each lake level dternative were run for a50-year period beginning with
the point-of-reference elevation of 6,376.3 feet. Inflowsand lakelevd fluctuationssmulaied withtheLos
Angedes Aqueduct Mode (LAAMP) (Appendix B) were used as input for the DYRESM modd. Daily
meteorological datafor 1990 were used for dl 50 years of smulation.

The inputs that are required to run the DYRESM mode, a brief account of how the model
operates, and a description of the modd outputs are given below.
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DYRESM Mode Description

The DYRESM moded smulates the vertical patterns of temperature, salinity, and mixing within
Mono Lake. Themodd uses mass baance equationsto calculate awater budget, asalt budget, and aheat
budget for each of the vertical water layers. Each water layer hasastorageterm (i.e., volume, hest, or st
mass) and may have inflow, outflow, and vertica mixing exchange terms.

All the modeled inflows and outflows occur near the surface of Mono Lake, so these surface
exchange processes are quite important for accurate model results. Water inflows from runoff and rainfal
enter the surface mixed layer. Groundwater inflowsriseragpidly to the surface because of the large density
difference between fresh water and Mono Lake water.

Wind and thermd energy inputs produce asurface mixed layer that isusudly severa meters deep
in Mono Lake. Surface heat exchange governs the heating and cooling of Mono Lake. Evaporation
removes water and heat from the surface mixed layer. Because of the effects of sdinity on density, ice
usualy does not form on Mono Lake, and thelake surfaceis exposed to wind energy throughout the year.

No inflow or outflow of sdt from Mono Lake is assumed to exist, but salt is moved between
modeled layers by vertical mixing exchange processes. Surface evaporation increases the sdinity
concentration in the surface mixed layer, while freshwater inflow dilutes the sdinity concentration in the
surface mixed layer.

The water budget, heat budget, and salt budget are directly linked in severa important ways. The
dengity of Mono Lake water is directly dependent on the temperature and sdinity, so the volume of a
modeled layer changes dightly as the temperature or sdinity changes. These relationships are described
by the "equations of state”’ for Mono Lake water (Jellison et a. 1991).

Vertica mixing is strongly dependent on the density differences between layers, so that heating or
reduced sdinity from freshwater inflows greetly restrict verticad mixing. Cooling and evaporation will
increase the dengty of the surface mixed layer and alow greater mixing with underlying layers. Mixing
exchanges of water, heet, and sdinity are directly related.

The DYRESM modd dgorithms are more fully described in the model documentation (Imberger
and Patterson 1981) and the UC Santa Barbara application to Mono Lake (Jdlison et d. 1991, Dana,
Jdlison, Romero, and Melak 1992).
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DYRESM Water Budget

The bathymetry of Mono Lake describesthe surface areaand volume at any devation. DY RESM
uses the metric equivaent of the Pelagos Corporation bathymetry described in Appendix L. The deepest
portion of Mono Lakeisat elevation 6,230 feet (1,899 meters), so the total depth of Mono Lakeis44.5
meters at the August 1989 point-of-reference elevation of 6,376.3 ft (1,943.5 meters). The model layer
volumes and exchange areas between layers are estimated from the bathymetric tables.

The DY RESM mode usesvariadlelayer depths, but the resulting temperature and sdinity patterns
areoutput at 1-meter increments, using linear interpolation of themodeled layer values. The surface mixed
layer is modeled with several layers that are completely mixed with each other and so have the same
temperature, sdinity, and dengty.

The modd cdculations are made severa times within each day, athough the boundary conditions
of inflow and meteorology are daily average vaues. Rainfall and surface runoff were smulated to enter the
surfacelayer because of thelarge dengity difference between fresh water and Mono Lakewater, regardiess
of the temperature of theseinflows. Groundwater inflowswere mode ed to enter thelake with an assumed
verticd digtribution that provided some inflow to al layers (Dana, Jellison, Romero, and Melak 1992).
Daily evaporation from the surface was caculated using daily average meteorology and daily mixed layer
temperatures. Theannua tota evaporation for the 1990 meteorol ogy was estimated to be about 48 inches.

Mono Lake volume changes directly with the addition and remova of weater. Sight volumetric
changes are caused by therma expanson and sdinity effects. The water budget for Mono Lake was
interndly adjusted to match the historical or LAAMP moded simulated |ake e evation fluctuations. Because
evaporation is interndly caculated, the daily modeled inflows are reduced or increased to provide this
meatching surfaceelevation. The LAAMP mode assumes an unmeasured inflow of about 34,000 acre-feet
per year (af/yr) plus 5% of the diverted tributary runoff (Appendix A). Because DYRESM uses the
measured or Smulated tributary streamflows, DY RESM assumesdl the"adjusted” inflow isgroundwater.

DYRESM Salt Budget

SHinity is defined as the mass of tota dissolved solids per unit of water volume, usualy reported
as grams per liter (g/l) for Mono Lake. Based on availablefield measurements, the total mass of dissolved
solidsin Mono Lakeis estimated to be 285 million tons (258.5 metric tons). For the August 1989 point-
of-reference eevation, the volume of Mono Lake was approximately 2.33 million &f, and the sdinity was
about 90 g/l

UC Santa Barbara field data for sdinity are vertica profiles of eectrica conductivity (EC)
measurements, adjusted to astandard temperature of 25°C. Because EC exhibitsalinear rdationship with
inity in the 65-95 g/l range tested, EC was moddled as sdinity in DY RESM. Because EC isastrong

Mono Basin EIR Appendix M. Brine Shrimp Productivity Model
549/APPD-M M-3 May 1993



function of temperature, the EC vaues are al adjusted to 25°C, regardiess of the modeled layer
temperature. The assumed relationship (Jellison 1992) between EC and dinity is:

Sdinity (g/l) = 1.4205 x EC (microsemens/centimeter [mS/cm)]) - 35.64

Sdinity will increase as evaporation removes water from the surface layer and will be reduced as
inflows add water to the surface layer. All other changes in sdinity within Mono Lake will be caused by
mixing from the surface layer. During periods of complete mixing, the entire lake will have the same
average sdinity. Satisredistributed by mixing processes, but noneisadded or removed from Mono Lake.

As sdinity increases, part of the st will increase the water dengty without changing the volume,
while the remainder will expand the volume of water, much as heet will cause the water volume to expand
and the dendity to decrease. Figure M-1 shows the experimental determination of the density of Mono
Lake water that was diluted and concentrated to a wide range of sdlinities (LADWP 1987). The
experiment indicates a linear response of dendity to sdinity increases, with approximately 80% of the
dissolved solids increasing the density and 20% increasing the volume.  For example, the density of 125
g/l slinity (12.5% by weight) hasincreased 10% to adendty of 1,100 g/l (specific gravity of 1.10). If the
dt isremoved from aliter of water, the remaining water will weigh 975 grams and occupy 0.975 liter,
indicating that the volume increased 2.5% as the salt was dissolved. The DYRESM modd properly
smulates these effects of sdinity on dengty and volume.

DYRESM Heat Budget

The heat content of each modeed |ayer iscalculated from the temperature multiplied by the dengty
multiplied by the heat capacity. Because of Mono Lakes high sdt content, the density and heat capacity
of itswaters are higher than that of freshwater. The rlative effects of temperature on therma expansion
(dengity) are Smilar to fresh water, except that the maximum density does not occur a 4°C, as it does for
fresh water (Mason 1967).

Heat is exchanged at the surface only, except for photosyntheticadly available radiation (PAR)
attenuation that is generdly confined to the surface mixed layer. DYRESM considers turbulent bulk
aerodynamic exchange of sengble (dry) and latent (moisture) heet that depend directly on wind speed and
the difference between air and water temperature or vapor pressure. The unmeasured bulk transfer
coeffident isoften adjusted during cdlibration to include the effects of the differences between averagewind
speed for the entire lake and wind speed at the measurement location.

The largest heat exchange terms are long-wave radiation between the water surface and the
amosphere. The long-wave radiation processes are proportiona to the emissvity multiplied by absolute
temperature raised to the fourth power. While the temperature can be measured, the emissivity of the
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water and the atmosphere must be estimated. Water emissivity isestimated at 0.97, while the atmospheric
emissvity is esimated as a function of temperature and cloud cover.

The overal accuracy of the heat budget isdetermined by calibration with the available temperature
profiles. Temperature profilesare governed by both surface exchange and mixing processes, however, and
the absolute accuracy of these gpproximate heat exchange formulations cannot be certain. Nevertheless,
the ability of the DYRESM modd to smulate the surface temperatures of Mono Lake during 1990 is
indicated in Figure M-2. Observed surface temperatures were best matched with a 20% reduction in the
bulk exchange evaporation coefficient, gpproximating 48 inches of evaporation.

DYRESM Vertical Mixing

Vertica mixing is Smulated as mass exchanges (entrainment) caused by energy inputs and
momentum transfers. For Mono Lake, the dominant energy inputs are kinetic energy from wind and
convective overturn energy caused by surface cooling. The wind energy input is assumed to be
proportional to the wind speed squared, while the convective overturn energy is Smulated by the hesat
budget. Both of these processes cause adight degpening of the surface mixed layer and asmdl transfer
of turbulent energy into underlying layers. Turbulent mixing is amulated with an effective diffugvity
coefficient that depends on the overdl energy input. Densty gradients a the thermocline or chemocline
greatly reduce the trandfer of mixing energy to deeper layers.

DYRESM Modd Inputs

Dally flows and temperatures of streams and other inflows to Mono Lake are required inputs of
DYRESM (Dana, Jdlison, Romero, and Mdack 1992). Fifty-year projections of monthly inflows
associated with each lakelevel dternativewere obtained fromthe LAAMPmode (Appendix B). LAAMP
provided estimatesof tributary inflow and unmeasured inflow (ungaged runoff and groundweter) into Mono
Lake. Averagedaily stream temperaturesof Convict Creek in 1990 were used asestimatesof Mono Lake
tributary temperatures. The Convict Creek temperatures were measured at the Sierra Nevada Aquatic
Research Laboratory (SNARL), 25 miles southwest of Mono Lake a an eevation of 7,087 feet, which
is about 700 feet higher than Mono Lake (Jellison et a. 1991). The 1990 stream temperature data were
used for dl yearsof amulation. Because of thelargedifferencein density, tributary inflowsenter the surface
layer regardless of temperature. Daily rainfal was obtained from monthly Cain Ranch values used in
LAAMP.

DYRESM asorequiresinputs of daily average air temperature, vapor pressure, wind speed, short
wave (solar) radiation, and cloud cover. These meteorological inputswere computed with data collected
fromNovember 17, 1989, to November 16, 1990, at weather sationsat SNARL (relative humidity), Cain
Ranch (solar insolation), and Paoha Idand (wind speed and air temperature). Cain Ranch is 4 miles
southwest of Mono Lake and about 500 feet higher in evation. Paoha Idand isin the middie of Mono
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Lake. Further details about meteorologica data used in the DYRESM smulations are given in Dana,
Jdlison, Romero et d. (1992).

The vertical attenuation with depth of incident PAR (400-700 nanometers of waveength light)
affects near-surface temperatures. PAR profileswere measured monthly and attenuation coefficientswere
cdculated. Attenuation of PAR in Mono Lake is controlled primarily by the agd biomass. Daily
attenuation coefficients were estimated by linearly interpolating between measured dates. The daily
attenuation coefficients for 1990 were input to the modd for each of the 50 years. Thisimpliesthat smilar
agd biomass patternswould develop each year. Because the surface mixed layer isusudly between 5-15
meters deep, the mgority of PAR is absorbed within the surface mixed layer for any reasonable alga
biomass.

DYRESM Mode Outputs

The DY RESM modd outputs 1-meter-increment depth profiles of temperature, conductivity, and
water dengty of Mono Lakeonadaily basis. Daily outputsinclude surface e evation, evaporation estimate,
depth of the surface mixed layer (determined by a specified temperature gradient) and average surface
mixed layer temperature, sdinity (as conductivity), and dengity. Temperature, sdinity, and dendity a the
35-meter depth dso were output for determining meromictic conditions. For comparing adternatives,
however, monthly average vaues for the 50-year smulations were used to characterize the smulations.

DYRESM Calibration and Validation

The accuracy of the overdl smulation of heat exchange and vertica mixing is indicated by
Figure M-3 showing the measured and s mulated temperature profilesin Mono Lakefor 1990. Smulated
surface mixed layer depths and temperatures are well matched with field measurements. The only mgor
discrepancy isthebottom temperatures, field dataindi cate that bottom temperaturesincreased during 1990
from about 2.5°C on day 99 (April 9) to about 4°C on day 250 (September 7), while the smulated
temperatures remained nearly congtant at 2°C without warming. The Smulated temperature gradient inthe
thermocline also may be too strong compared to thefield data. Thisgradient may indicate dightly toollittle
mixing in the hypolimnion but does not significantly affect the seasona development of the surface mixed
layer nor the chemocline that is caused by large freshwater inflows.

The 1982-1990 period of UC Santa Barbara monitoring of Mono Lake temperature and sdinity
profileswasused to vdidatethe DY RESM moded results. Thesmulated and measured surface mixed layer
depthis shown in Figure M-4. The seasond deegpening from about 5 metersin spring to 15-20 metersin
fal was wel smulated. In addition, the development of the strong chemocline in 1983, its reinforcement
in 1986, and its eroson and overturn in subsequent years was generdly well smulated. The smulated
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overturn was not quite complete in fall 1988, when it was observed to occur, but the smulated surface
mixed layer depth had increased to about 25 meters. A dightly greater mixing during themeromictic period
might have given an even better match with the observed conditions. Nevertheless, this multiple-year
DYRESM smulaion provides a srong test of the model and indicates that DYRESM is certainly
sufficiently accurate for comparative smulations of the dternative lake levels.

BIOLOGICAL LIMNOLOGY MODEL

The dynamics of the brine shrimp population in Mono Lake are governed by strong interactions
between trophic leves; nitrogen, light, and brine shrimp grazing may limit agae production, but excretion
by brine shrimp is an important source of nitrogen for dgae, and brine shrimp grazing clears the water and
increases light penetration. Vertical mixing affects nitrogen availability, and the surface mixed layer depth
affects average mixed-layer light levels.

A computer modd was developed to smulate the mgor limnologicd features that determine dgd
and brine shrimp production (Figure M-5). The mode contains two linked submodels. a nitrogen
submodel that Smulates the nitrogen balance in Mono Lake and a brine shrimp submodd that smulates
brine shrimp population dynamics. Although the submodels are described separately, they operate in
tandem during Smulations.

The biologica effects of dternative lake levels were assessed by smulating the nitrogen baance
and brine shrimp population dynamics a a daily time scalefor aperiod of 1 year a each of the dternative
lake levels. Different model parameter vaues were used to reflect sdinity effects on the nitrogen balance
and brine shrimp dynamics.

Nitrogen Balance Submodel

Submodel Description

Nitrogen isthe limiting nutrient in the pelagic food chain of Mono Lake (Jdlison, Dana, Romero,
and Melack 1991). Thenitrogen baancesubmode s mulatesnitrogen movement among poolsrepresenting
the sediments, the hypolimnion, the epilimnion, the planktonic dgae, and the brine shrimp population
(Figure M-5). Nitrogen in the hypolimnetic and epilimnetic poolsis present dmost entirely as ammonium
(NH,"), while that in the dgae and brine shrimp is bound up in tissues, feces, or other particulate forms.
Only the ammonium nitrogen, which is dissolved, isimmediately available to dgae. Both dissolved and
particulate nitrogen are present in the sediments. Dissolved ammonium isreleased from the sedimentsinto
the epilimnion and hypalimnion.
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Hypolimnetic and Epilimnetic Ammonia. The nitrogen submodd assumes a constant rate of
ammonium release from the sediments (56 milligrams of ammonium nitrogen per square meter per day)
(Jdlison, Dana, Romero, and Mdack 1992). When Mono Lakeisholomictic (not stratified), the released
ammonium movesdirectly into the combined epilimnetic and hypolimnetic pool. Whenthelakeisgrdtified,
the ammonium is added to the hypolimnetic and epilimnetic pools separately, based on the area of
sediments within eech layer. Verticad movement of ammonium between the hypolimnion and epilimnion is
modeled by moving dabs of water with the ammonium they contain back and forth between the water
layers as the epilimnetic depth changes. When the lake is dratified and the epilimnion is degpening, the
dabsaremoved from the hypolimnion to the epilimnion, whereaswhen the epilimnion isthinning (i.e,, when
the thermocline is rising), the water dabs are moved in the reverse direction. The modd calculates daily
average ared concentrations of hypolimnetic and epilimnetic anmonia as the products of the daily mean
volumetric concentrations and the daily hypolimnetic and epilimnetic depths.

Excretion by brine shrimp aso adds ammonium to the epilimnion, whileammonium uptake by dgee
decreases ammonium. Modding of these biologica processesisdescribed inthefollowing section and the
section on the brine shrimp pool. The modd assumes that no ammonium is logt by volatization (Dana et
a. 1992).

Algal Nitrogen Pool. Movement of nitrogen from ammonium to the dgae (nitrogen assmilation)
is modeled as a photosynthetic growth process. The mode assumes alga growth rate is regulated by
temperature, light, anmonium concentration, and salinity inthe epilimnion. A standard growth rate of 1.25
per day, the maximum (specific) growth rate when temperature is 20°C and sdinity is92 g/l, is input into
the modd. Themaximum growth rateisthe growth ratefor agiven combination of temperature and sinity
when light and nutrient conditions are optima. The equation for the maximum growth rete is as follows
(Dana, Jdlison, Romero, and Mdak 1992):

G,=AX125x 108" x g™
where

G, = maximum growth of agae (milligrams of nitrogenvcubic meter/day [mg N/mé/d]),

A = ganding crop of dgae nitrogen (mgN/m3),

T = average mixing layer temperature (°C), and

P, = proportiond increase (or negative decrease) in sdinity from the point of reference (92 g/l).
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The maximum growth rate decreasesexponentialy with decreas ng temperatureand withincreasng sdinity.
For example, the maximum growth rate a 10°C is about haf of that at 20°C and maximum growth rate at
120 g/l (corresponding to lake level of 6,360 feet is about three quarters that at 92 g/l (corresponding to
lake level 6,375 ft ad).

When light levels or ammonium concentrations in the epilimnion are below optima vaues, agd
growth rates are reduced below the maximum rates. The effects of light and ammonium on dgd growth
are modded as Monod-type rectangular hyperboalic functions, which describe an asymptotic increase in
growth rate as light levels or ammonium concentrations gpproach their optima vaues. If both light and
ammonium are below optima leves, then the growth rateis determined by whichever ismorelimiting (i.e,
predicted growth rate isthe lower of the growth rates computed from the equations for light leve effects
and ammonium concentration effects).

Ambient light conditions of thedgae are estimated asthe averagelight level for theepilimnion. The
average light level is determined by surface insolation of PAR, the depth of the epilimnion, and an
attenuation factor (i.e., rate of light reduction with depth) derived from in situ determinations of average
attenuationof Mono Lakewater. Alga biomassincreases atenuation. The depth of the epilimnion affects
light level because it determines the depth to which the algae are mixed. The modd assumesthat no agd
growth occurs below the epilimnion. In redlity, alga growth does occur below the epilimnion, but this
growth is usudly insubgtantia (Jellison, Dana, Romero, and Mdack 1991). When dgd growth rate is
limited by light leve, the redlized growth rate (G) is computed with the following equations:

G=G,x_L
L+6
and
L=1x_1-¢¥D
KxD
where
L = averagelight leve in the mixing layer (einsteins per meter squared per day [E/né/d]),
| = insolaion a lake surface (E/n/d),
D = depth of the mixing layer (m),
K = light attenuation = 0.3873+(0.000632 x A), and
A = danding crop of dgae nitrogen (mgN/n).
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Whenthe growth rateislimited by nitrogen concentration, the redized growth rate is computed as
follows

G=G"x_(E-7)
14

where
E = ammonium concentraion in the mixed layer (mg/N/n).
If Eislessthan 7, then G is st to O to avoid negative vaues for growth.

Nitrogen leaves the dgd pool by two paths sedimentation and brine shrimp grazing.
Sedimentation is the rate of settling of dgae out of the epilimnion. The modd uses acongant sinking rate
of 0.1 meter per day, so the sattling loss rate (mg N/n¥/d) is computed as 0.1 multiplied by the algal
standing crop (mg N/n) divided by the mean epilimnetic depth. Grazing is discussed below.

Brine Shrimp Pooal. Although the brine shrimp populationisan integra and important congtituent
in the nitrogen cycle of Mono Lake, population dynamicsof the brine shrimp require a separate submodel
for their description. In this section, only those processes thet directly affect movement of nitrogeninand
out of the brine shrimp pool are covered. Other properties of the brine shrimp population are described
in the section on the brine shrimp submodd.

Trandfer of nitrogen from the dgd poal to the brine shrimp pool occurs entirdy by brine shrimp
grazing on the dgae. The grazing is modded asafiltration process bounded by an upper limit. The upper
limit is the maximum grazing rate thet occurswhen dgd biomassisnat limiting. The maximum grazing rate
is dependent on the individua weight of the brine shrimp and temperature as follows:

Cm =0.03x (1 _ e—239XWi) X e—.008X(T—30)2
where

C,, = maximum grazing rate (mg N/d),

W, = weght of individuds of the ith brine shrimp weight dass (mg N), and

T = temperature (°C).

The weight dlasses, which are artificid groupings created to improve mode performance, were produced

by dividing growth of the brine shrimp lifestages (ingtars) in thirds (Table M-1). The class weights were
derived from measured weights of the instars (Jellison et d. 1989b) by linear interpolation.
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Whenthe grazing rateis below maximum (because dgd biomassis below the upper limit), grazing
rate (C) is computed by the following equation:

C = (W,/.5) x &08x(T-302 x (A_7 5)/124
where
A = dgd biomass (mg N/n?).

Thetemperaturefactor producesanorma distribution intheresponse of grazing to temperaturewith apesk
grazing rate of 30°C, well above Mono Laketemperatures. The temperature optimum was adopted from
experiments with another brine shrimp species (Jdlison, Dana, Romero, and Meack 1992).

Totd daily trandfer of nitrogen from the alga poal to the brine shrimp poal is the sum over dl
subclasses of the subclass grazing rate multiplied by the number of brine shrimp in the subclass.

Nitrogenleavesthebrine shrimp pool by severa pathways. Mostimportantly, brineshrimp excrete
nitrogenasammoniuminto theepilimnion whereitisimmediatdy avalablefor reuseby thedgee. Theother
exports of nitrogen occur via defecation, cyst production, and mortality. These processes result in
particulate nitrogen that settlesto the lake bottom. The modd assumes no direct release of nitrogen to the
epilimnion or hypolimnion during settling of the particulates

Nitrogenexcretion and defecation rates are assumed equd to that portion of nitrogen fromingested
agae not used for growth or production of cysts or nauplii (i.e., grazing minus production). The assumed
model parameters alocate 56% of ingested nitrogen to the waste products, 75% of which is assumed to
be excretion and 25% of which is assumed to be feces.

Cys production and mortaity are discussed in the section on brine shrimp submode!.

Submodd Inputs

Dally surface insolation, initid nitrogen pool concentrations, and epilimnetic estimates of depth,
surface and bottom areas, volume, and temperature are required inputs of the nitrogen submodd. Vaues
for these variables were obtained from field data; 1984 field data were used to Smulate meromictic
conditions, and 1990 field datawere used to S mulate monomictic conditions. Other modd parametersare
derived from these inputs or are input as constants. The congtants were gpproximated from field and
laboratory data or were adopted from other studies (Jellison, Dana, Romero, and Meack 1992).
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Submode Outputs

The nitrogen submode outputs daily nitrogen concentrations of the hypolimnetic, epilimnetic and
agd pools. The submode aso provides estimates of dga production of nitrogen. All modd outputs are
givenin volumetric or ared units of nitrogen; Table M-2 gives the formulas used for converting the mode
outputs to the measurement units of the field data.

Submode! Validation

The nitrogen baance submodd was validated by comparing smulation results with fidd data. A
meromictic year, 1984, and amonomictic year, 1990, were used for most vaidations. Vauesof theinput
variables were derived from the field data for these years.

Themodd predicted the partitioning of nitrogen among theepilimnetic, dgd, and brineshrimp pools
farly accuratdy for 1990, but results for 1984 were less satisfactory (Figure M-6). The smulation for
meromictic conditions was only partidly successful because, as noted earlier, the model smulates two
layers, wheress the actud verticd structure of Mono Lake, after the thermocline forms in the spring, is
three-layered (epilimnion, hypolimnion, and monimolimnion). Themodd successfully Smulatesmeromictic
conditions during the spring and fal mixing periods when the lake has only two layers, the mixed layer and
the monimolimnion. During the summer dratification period, however, the modd treets the hypolimnion
and monimolimnion as a Sngle combined layer. Degpening of the thermocline during summer transfers
water to the epilimnion from this combined layer. Under actud meromictic conditions during summer,
mixing transfers water from the hypolimnion only. The monimolimnion has much higher ammonium
concentrations than the hypolimnion, so the modd overestimates the amount of ammonium transferred to
the epilimnion. A three-layer modd might be able to i ol ate monimolimnetic ammonium properly, but such
amodel has not yet been devel oped.

In the 1984 smulation, epilimnetic anmonium that was overestimated by the modd in spring was
converted to dga biomass, producing an agal bloom that was much greater than the observed bloom
(Figure M-6). The modd also overestimated epilimnetic ammonium concentration for summer 1984
(Figure M-6). In this case, the lower observed values may have been caused by the presence of a
subthermocline layer of dgae that absorbed ammonium before it could reached the epilimnion (Jellison,
Dana, Romero, and Melack 1992). Thetwo-layer model isunableto smulate any such complex layering.

A second vdidation of the nitrogen submode was carried out by smulating nitrogen partitioning
from 1983 through 1990, a period that included both meromictic (1983-1988) and monomictic
(1989-1990) years(FigureM-7). Surfaceevations, temperatures, epilimnetic depth, and insolation were
input using observed values. Observed initid 1983 shrimp abundances and available cystsa so wereinput.
The mode successfully duplicated severd generd features of the observed data. These include reduced
agd biomassin late winter and early soring during meromixis, increased epilimnetic ammonium and brine
ghrimp biomass during summer in the latter part of the meromictic period (because of mixed layer
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deegpening), and a large dgd bloom following the breakdown of meromixis in late 1988. Because the
mode smulates two layers only and thus combines the hypolimnion and monimolimnion, it overestimates
ammonium concentrationinthehypolimnion during meromixisand underestimatesammonium concentration
in the monimalimnion.

The model estimates of annua primary production for 1983-1990 ranged from 15 to 40 g N/n,
which is equivalent to 90-240 grams of carbon per meter squared per year (g C/myr) (Jellison, Dana,
Romero, and Melack 1992). These estimates are well below measured rates reported by Jdllison and
Médack (in press). However, the measured rates are for the upper 18 meters of the water column, while
the modd estimates are for the mixed layer only, which was often subgtantiadly lessthan 18 meters. Brine
shrimp production estimates for same period ranged from 1.6 to 4.8 g N/m?/yr or, equivaently, 9.6 t0 28.8
g C/méfyr (Jellison, Dana, Romero, and Mdack 1992). These values agree well with independent
estimates of 16-23 g C/m/yr for the period.

Brine Shrimp Submodé

Model Description

The brine shrimp submodd smulates hatching of cydts, grazing, growth, development, naupliar
production, cyst production, excretion, defecation, and mortdity of apopulation of brine shrimp (Jellison,
Dana, Romero, and Meack 1992). As noted earlier, the brine shrimp and nitrogen submodelsare linked
in the assessment model to reflect the strong feedbacks between aga biomass, brine shrimp grazing, and
brine shrimp excretion.

Brine Shrimp Growth and Development. Brineshrimp growthismodded by incrementing thair
weight by afixed proportion (44%) of the weight of the grazed dgae. Grazing and growth are computed
interms of nitrogen content (i.e., weight of nitrogen consumed and nitrogen weight added to bodly tissue).
Linking growth directly to grazing was necessary to capture the tight coupling of the algae and the brine
shrimp population. Because grazing rateisinfluenced by algal biomass and temperature, growth rate dso
islinked to these variables.

Deveopment of the brine shrimp is modded as movement of individuas through lifestages. As
noted earlier, each of the 12 stages (ingtars) of the brine shrimp is divided into three weight classes
(Table M-1). Movement of the brine shrimp from one weight class to the next depends on their growth.
The fraction of the brine shrimp that move to the next weight class each day iscomputed astheweight gain
per individua in the weight class divided by the difference in weights of the two weight classes. If, for
example, theweight gainin thefirst weight classis 0.0211 pug N per individud, the difference between the
weights of the first and second weight classesis 0.0422 ug N (Table M-1]), so 0.0211/ 0.0422 = 1/2 of
the shrimp in the first weight class move to the second weight class.

Mono Basin EIR Appendix M. Brine Shrimp Productivity Model
549/APPD-M M-13 May 1993



Brine Shrimp Reproduction. The mode assumes no growth takes place during the adult stage.
For ovigerousfemales, al retained nitrogen (i.e., that grazed but not lost to feces and excretion) isdevoted
to production of nauplii (ovoviviparity) or cyss (oviparity). The reproductive efficiency, or proportion of
grazed dgae used by ovigerousfemaesfor production of nauplii and cysts, is0.3. Themodd assumesthat
adult males and nonovigerousfemalesretain no nitrogen (i.e., they immediatdly recycledl ingested nitrogen
through excretion, defecation, or mortdity). To compute naupliar and cyst production, the modd firgt
computes totd grazing by ovigerous femdesasthe product of total weight (asnitrogen) of algae grazed by
the adults multiplied by the proportion of adults that are female and the proportion of femaes that are
ovigerous. Both proportions are assumed constant (proportion femae = 0.41; proportion ovigerous =
0.84). Theproduct ismultiplied by 0.3, the reproductive efficiency. Thetota number of nauplii and cysts
produced is determined by dividing the totd naupliar and cyst production by the individud weight of a
nauplius or cyst (0.2636 g N).

Divison of the total number of nauplii and cysts produced depends on the time of year, water
temperature, algal biomass, and the number of broods previoudy produced. However, the rdative
importance of these factorsis not well understood. For most of the year, aregression equation is used to
determine the proportion of nauplii (P,) on the basis of aga biomass (A) and temperature (T) (Jelison,
Dana, Romero, and Melack 1992):

P, = 1.432 - 0.936XT + 0.00054xA

This equation poorly predicts the proportion of nauplii during September-December when only a small
fraction of the femaes (usualy less than 2%) are producing nauplii. Therefore, the modd assumes a
constant 2% naupliar production for thisperiod. Themode aso assumesthat naupliar productionislimited
to thefirst two broods of afemae and that the proportion of second broods consisting of nauplii is haf that
of first broods.

Theinitid sze of the brine shrimp population each year depends on the number of cysts produced
inthe previousyear and their hatching success. However, for smulationscomparing aternativelakelevels,
number of cysts produced was held congtant at 1.6 million cysts per square meter (the estimated number
produced in 1984) to smplify comparisons. The percentage of cyststhat hatch was set a 1%. Themean
day of cyst hatching in the modd is March 15. A norma distribution with astandard deviation of 15 days
was used to modd the variability in the day of hatching. Thus, 95% of the cysts are assumed to hatch
between mid-February and mid-April.

Brine Shrimp Mortality. Mortdity of brine shrimp was modeled by removing from the
population each day a proportion (mortdity rate) of the individuals in each age class. Separate mortdity
rates were estimated for nauplii, juveniles, and adults. Themode usesacongtant mortaity rate (0.025 per
day) for juveniles, but the mortdity rate for nauplii (M,)) increases as dgd biomass (A) and temperature
(T) decrease, in accordance with the following equation:

M, = 0.007 X (A+45.5)/A X (T+2.2)/T
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The mortality rate for adultsis set at 0.01 per day initialy and isincreased 30% for each brood produced.
The congtant increase in mortdity rate of adults was required to smulate the observed population decline
infal.

Salinity Effects. Theeffectsof sdinity on brine shrimp population dynamicswere estimated from
results of the salinity bioassays (Jellison, Dana, Romero, and Melack 1992). Effectson adgd growth were
taken from Mdack (1985). Themodd probably underestimates the effects of salinity on the brine shrimp
because food was abundant in al the sdinity biocassays. Jdllison, Dana, Romero, and Meack (1992b)
argue that sdinity effects are probably greater under low food conditions than under high food conditions
because the requirement to maintain osmotic balance takes precedence over other energy needs.

The effect of sdinity on brine shrimp growth isincorporated into the modd by computing growth
effidency (GE) with the following equetion:

GE =17.67 x 1.743-(0.0073XTDS)
@©3:21+(0.006xTDS)

where TDS is sdlinity as ¢/l TDS. Growth efficiency is increased by about 30%, from 0.44 to 0.57, as
inity is reduced from 92 g/l to 71 g/l (corresponding to an increase in lake surface eevation from 6,375
feet 10 6,390 feet) (Jdlison, Dana, Romero, and Mdack 1992). Conversdly, growth efficiency isreduced
by about 32%, from 0.44 to 0.30, if sdinity is raised to 120 g/l (corresponding to a lake level of 6,360
feet).

Reproductive efficiency (RE), percent ovigerity (i.e., percent ovigerousfemaes) (PO), cyst hatching
success (HS), and maximum rate of aga growth (AG) aso increase in the modd as sdinity declines,
whereas base mortdity rates of juveniles (MJ) and adults (MA), the pesk day of cysts hatching (HD), and
percent ovoviviparity (i.e., percent of broods containing nauplii rather than cysts) (PV) decrease. The
equations used to caculate dl these effects are asfollows:

RE = 0.064 x _65.8-(0.28xTDS)

1809+(0.0036)xTDS)

PO =0.0088 x 135-(0.429xTDYS)
HS = 0.00013 x 100-g-21+(0:021xTDS)
AG = 1'25)(e((TDS-92)/92)

MA = 0.00026 x 1+(0.411XTDS)

MJ = 0.00064 x 1+(0.411XTDS)
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HD=75- (6_90_é0.0116xTDS)+0.865
PV = Pn/64.85 X e(0.031xTDS)+1.32

where P, is computed using the regression equation given earlier. All changesin modd parameters cause
higher brine shrimp production at lower sdinities (i.e,, higher 1ake levels) except for the change in percent
ovoviviparity, which has the opposite effect. However, the ovoviviparity results are suspect because
percent ovoviviparity inthe bioassayswas cons stently much lower than that observed in thefirst generation
of brine shrimp in the field (Jdllison, Dana, Romero, and Melack 1992).

Because of trophic interactions, productivity of the brine shrimp population would probably be
much less affected by increases in salinity than are suggested by the direct effects of sdinity on the brine
ghrimp. For instance, because brine shrimp food is limited much of the year, reductions in brine shrimp
growth efficiency because of higher sdinity would result in more ammonium excretion and aga growth,
thereby dlowing higher brine shrimp grazing and growth rates. The effects of sdinity cannot be properly
understood in isolation from the other factors that affect brine shrimp production.

Submodd Inputs

Dally mean epilimnetic depth, temperature, and aga biomass are required inputs for the brine
shrimp submodd. Algd biomassisestimated in the nitrogen submodd, while vauesfor the other variables
are estimated from 1984 (for meromictic conditions) or 1990 (for monomictic conditions) field data.
Adjustment factors are input for severa modd parameters to account for effects of the different sdinities
a the dterndtive lake levels.

Submode Outputs

The brine shrimp submode! outputs daily biomass (as nitrogen) and numerica dendty estimatesfor
each brine shrimp ingtar. These estimates can be used to plot trgectories of ingtar abundance over time.
The submode aso providesdaily and annua estimates of secondary production and cyst production. Daily
rates of excretion and grazing are output and used as inputs to the nitrogen submodd.

Submode Validation

The brine shrimp submodd was vaidated by comparing Smulation results of brine shrimp
abundance in 1984 and 1990 with field data The modd fairly accurately described the timing and
abundance of adults, but naupliar and juvenile abundanceswerelesswell smulated (FigureM-8). Naupliar
and juvenile abundancesinthe model are strongly affected by the timing and distribution of the Spring hatch
(Jelison, Dana, Romero, and Mdack 1992). Inredity, the soring hatch islikely to be highly varigble, but
the factors affecting it are poorly understood. Inany case, naupliar and juvenile abundance patterns seem
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to have little effect on overdl brine shrimp and cyst production (Jellison, Dana, Romero, and Meack
1992). Annud brine shrimp production for 1983-1990, as noted earlier, was Smulated quite accurately.
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