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WHY ARE QUANTITATIVE RELATIONSHIPS BETWEEN ENVIRONMENTAL
QUALITY AND FISH POPULATIONS SO ELUSIVE?

KBNNETH A, ROSE

Coastal Fisherfes Institute and Department of Occonography and Coastal Seiences, Wetlands Resources Building,
Louisiana State University, Baton Rouge, Loulslana 70803-7503 USA

Abstract.  Despite the ecological and cconomic impottance of fish, fisheries manage-
ment has generally failed to achieve its principal goal of sustainability. Management is
hindered hecause most exploited fish are long-lived species that wtilize 4 varicty of habitats
and exhibit high interannual fuctuations in abundance. Effcetive management requires that
we understand how natural and anthropogenic sourges of variability in abiotic variables
(termed cnvironmental quality [EQ]) affect fish population dynamics, Quantifying the of-
fects of anthropogenic changeg in EQ nn fish populations has temained elusive and con-
troversial. 1 illustrate, with examples, six issucs related to quantifying EQ cffects on fish
populations, These caamples also serve as demonstrations of hew modcling can be used
to address these issues. The =ix issues ate: (1) detectability—-high interannual variation and
interaction effects among climatic variables that affect population dynamics make jrolating
efects of individual stressors difficult; (2) complex habital and nonintuitive responses—
spatial helerogeneity in habitat can result in population responses that are disproportionate
to the changes in EQ: (3) scgional predictions—biclogical realism is often sacrificed un-
necessarily when broad spatial scale predictions are needed: (4) community interactiong—
too Jittle attention i paid to how community-levs] intcractions can affect population-bascd
analyses: (5} sublethal effects—sublathal elffects are often ignored but can have large elfecls
on population dynamics; and (6) cumulative effects—rthe combined effect of multiple steess-
ors can he much different than expected from the sum of their individual effects, Examplcs
include a varicty of freshwater and matine spocies, Quantifying BQ cffcets on fish popu-
lations can be improved by considering these issues in analyses. and by taking a tine
multidisciplinaty approach that combines individual-based modeling and 1ife history theoty,

Keywords:  environmental quality: fish; fisharies, habirat, and pollution; individual-based models;
life-history theory; multidiseiplinary studles: pepulation. dynamics,

INTRODUCTION

Fish are imporlant ccolugically, economically. and
_ a8 a soutee of animal protein, Despite the impartance
of fish and the epormous efforts doveted to the mon-
itoting and analysis of their populations, fisherics man-
agement has failed 1o achicve one of its principal goals:
sustainability (Botsford et al, 1997). Morc than 66%
of commercizlly harvested fish stocks worldwide arc
considered exploited to a heavy or greater extents 22%
of theae are considered cither overexploited or depleted
(Garcia and Newton 1997). Rccreational (ishing in
freshwaters may also be close to exceeding sustainzhle
levels, as evidenced by the widespread use of man-
agement practices to {imit harvest (¢.g., Shramm ct al,
1993) and of atocking to augment natural populations
(2.g., Featon ct al. 1996).
Aspects of fish life historice creatc management
problems. Most exploited fish are long lived, utilizc a

Manuscript received 26 Docembet 1997; revised 9 February
1099; acceprad 12 April $999; final version reccived 1 June 1999.
Por reprints of this Tnvited Featurs, ser famnote 1, p. 323,

varicly of habilats over Lheir lifelimes, and exhibil large
mterannual fluctuations in abundance. Long-lived ape-
eies tend to have delayed maturation (Winemiller and
Rose 1992), and shus arc nnshle lo rebound quickly
from overharvest or other dramatic increases in mor
tality, Many ycars arc required before newly produccd
young manire and contribute to the spawning stock.
Complete tmanifestation of the long-term effects of in-
creased mortality during early life stages. or decreesed
fecundity of adults, requires multiple gonerationg,
which ean span decades,

Many fish species use a variety of habitats and can
migrate ovet long distances, Many coastdl apecies use
cstuarics for spawning or nursery arcas. Anadromous
specics migrate from the open ocean through estuaries
o spawn in the freshwater pottion of tributaries. Al-
though their migraltons are not as extensive, many
freshwater species nse tributaries or the littoral zone
for apawning and nursery arcas. The varicty of habitats
used makes it difficult to identify and protect eritical
habitats, and thesc hahitats can involve multiple man-
agement jurisdictions.

367
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Matine and estvarine fish papulations are notarious
for sxhibiting wide inleransnal fluctuations in recruit-
ment and abundance (Rothschild 1986, Fogarty «t al,
1991), Ofien, much of the variation in abundance re-
sulta from variability in hydrogtaphic and climate-~re-
lated variables that affect the very sensitive prerceruit
life stages (Shepard ot al. 1984, Rose and Summets
1552, Lagvastu 1993), Freshwater fish populations also
cxhibit large varialions in rectuitment and abundance,
with biological intcractions probably playing more of
a role in the postlarval life stages that are less sensitive
to environmental conditions (Houde 1994), High “nat-
ural’ variability, which is often unpredictable beyond
the next year, creates havoc for managers trying to
balance a healthy population with the constant, de-
pendable harvest desired by anglers.

Effective management requircs that we utiderstand
how abiotic conditions (which T tefet Lo collectively as
cnvirgnmental quality [EQ]) afiect fish populations.
Much of the interavnual variation in fish populations
arises during the firet year of life because of variation
in abiotic variables. Eatly life history stagcs, especially
the first year of life, arc oftcn considered to be the time
when, rcoruitment is al lcast coarsely established for
toany tarine -species (Sissenwine 1984, Rothschild
1086, Houde 1987, Fogarty et al. 1991; but ser Brad-
ford .1992). Abundancce of carly young-of-the-year
(YOX) life stages (c.g.. eggs and larvae) tend to be
both highly vatiable ftom year to year and uncerrelated
with their abundances as adults somc years later, In
contrast, abundances of post-YOY life stages tend to
be correlated with their subscquent adult sbundances.
For freshwater specics, the idea that recruitment may
be set during YOY tife stages is not as widely om-
braccd. However, the literature is full of examples of
the strong influence of abiotic variables on first-year
survival of freshwater species: far cxample, water-level
fluctuation cffects on centrarchids (e.g., Mitzner 1991)
and terperature effects on percids (Koonee ct al
1977). Early life stages of mosi fish speeics exhibit
high growth and mortality rates (Houde 1987, Pepin
1991), and are very sensitive to changes iu environ-
mental conditions (e.g., MeKim 1985). Thus, uadse-
standing how EQ affects YOY survival is critica] {or
predicting population dynamicr and cffective manage-
ment, Knowing how pepulations respond to variation
in BEQ would allow for carly detection of unhezlthy
popnlations, for identification of the causes, and for the
targeling of remediation aclions, '

In this paper, T highlight six tssues thar confound
cfforts to quantify the effects of anthropogenic changes
in EQ on fish populations, These issues arc: deteot-
ahility, complex hahitat and nonintuitive responses, 1e-
gional predictions, community interactions, sublethal
cffects, and cumulative effects, Many of these issucs
have heen discussed by others in general terms. My
aim i to cmphasize their imporlance by illustrating

Enological Applicatione
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cach with rpecific examples from personal cxpericnee.
I intend these guantitative illustrations to define the
problems clearly, and alse to show how modcling, carc-
fully petfotmed, canl be used to address these issues.
It scems appropriate to illustrate difficultics in gnan-
titalive celimation with guantitative cxamples. T con-
clude with a discussion of how better to quantify EQ
cffects hy taking a multidisciplinary approach that
combines individual-based modeling and life history
thoory.

Several caveats arc nccesrary. To demonstrate the
general applicability of the issues, I selected examples
from a variety of fish specics from estuarics, reservoirs,
atreams, and lakes, While the examples all involve fish,
I suspect the issves are alsa relevant to other organisms,
X warn the wodel-wary teader thal T foeus on seleclive
aspects of model results, rather than on the rationale
or validation of each model, I refer the reader o the
original publications for detailed model desctiptions
and validation resulis.

Almasl all of the examples presented use individual-
based modeling. Individual-baged modeling offers a
promising approach for modeling population and com-
munity dyramics {(DeArgelis et al. 1994), and has fea-
turcs that should help in quantifying EQ effects on fish,
Representing local interactions in space, size-based in-
teractions. episodic cffcats, movement, ahd stochastie-
ity ix telatively easy in individual-based models
(DeAngelis and Rose 1992, Tyler and Rosc 1994). EQ
cffccts arc often expresscd as individual responses.
These offects can be imposed direetly in individual-
based models, and the model can then scale these of-
fecls o the population and community levels.

ENVIRONMENTAL QUALITY

I define EQ for the porposes of this paper to be the
suite of abiotic variables that cither excrt a direct effect
on individuals of the population of interest, or causc
an indirect effect via dircerly affecting the population's
competitors, predators, ot prey. Abiotic variables con-
sidered here include water tempcerature, water veloeity,
water depth, contaminants, substrate type and rize, and
dissolved oxygen (DO) cancenwations, all of which can
influence the ‘many processes affocting the growth,
mortality, and reptoductive rates of individuals, Direet
effects of abiotic variables can include limitation of
spawning, reduccd growth, inoreased mortalily, and al-
tered movement patterns. An example of an indircct
effect included as part of EQ would he increased tem-
perature increasing the foraging activity of a predator,
resulting in higher mortality on individuals of the pop-
nlation of intercst.

Although many ahiotic variables can vary as a result
of both natural and anthropogenic causes, my fogus is
on anthropogenic changes in EQ. Contaminant expo-
sure, altercd flow regimes, and thermal dis¢harges are
obvious cxamples of anthropogenis changes in EQ.
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Howevey, not all anthropogenic effects are seen through
changes in EQ. For example, harvest can digectly re-
move adults without changing EQ. Alse, the intraduc-
tion of an exotic species that alters the food base of
the population of interest technically would not affcct.
EQ bccause no abiotic variahles were aliered.

Quantifying environmental quality

The goal of quantifying EQ cffects an firh populs-
tionts has been elusive and coniroversial. It has been
clusive becatse of the high degree of interantmal var-
jation in abundance resulting from complex interac-
tions among the many factors that affect fish repro-
duction, growth, and survival. Thiz variability often
appears as “‘noisc’ Lo investigatory and resource man-
agers, making the measurement and detection of the
effects of individual factors difficult. Rose and Sum-
mers (1992) showed how interactive effects among en-
vironmental factors were important contributors to in-
terannual variation in the abundances of estuarine fish
stogks. Thus, for example, the cffeetz on population
size of changes in empetrature during months of spawne
ing differed depending on the magnitude of freshwater
How, Interactions confound simple ong~-factorat-a-time
analyses; they tinply that partitioning vatiation to a
single factor requires long data records, including ob-
servatjons under the many different possible combi-
nations of conditiona. . .

While the general need to quantify BQ cffects on
fish populations is undisputed, controvetsy often
plagues case~specific anslyses. The high uncertainty
associared with many quantitaiive analyses puts rc-
soutce managers in a difficull position. Managers must
decide among various options, each vehemently fa-
vored by differcnt stake-holder groups, but with low
confidence of how the diffcrent options will affcet fi-
turc population trajectorics. Analyses performed by the
various interesied pattics Lhat are based on aliernative,
but equally valid assumptions, often yicld very differ-
ent prediciions of population conscguences. Even when
population-level cffeets can be demonstrated and
agreed uvpon, remediation actions arc mot typically
forthcoming, Often the nonquantifiable ecalogical, econ
nomic, or socictal importance of the fish population is
weighed against the casily expressed and rypically high
monelary costs of remediation actions (¢.g., construc-
tion of cooling towers on power plants} or lost revenucs
due to changed aperations (c.g.. fotcgone hydropower
gencration due to minimum flow requirements},

Striped bass as an example

Striped bass (Morene saxatilis) serves as the arche-
typical cxamplc, Striped bass arc long-lived (maxisnim
age of *=17 yr), usc estwaries for spawning, and sarc
heavily exploied both by commezeial and recrealional
fishcries. Theit population dysamics are dominated by
density~inclependenl. cnvironmental factors (Coopet
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and Polgar 1981, Uphoff 1989). Suiped bass. popula-
tions declined dratnatically doring the 1970= and 1980s
in Chesapeake Bay and the Sacramento-San Joaguin
river syslem. Much effort and debale werc associalod
with the relative contributions to these population de=
clines of water quality (acid rain or cutrophication) and
fishing in Chesapeake Bay (Goodyear 1985, Coutam
and Benson 1990), and of changes in prey composition,
roduced adult suevival, and increased mortality related
to water diversions for agricultural usage in the Sac-
rameilo~San Joaquin river sysiem (Stevens ol al,
1983). An cnormous amott of research and monitor-
ing was performed to isolate the cause of the striped
bass population declines (e.g.. see CDFG 1987 Hall
1991). Yet there has never been a complete resolution
of the vauses of the declines. Both hatvest and watcr
quality wete strongly regulated in the Chesapeake Bay,
resulting in a recovery of siriped hass, The debate con-
tinues for the Sacramento-S8an Joaquin population
(=g, W. J, Kimmerer, I, H. Cowan, L. W, Miller, and
K. A. Rose, unpublished manuscript; K. A, Rose, J, H.
Cowan, L, W, Miller, D, E. $tcvens, W. J. Kimmercr,
and R. Brown, unpublished manuscript), which te-
mains depressed.

Stripcd bass in the Hudson River were also the center
of controverry during the 1980s. The population-level
effects of early life stage mortality from power plant
entraimment. and impingement were hotly debated
(Barnthouse ¢t al, 1984). Millions ol flsh were killed
at the power plauts, and ¢lectrical utilitics were faccd
with the expensive prospect of having to convert power
plants te closed-cycle cooling Lo minimize entrainment.
Utilitics and regulatory agencies both funded the.de-
velopment of models (o express entraitment and im«
pingement, Tosses on striped bass papulations. Barat-
house et al, (1984) concluded that *“After more than a
deeade of study and tens of millions of dollars, it was
still not possible to draw definitive conclusions about
the long-term cffcets of cntraimment and impingement
on fish populatians in the Hudsor River . . . We balieve
that il (lack of suceess) occurred because of insufficient
understanding of the underlying biological processcs
{(uffccling populalion dynamics).” )

Issut 1: DETBCTABILITY

High intcrannual variation it fish populalions makes
isoltating BEQ effects difficuit. Much of the variation in
population abundances ariscs from vatiable survival
during YOY life stages. YOY fish exhibit high mor-
tality rates and arg extremely sengitive to sbiotic con-
ditions. Interaction effects among variabics arc often
important, greatly mducing the statistical powet of
straightiorward correlation-based analyses.

T use a time-gerics analysis of estuarine fishery land-
ings and a model anzlysis of the cffects of polychlor.
inated biphenyls (PCBs) on largemouth bass (Microp-
terus salmoides) recruitment as two illustrations of the
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Fie. I Fxamples of typical caieh-parunit-cffaet (CPUE), temperature, freshwater inflow, peihition-related variables, and
predicted and abserved CPUE of well-modeled specics fram the time-scries regreasion analysis (Rose at al. 1992): (a) striped
base CPUE in the Potomac River, (b) April inflow in the Pelawarc River, (¢) April temperature in the Dataware River, (d)
annual diasolved oxygen, sowage loading, and volume dredged in the Hudsan Rivet, (¢) predicted and observed CPURE of
oyster (Crassostrea virginics) In the Potomae River, and (f) predicled and observed CRUF of white perch (Morsne it icana)

in the Delaware River,

difficultics in detecting BQ cffects, The time-scties
analysis shows the importance of inleractive effects
among abiotic variables in affecing population dynam-
jus. Both the time-scries analysis and the PCBs-cffecls
model demonstrate the difficulties in detecting EQ el
fects under conditions of high natural variability.

Example 1: multispecies CPUE

Rose and Summers (1992) used catogotical time-
series Togroasion to partition variation in catch-pet
unit-cffort (CFUE) of a variety of cxploited cstnarine
species between hydrographic and pollution-related
vatiables, CPUE wag assumed to be an index of pop-
ulation sbundance. Annual CPUE data from 1929 to

1974 far 55 stocks (19 species in five ertuarics) were
Tormulatcd from available catch and effort records.
Monthly water temperatures and freshwaler inflows for
cnch of the cstuatics, and a monthly index of wind
dirccrion and speed at offshore stations neat cach es-
tuaty, were estimated from avaitable data. Annval pol-
lution jndicos were detormined for cach estuary: sews
age loading (adjusted by sewage troatment level), dis-
solved oxygen (DO) concentratiana, and volume of ma-
tertal dredged, Bxamples of typical CPUR, temperature,
freshwatcr inflow, and pollution-related variables are
shown in Fig. 1a—d, Examples of well-modeled CPUE
time series arc shown in Fig, le and I

Interaciions were important in affecting annual
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Flg, 2. Frequency histogram of the 30 values of the in-
crease jn R attributable ta pallution-relmed variables for the
10 stocks whone annurl CPUR was well modeled (total madel
R* > 0,55) by timc-serics rogresslon. The inerease in R? al-
tributable to pollution is after (he vavistion in CPUE attrib-
ntable to hydrographic and stock variablcs has been statis-
tieally removed (Rose et al. 1992),

CPUE, and thc inctemental variability in CPUE ex-
plained by pollution-related variables was relatively
small, Of the 30 well-medcled stocks (R* > 0.55), in-
leractions wete jmportant in 26 stacks, 20 stocks had
significant interactive effccts involving variables that
were ot important as main effects, and 5 of the 30
stoeks had final models that involved interaction clfects
only, Once the vartation atitibutable to hydrographic
and stock cffects was removed, pollution-retated var
jables accotinted for signifieant but small (typicatly
18%) additional variations in CPUE (Fig. 2).

Ezample 2: largemouth bass and PCBs

Taworska et al, (1997a) predicted the cffects of PCBs
on figst-year growth and survival of largemouth bass
using coupled PCB effects and individval-based mod-
¢ls coufigured for southcastern U.S. reservoirs. The
model followed the daily spawring, deveclopment,
growth, and survival of YOY largemouth bass until
Ociober (ond of the growitig season) in a length of
littoral zone. Mating was sizc bascd, with the fargest
males pairing with the largest fomales, Eggs, yolk-sac
larvae, and swim-up fry wetc associated with their na-
tal tiest; upen reaching 20 mm (end of swim-up stage),
individuals becamc juveniles and dispersed from the
nest, mixitg with other juveniles from other nests,
Growth was hascd on daily bioenergetics, with the re-
alized daily consurnption rate dependent on random
cncounters with ah arpay of size classes of zooplankton
and benthos prey, Mortality tate was fixed for eggs and
yolk-sac larvac and decreased with increasing length
far later life stages, Temperature-induced desertion of
the nest by the guarding male resulted in loss of in-
dividuals associated with the nest.

Monte Carlo simtlation was used to simulate real-
istic intcrannual variations in the number of survivors
untj} Oetober, A varioty of mode! inputs, including the
initial number of spawners, water temperaturc, prey

FISHERIES, HABITAT. AND POLLUTION k]|

densitics and timing, and predation-related mortality,
wete varicd hascd on empirical data for rerervoits. The
frequency distribution of predicted October abundanc-
¢s was similar to that obacrved for Chickamanga Res-
ervoir (Fig. 3a). = well-studied rosetvoit in the Ten-
nesace River system. The lognormal-like shape of the
recruitment. (requency histogtam (thick-tailed to the
right) is commen to many fish species (Hennemuth
1979, Myers ct al. 1995). PCB effects were imposed
as increased mortality and deercased growth, which
wetre dopondent on specified tissue concentrations of
PCBs. Although median predicied Octaber abundances
doorcased with increasing concentrations of PCBs: pre-
dicted distribulions overlapped substantially (Fig. 3b).
According to this madel, samples sizes needed 1o sta-
tistically detcct significant differences in mean October
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Fig. 3. Predicted cffecis of PCBs on Oetober abundances
of largemouth bass based an an individual-based YOV madel
(nwareka ol 1], 19974). Monte Carlo simularion was vsed tn
vary model inpats to mimic realistic interannual variation.
(1) Frequeney histogram of model-predicted and observed
(from Chickamauga Reservoir) October abundances, (k) Pre-
dicted peresttiles, minimum, and maximom October abun-
dances under baseline (0 ppm), 6, 10, L5, and 20 ppm of
FCBs.
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ahundances (f test, o = 0.05, B = 0.2) between baseline
{0 ppm; parts of PCB per million parts of fish biomass)
and PCBs simulations wete 300 samples for 6 ppm, 92
samples for 10 ppm, 47 samples for 15 ppm, and 32
samples for 20 ppm. These sample sizes represent the
number of years over which October abundances would
need to be measurcd, under both baseline and PCB-
effects conditions, o detect a statistically significant
differcnee in mean abundance valves,

Results of detectability examples

The timc-scries analysis and PCBs cxamples demn-
onsirate alternative ways of dealing with the low-de-
tectability problem. The time-scrics analysis shawed
the value of cross-specics comparisons and of the tai-
loring of statistical methods to the specifics of the avail-
able data, The problems with CPUE data are notarious,
but deicoting pollution cffects on long-lived species
requites long data recards that exceed the duration of
mos! monitoring programs. We developed our own vet-
sion of lime-series regression that treated the highly
uncertain data as categorical Chigh or Jow) and dealt
with multiple lags that arise from multiple age-struc-
tured populations. Although it reguires more work, stas
tistical methods shauld be adapted to the available data,
rather than the data being forced to fit into standard
statistical methods. Our confidence in the results was
increascd by tha consistency of resulis with life history
differences among the species. Such reality cheeks on
the statistical resuits arc only possible in comparative
analyses that invelve many specics. The PCB-effects
cxample demonstrated that Monte Carlo methods can
be used ta portray realistic natural variation jn models.
One ean then impose known stresses and determing the
detectahility of their effects. Such information can be
used to distinguish between a truc lack of effects and
a lack of powet to detest cffccts.

Issuk 2: CoMPLEX HARITAT

Complex spatial heterogeneity in hebilal can result
in nonintuitive population responses. We often are
templed ta extrapolate population responses under the
belief that improved EQ is always beneficial. However,
the relationship between population response and EQ
can be dome-shaped rathcr than inereasing monotoni-
eally. Also. population responses are not necessarily
proporiional to the changes in EQ. Small changes in
EQ ean result in large population responses, and large
changes in HQ cait lead to small papulation responses,

The first cxample uses cffeets of dissolved oxygen
(DO) vn predator—prey intcractions in a vertically sirat-
ifled water colum to iflustrate (hat incteasing EQ (DO)
docs not always lead to incteased larval survival. The
second cxample uses survival of spiny lobster (Pane
ultrus argus) from scttlement to cigration to illustrate
that large EQ cffects (massive algal blooms) ¢an result
in unexpectedly small population-level responses. Bx-
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amples that will be presented under Issne 5 (Sublethal
Ellacts) below illustrate the converse: small EQ effects
can samelimes fead to large population-level rasponses,

Example 1: low DO and larval fish swrvival

Broitburg et al. (1999) simulated the interaction be-
tween low 120 concenirations and predation op larval
fish survival in a vertically siratified water columti. The
model water cojumn was configured based on extensjve
gxperimental and field data from the Chesapeake Bay,
The prey fish was based on naked goby (Gobiosoma
bosc). Three typos of predators were simulated: sea
netile (Chyrsaord quinguecirrha), fish sensitive to DO,
and DO-tolerant fish. The water column was divided
into three laycrs: surface, pycnoeline, and bottom, The
daily growth, survival, and movement of individual
goby larvac were followed in the model for 30 days
from hatching. Larval survival was determined based
on encounters and successful captures by individual
predators. Encounter rates and capturc success de-
pended on the swim speeds and Iengths of the prey and
predatoss, Movement among the surface, pycnocline,
and battomn layers was updated daily by randomiy as-
signing individual ptey and predators to layers bascd
on speeified proportional densities,

The model was formulated so that DO concentrations
affecticd Jarval growth rates, predator capture suceess,
and the vertical distributions of prey and predators, Al
baseline paramcter values weye based on high (no-cf-
fects) PO levels. Larval growth rates were specified (o
decrease with deersasing DO concentrations. Sea nettle
capture succeess was specified to inerease, while fish
predator capture success decreascd (mmore so for the
scnsitive fish prcdator), with decreasing DO concen-
trations, Proportional densities by layer were specified
to shift individuals from a disuibution propotiional o
the water volume it each Iayer (eorresponding to high
DO cancentrations) ta distributions reflecting individ.
uals progressivcly avoiding the hattom layer with de-
creasing DO concentradons (Fig. 4). DO concentra-
tions in the surface faycr were always sct 1o no-cffects
levels, DO coneentralion in the pyanocling layer de-
pended on the concentrations specified for the botlom
layer (3 mg/L when bottom layer was 0 mg/L, and 4
mg/L when bottom layer was 0 or 1 mg/L), Thirty-day
simulations were performed for four bottom-layer DO
concentrations, three water-column  configurations
(shallow, intermediate, and deep) that had inctuasing
proportians of the watcr column assigned to the bottom
layer, and four predatot combinations.

Onc uncxpected result of the model predictions was
that the highest survival generally oceurted at inter-
mediate DO concentratipns (Fig, 5), Highest DO did
not usually lead to highest larval survival, The 3 to
more than 10«fold variations in Jarval sutvival pre-
dicted neross battorn DO concentrations resulted from
DO cffects on the spatial overlap of proy and predators.
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Fic. 4, Praportional densities in each of the surface, pyc-
nnclinc, and botiom laycra of the watcr colurn based on
Bottom DO coneenttation (from Breitburg et al, [19997). The
valoes shown were uged for larvae (the prey) and Lhe 1alerant
fish predator.

Thesc tesults were ohtained without the usual phenoms
orton of increased production of the lawer traphic levels
caused by eutrophication, and without any hypoxia-
indvuced mortality, ’

Example 2: spiny lobster

M. I. Butler. J. H. Hunt, W, E Hernkind, and K. A,
Rose (unpublished manuscript) simulated spiny lobster

2///% G SR E E
0.0 /// / - 2 _‘ ::;‘:r: .
0 i 4 5 .
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survival in Florida Bay from the time of settiement to
emigration ~18 mo later. Lobster posilarvae settle in
scf grase (Thalassia festudinum) beds and then move
to crevices. Sponges are the major source of crevices!
recently, alga! bloots have cansed massive dic-offs of
sponges (Butler et al. 1995),

The daily growth (molting), survival, and mavement
of individuals was simulated in a 7 X 35 grid of cells
configurad for the sirip of Florida Bay bordering the
Flotida Keys. Each cell was characterized by specificd
percentages of different habitats (sponges, solution
holes, other shelters, and open spacc). Tncoming poat-
larval lobsters arcived with cach new moon, and cach
Tohster was assigned an initial ccll based on known
settlement and water movement patterns in Florida Bay.
Daily growth was based on temperature, On cach day,
Tobsters left their shelters 1o forage and then compeied
for preferred shelters upon their return, Mortality was
dependent on shelter type. A suite of size-based riles
wag used to simulate the complex béhaviors of devel-
oping lobstets, Empirical estimates of total annual in.
fluxes of postlatyac from 1988 to 1996 wete vsed to
drive the model. Algal blooms were simulated by re-
ducing shundances of loggethead and other sponges in
selected grid cells bascd on their exposure duration.
The 1991 bloom lasted ~3 mo and involved ~10% of
the grid cclls: the 1992 bloom Jasted ~7 mo and itt-
valved ~20% of the prid cclls. No regrowth of sponges
was permitted,

Predicted population abundances shawed serprising-
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Fic. 5. Tredicted larvat cohort survival to 30 d far four predator combinations (a—d), three water golumt configuratiuns
(shallow, intermediate, and deep), and four levels of bottom TQ hased an an individual-hased pradator—prey model (Breitburg
ot al, 1999): (a) sca nottle, (13) scnsitive fish, (¢) sca wettle and sensitive fish, and (d) tolerant fish. '
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F1G. 6, Prodicted spiny lobster densities fram postlarval influx. (settlement) to emigration in Florida Bay from 1988 to
1906 based an an individual-based |ohstat tecruitment mode] (M. T, Butler ec al., unpublished manuscripl). The shaded periods
show when algal blooms that removed spanges in selected cells of the model grid were simulnted, (2) Lobster densitics in
cach of the habitat typer in celis in the vicinity of the aigal blooms, (b) Population densitics (1.&., sum aver all habitats and

cells) for simulations with and withow algal blooma.

ly remarkable resilichee in response to manstve losses
of spanges (Fig. 6). Simulated algal blooms caused
dramatic shifts in the shelter types used by Jobsters in
cells in the visimity of the algal blooms (Fig. 6a). How
ever, whent summed across all cells, population den-
silies were similar in simulations with and without algal
blooms (Fig. €b). The abserved infiux of postlarval
lobsters based on fleld data was unusually bigh for the
years just after the aigal bloots, A similar small pop-
ulation response was also predicied by the model when
postlarvak influxes were set to their histarical average
value for the years during and after the blooms.

Results of complex habliar exampies

The examples provided by the DQ cffects or larval
fish survival and the spiny lobater generated believable
counterintuitive results. Both models bencfited from
extensive laboratory experimets and field mopitoring
that predated the modeling effort, In both cases, the
empirical seientists accumulated & wealth of data that
addressed many of their specific questions, but they
alsa recognized the imits to erpitical monitoring. To
their ctedit, they realized that addressing some of the
larger guestions requited a modeling approach that
would cornplement and synthesize their extensive lab-
pratory and, field data, The resulting modeling efforts
benefited from close collaboration botween the empir-
ical and modeling rescarchera: the empiricists leatned
some things about their data end system not obvious
from ficld monijtoring, and the modelers had access to
natural history information (not available in published

papers) that enabled the development of more realistic
madels, .

Issue 3: RROIONAL PREDICTIONS

Many analyses of fish {ocus on the populatisn level
for pragmatic reasons, With a populationslevel focus
comss the tendeney toward single-sitc analysis. For
some EQ offecis, however, a single-site analysis is not
always approptiste, For example, studying how global
climate change will affcct spacics distributions requires
regiotial- ot landscape-lovel analyses involving mul-
tiple, site-specific populations. The tendency has been
to sacrifice biological realism within populations in or
der to predict cffects on multiple populations spread
over broad goagraphie ateas. Simple habitat models,
rather than population dynamics models, generally
have been used to predict global climate change effects
ot fish distributions (c.g., Meisner 1990, Kelcher and
Rahel 1986). I argue that with the carnputing capabil-
ities available. onc does not need to sacrifice realism
in order to make regional predictions, The growing usc
of geographic information systems (GIS) and geo-ref-
erencing of data will enable regional predictions with
realistic population dynamics modcls,

Example: trout and watersheds

M. E. Clark, K, A. Rose, D, A, Levine, and W, Ha
grove, (unpublished manuscript) coupled a detsiled,
individual-based model of brook trout (Saivelinus fons
tinalis) and rainbow tront (Oncorkynehus mykiss) pop-
ulation dynamics with a GIS database to predict effects
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Fic. 7. Duily water Rows For & typica) year under baseline and global-climate-change conditions used in the individual-
based model of brook and rainbow trout population dynamies (M. B. Clark ot al.. wnpublished manuscript),

of global climate change on trout abundances for all

streams jo the Southern Appalachian plateau. Brook -

and rainbow trout compete Tot space and prey in South-
ern Appalachian streams, The madel followed individ-
vals of both species through their Jifetimes on & daily
time step (Clark and Rosc 1997). A bascline stream
representative of typical fourth order streams in the
Southern Appalachian plateau under today's climate
conditinns was configured from =available data. The
hascline streams consisted of a serics of connected
pools, runs, end tiffles, Daily flow was specified; ve-
lacity and depth werc computed fram flow fot each cell
for ¢ach day. Redd site selcction, [eeding rates, move-
ment, and mortality depended on trout life stage,
length, and growth rate, Feeding rate was determined
by location in the atrcam (larger individuals wore as-
sighed better foeding sites) and by How effects on rates
of dowustream drift of inscet prey,

The Southern Appalachian platcau was divided into
34 walersheds, and each watershed was split ino three
clgvation bands, Bvery sircam was tiot medeled. In-
stead, simulations wete performed for representative
streams in cach watershed using modified versions of
the baseline stream, and predicted tront abundances
were sealed up to the watershod Jevel. The baseline
stream was adapted to representative streams by ad-
justing daily temperatutes, daily flows, and slope based
on stream order and watershed characteristics. Seasonal
adjustments Lo the daily waler temperatutes used to
adapt the bascline stream to representative streatns in
each watershed-elevation band were derived from an
extensive zir temperature datahase in the GIS. The task
of deriving seasonal multipliers of flow to adjust daily
flows in medel simulations was more complex. Each
stream. was firgt assigned a stream order number (1-6)
based on the branching pattetns of strgams in the wa-
tershed using GT38-based softwacc; the total lengths of
each strcam order were then cotaputed with the GIS,
The effective watershed area draining the average
steeam of each stream order in ¢ach watzrshed—cle-
vation band was thocn computed using a complex hy-
deological routing algorithm. The algorithm had 1o ac.
count for some streams originaling or tetminating with-
in an clevation hand, and for the contribution of sttcams

that originated in higher clevation hands of the same
watershed.

The trout model was nsed to predict the 30-yr av-
crage rainbow and brook trout densities (number per
meter of stream) for each stream order for cach wa-
tershed—clevation band combination. Total trout abun-
dances were then obtained by multiplying densities by
the total lengths of cach strcam order, Global climate
change was simulated as increased temperaturcs and
altercd daily flows. Daily 1emperaturcs were increascd
by 1.5°C in summet, by 2°C in apring and fall, and by
2.5°C in winter. Daily flows were modified to simulate
more temporally clumped and higher extreme values
of both high-rainfall svents and drought periods (Fig.
7.

Trout example resulis

Pradicted changes in abundances between baseline
and the glohal climate change seenario were complex.
I show the results for brook trout only (Fig. B8); an
analogous map of changes in abundance was obtained
for rainbow trout. There was conaiderable variation in
the direction and magnitude of prodicted changes both
amang clevation bands within watersbeds and among
watersheds, One pattern we abserved was that maost of
the decrcased brook trout abundance was predicted for
low-clevation streams, while ingroased brook trout
abundance was gencrally predicted for high-clevation
streams (Fig. 9.

M. E. Clark, K. A. Rose, D, A, Lcvine, and W, Har-
stove, (unpublished manuscript) examiued these te-
sults in more detail, and added 2 more realistic rola-
tionship between redd loss and water velocity to betier
acecount for the offect of higher flows under the global
change scenario, Thoy showed that forecasts based on
the population mode] differcd frot those based on sim-
ple static changes in potential habitat. Simulated chang-
ot that included & watervelocity based mortality on
redds resulted it a 10% reduction in region-wide brook
trout abundance and a 24% reduction in tainbow trout
abundance. In contrast, a stativ measure of trout habitat,
defincd as the total length of streams with average sum-
mer water temperature =19°C, exhibited an 80% re-
duction under climate change. While many rimplifying
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FiG, 8, Predicted changes in hrook trout abundonces helween giobal-¢lirnaleschange and baseline (present-day) conditions
for cach watershed-clevation baod of the Southern Appnlachian plateau (M, K., Clark et al., unpublished manuscripr). Abun-
dance was computed as the total nusber of trout in ench watershed—elevation band. The GIS was used w dafine tomperaturs.
water flows, and stream geomelty of representative order [-G strepms as input to a daily time-step, individual-based motles!
of braok and rainbow trout, Mean predicted andances from 30-yr simulations of the representarive streams were then
extrapolated 1o the watershed scale using total stream lengtha computed hy the GIS.

assumptions were macc, the analysis demonstrates that
realistic population dynamics medels can and should
be used tu generate regional-scale predictions.

Issuk 4; COMMUNITY INTHRACTIONS

Most analyres are conducted on populations, even
though populations rarely exist in isolation. Uncertain-
ty in interspecific interactions usually deters the pei-
formanee of analyses on communities. There has been
the belief that we have enough difficulty modeling pop-
vlation dynamics without also attempting to represent
intetspecific competition and predation. Yet population
responses can he greatly influenced by communijty-lev-
el interactions (see review in Rose et al. 1996),

1 use a predator—prey model to illustrate haw com-
tnunity intcractions can affect population responses to
an increasc in patabolic ratc typieal of the sublethal

cffcets of many contaminants, The daily spawning,
growth, and mortality of individuals of yellow perch
(Perca flavescens) and walleye (Stizostedion vitreum)
were followed thronghout their lifetimes (Rose et al.
1999). Adult walleye predation is the major source of
mortality on YOY juvenile and yearling yellow perch.
Although the model cetitained only two speeies, the
predator—prey interactions vepresented were camplex
(Table 1). The model was developed and corroborated
using an extengive 35-yr database collected on Oneida
Lake, New York (Mills and Farney 1983),

The model was tun in population and community
modes (Jaworska ¢t al. 1997b). The enmmunity mode
corresponded to a two-species model in which preda-
tion on yellow perch wes dependent on walleye dy-
nemics, The population version remaved walleye from
the model; martality rates of YOY juvenile and year-
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to cach walershed—clevation band shown in Fig. B.
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ling Iife stuges of yeliow perch (usually eaten by wall-
eye) were sct to average values from the baseline sim-
ulation of the community vetsion. In hoth modes, the
metabalic rate of juvenile yellow porch was increased
hy 20% to mimic sublcthal ¢ffects of a contaminant.
Four ]100-yr simulations were analyzcd: baseline and
20% ingrease in metabolism for cach of the population
and community versions. The percentage change in av-
erage values (computed over the 100 yr) of a variety
of prediction vatiables between the 20% increase in
metabolic rate simulation (¥) and the baseling simu-
1ation (¥y) was computed as 100 X (¥ — ¥,)f¥y. Pereent
changes were compared between the population and
comnunity versions,

Inclusion of a dynamic predator (walleyc) in simu.
[ations reversed the effects of increased metabolism on
yellow perch population abundances, Increased matab-
olisty caused a JO% deerease in adult yellow petch
sbundance in the population model, but a 53% increase
in the community model (Fig. 10). In the population
model, increascd metabolism caused the expected de-
croase in mean length of ages1 yellow pereh, reduced
survival to tecruitment age (due to increased overwin-
tet mottality), and resulted in fower Tectuits, adults,
and spawncrs. Shorter age-] mean lengths were ealso
predicted in the community model, but juvenilo-to-re-
eruitment survival (juvenile = 20 mm) incteased great-
1y, resulting it higher ycllow perch recruitment. Den-
sity-dependent responses of reduced adult (age-5)
growth, and of associated delayed maturation and re-
duced fecundity (cggr per spawner), were nol suificient
to offset inereascd recruitment, and adult yellow perch
abundances increased, The higher juvenile-to-rcoruit-
ment survival of yeliow perch resulted becanse shorter
age-1 yellow perch provided less biomass of prey for
walleye, f-css prey biomass led to increased cannibal-
ism, and reduced walleye growth led to delayed mat-
uration, lowered Fecundity, and reduccd egg produc-

TABLR 1. Predator—pray interaclions defined in the individual-bascd yellow perch-walleye
population dynamics tode] by nonzero vulnerability factors (Jaworska ot o], 19978 Rorce

et al, 1993),
Predator
Yeliaw perch Walleye
YOY and .
Prey Larvel  yearling  Adult Larval YOY  Yecarling Adult

Zooplankton . + + + 4 IR
Benlhos +1 + + + o+ +
Forage fish : b + -
Latval perch + + "
Larval walleye . =+ + +
YOY perch + + + +
YOY walloye i + I
Yecarling perch + +
Ycarling walleye + +

Nate: YOY arc juvenilc young-of=year excluaive of Jarvae (ie. YOY =20 mm in length).

1 Yellow perel >30Dmm.
+ Walleye <2100 mm.
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Fia. 10, Prodicted changss in a variety of yellow perch variables hetween the bascling simulation and a gimulation with
g 70% incrcase in juvenile yallow pereb metabolism for the population and community versions of the individual-based
model of Oneida Take (Jaworska ot al. 1997b), The papulation version uses fixed mortality ratcs of YOY juventls and
yoarting yellow perch, while the community version simnlates mottality based on the dynamics of walleye, Adults arc defined
% age-2 and alder individuals. Length and fraction mature of age-$, and growth from age-d to age-5. ate shown as repre-

septative of adult dynamics.

tion. Increased mortality of YOY walleye and reduced
egg production resulted iv lower walleye abundances
and lower predation mortality of YOY and yearling
yeliow petch, :

The predator—prey model enabled direct compatison
of a yellow perch response to increased metabolism
under population vs. community conditions, While
such manipulation is of obvious thearetical interest, the
results also have practical implications, The extensive
database on Oneida Lake permitied us the Tuxury of
developing & complex and dynamic prodator-prey
model, and predictions for Oneida Lake would cer-
tainly be based om the commuily version of the model,
But many other systems are data limited, resulting in
the develapment of papulation models, with predators
(or prey and competitors) treated as nondynamic, static
ettities, The Oncida Lake example demonstrated that,
while population models arc often pragmatic. popula-
tiong are cmbedded in food webs and predictions from
population mordcls should be viewed with some cau-
tion.

Jssue 3; Susl.ETHAL EFRECTS

Sublcthal cffects of changes in EQ can be important,
Sublethal cffects arc often ignored, of discussed but
not included, in analyses. While the possible popula
tion cffcels of mortality arc obvious, population-lovel

consequences of many sublcthal effects are less clear
Resaurce managers and regulators usually can be con-
vireed that some sublethal effccts, such as reduced
growth, are important, However, the vast majority of
athet sublcthal cffcots, such as developmental defor-
mitics, altered hiochemical composition, ot behavioral
responscs (Atchison ot al. 1987, von Weaternhagen
1988, Litie ot al. 1993) ate difficult to dirertly knk to
changes in growth, survival, or reproductive SUCCESs.

Two provious examples already presented also il
lustrate the potential importance of sublethal effects of
changes in BEQ. Behavioral effects of DO on predator—
prey interactions cavsed 3- to morc than 10-fald dif-
ferences in predicted larval fish survival (Fig. 5), In-
creasing yellow perch metabolism by 20% led to a 55%
ingrcase in their long-term average abundance in a
¢community model (Fig. 10).

A third example is a simulation of how changes in
larval striped bass growth rate and prey-capturs SUGCESs
can affect striped bass recruitment, Rose et al. (1993)
imposcd a varicty of EQ-rclated effects on a YOY mod-
¢l of striped bass in the Potomag River, Daily spawning,
development, growth, and maortality werc simulated.
Growth depended on random cnoounters of striped bass
with vatious zooplankton types and size classes of ben-
thos prey, Onee encountered. prabability of suecessful
capture determined the number encountered that were
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Fra, I1. Predicted growth and survival (o age-1 of atriped bass under baseline, reduced growth rate, and roduced prey-

saplure success sccnarios bnsed on the Potomac River version of an individual-based model (Rose et al. 1993). () daily
growth rate of the 10 May day-cohott, and (b) predicted number of suevivors to age-1 divided by the bascline number of
survivors for [ve teplicate simulatons that used different random number scquences.

gaten, Encounter rate and capture speeess increased
with sttiped hass length.

In addition to bascline conditions, one-year simu-
lations were perfoted with reduced larval growth rate
and reduced capture success, Reduced growth is an
obvigus sublethal cffcet of many stressors; reduced
capture success has boen reported for a variety of spe-
cies exposed (o contaminants in the laboratary (Math-
ors ct al. 1985, Morgan and Kiceniuk 1990). Predicted
nummber of survivors to age 1 (reernitment) under re-
duccd growth or capture success was divided by pre-
dicted number under bascline conditions. Simulations
wete repeated five times using difforent random num-
ber aequences.

As illustrated by the 10 May cohort for onc of the
simulations {Fig. 11a), rcalized reductions in growth
ratca wete relatively small (0.5 mm/d under bascline,
compared to 0.45 mm/d for reduccd growth and 0.47
mm/d for teduced capture success), Yet the effects of
reduced growth rate and capture success on predicted
roctuitment varied greatly among simulations (Fig,
11b); predieted recruitment vatied from ~80% to al-
most 40% of bascline,

These three examples demonstrate that sublethal ef-
fects can have potentially large cffects on population-
level vatlables, Predicting the population conscquences
of such sublethal effects requires models that can be
linked to the proccsses and subprocesses assaciated
with the sublethal effects. For example, scaling from
reduced prey-capturc suecess of an individval to re-
cruitment and population dynamics tequires a way to
translate changes in capturc success into changes of
model Inputs that relate to growth and survival, An

individual-based approach provides a straightforward
way to link changes in individual charactetistics and
ratos to population and community responscs. While
the thiee oxamples used here inclnded sufficient detail
to allow sublethal cffccts to be imposcd as ditect chang-
e of mode! inpats, this may not be the case in other
situations. Ose conld cnvision an individval-based
model of a particular life stage or process that would
act as a bridge model between the sublethal effect and
the mpdel inputs of 2 mairix projection ot other pap-
ulation dyramics model, The bridge model would con-
vert sublethal effeqts into changes in the values of in-
puts to the population dynamies model.

IS5UE 6 CUMULATIVE ERPECTS

EQ and ather factors are often analyzed singly, ig-
noring their cumulative ¢ffects. Populationg are often
faced with multjple siressors that cause simultaneous
changes in EQ. The cumulative effccts of multiple
stressars car differ groatly from the sum of theit in-
dependent effects. Multiple stressots can result in larg-
er ot smaller cumulative effects than cxpected, de-
pending on how they interact with cach. other. Strossars
that act synergistically wowld increase effects, while
those that act antagonistically world diminish eumu-
lative effocts.

Example 1: Sacramento and San Joaquin river
sysiem striped bass

$triped bass population dynamics in the Sacramenta
River-San, Joaquin tiver system were simulated usihg
an individual-based YOY mode] coupled to an age-
struetuted adult model (K. A. Roge, . H, Cowan, L.
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Pic. 12, Annual adult (age-3 and older) abundances from 30-yr simulations of the Sacramenta~San Joaguin river system
siriped bass population madel vilh prey composition, diversion mortality, and achult anvevival all at pre-decling values, anch
changed singly to iis post-decline valne, and all changed to their pastedacline valucs (K. A. Rosg, 1, M, Cowan, L. W, Miller,
D. E. Stevens, W, I, Kimmercr, and R, Brown, wnpublished memuscript).

W, Miller, D. E. Stevens, W. 1. Kinmerer, and R. Brown,
unpublished manuscript). The model was developed lo
evaluate the likely causcs of striped bass population
decling. ''he sttiped bass population has been declining
pver the past several decades, and a variety of sauses
(including roduced food, increased diversion of water
for agricultural usc, and reduced adult survival rates)
have been blamed fot the decline (Stevens et al. 1985),

The adult model tracked the number and mean length
of age-1 and older fish on an annual time step. Survival
from age | 1o age 3 was specified to be density de-
pendent based on long-tetm monitoring data. Age-
based maturation determined the number and size dis-
tribution of femalc spawners cach year, and these dis-
wibutians were used to initiate the individwal-based
YOY model. The YOY model computed the number
of age-1 survivors from cach year's spawners, bascd
on their daily spawning, and the subsequent dovelop-
ment, grawth, mortality, and movement of theit prog-
eny. Four spatial baxes were simulaled for the YOY
life stages: the upper Sscramento River hox leads to
the lower Sacramento River box; the lower Sacramento
River box joing with the $an Joaquin River (Delta) box
to form the most downstream box, Suisin Bay. Move-
ment of YOY individualz among the four spatial boxes
was based on gredictions of passive particle movement
from a two-dimensional hydrodynamics model, Two
Aow conditinns were simulated: 141.6 m*/s (5000 cubie
faot/s) Delta outliow, which is considered a critically
fow flow condition, and 566.4 m¥s (20 000 cubic fecl/
5). which is consideted an ahave-normal flow condi-
tion.

Ptey composition (zooplankton and Neomysis), YOY
mortality due (o diversions of water for agriculture,
and adult survival rates were specified at values res
Aoctive of pre- and post-decline periods, Thitty-year
simulations were performed with prey composition, di-
version mortality, and adult survival all at pre-decline
values, cach changed singly to its postdecline value,
and all changed together to their past-decline valucs.
All simulations started with pre-decline numbers of
spawners, and the Jow Delta ootflow condition was
used cxcept cvery fourth yoar, when the high Delta
outflow condition was imposed, (Similar results were
obtaincd when the high Delta outflow condition was
randamly assigned with probability 0.25 (o indjvidual
years.) Systomatically imposing the high Delta outflow
condilions every four years permits easicr interprelas
tion of rexults because single simulations ¢an be com-
pared.

Striped bass example resulls

Predicied population abundances temained stable
when prey composition, diversion mortality, and adull
survival were all at (heir pre-decline velucs. and cx-
hibited a dramatic decling (similar to the observed de-
cliney when all three were set to thejr post-decline val-
ucs (Fig, 12). Howevet, whenever each was get Lo post-
decling values singly, only small reductions in popu-
lation akundances were predicted, ‘The combined
coffects of all three factors al their post-decline values
repulted in reductions in survival that could not be
compensated for by density-dependent processes, The
ratio of mean adult abundances (for years 16 to 30}
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was computed for each factor as: moan abundance with
that factor only at its poat-decline value divided by

. mean abupdance with all factors at their pre-decling
values. ‘The value of this ratio was 0.80 for reduced
adult survival, 0,79 for prey composition, and 0.71 for
diversions. .

If these faclors were opcratitig independenily, then
their combined effect would be approximated by the
product of their ratios. Evidence for' the synergistic
effects of the three factors in the model was provided
by calculating the ratio of mean ahundances with all
threc factara at their post-decline values. This ratio of
0.15 is much less than the product of the three ratios
based on cach faclor changed singly (0.80 X 0,79 X
0,71 = 0.45), Examination of each of these factors
alone would have implied that the combined effrcts of
all three factors would be 2 mean population abundance
that was 45% of the pre-declinc abundance, whereas
the simulated cambined ellfcct of all three Taclors
showed a mean abundance that was 15% of the pre-
deeline abundance, The usual approach of examining
factors individually can result in inaccurate predictions
of the cumulative effects of multiple factors.

ISCUSSION

Understanding the effects of anthropogenic changes
in 2Q on fish popwlations is ctitical for effeclive re-
source management, Yet izolating and quantifying
these effects har heen elusive in maty situations. Six
issucs associated with quantifying BQ cilects on fish
population were illustrated with examples: detectabil-
ity, complex habitat and nonintuitive responses, re-
gional predictions, community interactions, sublethal
effects, and cumulative effects. Examples included
timo-series analysin of long-term histotical cateh re-
cords, as well as individual-hased models ranging from
30-d simulations of larval cohort survival to multiysar
simulatians of (wo-species competition and predator-
prey models, These examples serve both to illustrate
the issucs guantitatively and to demovstrate that these
isrucs can be dealt with using modsling.

Detectability, community interactions, and regional
predictions

Separating the effects of specific EQ variables fram
Lhe noise and variation introduced by other sources of
variabitlity is difficult, High variation causes many an-
alyses of #Q cffects Lo suffer from Jow statistical power
(i.c., inability Lo deleet effects when they arc preserl)
and Targe Type II errors (failure to reject the false null
hypothesis of no cffects). The low statistical powet of
roany analyses must be considered before a no-cffocts
sonclusion is rcached. Without modeling approaches,
isolating BQ effccts on long-lived specics, such as fish,
requires years of monttoring that span a range of natural
conditions. Often, sufficient data to detect cffcets are
not obtained until it is too Tatc and the population has
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dramatically declined ot casy recovery is hindered,
This is not to imply that data collection is not needed.
The accuracy and precision of mode] predictions de-
pends on the guality and quantity of the empirical data
used to develop and corroborale the model. But main-
taining funding for sufficicnt long-tett monitoring and
waiting decades for definitive signals in the data is not
possible in many situations.

Many analyses of fish focus on populations, While
population-level analyses tend to require fowet data
that are more rcadily available, thoy also imply several
simplifying assumptions that are often bricfly stated
and then ignored, Populations rarcly exist in tsolaticn,
and community inletactions can greatly alter the re-
sponsc ol the population of interest, For example, the
inclusion of a dynamic predator (walleye) in & model
resulted in a reversal (inetease) in the response of yel-
low perch population abundance to a chemically in-
duced increase in yellow perch metabolic rate. Popu-
lation-leve) analyses arc often necessary, hawever, for
pragmatic reasors. Indeed, many of the examples used
it thiz paper were population oriented, Howevet, the
cffects of community-level interactions are too often
dismisscd carly in analyses without consideration of
how they would affect predicted population responses.
T cncourage those performing population-level analyscs
to consider community intetactions more carefully, I
think that keeping Lhe broader community context in
mind will help our understanding of population re-
sponses to EQ effects, end perhaps explain some of the
responses in nature that we considet surpriscs,

The focus on population-level analyses also has re-
sulted in many analyscs being sitc specifie, When prob-
letns have required regional predictions involving mul-
liple papulations of a spesies of interest, the lendency
has Been to sacrifice biological realism, T used the ex-
amplc of an analysis of global climate change effzcts
o trout, which coupled a biologically detailed, indi-
vidual-based model with a GIS database, to illustrate
that realism can be maintained for regional predictions,
Regional predictions of EQ effects would bencfit by
using realistic population dynamics models.

Magnitudes of responses relative 1o gffects

The remaining three issues all relate to the magni-
tdes of responscs relative to cffeets, Analyses focus
on mortaljty eflects broause of their direct conmection
1o population models aod their obvicus relevance to
population dynamics. T tsed three examples to ilustrate
that sublethal effects can alsa lead to large population
regponses. The drawback to many sublethal cffects is
that they da not dircetly relate to standard jnputs of
mast population models, Onc alternative approach
would be the development of separate “bridge™ models
that would convert sublethal endpoints inte changes in
the inputs of population dynamics models. For exam-
ple, onc could develop av individual-based model of
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mating rucceas of nesting fish in which a contaminant
that altera the searching behavior for mates would cause
an effective reduction in focundity. Reduced fecundity
could then be used in an age- or stage-based matrix
population mode! to forecast thc long-term gonsc-
guenees. 'The scenario of sublethal effects interfeting
with mating wag reeently illustrated by Sechauscn ot
al. (1997). They described how increasing turbidity
caused by eutrophication in the Great Lakes of Afriea
has interfered with matc aclection among cichlid spe-
¢ies, tesulting in the loss of populations and species
diversity.

Responses by populations are not necessarily pro-
pottional to the magnitude of changes in BQ. Large
changes in EQ can lead to small responses, and small
changes can load to large responses. Spatial hetero-
geneity in habitat san dampen large changes or amplify
small changes. Despite the visual impact of the algal
blooms and associated massive sponge die-offs ab-
served in Florida Bay, the simulation model of spiny
lobster population sbundance predicted little responsc
1o the algal blooms. I suspect that it would be difficult
to convinee many people who have seen Flotida Bay
before and after algal blooms that the algal blooms
probably had little effcct on spiny lobster, In contrast,
7 used a predator—proy model to show that a 20%
¢hange in juvenile yellow perch metabolism led 0 a
55% imerease in their predicted population abundance.
Response and EQ are not always monotonically related,
In the sxample of the three-layer water column simu-
lations of larval fish and their predators, highest DO
rarely led to highest predicted farval survival. Too
much reliance on intuition cun lead to erxcneous ex-
trapolations and predictions.

The emphasis in many EQ studies on determining
the cffests of a particular stressor can result in mis-
cstitation of population responscs. Many, if not all,
populations are subjected to multiple strosses, The cu-
mulative effccts of mmltiplc strossots can be much
greater or much less than cxpected from the sum of
their individual effccts. In the Sacramento-3an Toaquin
river system striped bass crample, the cumulative of-
fect of multiple stressors in the model was much greater
than predicted by their individual effects, Changes in
prey composition and increased mortality from water
diversions affected simulated growth and survival of
YOY life stuges; reduced adult survival ceused lowgred
cgg production, Tmpesition of cach of these changes
individually caused only small reductions in long-term
prodicted striped bass population abundances, but that
when applicd all together, resulted in dramatically low-
er model populations.

Misinterpretation of the cffccts of a particular stress-
ot can also arisc when multiple stressors affect differcnt
lifc stages. I argue that we must study the major factors
affeeting a population throughout its life cycle in ordet
to quantify the effccts of individual stecssors that often
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affect specific life stages, Too much focus on a specifie
stressot alone (and often the affected spreific life stage
alonc) can resull in misleading prodictions of responses
because of inadequate information on how other fastors
affect the response by the population. For example,
considerable publicity and effort have bzen devoted to
nurturing sca turtle eggs on southcastern U.S, beaches,
whercas a full life cycle model analysis showed that
juvenile mortality at sea (partially as 2 result of trawl
byeateh) was morc impottant to population dynamics
than cgg survival (Crowder ot al. 1994),

Individual-based models, life histary theory, and
multidisciplinary studies

Prediction of BQ effects on fish populations would
benefit by increased consideration of three areas: in-
dividual-based modeling, life history theory, and mul.
tidisciplinary studics. Individual-based modcls are ide-
al for simulating EQ cffeets and avoiding intuition
traps, While one canmot prove that an individual-based
approach is necessary (other approachca might also
work), the cxamples presenicd in this paper show that
the individual-based agproach is sufficient in many sit-
uations. An individual-based approach is obviously
useful when thete are few individuala in the population
of intercst, But the utility of the individual-based ap-
proach is not Jimited to small-number populations. All
of the cxamples presented hetein involved large-num-
ber populations, An individual-bascd approach was
vaeful in these cxamplcs because variation in charac-
teristica among individuals was important o growth,
survival, ar reproduction; because all models were spa-
tially explicit, requiring movement of individuals
among locations; and because many of the predatory
and competitive interactions between individuals were
sizc hased. Many BQ cffects are measured with indi-
viduals as the udit. Individual-bascd models allow ef-
fects to be dircotly imposcd on individuals and then
scaled up to population or gommunity responses. It ir
pot nceessary for the cutite model to track individuals,
Individual-hased bridge models can be used to link EQ
effects on jndividuals to changea in inputs of more
aggregated population-dynamics madels.

Life history theory provides a framework for puttitig
the stressor and species of jnterest into & broader con-
text. Life eycle diagrams that show the many abictic
and biotic factors affecting individuals as they progress
throvgh, succcesive life stages ate a valuable first step
in population analyses. Life cycle diagrams enable cach
effect of & specific stressor acting on a speeific life
stage to be viewed as one of many factors affcting
populatian dynamics. I disagree with Walters and Col-
lic (19%8), who argued that, from a mapagement pet-
spective, mote can be gained by investing in better
monitoting programs than ju research aimed at uneove
ering the causes of variahility, They argued that the
prodictive powst obtajnable by field studies would tev-
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et be adequate for management purposcs. However, it
is simply not feasiblc to monitor all of the important
populations adequately, Development of tealistic mod-
cls equires some understanding of the major factots
affecting population dynamies.

Comparison of lifc cycles across specics enables 1o~
sponses of the population of interest to be viewed rel-
ative to othor speeies in the same system and to cco-
Jogically similar species in ather systems, Wincmiller
and Roge (1992) offcred a general frammcwork for por-
traying the lifc history strategies of North Awmeriean
fishes, Specics can be viewed as some mix of three
cxtreme stratogics based on age of maturity, juvenile
survivorship. and fecundity. Underatanding the life cy-
¢l of particular spocics in a broad context increases
the generality and robustness of population analyses.

Finally, the idea of multidisciplinary studies js more
frequently  discussed than truly implemented. Re-
seatchers tend to want to perform their science using
their usual protocols, Truc multidisciplinary cffeorts, in
which ecologists, toxicologists, econamists, hydrolo-
gists, and others work together from the imitiation to
the completion of & project, and adjust their methods
to accotnmaodate linkages with the methods of others,
would greatly advanes our guantitative understanding
of BQ effects on fish populations. Successful collab-
oration requires the cmpitically inclined to be willing
to acknowledge the gaps in their data, to make guesses
in licu of exact information, and to bc amenable to
modifying their data collsction methods. The modeling
inclined must recognize the large effort involved with
data collectipn, must listen carcfully to people who
know the data and the systen being studicd, and must
take the time to explain how the model works and to
upclate cveryone involved freguently on deeisions and
progress. A critical first step for swcceasful collabo-
ration is the clear formulation of the questions to he
addressed, including the degree of site-specificity to be
expected in predictions, In short, successful collabo-
ration requires the empiricisis to foosen up a bit (data
ate not truth, data cannot mnawer all questions, atd
typer of data other than theit own can he useful), and
the modelers to listen and explain hetter (so that odels
are not black holes for data and effort, or black baxes
of undetstanding).

Fish populations are under cver-increasing pressures
from an expanding human population, Short-term eco-
 nomic considerations, and the resuliing resistance to
implementing high-cost temediation actions, forcea s
as scientista to formulate quantitative relationships be-
tween BQ and fish populations, Examples of overfish-
ing cansing population declines are numerons. How-
evet, despile extensive efforts, definitive quantitative
demonrtrations of dramatic fish population declines
(cspecinlly for coastal species) causcd by anthropo-
genic changes in BQ ate embarrassingly lacking (Sin-
dermann 1996), Increased consideration of the six is-
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sucs discussed in this papet, coupled with 2 truc mul-
tidisciplinary approach that uses individual-based mod-
cling and Jife-history theory, can help in documenting
these clusive relationships. The modeling and mea-
surement methods arg avatlable to accomplish true mul-
tidigeiplinary science. The greatest obstacle is overs
coming communication and peraonality barriers. The
benefits would be waorth the cffort. As the stakes con-
tinue to tisc, cither we must show the importance of
anthropogenic changes in EQ to fish population dy-
namits, of we muat conclude that these chonges ate
insignificant tclutive to other sources of variation.
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Council for Endangered Species Act Reliability

February 17, 2009

CESAR

Via Certified Mail and Facsimile: 703-358-2251 and 503-231-6259

Johnny Hunt, FWS FOIA Officer

Division of Information Resources and Technology Management
4401 N. Fairfax Drive, Suite 380

Arlington, Virginia 22203

Patti Carroll, FOIA Coordinator
Budget and Administration
Eastside Federal Complex

911 NE 11th Avenue

Portland, Oregon 97232-4181

Re: Freedom of Information Act Request for Materials on the Biological Opinion
Addressing Formal and Early Section 7 Endangered Species Consultation on the
Coordinated Operations of the Central Valley Project and State Water Project
and the Operations Criteria and Plan to Address Potentjal Critical Habitat Issues

Dear Mr. Hunt and Ms. Carroll:
The Council for Endangered Species Act Reliability (CESAR) is a non-profit, public interest
conservation organization whose mission is to ensure the efficient and effective enforcement of

the Endangered Species Act (ESA), fulfill the educational goals of our members and provide
educational information on the ESA and its application to the general public in the process.

REQUEST FOR MATERIALS

Consistent with our mission, and consistent with the Freedom of Information Act (FOIA), 5
U.S.C. § 552, we respectfully request a copy of the following information within the next twenty
days:

1990 3™ Street, Suite 400, Sacramento, California 95811-6989
TPlone: 916341-74Q07 Fax: 916-341-7410
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1. Grimaldo, LF, Sommer, T, Van Ark, N, Jones, G, Holland, E, Moyle, P, Smith, P,
Herbold, B. Factors Affecting Fish Entrainment into Massive Water Diversions in a
Freshwater Tidal Estuary: Can Fish Losses be Managed? North Ametican Journal of
Fisheries Management (accepted manuscript)

2. Grimaldo, L.F., A. R. Stewart, and W, Kimmerer. Dietary Segregation of Pelagic and
Littoral Fish Assemblages in a Highly Modified Tidal Freshwater Estuary. Marine and
Coastal Fisheries (in review)

REQUEST FOR FEE WAIVER

CESAR requests that you waive all fees in conpection with this matter, As shown below, we
meect the two-pronged test under FOIA for a fee waiver, 5 U.S.C. § 552 (a)(4)(A)(iit), as
implemented by the Departrent of the Interior’s (DOTY) fee waiver regulations at 43 CFR §
2.21.

1. Disclosure of this information is in the public interest because it will significantly
contribute to public understanding of the operations of activities of government,

This requested information will significantly contribute to public understanding of the issues
involved, as defined by DOI’s three factors at 43 C.F.R. § 2.22 (each factor is addressed below).
In considering whether CESAR meets these fee wailver criteria, it is imperative that the DOI
remember that FOIA, in general, carries a presumption of disclosure and that fee waiver
amendments of 1986 were designed specifically to allow non-profit, public interest groups such
as CESAR access to government documents without the payment of fees. As stated by one
Senator, “[Algencies should not be allowed to use foes as an offensive weapon against requesters
seeking access to Government information...” 132 Cong Rec § 14298 (daily ed. Sep. 24, 1986)
(statement of Sen, Leahy). In interpreting this amendment, the o Circuit has stated that:

The amended statute “is to be liberally construed in favor of waivers for noncommercial
requesters.” The amendment’s main purpose was “to remove the roadblocks and
technicalities which have been used by various Federal agencies to deny waivers or
reductions of fees under the FOIA. (citing Sen. Leahy).

MeClellan Ecological Seepage Situation v. Carlucci, 835 F.2d 1282, 1284 (9™ Cir. 1987).

Thus, both Congress and the courts are clear in their interpretation that the main legislative
purpose of the amendments is to facilitate access to agency records by “watchdog” organizations
which use FOIA to monitor and challenge government activities. As the influential District of
Columbia Circuit Court has stated:

This wajver provision was added to FOIA, ‘in an attempt to prevent government agencies
from using high fees to discourage certain types of requesters and requests,” in clear
reference to tequests from. journalists, scholars, and most importantly for our purposes,
nonprofit public interest groups.

1990 3" Street, Suite 400, Sacramento, California 95811-6989
Phone: 916341-7407 TFax: 916341-7410
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Better Gov't Ass’nv. Department of State, 780 F.2d 86, 93-94 (D.C. Cir 1986), quoting Ettlinger
v, FBI, 596 F. Supp. 867 (D. Mass. 1984).

Further, in his February 10, 2009 Memorandum to Heads of Executive Departments and
Agencies, President Obama explicitly reiterated that, *All agencies should adopt a presumption
in favor of disclosure, in order to renew their commitment to the principles embodied in FOIA,
and to usher in a new era of open Government. The presumption of disclosure should be applied
to all decisions involving FOIA.’

hitp://www.whitchouse.gov/the press office/FreedomoflnformationAct/

A.

The subject of the request concerns ‘the operations and activities of the government’.

The referenced papers were included as supporting documentation for the Effects Analysis
contained in the U. S. Fish and Wildlife Service’s (FWS) Final Biological Opivion for the
Operations Criteria and Plan for the Central Valley Project and the State Water Project
completed on December 15, 2008,

The disclosure is ‘likely to contribute’ to a public understanding of government
operations or activities (the informative value of the information to be disclosed and
ability to disseminate).

The information requested will help provide insight into the policies and decision-making
processes of the DOJ. People and species in multiple states are affected or can be affected by
DOI decisions regarding penmitting, activities, budgets, and decisions related to the
biological opinions prepared by the FWS as required by the ESA, DO staff interactions with
outside groups, including document leaks and other non-public forms of information sharing
are controversial, and given that many of the documents used for decision making are not
more generally available to the public, a review of the requested records should offer very
valuable insight. In this case, a bighly influential scientific assessment in the form of a
biological opinion prepared under the requirements of Section 7 of the ESA relied on the
studies requested, which to date have not been released.

Without this information, we cannot fully understand the decisions of the agency and how
they relate to public natural resources. Therefore, it is clear that having this requested
information will contribute to a greater understanding of government operations or activities.

The disclosure is likely to contribute to public understanding of government operations
or activities (ability to disseminate).

CESAR is a non-profit organization that is dedicated to ensuring the efficient application of
the ESA. CESAR will disseminate to members and the public information regarding the
interaction between science and policy and the application of the BESA. It is our intent to
disseminate the information provided to our members and the general public through our web
page at http://www.bestscience.org.

1990 3" Sereet, Suite 400, Sacramento, California 95811-6989
Phone: 916341-7407 TFax: 916341-7410
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Tn consistently granting waivers to non-profit organizations such as the Center for Biological
Diversity, Westcrn Watersheds Project, and the National Resources Defense Council, the
Department recognizes non~profit organizations enhance their membetship’s and the public’s
understanding of the Department’s activities under the ESA. In addition, recent substantive
FOTA responses consistently conforming with the spirit of the FOIA and with the FOIA fee
waiver have been provided to the above mentioned organizations and others by DOI,

D. The disclosure is likely to contribute significantly to public understanding of
government operations or activities.

Public oversight and enhanced understanding of DOI's highly controversial regulatory
actions is absolutely necessary. In deterrnining whether the disclosure of requested
information will contribute significantly to public understanding, the guiding test is whether
the requester will disseminate the disclosed records to a reasonably broad audience of
persons interested in the subject (Carney v. U.S. Dept. of Justice, 19F. 3d 807 (2™ Cir. 1994).

The information requested in this FOIA request will be used to contribute to oue of more of
the following: production or defense of listing petitions; production or defense of court
documents; public interest litigation; production of local, national or international
newsletters; public educational presentations; local, national, or international news stories on
TV; radio and newspapers; all contributed or written by CESAR and its members.

In addition to the above channels of dissemination, our informational publications supply
information not only to our membership and individuals accessing our web page, but also to
the members of other conservation, business, and non-profit organizations. Information
concerning DOI’s activities and the basis for those activities, including budgets and dealings
with non-federal entities, will be disseminated thtough ag many widely publicly available
means as possible.

2. QObtaining the information is of no commercial interest to CESAR.

Access to government documenits, disclosure forms, and similar materials through FOIA requests
is essential to CESAR s role of educating the general public. CESAR is a non-profit
organization, has no commercial interests and will realize no coromercial benefit from the release

of the requested information.

Should you decide not to waive fees, we request that you contact us ptior to incurring any costs
in excess of $25.00. Please feel free to request additional information concerning our fee waiver
request if you believe it is needed to make a final decision.

If you elect to withbold any documents responsive to this request under Exemption 5 of FOIA,
please explain:

1) Why is each document predecisional?

a. To what decision is each of the documents leading?

1990 3" Strcet, Suite 400, Sacramento, California 958116989
Phone; 916341-7407 TFax: 916341-7410
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b. Has this decision been finalized?
2) Why is each document deliberative?
a. To what extent does each make a recommendation on a legal ot policy matter?
b. What policy recommendation qualifies this document for exemption?

Please reply within twenty working days as required by FOIA. (5 U.S.C. § 552(a) (6)(A)().)
Please call me at (916) 341-7407 if you have questions or concerns.

Sincerely,
Craig Manson

Executive Director
Council for Endangered Species Act Reliability

ce: Office of Management and Budget

1990 3* Street, Suite 400, Sacramento, California 95811-6989
Phone: 916-341-7407 Fax: 916341-7410
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