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Counterintuitive Responses of Fish Populations to Management Action
Some Common Causes and Implications for Predictions Basedeoasystem Modeling

ABSTRACT. Observed ecosystem responses to bsheries manageWgiiam E. Pine, Il
experiments have often been either much smaller or in the opposite direct@Qfpayen J. D. Martell,
of the expected responses based on experience or populatlo_n models. Ega@%lﬁsﬂ_ Walters, and

of these responses can be found even for some very simple experimental .

management manipulations such as predator and prey manipulations in s nes F. Kitchell

lakes and ponds to Psh population responses to harvest closures. Such coRitteris an assistant professor in the
intuitive prediction failures offer opportunities to identify key processes aPépartment of Wildlife Ecology and
variables that are not widely considered in models used to evaluate ecosystemservation and the School of
based Psheries management policies. A common denominator in the Easest Resources and Conservation,
histories presented are unexpected behavioral responses and strong chemgessity of FloridaNGainesville.

in juvenile survival rates of bsh driven by changes in competition, predatibe can be contacted at billpine@uR.
and behavioral responses to predation risk. These factors restructured maagwfMartell is an assistant professor
the ecosystems in our simple examples, yet are not widely included in moaleds\Walters is a professor at the
currently used to evaluate ecosystem-based Psheries management policieszigtgsies Centre, University of British
represents a critical need in the development of modeling tools to evalugm@umbiaNVancouver. Kitchell is a
ecosystem-based policies based on an iterative process of model buildingrafessor at the Center for Limnology,
model testing, using Psheries management actions as probing tools to learn niversity of WisconsinNMadison.
about the ecosystems being managed.

Respuestas inesperadas de poblaciones derrop ucrion
peceS ante aCCioneS de manejO: Most bsheries r’_na_nagement actiorls are
algunas causas comunes e implicaciones pargldes, o oo~ ton e ore

es will respond to the implemented

predicci—n basada en modelaci—n de ecosisteragh lite consideration given to

] ) ) the ecosystem as a whole. These predic
La respuesta de los ecosistemas ante experimentos de manejo pesquero en ocagjgnes

L X o d’ﬂ@ developed in numerous ways,
sido limitada e incluso opuesta a aquella que se espera de la experiencia o de acuerdo : )
a modelos poblacionales. Pueden encontrarse ejemplos de esto en manipul GHEW from a single manager m_akmg
experimentales sencillas como en los sistemas depredador-presa en peque—osPigglligns based on  their experience
estanques, as’ como la respuesta de las poblaciones de peces a vedas de captéhal iRt to large international com
predicciones fallidas y contra-intuitivas ofrecen una oportunidad para identibcar variatiktses considering the latest in complex
y procesos clave que comoenmente no son considerados en los modelos que se saf&ieaphic and ecosystem-linked-bsh
evaluar las pol'ticas de manejo pesquero basado en el ecosistema.
El comecen denominador en los casos que aqu’ se presentar
comportamiento inesperado y los cambios dristicos en las tas
supervivencia de individuos juveniles de peces, determinados
vez por cambios en la intensidad de la competencia, depreda
y la conducta al riesgo de depredaci—n. Si bien estos fag
reestructuraron muchos de los ecosistemas en nuestros eje
no se incluyen en los modelos que actualmente se emplean
evaluar pol'ticas de manejo de pesqueras con consideraci
a nivel ecosistema. Esto representa una necesidad cr'tici
desarrollar herramientas de modelaci—n para evaluar pol
pesqueras basadas en el ecosistema. Dicho desarrollo i o
un proceso iterativo de creaci—n y falsar de modelos utiliz . 2EDEAR SUNgSH WERE COMMON
! . . used in stocking experiments to assess farm pond “balance
acciones de manejo pesquero como herramientas para pro THROUGHOUT THE SOUTHEASTE
aprender mts acerca de los ecosistemas en cuesti—n.
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ery models with hundreds of parameters. It is widely expectedRecently the U.S. National Research Council (NRC 2006)
that in a simple freshwater example the former approach wowgnthesized the contemporary scientibc debates and policy
be most appropriate, while the latter would be adept at providoncerns related to ecosystem-based Psheries management.
ing insight into effective management for complex oceanigRC (2006) debned ecosystem-based bsheries management as
Psheries, but how realistic are these expectations? Our abifiyleveloping ecosystem-level goals that are multispecies focused
to make predictions about how an ecosystem would responcyi that consider multiple kinds of human activities that are
a management action is often not as good as we would hofgg to healthy marine ecosystems.O This debnition suggests a
regardless of the system or model complexity. process of developing management policies that integrate both
Many Psheries management agencies are currently -deyghsumptive and nonconsumptive uses of marine ecosystems

oping or expanding ecosystem-based management prografitgy yalue judgments on what mix of uses people deem most
motivated by concerns that Pshing has impacts on ecosystes; apie (NRC 2006).

beyond localized depletions of targeted species (Link et al.

2002; Pauly et al. 2002; Christensen et al. 2003; Dulvy et %anagement, can be thought of as a mix of science and judg

2003; Link 2005; NRC 2006; Murawski 2007). .Th'S em.phashgent and these policies represent a description of how the world
on ecosystem-based approaches has been partially set in matio

. L : L N MOU8rks. Each of these descriptions serve as testable hypotheses
by increased public interest in bPsheries impacts on marine Eﬁlosm which we can construct diagnostic management experi
tems, fueled by high proble scientibc publications (Pikitch et al. .

2004; Smith 2007) and major ocean policy reviews by nation entg (e.g., adaptive management) and then compare these
(U.S. Oceans Commission 2004), international (ICES 2000)('?)_“)('3rlments to data to reveal the best policy (Holling 1978,;
and non-governmental organizations (Pew 2003). Concernd!Porn and Mangel 1997). When these management experi
over the broader impact to ecosystems from bshing are not fBGNS aré absent, we have a long history in bsheries manage
(May 1984), and the issue has not been whether marine p&ReNt of constructing mathematlcal simulation models to
eries management should consider ecosystem-level effects &¥giuate various policy scenarios related to the harvest of single
instead how can management actions capture these interactiGignultiple species, with mixed results in bshery and model per
and develop effective policies to allow sustainable harvest whifggmance (Pauly et al. 2002; Walters and Martell 2004; Lotze et
minimizing indirect effects to the ecosystem (Pauly et al. 2003} 2006).

NRC 2006)? Freshwater bsheries policies also consider-ecosy$he development of ecosystem-based management policies
tem-level interactions, with recent emphasis placed on develoglearly requires the development of models to test and screen
ing a better understanding of the role of habitat manipulatiorgroposed policy scenarios (Walters and Martell 2004) and there
(Minns 1996), water level management (Richter et al. 2003js growing debate about what quantitative models should be
or changes in stocking policy in enhancing Pshery performangged to support decision making (Link 2005; NRC 2006; Smith
(Cowx and Gerdeaux 2004). et al. 2007). A range of modeling approaches to examine these

Management policies, including ecosystem-based Psheries
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policies are currently being tested, including expanded singldere are few examples in the published literature where both
species assessment models, whole ecosystem biomass or exerggst (level of effect) and replication allow unambiguous
Row models (e.g., Ecopath, Atlantis), and very complex systerpretation of the data. These experiments generally break
tem models representing both bottom-up and top-down forcdswn into three cases: efforts to improve bshery performance
(e.g., SEAPODYM; see Whipple et al. 2000; Lehodey et dl.e., abundance or yield), recovering Psheries (i.e., pepula
2003; Christensen and Walters 2004; Link 2005; NRC 2006jion responses to bshery closures, gear restrictions), or habitat
The range of choices can make it difpcult for public agencies@mprovementsO (i.e., Bow modibcations).
invest wisely in data collection and model development to meet
ecosystem-based pPshery mandates (NRC 2006). CASE GROUP 1:

One way to develop a better sense of priorities for reseatdBSSONSFROM TRYING TO IMPROVE
investment is to look at past experience to examine why-vafISHERY PERFORMANC E
ous predictions about the efpcacy of particular policy choices
turned out to be incorrect and to learn from our mistakes. This
article offers a step in that direction by reviewing a set of caReducing brook trout density to improve growth
examples, where a model was proposed, an experiment carried
out, and the results show that the model made incorrect predic
tions as to how an ecosystem would respond to a managenfgntly motivation
action for various reasons. A surprising feature of these cases
is that some of the most extreme failures of our expectationsBrook trout (Salvelinus fontingliare widely introduced in
are in very simple systems (i.e., high mountain lakes or snallpine lakes of the Sierra Nevada Mountains, California, and
ponds) where we would generally expect our ability to correcttan spawn successfully in most of the lakes of that region.
predict ecosystem response would be highNyet the results w&ygically, in these and similar systems, brook trout overpopu
contrary to our expectations. Such cases are examples of higatg and deplete available prey resources, which leads to eascad
counterintuitive dynamic responses. As governmental Psherieg effects throughout the lake foodweb on both predator and
agencies work to meet ecosystem-based bshery mandatesprihespecies (Donald and Alger 1989). If brook trout spawning
role of computer models in helping to meet these mandatsshabitat limited this can lead to reduced recruitment, lower
has also grown. The examples we present serve as cautiobesgk trout densities, higher prey availability, better growth for
reminders by asking whether these models could have helpedamaining brook trout, and improved bshing opportunities for
foresee the counterintuitive responses observed in the exampéeslers (Donald and Alger 1989).
Our intent is not to dissuade the use of models, but instead to
highlight these instances where model predictions and- ecanagement action
system responses diverged to promote improvements in model
building, our understanding of basic bPsh ecology, and ultimatelyln keeping with the evidence at hand and conventional-wis
our ability to manage aquatic ecosystems. dom of the time, we reasoned that lower brook trout densities

The following section presents a wide range of case examplesild mean more food available per remaining adult brook trout
from freshwater and marine systems (summarized in Table (Donald and Alger 1989). During the 1980s and early 1990s,
mainly involving direct manipulation of Psh abundances or-halwo of C.J.W.0s graduate students (Hall 1991; DeGisi 1994) did
itat factors thought to limit abundances of one or more specigglinet depletion experiments to reduce brook trout densities
We selected these examples because either we were involaed estimate brook trout abundances in Sierra mountain lakes.
in the original experiment or have experience working in very
similar ecosystems. We summarize common factors that h&vediction
caused simple or intuitive models to give incorrect predictions,
and the implications of these factors for future development These brook trout removal experiments were designed to test
of ecosystem models as the basis for design and test of bslernemagement policy of whether regularly reducing adult brook
policies. We anticipate that there are many examples of thegeut densities could be used to improve brook trout growth and
types of counterintuitive responses that are commonly viewedaglity of Psh for angling.
management Ofailures,O instead of as opportunities to learn from
the unanticipated outcome. We hope that this article will serv€ounterintuitive response
as motivation to reconsider some of these unexpected outcomes

in a variety of ecosystems. To our surprise, there was either no growth improvement
or even reduced trout growth in the years following 50%BD80%
EXAMPLES OF COUNT ERINT U ITI VE RESPONSE density reduction in most of the lakes. Instead, there was dra

matic improvement in age 0P1 survival rates, apparently due to
The examples presented are from systems where we hahiced cannibalism (data available in the R. A. Myers world
close knowledge of scientibc OexperimentsO to compare wade stock-recruitment database, www.mscs.dal.ca/~myers/wel
trasting treatments (before-after or among spatial experimentaime.html). The resulting large juvenile cohorts spread widely
units), preferably repeated (replicated) enough times to provideer the lake surfaces rather than restricting their activity to lit
evidence that the apparent response was not due to factors ottegal areas. It is highly likely these juveniles observed by DeGisi
than treatment. These experiments cover a range or marine afi®94) competed with adults for food resources, and that this
freshwater lentic and lotic systems throughout North America&ompetition resulted in much lower food availability to remain
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4 A B L Examples of case histories from a variety of freshwater and marine ecosystems demonstrating counterintuitive responses to expected

management actions.

System

Management goal

Predicted response

Treatment

Counterintuitive
observed response

Possible cause

Brook trout, Sierra
Nevada Mountains

Increase trout growth

Reduce density,
increase growth of
adult brook trout

Intensive harvest

Reduced growth of
adult brook trout

Increased juvenile
abundance, competition
with adults for available
food

Rainbow trout,
Bonaparte Plateau

Increase trout growth

Reduce competition

Intensive harvest

Reduced rainbow trout
survival

Increased recruitment
leading to density
dependent mortality in
early juveniles

Largemouth bass,
southeastern US
ponds

Maintain balance of
predators and prey for
sustained harvest

Increase bass yield

Increase prey
abundance

Decreased yield of
largemouth bass

Bass recruitment
reductions due to
competition with
adult prey species for
zooplankton

Coho salmon, Pacific
Northwest

Stocking programs to
increase coho salmon
harvest

Increase coho salmon
landings

Large-scale stocking
programs

Declines in coho
salmon landings

Enhanced predator
abundances, declines
in juvenile coho salmon
survival

Sockeye salmon,
Fraser River and
Bristol Bay

Increased sockeye
salmon harvest

Increase sockeye
salmon recruitment

Increase escapement
levels

Decreased sockeye
salmon recruitment

Increased predator
abundances, declines in
juvenile sockeye salmon
survival

Northern cod,
Newfoundland

Restore northern cod
stocks

Eliminate F, fishery
recovers 6-60 years

16 years of fishery
closure

Cod stock has
continued to decline,
no signs of recovery

Ecosystem now in
alternative stable state
that does not allow cod
recovery

Red snapper, Gulf of
Mexico

Decrease juvenile
snapper mortality due
to by-catch

Increase adult snapper
landings

Restrict shrimp
fisheries to decrease
bycatch

Shrimp fishery may be
enhancing red snapper
recruitment

Reduced juvenile
snapper M due to
reductions in predators
or juvenile habitat

Menhaden, Gulf of
Mexico

Protect menhaden
from overfishing

Clupeids highly
vulnerable to
overfishing

Reduce fishing
mortality rate

Menhaden populations
have increased over
the history of the
fishery

Reduced adult M due to
high fishing mortality on
menhaden predators

Coho salmon, British
Columbia

Protect coho salmon
spawning streams

Logging practices
negatively impact coho
salmon smolts

Experimental forest
harvest coupled
with intensive fish
monitoring

Initial increase in coho
smolt production
following logging

Increase in coho survival
from fry to smolt

Humpback chub,
Colorado River,
Arizona

Modify dam
operations to enhance
chub survival

Increases in humpback
chub survival and
abundance

Water flow schedules
modified to stabilize
mainstem flows

Declines in humpback
chub survival and
abundance

Declines in humpback
chub survival and
abundance along with
concurrent increases
in nonnative species
(parasites, ongoing
drought)

Wisconsin ponds and
lakes

Prey respond to
perceived predators

Behavioral response

of prey different when
predators are or are not
present

Variety of
experimental
manipulations of
predators-prey and
access to each other

Prey demonstrate
behaviors that would
be expected when
predators present,
even when predators
can not feed on prey
species

Perceived risk of
predation triggers
overarching behavioral
responses similar to
predation effects
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ing older bsh thus negating the expected improvement in adtiite authors were able to study with tagging (Taylor 2006; D.
psh growth (Myers 2002). 0OBrien, University of British Columbia, pers.comm.).

Reducing a potential competitor to improve rainbow trout ~ Achieving ObalanceO in southeastern US farm ponds
recruitment

Study motivation
Study motivation
A widely studied and difpcult challenge in Psheries man

In the Bonaparte Plateau, British Columbia, the only Psh spagement, and a great example for research in basic popula
cies present in some small lakes are rainbow t@atorhynchus tion ecology, has been the search for ObalanceO in pond and
mykissand a predatory, but pygmy race (asymptotic body lengft@servoir ecosystems containing Centrarchid pshes from both
around 220 mm) of the northern pikeminnowP{ychocheilus@ management (Swingle 1950; Swingle and Swingle 1967;
oregonensisVe expected to Pnd complex interactions betweefinderson 1973; Noble 1986) and ecosystem synthesis perspec
these species, such as predation on juveniles of one specidévgy(Werner and Gilliam 1984). In general, the objective is to
the other, which could possibly create multiple population equpnderstand the densities, predatory interactions, and behaviors
libria (Carpenter 2000) of alternating adult biomass dominandgvolved that lead to producing populations of predatory basses
between rainbow trout and pikeminnows. The key assumpti¢MostlyMicropterus salmoiieapable of sustaining high harvest
for this to occur is that juvenile survival rate should increase €S While preventing overpopulation (of predators or prey) or
one species when the biomass of the other is greatly redudP'etion of prey resources (primarilgpomis, Dorosomand
because pikeminnow and rainbow trout are possible competit)rOPisspp.; Swingle 1950). This objective provided the basis

and predators based on diet observations from these |akesf£{l_thehconstrr]uctlon Ef literally L'[Jh(_)usdargjs of Smﬁ_”garm podnds
Taylor and D. OOBrien, University of British Columbia, per rouy out t € southeastern Unite tate_s which served as
comm.). replicate experiments for many early Psheries researchers inter

ested initially interested in managing these ponds for food pro
duction and later for recreation (Swingle 1950; Noble 1986).
This balancing act involves not only the bshes, but also the

Given the results from the brook trout experiments describé'ateraCtion between benthic and pelggic primary productipn
in the prst example (DeGisi 1994), we did not know Whethétmacrophytes and phytopla}nkton), with macrophytgs previd
an increase in the juvenile survival rate in one species wod[lP needed cover for juvenile bsh (Wemer and Gilliam 1984)

lead to an increase in the growth rate of the other becausear}d phytoplankton providing primary production that fuels

uncertainty over the level of piscivory in adult rainbow trout oF € food web components needed by those juveniles (Swingle

pikeminnow (N. Taylor and D. OOBrien, University of Britis 1950). These complexities are now interpreted using concepts
Columbia pers.comm ) ' ' ike trophic cascades (Carpenter and Kitchell 1993a; Stein et al.

1996), strong impacts of behavioral response to predation risk
(Oindirect trait mediated effects,O e.g., Peacor and Werner 2001;
Werner and Peacor 2003; Schmitz et al. 2004), changes in behav
ﬁ){r and reproductive strategies (Beard and Essington 2000), and
. . . ultiple stable states where the desired ObalancedO state may
of B”.“Sh Columb!a, pers.co.mm.) testgd the assu'mptlon th"r"épresent an unstable cusp between undesirable (stunted-preda
reducing a potential competitor would increase rainbow tro%r populations with low body condition), but persistent states

pioma;s by ma_ssiv_ely reducing densi_tie_s of pikem_innovy YI'—?olling 1973; Scheffer 1990; Holling and Meffe 1996; Scheffer
intensive gillnetting in four lakes and similarly reducing NG o 2001)

bow trout densities in another three lakes. One additional lake
served as untreated OcontrolsO for the experiment (eight Ig&gsiiction
total).

Prediction

Management action

Two recent studies (Taylor 2006; D. 00OBrien, Universi

A ObalancedO (Swingle 1950) bsh community of predator
and prey populations to maximize harvest is possible through
top-down (regulated and experimental harvest of predators and

Mark-recapture data for years following the pikeminnoweyy and bottom-up (fertilization, macrophyte control, forage
reduction indicated that juvenile rainbow trout survival rateg,gp stocking) control.

have been lower in the pikeminnow removal lakes than in the

control and rainbow trout removal lakesNexactly the oppositéanagement action

of our expectation. There are several possible explanations for

this curious result. The simplest is that pikeminnow mainly prey Efforts to teeter between two undesirable steady states, over
on rainbow eggs and fry so that improvements (which we coydpulation of predators with low predator body condition vs.
not measure directly) in early life rainbow trout survival ulti overpopulation of prey with low predator recruitment, have
mately led to higher trout fry densities. These higher rainboincluded diverse actions ranging from top-down effects related
trout densities then led to higher density-dependent mertato stocking large predators (to reduce planktivores, increase zoo
ity rates of juvenile rainbow trout over the size-age range thaliankton, and enhance water clarity) to large scale bottom-up

Counterintuitive response
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treatments such as artibcial fertilization to increase phytoplankianagement action

ton production and ultimately planktivore abundance for pred

atory bsh. In pond systems, virtually every factor that can be Carpenter and Kitchell (1993b) assembled a list of 32 specibc
benePcial can also be deleterious in high quantity. For exammeedictions as part of hypothesis development for experimental
extensive macrophyte development can lead to high recruiye food web manipulations (Carpenter and Kitchell 1993b).

men; (')If sunlfost,)h, whic?‘ in turr]n Iezds_ to stun:]in_g and rep(rje?uﬁbredictions covered the full range of food web and ecosystem
tive failure of basses t \rough pre a_tlon on their eggs an Yy¥¥fiables from nutrients to apex predator effects. Manipulations
the sunbsh. The stocking of planktivores (el@orosomapp.)

to provide supplemental forage for predators such as Iargemdmﬁ)lved Iargg-scalle changes |n'food web structu're through
bass can actually reduce bass populations via juvenile plankgmoval. manipulation, or restoration of bsh populations.

vores crashing zooplankton populations prior to juvenile bassOs

ontogenetic switch to zooplankton (DeVries and Stein 1990j-ounterintuitive result

This demonstrates that many of the intuitive steps to enhance o )
production has the potential to cause just the opposite effect. Of the 32 predictions documented by Carpenter and Kitchell
(1993b), 16 were conbrmed, one was equivocal, and 15 proved

Counterintuitive response to be wrong, i.e., were not corroborated by the results. Most of

the latter owed to unexpected behavioral responses, most often

After 50 plus years of experimentation, Psheries managemgnihe prey species. For example, in a small experimental lake
policy in the U.S. southeast is changing from the search for long-n,rthern Wisconsin (Peter Lake, see Carpenter and Kitchell

_term balance through stocking and harveS_t level _mar_1ipu|atior1§)93a for description), when 90% of the largemouth bass were
in favor of other policy tools (Noble 2002), like habitat impreve removed and 49,601 zooplanktivorous minnows added shortly

ment, periodic ecosystem resets (draining or poisoning all or par ; . .
of the ecosystem; Kim and Devries 2000), deliberate Buctuatior{%?reafter’ the minnows behaved as expected and immediately

reservoir levels (Keith 1975; Ploskey 1986), and use of very-difff¢9an exploiting large zooplankton as prey. That lasted about
ent Psh species combinations (e.g., minnows and bass). Yet dwéhweeks. Perception of predation risk owing to the remaining
with these new approaches, including whole lake forage- cob@ss population rose (as measured by increased emigration rate)
munity manipulations, results counterintuitive to expectationsind by the end of the brst month nearly all of the minnows
continue to appear (Kim and DeVries 2000; Irwin et al. 2003were densely aggregated in refugia (beaver channels) where they
highlighting the difbculty of persisting between two alternativgradually starved or were eaten by birds (He et al. 1993). Neither
stable states (Gunderson and Holling 2002). the models nor the conventional wisdom of the time were suc
cessful in anticipating these rapid and dramatic changes owing
to the role of behavioral responses in food web interactions.

As a follow-up to observations of bsh behavioral responses
during previous experiments, He and Kitchell (1990) conducted
Study motivation a whole lake manipulation to measure the relative effects of

behavioral responses vs. direct predation effects in a system that

All three of the previous case histories from small ponds andntained one species of potential prey Pshes, but no piscivores.
lakes share a common prediction and management action aspge lake was divided in half by installing a metal fence from sur
ciated with manipulating direct effects of predation. In this casgce to bottom and shore to shore. The fence allowed small Pshes

h:c?tory, V¥e examine results from smal: lakes where non-lethgly,5s through but not pike. Adult northern pikessox lucius
effects of predators caused prey-populations to respond-befay . »4geq to one side of the fence in a planned OtitrationO of
iorally in the same manner as if predation was occurring (Peacor

and Werner 2001: Werner and Peacor 2003: Schmitz et ﬁome_trlc increase over the course of a summer. We monlt_ored
2004). These responses are nearly as high as would be exp gb&des of the fence using a pre-post manipulation menitor

Predation effects without predation: impacts of predation risk
on pond communities and lake ecosystems

if predation were actually occurring. ing program to assess the prediction that potential prey would
aggregate in littoral refugia and/or leave the side where pike had
Prediction been added. The response was both more rapid and greater than

expected. Emigration began immediately after a few pike were
Manipulations of Psh communities such as additions @fided and was led by those species whose size and morphology
removals of a bsh species can be done in experimental Igk@ge them most vulnerable. Fish not only left the side with pike,

to examine predator-prey interactions through traditional,; many left the lake through an outlet stream at the pike-free

approaches, such as diet and prey selection studies and aiso DO pike did prey on some bshes, but over the course of the

traditional ways such as examining changes in predator or pre . .
. vay e 9 ges in p! ps mmer, emigration accounted for 50D90% of the total change
behavior. Simple predictions such as reductions in zooplankton

in a small pond following high stocking densities of zooplank? Piomass for individual species when compared to direet pre
tivorous bshes or differing prey behavior when predators Sation effects (He et al. 1993). In these examples, neither the
included or excluded from prey Species are often correct, but m@dels nor the conventional wisdom of the time were successful
mechanisms for these responses may be different than what Wwanticipating these rapid and dramatic changes owing to the
originally expected (Carpenter and Kitchell 1993b). role of behavioral responses in food web interactions.
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%VEN AFTER YEARS OF ISHERIES RESEARCH THE HIGHLY MANAGED #OLORADO
CONTINUES TO OFFER MANY CHALLENGES TO RESOURCE MANAGERS

Stocking coho salmon smolts to increase harvestable Columbia) could at least double total coho salmon abundance

abundance in the ocean, absent any density-dependent survival effects
(Walters et al. 1978). Early models for possible trophic impacts
or limits of such high stocking rates (e.g., Walters et al. 1978)

Study motivation suggested that there was ample ocean food production to support
the increases, even if coho feeding were limited to coastal areas

Coho salmon Oncorhynchus kisufdmave been the target near natal rivers. To take advantage of this perceived abundant

of hatchery stocking programs to increase their abundaneeean food supply, coho salmon hatchery releases increased in

in the Pacibpc Northwest for over 100 years (Anderson 199%Hhe late 1960s and 1970s.

Nichelson 2003). However, results of these stocking programs

(as measured by increases in coho salmon catch) are genefadlynterintuitive result

poor and research efforts continue to try and understand the

cause of these poor returns (Beamish et al. 1997). As these releases of coho salmon increased, total ocean
coho salmon abundance (as indicated by catches) did initially
Prediction increase. However, coho salmon catches soon stopped increas

ing and have declined dramatically in recent years (Bradford

Food resources were thought to be available in ocean ecosysl Irvine 1999). The increases in hatchery production were

tems to support increased coho salmon populations via inteaiso likely at the expense of both hatchery and wild adult coho
sive stocking efforts. These increased populations could thesmmon as measured by changes in their survival and wild coho
allow for increased harvest of coho salmon in West Coast fshescapement rates. If abundant food sources existed, why were

ies (Walters et al. 1978). there declining survival rates in adult coho salmon? The likely
cause is a marine carrying capacity or limit on total adult abun
Management action dance (Peterman 1991; Levin and Williams 2002). The remain

ing catches are now dominated by hatchery-produced psh and
The numbers of hatchery smolts released yearly in three Orep now seem to be producing less coho than the natural system
licateO jurisdictions (coastal Oregon, Washington, and Britighd, at substantial public cost. In particular, declines in coho
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ocean survival rate have continued well after hatchery releadakes. We speculate juveniles are responding to these preda

stopped increasing, suggesting that progressive change in stareby reducing feeding and growth rates even in years when

other marine survival factor has been at least partly responisitraspecific competition is weak.

ble for the decline of wild stock escapement and total ocean The counterintuitive response in this case is particularly

abundance. worrisome since it implies not only that increased spawning
abundance may fail to produce higher recruitments on a sus

Increasing escapement goals for cyclic populations of sockeytained basis, but also that higher stock sizes may not be -attain

salmon to increase harvest levels able. It may be that the cyclic sockeye salmon populations can
cause strong variation among cycle lines so as to allow nursery
lake Ofallow periodsO analogous to crop rotation policiesin agri

Study motivation culture (Walters and Kitchell 2001). In addition, a sequence
of low sockeye years might reduce the likelihood of predator

Analyses of stock-recruitment data for cyclic sockeye salmpopulations increasing in response to the higher abundance of

(Oncorhynchus nejkaopulations of the Fraser River and Bristojuvenile sockeye as preyNthus lessening the depensatory effects

Bay led to the conclusion that the cycles might be due in part tsf increased predation on juvenile sockeye salmon within the

depensatory bshing effects that prevent low cycle (abundane)ysery lake.

lines from recovering from historical disturbances (Walters and

Staley 1987; Eggers and Rogers 1987; Levy and Wood 1992SE GROUP 2:

Myers et al. 1997). Later analyses supported this conclusion &#/BEESONSFROM DEVELOPING AND

led to recommendations for experimental increases in sockd88COVERING FISHERIES

salmon escapement (reviewed in Martell et al. 2008).

Prediction Restoring the Newfoundland northern cod stock through
bshery closures
Increasing escapement rates (i.e., number of adults allowed
to OescapeO past the bshery and spawn) of the low-cycle lines
would allow these lines to recover to historical abundances a8tldy motivation
allow for higher harvest in low-cycle years (Myers et al. 1997).
The collapse of the Newfoundland northern (2J3KL) cod
Management action (Gadus morhulastock is one of the best documented exam
ples of bsheries assessment and management failure. Just before
Based on the suggestions cited above, sockeye salmon-ese¢apepshery was closed in 1991, the remaining stock was highly
ment has increased in the largest Bristol Bay stock (Kvichglncentrated and was subject to extremely high Pshing mortal
or Lake lliamna) since the late 1980s and has also been-ocdty (Walters and Maguire 1996). Although this stock sustained
ring progressively for several Fraser River stocks, particulafitgnsive harvest for hundreds of years, since the closure it has
the HorseRy (Quesnel Lake) stock. The goal of the increassidown no signs of recovery (Lily 2004).
escapement rates is to allow the low-cycle lines to recover to
historical abundances to allow for higher harvest in low-cycManagement action
years (Myers et al. 1997).
Despite this high Pshing mortality rate, virtually every
Counterintuitive result assessment model for the stock predicted that it would eventu
ally recover (Walters and Maguire 1996; Walters and Martell
Initial responses to increased spawning escapement wgpe4). The key assessment models used to evaluate this recov
as expectedNrecruitment rates increased and total sockeysy differed only in how fast recovery might occur. Estimates of
salmon production was higher over each 4 or 5 year cyclecovery ranged from 6D8 years, based on the Omillions of eggsO
But over the last decade, there have been progressive decliaesumption that cod recruitment is independent of spawning
in life-cycle survival rates (as measured by log[recruitsbck, to 40D60 years, based on assumptions of severe-recruit
spawner]), even for spawning cycle lines that still have quiteent overbshing and slow rebuilding of spatial stock structure
low spawner numbers. In addition, freshwater juvenile socfvalters and Maguire 1996).
eye salmon body growth for the Quesnel stock is very low
even in years when juvenile densities are low (when grow@ounterintuitive result
is expected to be high). This low growth and survival has
occurred concurrently with measured increases in clado To date the stock has not started to recover and has even
ceran copepod abundances (a key juvenile sockeye salndeclined further since the closure (Walters and Martell 2004)
food source) in Quesnel Lake, apparently associated witthich suggests the potential for multiple population equilibria
increases in marine-derived nutrients due to higher spawngfolling 1973) and the population being trapped at low abun
abundances in peak years (C. Walters, personal observatiatgnce. Recruitment rates remain very low, there has been a large
It appears that higher average abundances of juvenile-soticrease in natural mortality rate of older cod, and there are few
eye (averaged over cycle lines of high and low abundana#jns of reappearance of the offshore, migratory component of
is causing a numerical response of predators in the nursiwy stock (Anderson and Rose 2001; Lilly 2004; Olsen et al.
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2004). Thus, in this case, there is no evidence in support of tManagement action

simple and common assumption that removal or reduction in

bshery mortality will cause stock recovery. Recent management policy proposed by various U.S. fed
eral bsheries management councils and agencies has been to

Restricting shrimp bsheries to reduce bycatch mortality of ~€ncourage and eventually require use of bycatch reduction

red snapper devices (BRDs), which are designed to substantially reduce
unwanted bycatch, maintain shrimp catch rates, and greatly
simplify onboard shrimp handling (Gallaway and Cole 1999).

Study motivation Age-structured stock assessment models for red snapper predict
that these bycatch reductions will help to make the overall red

Fisheries for red snappémugjanus campechapasd shrimp Shapper bshery sustainable at current catch levels, and even
(Penaeuspp.) are among the most important recreational anl§c'€ase modestly. There has been some debate about whether
commercial bsheries in the U.S. Gulf of Mexico (Gallawa he bycatch reduction ObenebtsO might be partly lost through

and Cole 1999; Coleman et al. 2004). Analysis of shrimp trawfensity-dependent Juvenile mortality of red snapper after the

K . age of highest discarding, but that risk has been considered
bycatch data has shown that the shrimp Pshery kills large n_ugr%]a" enough to still make the BRD policy worthwhile (NOAA

bers of age 0P1 red snapper, on the order of 20D25 million JWEPAR 7 2005).
nile bsh per year (Gallaway and Cole 1999); in contrast, the
commercial and recreational Psheries now take a total of aroutglnterintuitive result
2 million older snappers (NOAA SEDAR 7 2005).
Recent NMFS stock assessments for this species (NOAA
Prediction SEDAR 7 2005) present a range of trends in historical recruit
ment patterns depending on data sources and assessment approac.

Declines in juvenile red snapper mortality through reduaviodels using stock-reduction analysis techniques (Walters et al.
tions in bycatch of juvenile red snapper in the shrimp Pshe006), and the full red snapper catch history from the late 1800s
will expedite red snapper stock recovery. to the present, suggest that red snapper recruitment was possi
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bly lower before the development of the shrimp bshery-positisad Pshing effort. One simple explanation for these patterns is
recruitment OanomaliesO began in the 1960s when the shrihgi the natural mortality rate M decreased while the Pshery was
bshery became fully developed (NOAA SEDAR 7; Walters efeveloping; the apparent decrease in M is roughly correlated
al. 2006). These positive recruitment anomalies suggest thveith decreases in stocks of some major predatory Psh, particu
over this time period red snapper recruitment has actually bekmly red snapper and groupers (family Serranidae), which were
increasing rather than decreasing. How could this happen? Oliteely caused by bshingNagain a cultivation effect (Walters and
simple possibility could be increasing survival rates of juvenilégchell 2001) where bshers are removing natural menhaden
due to declines in predators of juvenile red snapper (throughedators, causing a decline in menhaden natural mortality.
direct and indirect effects of bPshing). In this way, bsheries may

be OcultivatingO juvenile red snapper in ways that improve @ASE GROUP 3:

snapper production through removal of predators or competitdrESSONSFROM HABITAT AGMPROVEMENT O

(Walters and Kitchell 2001). Large-scale experiments including

spatially closures of some areas to trawling to test these effects

are currently being considered by governmental manageméhbtecting coho salmo®ncorhynchus kisutchfrom impacts
agencies to better determine the impacts of trawl bshing oflogging

juvenile red snapper.

The curious response of menhaden in the Gulf of Mexico to Study motivation

bshery development
Throughout the Pacibc Northwest, intense debate over the
impacts of stream habitat changes caused by logging (siltation,
Study motivation loss of bank cover, channel destabilization, increased nutrients
and temperature) has led to the creation of a variety of experi
Beginning in the late 1940s, a large reduction bshery forental treatments where logging practices have been prescribed
menhaden Brevoortia patronugdeveloped in the Gulf of and carried out, and then salmon populations within the water
Mexico, with peak landings approaching a million metric tonshed closely monitored to discern possible impacts (Holtby
during the 1980s and peak bshing mortality rat€spossibly 1988; Brown 1994).
exceeding 1.0/ y (Vaughn et al. 2000, 2007). During the 1990s,
menhaden catches in the Gulf of Mexico declined, raising-cofPrediction
cerns that the stock may be overpshed. Menhaden (and other
clupeids) show the sort of schooling behavior that can produce Governmental management agencies and researchers have
strong density dependence in catchability coefbcients and rapgpressed concern that that deleterious habitat changes caused
steep increases Mduring stock size declines, similar to the cobly logging such as changes in temperature and sedimentation
example (Hilborn and Walters 1992). could result in negative effects to bPsh populations within the
logged watershed (Holtby 1988).
Prediction
Management action
Through a combination of an intense bPshery and schooling
behavior of menhaden, Gulf of Mexico menhaden bsheries areln the early 1970s, an experimental program was initiated

likely to be overbshed. on Carnation Creek, British Columbia, to demonstrate impacts
of logging on coastal watersheds and salmon (Hartman and
Management action Scrivener 1990; Hartman et al. 1996). The watershed was

logged in a careful sequence, while closely monitoring stream
Based on experience with other clupeid stocks (i.e., Britidfabitat variables and anadromous bsh abundances.
Columbia herringClupeapallasii pallaséind Peruvian ancho
viesEngraulis ringenidjlborn and Walters 1992), conventional Counterintuitive result
bsheries experience would typically assume that this stock had
likely already been overbshed and had declined substantially inThe expected changes in egg-fry survival were observed, but

recent years. surprisingly there were responses by different salmonid species.
For example, out-migrant chum fryOfcorhynchus kégtand
Counterintuitive result steelhead smolts declined after longing, but coho salmon smolt

output increased, rather than the expected decrease (Hartman

In a bizarre reversal of typical population responses to harvestd Scrivener 1990). This meant there must have been a very
ing, the Gulf menhaden stock has apparently increased throughbstantial increase in juvenile coho survival from the fry to

much of the history of the bshery. Juvenile survey data asmholt stage, and/or increased proportion of juveniles smolting at
catch-at-age models indicate a general upward trend in recruage 1 rather than 2 (Holtby 1988). These positive effects have

ment since the bshery started (Vaughn et al. 2007). Analysiskien attributed to increased growth caused by warmer water

the catch-at-age data in Vaughan et al. (2000) indicate that th@Holtby 1988). Similar responses have been observed in other
total mortality rateZ of age 1+ menhaden has actually declinedxperimental watershed studies (Thedinga et al. 1989), indicat
over time, causing a negative regression relationship bet@eeimg that this may be an important area for additional cooperative
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Quesnel River, British Columbia, Canada

SYIMOTH 1 'H

research between forest and Psheries management interesBilorado River impact or limit humpback chub populations.

at least with regard to coho salmonNto develop managemei an effort to track humpback chub population responses to

practices that allow for sustained use of forest and coho salm@nagement actions such as Bow modibcations or non-native

resources. species removal, an intensive bsh tagging and monitoring pro
gram was initiated in 1989 to monitor trends in recruitment,

Managing Colorado River Bows to restore the endangered  adult survival, growth, movement, and abundance of humpback

humpback chub chubs in Grand Canyon (Gloss et al. 2005; Coggins et al. 2006;
Coggins 2008a,b).

Study motivation Prediction

The construction and operation of Glen Canyon Dam onthe The Glen Canyon Dam Adaptive Management Program was
Colorado River turned the river in Grand Canyon from a warmpitiated to work with stakeholder groups to develop manage
turbid, strong seasonally Buctuating ecosystem into a cold wa{sdnt plans for the operation of Glen Canyon dam to maximize
ecosystem with large diurnal variations in water Bow (Gloss gnepts to resource users and aid in the recovery of the €ndan

al. 2005). At least one population of the endangered humpbaglreq humpback chub. Because of the wide range of cultural,

chub (Gila cyphpmanaged to survive the initial impacts of thegq|qgical, and recreational values of stakeholders affected by

dam, likely because it had potadromous behavioral speeialigge, canyon dam, much research has gone into developing dam
thn to spawn in a major tr_|buta_ry (Little _Coloraglo Rlyer, I‘CR)operations policies that minimize the conRict between objective
with at least some of its juveniles rearing entirely in the LClﬁmctions for each user group (Gloss et al. 2005)

(Gloss et al. 2005). Humpback chub population viability has ' '

also become one of the centerpieces of a large managementAn example policy was carried out in 1991 when modi

program designed to protect the ecological, cultural, and r ) . - .
reational resources of Grand Canyon (Gloss et al. 2005).e'%ed low-Buctuating Bows policy (MLFF) was tested to improve

. hgbitat for native bshes and create better recreational eondi
key component of the ecological research has been efforts_.t0 . . . .
tICH“IS for camping beaches in Grand Canyon. This Bow policy

determine how physical (e.g., cold water, modibed Rows) an X : o : .
bhy (e.g ) verely restricted diurnal Bow variations in hopes of reducing

iological (e.g., int i h in th inst . A
biological (e.g., introduced species) changes in the mains %?é impact of Bow variation on native bshes by Oimprovingd
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habitat for juveniles (by creating and stabilizing backwater aresarily reduce the uncertainty in their predictions, but could they
which are warmer than the mainstem river) and adults (by sthave helped us foresee the counterintuitive responses observed in
bilizing mainstem Rows; Gloss et al. 2005; Follstad Shah 20QFg case-histories we reviewed? Are these ecosystems we reviewed
The expectation was that by improving habitat for native Psimuch more complex than we thought or do we need to develop
humpback chub populations would begin to increase and-evenbetter understanding of how these ecosystems work before they

tually be downlisted from the endangered species list. can be effectively managed in a desired state?
S There are several common denominators in the case his
Counterintuitive result tories we reviewed. Most counterintuitive responses involved

unexpected changes in juvenile survival rates, primarily through
Humpback chub recruitment estimates from the tagginghanges in predation, recruitment (brook trout case history
program, along with catch rate indices from long-term mongrom the Sierras), or behavior (small lake bsh communities in
toring based on netting, indicate that humpback chub reeruityjsconsin). Most case histories also involve changes in trophic
ment did not increase following implementation of MLFF, anthteractions, predominantly changes in predation mortality (or
may have declined (Coggins et al. 2006). Within a few yeafigreat of predation) on small bshes. None of the case histories
after implementation of MLFF, exotic salmonids (rainbowye reviewed, except perhaps the initial recruitment decline of
trput and_brown troutSalmo truttpincreased in the C_olorado humpback chub, appear to involve subtle details of population
River mainstem around the mouth of the LCR, possibly due faunetics, bioenergetics, ecophysiology, or habitat modibcation.
mproved nearshoreT habitat cond]tlons for non-natives coupl%e common thread of changes in behavior, recruitment, and
with downstream dispersal of rainbow trout from a large tajlhanges in survival patterns of juveniles are all intraspecibc pro
water population just below Glen Canyon Dam (Gloss et alegses that were not anticipated and are not explicitly considered

2005)'_ In 20_03’ an experi_mental er_u_achanical removalo ICﬁ‘??single-species assessment models widely used by bsheries man
gram (intensive electrobshing) was initiated as part of a 16-y% ers (Hilborn and Walters 1992)

experimental plan to test humpback chub population response Unexpected changes in juvenile mortality rates are pasticu

to Bow experiments, non-native Psh removals, and expeHmEfgrly worrisome from the standpoint of developing more useful

tal increases in dlurnal_ Row variations. The Drst_of these teg&sosystem models to screen policy options. The assumptions
was to remove nonnative bPsh as a test to see if these exoi|cs

. - - about early life survival and recruitment in many multispecies
were preventing the use of the mainstem Colorado River as. . . . .
. ) . ; irtual population analysis models (VPA) are either not explicitly
humpback chub juvenile rearing area (Gloss et al. 2005; Meljs . : o
. - - - scribed (Jurado-Molina and Livingston 2002), or these models
et al. 2006; Coggins 2008a,b). This program was designed 10 . . . . . .
e simple stock-recruitment relationships to describe patterns in

separate the effects of modibed Bow regimes from that of exgtic
P . 9 . 81e multi-species virtual population analysis (MSVPA) recruit
trout or changes in water temperature (either experimentally or

naturally via drought) on humpback chub populations (Melis erpent estimates (Sparholt 1995; Vinther et al..20.01), V.Vh'Ch may
al. 2006; Coggins 2008b). not be able to adequately capture changes in juvenile survival.

The sudden, unexpected decline in humpback chub re<:ruf£)t?er approaches I'ki EC?SgE’. a componzn\tNolf thezggzpa;h
ment immediately following the habitat Oimprovementaj tware (www.ecopat 019, r|st_ensen an a_ters ) 0
(MLFF) may have been purely accidental or a result of a rangi" for the use of multi-stanza size-age dynamics that permits
of factors including hydrology (Valdez and Ryel 1995), teni'® €xamination of juvenile mortality patterns. Ecosim can also

perature (Coggins 2008a), or parasites (Hoffnagle et al. 2008§ Used to examine and make predictions about speciPc hfe his
But there is little doubt that the predator increase has mad@'Y stages that may be particularly sensitive to changes in-preda

the mainstem reach near the LCR a much more hostile emJion regimes or habitat factors (Walters and Martell 2004; NRC
ronment for juvenile chub despite more favorable water Roe?06). although the ability of the program to predict a complex
conditions which helped to motivate the mechanical removafC0System response to management policies continues to be eval
experiment. Index netting and early tag recapture data fg@ted (Walters et al. 2005; NRC 2006).

chub cohorts produced after mechanical removal have startedHow well would the modeling approaches discussed above
to show promising signs of recruitment increase (Melis et &d those reviewed by NRC (2006) have done in making the

2006; Coggins 2008 correct predictions in the case histories we reviewed? While it

is simple to incorporate different mortality rates for different bsh
IMPLICATIONS FOR ECOSYSTEM MODELING AND life stages in the model, it is extremely difpcult to partition these
MANAG EMENT rates among the factors (i.e., predation, cannibalism, etc.) that

we suspect typically cause them. The reason for this difpculty is
Modeling approaches for assessing policies for ecosys®imple but discouraging: juvenile Psh biomasses are typically very
based management reviewed by NRC (2006) included |inkirfgnall compared to the biomasses of the larger organisms that eat
trophic interactions of a few key species within an ecosystéhg¢m, so juveniles typically contribute only a very tiny proepor
(Punt and Butterworth 1995), simple biomass dynamics mod#&ln of total predator diets. Such low diet proportions are typi
parameterized using methods like Ecopath with Ecosim (Eveg|ly ignored by ecosystem model developers since they may not
Walters et al. 1997; Whipple et al. 2000; Koen-Alonso and Yodzigpear OimportantO for the predator. Even rigorous diet studies
2005), and complex size-age structured models like MSVHAdve a low likelihood of capturing such low proportions in situa
MSFOR (Anderson and Ursin 1977; Gislason 1991; Sparre 19%ibns where predation is known to be a strong regulator of recruit
Magnusson 1995; Collie and Gislason 2001). These kinds ef entent success (Post et al. 1998). This point has been understood
system models have huge data requirements which do not-neéess many years in relation to detecting impacts of cannibalism
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(Sheperd and Cushing 1990), but it applies equally well to ah juvenile bshes that foster their survival even though they are
predators that may cause changes in juvenile mortality rates. highly vulnerable to piscivory because of their small size (Walters
If an ecosystem model were able to correctly make the prediad Juanes 1993).
tions observed in these case histories, would a Pshery manager owe feel that the most instructive outcomes for improving
management council have taken those predictions seriously? Hearning and policy development have derived from combinations
would the model predictions have fared in debates about whetleéntwo activities. The brst are critical evaluations of expected vs.
to proceed with the experiments? Would having the OrightO mod#iserved outcomes, where we examine the ecosystem response
as part of the decision making process of whether to conduct tbeour management action and compare this response to our pre
experimentNor in the case of ecosystem based Psheries mandigtion. The common thread in our case histories of changes in
ment, whether to implement a certain policyNchange the decijuvenile survival rates and behaviors could be tested in this frame
sions that were made? Would (or should) decision makers hax@k as alternative hypotheses when management actions do not
abandoned OccamOs razor in favor of the predictions from comialiaw predictions. This approach could lead further research into
models? The idea of developing a hypothesis (a conceptual modgianges in juvenile bsh survival rates or lead to the discovery of
designing an experiment around the hypothesis, and then verifyiother ecosystem interactions which we are not aware of and/or are
the hypothesis through analysis, testing, and formal model-devsbt including in our current models. This simple exercise is rarely
opment is certainly not new (Walters 1986; Hilborn and Mangeteported in the literature but offers important insight regardless of
1997). It has long been argued that the main value of modelitige management outcome. Second, whole system manipulations
exercises is to help in designing better OresearchO programs afteechave the potential to produce outcomes at ecosystem scales
specibcally at documenting possible causes of policy failure (Holkigilar to the scale natural selection has operated on in the past.
1978; Walters 1986; Walters and Martell 2004). Whole system manipulations that can include mortality or selec
There is no simple solution to the question of whether to trusive removal caused by bshing (Law 2000) or whole system manage
mathematical models we build, or our intuition as to which mamment actions (e.g., large ecosystem restoration, Florida Everglades)
agement policies will be best to meet the stated objectives. Modsis a force unlike that experienced in the evolutionary history of
can be made more elaborate, and data collection can be intensiteshes. Clearly, the most instructive manipulations are those that
but doing only one or the other has both risks and costs. We sugeate the strong contrast required for maximum learning opportu
gest that the iterative process of conjecture (model building) amities at the scale pertinent to Pshery policy development. In short,
testing (experimental data collection) could have helped manapsheries management actions, and the counterintuitive responses
ers to recognize the two common features in the case historiestvae sometimes occur following these actions, should be viewed as
reviewed. First, it appears that behavioral responses accelerateaatul that can teach us about both Psh population dynamics and
intensify interaction rates that might be too simply represented the ecosystem context that supports them.

biomass or population modeling efforts and would be difpcult (if
not impossible) to derive from controlled laboratory or mesocos
Drysuits

studies. Testing for behavioral and multi-trophic level (Omin

ecosystemsQ) responses is readily conducted in the laborato

in mesocosms, but estimation of its role in nature is most app

priate if evaluated at the ecosystem scale (Carpenter 1996). ,
understanding and representation of behavioral responses suc
vulnerability exchange parameters in foraging arena theory is cr
cal in the development of ecosystem models (Walters and Mart
2004). These behavioral responses are clearly demonstratec
the responses of prey to predator risk in the examples we pro\
(e.g., bass and minnows in northern Wisconsin). Capturing the:
dynamics with ecosystem models will likely reduce the predat
prey instability common in some ecosystem models, and m:
appropriate corrections for model predictions that produce high
potential population sizes based on crude, large-scale estimate
prey abundance and production (Walters and Martell 2004).
Second, it appears that both beld studies and modeling effc
should focus more on the causes of mortality in juvenile bshes,
gesting a need for researchers to consider a broader range- of

native hypotheses about juvenile recruitment mechanisms. Seve
of our case histories (brook trout examples from the Sierras,

snapper and menhaden from the Gulf of Mexico) identibed une
pected changes in survival patterns of juveniles as a likely rea
for the counterintuitive response that was observed. This is not
say that less attention should be focused on other research conc
(e.g., factors regulating larval psh abundance). Instead, we st
need for research on juvenile life stages, simply because while
val bsh are subjected to a myriad of uncontrollable and stocha:
effects on their survival, selection has favored behavioral respor
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