SPeEcIAL FEATURE

Ecology, 89(9), 2008, pp. 2436-2445
© 2008 by the Ecological Society of America

FROM INDIVIDUALS TO ECOSYSTEM FUNCTION: TOWARD AN
INTEGRATION OF EVOLUTIONARY AND ECOSYSTEM ECOLOGY

OswaLD J. Scumrrz, "’ JonaTHAN H. GrABOWsKI,” BARBARA L. PECKARSKY,” EvaN L. PrEIsser,*

Georrrey C. TRUSSELL,” AND JAMES R. Vonesu®

1School of Forestry and Environmental Studies, Yale University, New Haven, Connecticut 06511 USA
2Gulf of Maine Research Institute, Portland, Maine 04101 USA
3Department of Zoology, University of Wisconsin, Madison, Wisconsin 53706 USA
“Department of Biological Sciences, University of Rhode Island, Kingston, Rhode Island 02881 USA
SMarine Science Center, Northeastern University, Nahant, Massachusetts 01908 USA
®Department of Biology, Virginia Commonwealth University, Richmond, Virginia 23284-2012 USA

Abstract.  An important goal in ecology is developing general theory on how the species
composition of ecosystems is related to ecosystem properties and functions. Progress on this
front is limited partly because of the need to identify mechanisms controlling functions that
are common to a wide range of ecosystem types. We propose that one general mechanism,
rooted in the evolutionary ecology of all species, is adaptive foraging behavior in response to
predation risk. To support our claim, we present two kinds of empirical evidence from plant-
based and detritus-based food chains of terrestrial and aquatic ecosystems. The first kind
comes from experiments that explicitly trace how adaptive foraging influences ecosystem
properties and functions. The second kind comes from a synthesis of studies that individually
examine complementary components of particular ecosystems that together provide an
integrated perspective on the link between adaptive foraging and ecosystem function. We show
that the indirect effects of predators on plant diversity, plant productivity, nutrient cycling,
trophic transfer efficiencies, and energy flux caused by consumer foraging shifts in response to
risk are qualitatively different from effects caused by reductions in prey density due to direct
predation. We argue that a perspective of ecosystem function that considers effects of
consumer behavior in response to predation risk will broaden our capacity to explain the
range of outcomes and contingencies in trophic control of ecosystems. This perspective also
provides an operational way to integrate evolutionary and ecosystem ecology, which is an

important challenge in ecology.
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INTRODUCTION

Ecologists have long recognized that an ecosystem is a
conceptualization of nature that considers both the
biotic and the biophysical components of the environ-
ment as an integrated whole (Tansley 1935, Leopold
1939, Lindeman 1942). By tradition, however, ecological
science has rarely taken an integrated approach to
understanding how ecosystems work (Levin 1992).
Ecosystem ecology has largely focused on biophysical
properties (e.g., organic matter pool content, soil
elemental content, trophic structure, and trophic trans-
fer efficiencies) and functions (or processes) such as
production, decomposition, and elemental cycling that
determine energy and material flows through systems
(DeAngelis 1992). Meanwhile, community ecology has
largely focused on biotic interactions among species
(e.g., predation, herbivory, competition, and mutualism)
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and emergent indirect interactions that determine the
distribution and abundance of species within and among
trophic levels (DeAngelis 1992).

Effort to reconnect these dichotomous approaches
has been spurred by the increasing recognition that
biotic interactions among species (as a consequence of
their traits and functional roles) may be important
mediators of biophysical properties and functions (Hair-
ston and Hairston 1993, Chapin et al. 1997, 20005,
Hooper et al. 2005). Moreover, growing concern over
how loss of biodiversity and ensuing changes in species
composition will alter ecosystem properties and func-
tions has led to increased interest in developing
predictive theory that explicitly couples the dynamics
of biotic and biophysical components of ecosystems
(Levin 1992, Chapin et al. 1997, 20005, Carpenter et al.
2006).

Developing such predictive theory requires identifying
mechanisms controlling functions that are common to a
wide range of ecosystem types. This task is challenging
because there is wide variation in the spatial and
temporal scale on which the dynamics of different
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ecosystems operate (Levin 1992, Carpenter and Turner
2000, Chapin et al. 2000a). In addition, mechanisms
operating on one level of biological organization can
affect function at higher organizational levels. As a
result, the linkages between levels do not become fully
apparent until pattern and process are examined
simultaneously at several organizational levels (Levin
1992, Carpenter and Turner 2000). Understanding the
connections between lower- and higher-level phenomena
also requires identifying which of the many potentially
important mechanisms can be safely abstracted and
which must be explicitly examined (Levin 1992).

We propose that one important mechanism that
should be considered more fully is the adaptive foraging
behavior of species in intermediate trophic levels of
ecosystems. This claim is based on several separate
observations. First, the biotic part of an ecosystem can
be universally envisioned as being composed of chains of
consumers that are themselves resources for other
consumers (Odum and Biever 1984, Paine 1988, Tilman
1989, Hairston and Hairston 1993). The simplest kinds
of chains are either live plant-based, in which consumer
species provide the link between plant resources and
their predators or detrital-based, in which consumers
link the organic matter pool to predators (Odum and
Biever 1984, Hairston and Hairston 1993, Wardle 2002).
Second, consumer adaptive foraging behavior, especially
of herbivore species can influence the fate of primary
production through the selective consumption of certain
plant species. Such selectivity can change the quality and
quantity of plant and fecal material entering the organic
matter pool which, in turn, affects nutrient cycling rates
(Mclnnes et al. 1992, Pastor et al. 1993, Ritchie et al.
1998, Belovsky and Slade 2000). Third, predators in
ecosystems can have important indirect impacts not only
on plant biomass (i.e., trophic cascades), but also on
plant diversity and production, trophic transfer efficien-
cies, organic matter decomposition, and nutrient cycling
(McPeek et al. 2001, Duffy 2003, Fukami et al. 2006,
Greig and MclIntosh 2006, Hargrave 2006, Maron et al.
2006, Schmitz 2006, Stief and Holker 2006, Trussell et
al. 20065). Finally, intermediate species in trophic chains
must often balance the trade-off between maximizing
energy or nutrient acquisition and minimizing predation
risk (Abrams 1984, 1992, Peckarsky et al. 1997, Werner
and Peacor 2003, Schmitz et al. 2004, Preisser et al.
2005). Thus, from an evolutionary ecological perspec-
tive, any species subject to predation risk should respond
adaptively to balance fitness gains from foraging with
fitness losses from predation (Mangel and Clark 1988,
Lima and Dill 1990, Lima 1998).

Our goal here is to highlight examples that illustrate
how consideration of adaptive foraging can assist in
resolving the causal link between biotic and abiotic
ecosystem components and thereby help to develop
predictive theory for ecosystem function. We achieve
our goal in two ways. We begin by highlighting case
studies that have demonstrated the link between
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adaptive foraging behavior of consumers and ecosystem
function (Table 1). We then synthesize an array of
studies that individually examine complementary com-
ponents of particular ecosystems; when considered in
combination, these studies provide an integrated per-
spective on the link between adaptive foraging and
ecosystem function (Table 1). In so doing, we devise
operational ways of blending evolutionary and ecosys-
tem ecology, which is an important challenge in ecology
(Oksanen 1988, Levin 1992, Holt 1995, Carpenter and
Turner 2000).

CASE STUDIES: PROVIDING DIRECT EVIDENCE

The following three case studies experimentally trace
how nonconsumptive effects of predators caused by
adaptive foraging of intermediate consumers influence
important ecosystem properties and functions. The first
two cases deal with indirect effects of predators that
propagate down plant-based and detritus-based food
chains to influence nutrient cycling and primary
production. The third case deals with nonconsumptive
indirect effects of top predators that propagate back up
a food chain to influence trophic transfer efficiency and
hence secondary production.

Effects propagating along the live plant-based chain

Long-term research in an old-field ecosystem has
revealed that despite the wide diversity of species and
complex network of species interdependencies, ecosys-
tem function is determined by strong interactions among
a few dominant species: the sit-and-wait hunting spider
Pisuarina mira, the generalist grasshopper herbivore
Melanoplus femurrubrum, the grass Poa pratensis, and
the competitive dominant herb Solidago rugosa (Schmitz
2004). In this system, M. femurrubrum grasshoppers face
a trade-off between selecting plant species to maximize
nutritional intake and avoiding predation risk. The
grasshoppers prefer P. pratensis in the absence of
predators. Mortality from P. mira predators is compar-
atively low, but mortality risk caused by predator
presence induces grasshoppers to switch from feeding
on grass to seeking refuge in and foraging on the less
nutritious S. rugosa (Schmitz 2004). Consequently, P.
mira spiders exert most of their top-down control on the
system by altering grasshopper foraging rather than
grasshopper density. As a result, P. mira predators have
a net positive indirect effect on abundance of grass and a
net negative indirect effect on the abundance of the herb
S. rugosa. These indirect effects of predators in turn lead
to important effects on plant productivity, diversity, and
the biophysical properties of the system itself. In the
absence of predators, herbivores have a comparatively
weak effect on the highly productive S. rugosa and allow
it to grow rapidly into tall, dense stands that shade the
surrounding soil. In the presence of predators, herbivore
consumption both thins S. rugosa stands and stunts the
height of the remaining stems, suppressing the most
productive plant species in this ecosystem and creating a
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TaBLE 1. Summary of studies demonstrating the link between consumer adaptive foraging in response to predation risk and

ecosystem function.

Predator indirect effects on ecosystem functions

Predator

Mineral- Nutrient/
direct effects ization/ resource Nutrient  tivity/
on prey cycling  uptake flux

Produc- Plant
decompo- Trophic
respiration  sition efficiency Source

System Predators Prey
Direct evidence

Terrestrial ~ spiders grasshoppers habitat shift T
old field

Freshwater fish chironomids  refuge use,
mesocosm reduced

feeding

Marine green dogwhelks reduced

mesocosm  crabs foraging

Synthesis of complementary studies

Freshwater cyprinid zooplankton  diel vertical l
lakes fish migration
Freshwater trout/ mayflies reduced
streams galaxiads foraging
Freshwater trout mayflies reduced
streams oraging
Freshwater trout amphipods reduced
streams foraging,
emigration
Freshwater fish spotted reduced
ponds salamanders  number of
eggs masses
laid
Terrestrial ~ wolves elk habitat shift l

grassland

f 2

% 5
18§ 6

Al 8

Note: Sources are: 1, Schmitz (2004, 2006); 2, Stief and Holker (2006); 3, Trussell et al. (2003, 20064, b); 4, Knoechel and Holtby
(1986), Dawidowicz and Loose (1992), Riessen (1999); 5, McIntosh and Townsend (1996), Simon et al. (2004); 6, Peckarsky and
Mclntosh (1998), Mclntosh et al. (2004); B. W. Taylor, B. L. Peckarsky, and A. R. Mclntosh, unpublished manuscript; 7, Andersson
et al. (1986), Holomuzki and Hoyle (1990), Konishi et al. (2001); 8, Petranka and Holbrook (2006), Regester et al. (2006); 9, Tracy
and Frank (1998), Augustine and Frank (2001), Ripple and Beschta (2004), Creel et al. (2005), Fortin et al. (2005).

+ Nutrient transfer from sediment surface to water column.
1 Shift in N-uptake from grazers to surface algae.

§ Altered export of organic matter up to 30 m downstream.
9 Increased export of biomass and energy flux.

more open and patchy environment. This effect leads to
higher levels of photosynthetically active radiation
(PAR) reaching the soil surface, which in turn facilitates
the proliferation of other less productive herb species
that are intolerant of shady conditions caused by S.
rugosa. These conditions thereby enhance plant species
diversity, measured as species evenness, but lower plant
productivity (Schmitz 2004, 2006). The altered commu-
nity structure also leads to changes in N-mineralization
rate. Solidago species produce litter that is recalcitrant to
decomposition, leading to low soil N supply when they
dominate. Decreases in S. rugosa abundance lead to
rising supply rates of nitrogen in the system (Schmitz
2006).

The research previously described demonstrates that
predator-induced changes in herbivore foraging behav-
ior rather than herbivore density can generate an
indirect keystone predation effect on a competitive
dominant plant. That indirect effect produces an inverse
relationship between plant species diversity and plant
productivity because plant diversity was a by-product of
a species interaction that altered plant dominance. This
indirect effect also enhanced the supply rate of an

important soil nutrient by altering mineralization rate.
Moreover, the impact of these indirect effects on
ecosystem properties and functions (PAR and N-
mineralization rate) were two to three times greater
than the strength of indirect effects on the biotic
components of the ecosystem, indicating that top-down
effects intensified from the biotic to the biophysical level
(Schmitz 2006).

The mechanisms of predator effects on prey were
largely nonconsumptive (via changes in prey behavior),
and notably the indirect effects on plant diversity,
ecosystem properties, and ecosystem functioning are
qualitatively different in sign than would be expected if
predator effects on its prey were consumptive. In
particular, another species of spider predator in the
old-field system (a jumping spider that actively hunts its
prey) primarily causes density reductions of M. femurru-
brum grasshoppers, and these density effects override the
effects of grasshopper diet switching (Schmitz and Suttle
2001). The consumptive effect of the jumping spiders
leads to positive indirect effects on both S. rugosa and P.
pratensis (Schmitz and Suttle 2001). This, in turn, should
cause a reduction in plant diversity and PAR and a rise
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in plant productivity. These effects are opposite in sign
to those described previously for the sit-and-wait
predator species. This example illustrates that one could
arrive at altogether incorrect conclusions about trophic
effects on ecosystems if one assumed that consumptive
effects of predators on their prey were the predominant
form of predator—prey interaction.

Effects propagating along the detritus-based chain

Experimentation in a laboratory microcosm system
tested the effects of predatory fish (Rutilus rutilus) on the
foraging behavior of sediment-dwelling chironomids
(Chironomus riparius) and on ecosystem properties such
as the distribution and microbial decomposition of
organic particles (Stief and Hélker 2006). Under natural
conditions chironomids face a trade-off between forag-
ing on organic matter at the sediment surface and
reducing predation risk from Rutilus by retreating into
burrows within the sediment. This behavioral shift has
the potential to cause cascading effects on microbial
decomposition of organic matter and so changes the
distribution of organic and inorganic carbon and
ammonium between the sediment and the water column.

In an attempt to emulate local conditions at the
sediment-water column interface, Stief and Holker
(2006) collected fish, chironomids, and sediment for
their experiments from natural freshwater bodies.
Chironomids were reared in the laboratory using dried
leaves collected from freshwater environments. The
sediment, which contained microbes and organic parti-
cles, was poured into replicated microcosms in the
laboratory to a depth that would enable chironomids to
build burrows. The experiment evaluated the noncon-
sumptive effects of predators on ecosystem properties
and functions using a recirculating flow system in which
water was pumped from either aquaria holding individ-
ual Rutilus predators (predator cues) or from fishless
(control) aquaria into microcosms containing chirono-
mids and without chironomids.

The experiment showed that by retreating into
burrows in response to predator cues, chironomids
increased the amount of organic matter that entered the
sediment relative to fishless controls because they carried
food particles into their burrows and defecated within
the burrows. This effect thereby increased the availabil-
ity of organic matter within the sediment layer to be
decomposed and mineralized and later taken up by
aquatic vegetation. Under conditions in which chiron-
omids did not face risk and in treatment conditions
without chironomids, organic matter remained at the
sediment surface and was broken down by microbes that
in turn released organic and inorganic carbon and
ammonium in dissolved form to the water column to be
taken up by microbes and algae. This latter case
resembles conditions that might also be expected if
predator effects on chironomids were purely consump-
tive, i.e., a decline in chironomid abundance should lead
to accumulation of organic matter at the sediment
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surface; whereas the predator-induced habitat shift
reduced organic matter at the sediment surface. Thus,
consumptive and nonconsumptive predator effects
should lead to qualitatively different spatial distribu-
tions of resources within the aquatic system where
predators with consumptive effects have limited net
effects on decomposition and the redistribution of
organic material. This hypothesis has yet to be tested
because of the singular focus on nonconsumptive
predator effects.

Effects on trophic transfer efficiencies

In addition to indirect effects flowing downward
through food chains to affect ecosystem properties and
functions, predator indirect effects may feed back
upward to influence the biomass and quality of prey
available to predators (Abrams 1992). This phenomenon
may occur via changes in energy transfer efficiencies
between trophic levels.

The influence of nonconsumptive predator effects on
trophic transfer efficiency has been experimentally
documented in a rocky intertidal ecosystem, where risk
cues released by predatory green crabs (Carcinus
maenas) modify the behavior and foraging rate of one
of its principal prey, the carnivorous snail Nucella
lapillus (Trussell et al. 2003, 2006a). This nonconsump-
tive effect, in turn, causes a trophic cascade by reducing
the feeding impact of N. lapillus on barnacles. Meso-
cosm experiments that emulate the physical character-
istics of rocky intertidal seashores were used to explore
the relative importance of green crab predation risk and
Nucella density (intraspecific competition) on Nucella
ecological growth efficiency (the efficiency of converting
acquired energy into snail biomass) (Trussell et al.
2006b). Both predation risk and conspecific density
effects were quite strong and additive. Predation risk
reduced growth efficiency by 44-76% and conspecific
density reduced growth efficiency by 28—69%. Although
both effects were important, the effect, magnitude of
predation risk, explained twice as much of the variation
in growth efficiency as did conspecific density (32% vs.
15%).

In contrast to classical views of trophic transfer
efficiencies (Lindeman 1942, Odum and Biever 1984,
Hairston and Hairston 1993), these results suggest that
the efficiencies of species within an ecosystem are not
fixed, but rather can be altered dramatically by
predation risk. The mechanism(s) explaining the reduc-
tion in growth efficiency has not been completely
resolved. A candidate explanation based on research in
other aquatic systems (Rovero et al. 1999, McPeek et al.
2001) is that elevated stress levels in prey facing
predation risk may increase prey metabolic costs and/or
reduce their assimilation efficiencies. A change in either
of these physiological traits will reduce the amount of
energy consumed by Nucella that is converted into
trophic biomass. Moreover, regardless of the mecha-
nism, the poorer quality of prey stressed by predation
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risk (Abrams 1992) will ultimately reduce the amount of
energy that is transferred further up the food chain.
When the nonconsumptive predator effects predomi-
nate, there is the potential for reduced secondary
production of higher trophic levels (relative to instances
where consumptive effects are more important than risk
effects). The increased attenuation of energy transfer
and secondary production may provide a biological
mechanism that contributes to the lack of energy flow up
food chains, thus explaining why so many food chains
are short (Elton 1927, Hutchinson 1959).

SYNTHESES OF COMPLEMENTARY STUDIES:
PuTTING THE PI1ECES TOGETHER

The collections of studies presented in the following
do not individually provide evidence for predator risk
effects on ecosystem properties and function. Rather, by
drawing linkages among several independent studies
from the same ecosystems, they offer corroborating
evidence that predation risk can influence ecosystem
properties and functions.

Effects propagating along the live plant-based chain

Lake ecosystems.—Filter-feeding Daphnia routinely
undergo vertical migration within the water column in
lakes. A series of laboratory, mesocosm, and whole-lake
experiments have demonstrated that filter-feeding by
Daphnia and other zooplankton can alter whole-lake
phytoplankton density (Paterson et al. 2002) and
facilitate a large-scale trophic cascade (Carpenter and
Kitchell 1996). Feeding in the phytoplankton-rich
epilimnion of lakes, however, increases Daphnia expo-
sure to an array of predatory fish (Riessen 1999).
Daphnia exposed to water containing cues from such
predators reduce predation risk by spending daylight
hours in the colder hypolimnion, a region that also
contains fewer phytoplankton. At dusk, Daphnia mi-
grate upward to feed in the epilimnion during the night.
Such diel vertical migration can have considerable costs
with the potential for affecting ecosystem functions.
Laboratory studies on six different Daphnia species
showed that nonlethal exposure to predatory fish cues
reduces filtering rate by ~20% relative to a no-predator
control, and that cue-free Daphnia were ~10% longer
than those exposed to predator cues. In another
experiment, clones of D. magna exposed to fish cues
and allowed to migrate vertically in a thermally stratified
microcosom grew 0.27 mg/d, vs. 0.57 mg/d for clones in
the control treatment (Dawidowicz and Loose 1992).
This predator-induced reduction in Daphnia body
growth rate has the potential to reduce nutrient cycling
rates because feeding rate in Daphnia is an exponential
function of body size (Knoechel and Holtby 1986).
Consequently, predator-induced changes in behavior,
growth, and filtering rate have the potential to alter
nutrient cycling rates in lakes where Daphnia and other
small zooplankton are the primary consumers. Such
trade-off behavior may break down, however, in warm

Ecology, Vol. 89, No. 9

shallow lakes that do not stratify by temperature and
productivity, implying that the foraging—predation risk
trade-off applies to a subset of colder, but thermally
stratified lake systems. Moreover, diel vertical migration
may be driven less by predation risk than by a trade-off
between obtaining resources and seeking out optimal
temperatures for development. Thus, while predation
risk has the potential to drive ecosystem function, the
context dependency of this phenomenon remains to be
determined.

Stream ecosystems.—Diel vertical migration is one
way in which nutrients may become redistributed in
aquatic systems, especially those with a deep water
column. In shallower aquatic systems such as streams,
nutrients may become redistributed horizontally as a
consequence of refuge seeking behavior of consumers
living on the bottom of the water body.

Studies in New Zealand and North American streams
suggest that the indirect effects of predatory fish on
ecosystem processes may be driven by predator-induced
changes in invertebrate grazer behavior. Simon et al.
(2004) added stable isotopes to two streams in New
Zealand, to trace the cascading effects of fish (trout
[Salmo trutta] and galaxiads [Galaxias sp.]) on rates of
nitrogen uptake and retention. They found that nitrogen
uptake by the epilithon was up to six times higher in the
presence of fish than in their absence. Moreover, much
of that nitrogen was retained in the epilithon, and
grazers had lower nitrogen in their body tissue in the
presence of fish than in their absence. This study did not
provide direct evidence of a nonconsumptive effect, but
cited others to explain the pattern of N-reallocation in
their system. For example, McIntosh and Townsend
(1996) experimentally demonstrated a behavioral tro-
phic cascade from brown trout to mayfly (Deleatidium)
grazing behavior to algal biomass and distribution. The
presence of trout induced grazing mayflies to avoid the
tops of cobbles, increasing algal biomass in those areas.
Simon et al. (2004) argue that this direct nonconsump-
tive effect of predators on grazer behavior (suppression
of grazing on algae) led to a reallocation of nitrogen
retention among compartments of the ecosystem by
increasing retention of nitrogen in the epilithon and
reducing nitrogen retention by grazers.

Evidence from Colorado Rocky Mountain streams
also supports the importance of a nonconsumptive
cascade in which predatory fish (brook trout: Salvelinus
fontinalis) affect the behavior of invertebrate grazers
(mayflies) and influence ecosystem processes. Experi-
ments in mesocosms established that chemical cues from
brook trout cause changes in algal biomass as an
indirect consequence of changes in mayfly grazer
behavior (Peckarsky and Mclntosh 1998), while whole-
stream experiments showed that fish-cue-induced chang-
es in grazer foraging behavior affected resource (algal)
patchiness (MclIntosh et al. 2004). Recent experimenta-
tion has also resolved the link between nonconsumptive
effects of trout via changes in mayfly feeding periodicity
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on the diel periodicity of organic and inorganic matter
fluxes in Colorado streams (B. W. Taylor, B. L.
Peckarsky, and A. R. Mclntosh, wunpublished manu-
script). Five of 10 small fishless streams were manipu-
lated by adding brook trout chemical cues (Peckarsky et
al. 2002). The addition of fish cues changed the
periodicity of the mobile mayfly grazers relative to
fishless control streams (McIntosh et al. 2004), which in
turn altered local export of suspended organic matter
and affected nutrient levels as far as 30 m downstream
from the fish cue addition (B. W. Taylor, B. L.
Peckarsky, and A. R. Mclntosh, wunpublished manu-
script).

Grassland ecosystems.—Disruption of grazing behav-
ior through habitat shift may also affect the horizontal
spatial distribution of nutrients and primary productiv-
ity of terrestrial grassland ecosystems. For instance, the
Greater Yellowstone ecosystem has been the focus of a
long-term experiment examining the impacts of grazing
herbivores such as elk (Cervus elaphus) on ecosystem
properties such as plant diversity, plant standing crop
biomass, and stoichiometry, and functions such as net
primary production (NPP) and nitrogen (N) minerali-
zation rate. The experiment compared ecosystem attri-
butes in open plots that allowed grazer access to those of
companion plots that excluded herbivores. Absence of
grazing herbivores led to a 35% reduction in plant
species diversity (Augustine and Frank 2001), a 22%
reduction in plant tissue N that caused a concomitant
24% rise in tissue C:N ratio (Tracy and Frank 1998), and
a 53% reduction in N mineralization rate (Frank and
Groffman 1998). Grazer absence also yielded a fourfold
increase in plant standing crop, even though NPP
decreased by 24% (Tracy and Frank 1998). These results
show that the absence of grazing increased the standing
crop of a less diverse plant community that was lower in
nutrient quality, and that this shift in nutrient quality led
in turn to a slowing of N-mineralization rate.

This research was conducted during a period when
top predators were altogether absent from the ecosys-
tem. In 1995, wolves (Canis lupus) were reintroduced to
Yellowstone and transformed ecosystem attributes
(Ripple and Beschta 2004). In particular, wolf presence
caused elk to increase their proportional use of safe
coniferous habitat at the expense of feeding in open
grassland and aspen habitats (Ripple and Beschta 2004,
Creel et al. 2005, Fortin et al. 2005). This behavioral
shift led to a 3—19 fold reduction in herbivory and a 2-3
fold increase in plant growth in some foraging areas
(Ripple and Beschta 2004). Wolves thus cause elk to
redistribute themselves on the landscape and abandon
certain foraging sites to avoid predation risk. The
consequences of predator-induced changes in elk behav-
ior on ecosystem properties are qualitatively similar to
those observed between open areas and exclosures. As in
the spider—grasshopper—old-field example, such qualita-
tive effects would not be expected if wolves merely
reduced elk densities.
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There is, however, some uncertainty whether or not
predator effects on local elk densities are largely
determined by risk responses or by direct predation
(Creel et al. 2005). Elk populations within the focal
study region of Yellowstone declined by 6000 individ-
uals (or 41%) over the course of six years (Ripple and
Beschta 2004, Creel et al. 2005). Given the known wolf
density of 50 individuals (Ripple and Beschta 2004),
each wolf would, on average, have had to kill one elk
every two to three weeks. However, estimated predation
rates in a similar, adjacent ecosystem type revealed that
per capita kill rates of wolves range between one every
13 weeks to one every 32 weeks (Hebblewhite and
Pletcher 2002). These estimates suggest that the majority
of population decline in elk during this period arose
from mechanisms other than direct mortality caused by
predation. Strong candidate hypotheses, in light of
evidence of elk movement (Ripple and Beschta 2004,
Creel et al. 2005, 2007, Fortin et al. 2005), are that the
declines were caused by elk shifting their entire range use
in response to heightened predation risk, and that
predation risk enhanced physiological stress and re-
duced fitness (physiological condition, reproduction,
and non-predation mortality) in much the same way as
for Nucella snails.

Effects propagating along the detritus-based chain

As with the case studies, we also found indirect
evidence to suggest that nonconsumptive effects of
predators can influence detritus-based chains. Konishi
et al. (2001) deployed an experiment within natural
streams containing leaf-shredding amphipods and fish.
The four-week experiment compared organic matter loss
from cages containing fish predators (trout and sculpins
together) relative to cages without predators. Both the
biomass of leaf-shredding amphipods and rates of leaf
litter decomposition decreased in cages with fish relative
to fishless controls. In the experimental system, the most
dominant species of amphipod decreased in abundance
when in the presence of fish, but the second-most
abundant amphipod did not. However, leaf decompo-
sition rates decreased when the amphipods were exposed
to predatory fish. Because amphipods were able to
immigrate and emigrate from the cages, the experimen-
tal design could not resolve whether the direct effect on
the biomass of the dominant amphipod was entirely due
to predation or to a habitat shift in response to
predation risk. However, the lack of a density reduction
of the second most abundant amphipod suggests that
there may be a strong risk component driving the
dynamics. The authors draw further support for this
assertion from other studies (Andersson et al. 1986,
Holomuzki and Hoyle 1990) that have shown that
amphipods obtain refuge from predators by retreating
to the interstices between rocks and that they will move
away from high risk areas to avoid fish predation
altogether. The fact that amphipods change their
behavior in the presence of sculpins supports the
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speculation that the mechanism of the indirect effect of
sculpins on leaf litter decomposition rates may be driven
by risk effects or the interplay between risk and density
effects.

Effects on net ecosystem energy flux

Many aquatic ecosystems are largely heterotrophic
because organic carbon sources are produced both in
situ and from external sources. One potentially impor-
tant source of carbon input to pond ecosystems is the
seasonal influx of organisms having complex life cycles
that require them to reproduce in aquatic habitats (i.e.,
aquatic insects, amphibians). However, many of these
taxa will avoid colonizing aquatic habitats that contain
predator cues (Sih et al. 1988, Resetarits and Wilbur
1989, Blaustein and Kotler 1993, Binckley and Resetar-
its 2005).

Such predator-induced shifts in habitat selection may
have important implications for subsidies (energy flux)
between aquatic and terrestrial habitats. For example,
an experiment conducted over 10 years showed that the
number of egg masses laid by spotted salamanders
(Ambystoma maculatum) in ponds stocked with fish was
less than one-half the number laid in fishless ponds
(Petranka and Holbrook 2006). This species can be
responsible for 45-99% of pond inputs for the entire
salamander assemblage (Regester et al. 2006). After
accounting for export of energy from hatchling sala-
manders migrating out of the pond to the surrounding
land matrix, the authors estimated that there was a net
energy flow into the aquatic habitat, with net flux due to
A. maculatum equaling 136-760 g ash-free dry mass/yr
for permanent fishless ponds. Consequently, predator-
induced avoidance of ponds by salamanders can reduce
these fluxes by ~50% (Regester et al. 20006).

DiscussioN

It has been suggested for some time that the large
divide between evolutionary and ecosystem ecology
limits our progress in achieving a predictive understand-
ing of ecosystem function (Levin 1992). Failure to bridge
this divide would be unfortunate because an evolution-
ary perspective may be necessary to understand how
organismal traits (including behavior and physiology)
determine the ability of organisms to respond to
environmental context and hence influence the nature
of local ecosystem properties and functions. Such
insights are sorely needed to begin resolving the
relationship between the diversity of species in ecosys-
tems and attendant ecosystem functions (Chapin et al.
2000h, Hooper et al. 2005). The biggest challenge in
actively linking evolutionary and ecosystem ecology is to
identify operational ways of blending the two perspec-
tives (Levin 1992, Holt 1995, Carpenter and Turner
2000).

We have shown here that one important trait,
adaptive consumer foraging behavior, has much poten-
tial to link evolutionary and ecosystem ecological
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processes through a mechanism that is relevant to both
levels of resolution. That mechanism is the fundamental
need to balance a trade-off between obtaining energy
and nutrients for individual production and avoiding
being a resource for other consumers. The advantage of
applying an evolutionary ecological perspective is the
inherent recognition that this trade-off is flexible and
thereby offers a way to predict how local ecological
context affects the nature and magnitude of trophic
interactions and consequent ecosystem properties and
functions.

Explicit experimental tests of this trade-off have often
reported outcomes that run counter to conventional
ideas about ecosystem functioning based on a classic
ecosystems ecology perspective that assumes predator
indirect effects on resources are mediated by changes in
prey density due to consumption (a consumptive effect).
For example, assumed consumptive mechanisms under-
lie the predictions that trophic cascades should be
strongest in aquatic systems (Strong 1992), that there
should be positive relationships between plant species
diversity and ecosystem functions such as primary
productivity and elemental cycling, and that trophic
transfer efficiencies are fixed and determined by the
quality and production of resources flowing up the
trophic chain. A perspective incorporating consumptive
and nonconsumptive mechanisms provides a more
comprehensive picture of the links between predators
and ecosystem functions, and may help to reconcile the
yet-unexplained observation (Wardle 2002) that in some
systems consumers enhance functions such as produc-
tivity and elemental cycling, whereas in other systems
consumers reduce the level of those functions. Our
synthesis also suggests that the notion that ecosystems
are either controlled from the top down by predators or
from the bottom up by nutrient supply and primary
production may be an oversimplification. Top-down
nonconsumptive effects of predators may feed back
upward to mediate the strength of bottom-up control on
higher trophic levels. Such interplay between top-down
and bottom-up effects can be better predicted once we
gain clearer insight into the ways that behavioral effects
propagate within ecosystems.

In the process of compiling this review we found many
studies examining trophic control of ecosystem process-
es that did not resolve whether predator indirect effects
were mediated by consumptive or nonconsumptive
effects. In those cases distinction of mechanisms of
effects and explanations for unexpected outcomes were
relegated to speculation. This kind of speculation can be
reduced if we design experiments to test explicit
predictions based on both consumptive and noncon-
sumptive mechanisms, which can have qualitatively
different effects on ecosystem functions. In order to
stimulate research that simultaneously examines con-
sumptive and nonconsumptive mechanisms, we present
some preliminary predictions on the relative nature of
consumptive and nonconsumptive effects (Fig. 1), based
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FiG. 1. Predicted predator indirect effects on ecosystem properties and functions precipitated either by predator-caused changes
in herbivore density (a consumptive effect, CE) or changes in herbivore adaptive foraging (a nonconsumptive effect, NCE).
Directional predictions are relative to a two-level plant-herbivore reference system. NPP is net primary productivity. The T symbol
indicates that the effect is in feeding habitat; the § symbol indicates no diversity of plants by the definition of linear topology.

on our findings from the literature synthesis. Some of
these predictions vary with food chain topology (linear
vs. branching) because the nature of many noncon-
sumptive effects is dependent on topology (i.e., whether
predators cause a time budget shift vs. habitat or diet
shift of prey). The directions of predicted cascading
effects of predators on various ecosystem properties and
functions are presented in Fig. 1 by comparison between
systems in which predators are absent (two-level plant—
herbivore or organic matter-decomposer reference
system) and systems where they are present (three-level
predator—herbivore—plant or predator—-decomposer—
organic matter system).

We predict that in many cases nonconsumptive effects
of predators on ecosystem properties such as trophic
transfer efficiency, food chain length, and plant species
diversity will be qualitatively different from consumptive
predator effects (Fig. 1). In some cases, there are
differences in the direction of effect propagated by the
same kinds of predators (e.g., nonconsumptive effects on
plant diversity) because of dependencies on food web
topology. Whenever predators cause prey to leave a
foraging site (habitat shift), the prey no longer mediate

competitive interactions among plants. This leads to
dominance by a few plant species. However, predators
causing prey diet shifts end up causing prey to mediate
competitive dominance and hence indirectly enhance
plant diversity.

We are less certain how to predict the direction of
consumptive and nonconsumptive indirect effects on
ecosystem functions such as net primary production
(NPP), plant matter decomposition, and nitrogen (N)
cycling and mineralization, simply because many cases
(especially for consumptive effects) have not been
examined empirically (Fig. 1). From cases where
information does exist, we predict that nonconsumptive
predator effects should decrease aboveground NPP and
plant decomposition, and either increase or decrease N
mineralization (depending on food chain typology)
relative to conditions where they are absent, but case
studies for predators with consumptive effects are
insufficient to offer comparable predictions at this time
(Fig. 1).

We find that top predators can have cascading effects
that influence community composition of ecological
systems as well as ecosystem properties and functions.
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We find, however, that strong cascading effects may be
more likely to occur in systems where predators largely
induce adaptive behavioral responses of their prey
rather than largely reduce prey density. Given that most
prey in food chains exhibit some form of adaptive
response to their predators (Werner and Peacor 2003,
Schmitz et al. 2004, Preisser et al. 2005), we argue that
linking adaptive foraging with ecosystem function may
extend our ability to explain variety in the nature and
strength of trophic effects on ecosystem properties and
functions beyond current perspectives that assume
predator effects are merely consumptive. Combining
consumptive and nonconsumptive perspectives should
enable us to explain a much broader range of outcomes
and contingencies about trophic control by predators.
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