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Abstract. Studies of lake ecosystems generally focus on pelagic food chains and pro-
cesses. Recently, there has been an emerging recognition of the importance of benthic
production and processes to whole-lake ecosystems. To examine the extent to which zoo-
benthos contribute to higher trophic level production in lakes, we synthesized diet data
from 470 fish populations (15 species) and stable isotope data from 90 fish populations (11
species), all of which are common inhabitants of north-temperate lakes. Across all species
considered, zoobenthos averaged 50% of total prey consumption. Indirect consumption of
zoobenthos (i.e., feeding on zoobenthos-supported fishes) contributed another 15%, for a
total of 65% reliance on benthic secondary production. Stable isotopes provided estimates
of mean zoobenthivory ranging from 43% to 59%. For most fish species, consumption of
zoobenthos was highly variable among populations. The overwhelming concern of ecol-
ogists with pelagic food chains and processes contrasts sharply with our finding that benthic
secondary production plays a central role in supporting higher trophic level production.
This extensive zoobenthivory can subsidize fish populations, leading to apparent compe-
tition and otherwise altering trophic dynamics and ecosystem processes in the pelagic zone.
We argue for a more integrated view of lake ecosystems that recognizes the duality of
benthic and pelagic production pathways. Food web models that explicitly consider energy
flow from pelagic and benthic sources will provide a more realistic energy flow template

for understanding the regulation of lake ecosystem functioning.
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INTRODUCTION

Studies of ecosystems are often impeded by the fuzzy
boundaries of many ecosystem types. Lakes provide use-
ful model ecosystems because they are discrete, self-con-
tained ecosystems with relatively well-defined boundar-
ies, and not surprisingly, studies of lakes have played an
important role in the development of ecological theory
(Forbes 1925, Lindeman 1942, Carpenter et al. 1985).
The dominant paradigm of limnologists and aquatic ecol-
ogists has been the study of pelagic, phytoplankton-based
components of |ake ecosystems, which are often modeled
as simple three- or four-link food chains (McQueen et al.
1989, Hairston and Hairston 1993, Mittelbach et al. 1995).
Interest in the trophic cascade hypothesis, and the poten-
tial applicationsto controlling lake eutrophication through
food web biomanipulation, has been aprimary motivation
for burgeoning interest in pelagic processes (Carpenter et
al. 1985, Carpenter and Kitchell 1993, Jeppesen et al.
1997).

It has long been recognized that benthic production
can be a substantial contributor to whole-lake primary
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and secondary production (Forbes 1925, Lindeman
1942). Rather recently, a flurry of studies have drawn
attention to the importance of benthic processes and
energy flows when viewing lakes from the whole-lake
perspective (Lodge et al. 1988, 1998, Hecky and Hes-
slein 1995, Schindler et al. 1996, Blumenshine et al.
1997, Jeppesen et al. 1997, Vadeboncoeur and Lodge
2000, Vadeboncoeur et al. 2001, 2002). Benthic and
pelagic energy flows and processes can be coupled in
a variety of ways (Blumenshine et al. 1997, Vadebon-
coeur et al. 2002), including cross-habitat foraging by
fishes. Many fishes exhibit flexible feeding habits and
undergo diet shifts that deviate from their presumed
food chain (Jeppesen et a. 1997). Furthermore, pis-
civores often forage broadly upon pelagic and benthic
fishes, as well as benthic and terrestrial invertebrates,
thereby linking pelagic and benthic food chains (Schin-
dler et a. 1996, 1997). A number of food web config-
urations can be envisioned depending on the extent of
trophic flows between littoral and pelagic food chains.
At one extreme is the scenario of two unlinked food
chains, indicating food chain specialization on the part
of consumers. At the other extreme are closely linked
food chains, in which fish consumers derive energy
opportunistically from both habitats (Post et al. 2000).

How important are benthic food chains and processes
to whole-lake ecosystem energetics? Can benthic and

2152



August 2002

PLaTE 1. An adult smallmouth bass (Mi-
cropterus dolomieui) in Sparkling Lake, near
Trout Lake Station, University of Wisconsin—
Madison. Photograph courtesy of Brian Roth
and Greg Sass.

pelagic habitats be considered separate food chains, or
are these two food chains energetically linked? And if
such linkages are energetically important, what are the
broader implications for food web dynamics and lake
ecosystem processes? This study presents a synthesis
of the contributions of benthic and pelagic prey sup-
porting fish consumers in north-temperate | akes, based
on direct observation of gut contents and analysis of
stable isotope ratios. The stable carbon isotope (51°C)
of phytoplankton is generally isotopically depleted rel-
ative to benthic algae due to differences in isotopic
discrimination for dissolved inorganic carbon (DIC)
(Hecky and Hesslein 1995). §13C values tend to be con-
served from prey to predator and can thus be used to
infer energy sources (France 1995, Vander Zanden and
Rasmussen 1999). If the 3'°C of benthic and pelagic
prey are known, simple two-source mixing models can
provide estimates of the contributions of the two prey
items to consumers.

These two methods differ in that diet data reflect
direct consumption, while stable isotopes reflect prey
assimilation. Furthermore, a diet sample provides only
a snapshot of fish feeding, and temporal variation in
diet is often not adequately considered. We compen-
sated for this limitation by relying on diet data from
large numbers of fish populations. Stable isotope anal-
ysis provides a more time-integrated indication of en-
ergy provenance, but cannot detect the use of profundal
(deepwater) zoobenthos because they have $°C sig-
natures that reflect their diet of settling phytoplankton
(Vander Zanden and Rasmussen 1999). While the two
methods have different strengths and weaknesses, use
of the two methods together provides arobust analysis.
By using these two independent methods from a broad
range of species and lake ecosystems, we can make
generalizations about the importance of zoobenthic
production from the whole-lake context of fish con-
sumption. If benthic energy flows are substantial from
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this perspective, this would indicate important conse-
quences for our understanding of the variability of eco-
system processes and dynamics.

METHODS
Dietary analysis

Previous studies (Vander Zanden and Rasmussen
1996, Vander Zanden et al. 1997) summarized quan-
titative volumetric dietary data for adults of 16 fish
species from 542 individual populations (lake—year
combinations). The species considered are common
and abundant native residents of north-temperate lakes
of North America, although many of these species are
found in other regions of North America. We eliminated
data from river populations and also eliminated data
for ninespine stickleback and trout-perch due to the
small sample sizes (two and five populations, respec-
tively). Our modified data set consisted of dietary data
for 146895 fish from 470 fish populations. Reliance
on zoobenthos was examined as a function of consumer
trophic position in the food web. Whereas trophic lev-
els are discrete categories that assume that species have
inflexible diet habits within and among populations,
trophic position is a continuous variable that accounts
for the tendency of fish to feed omnivorously (on prey
with a variety of trophic positions). Mean (species-
specific) trophic position values were taken directly
from Vander Zanden and Rasmussen (1996) and VVander
Zanden et a. (1997).

Theoriginal dietary datawere simplified to represent
the contributions of benthic and pelagic prey. Detritus
made up <1.5% of the total diet of littoral species
(pumpkinseed, perch, rock bass, smallmouth bass,
largemouth bass, northern pike, and walleye) and was
included in the zoobenthos category. In the few pub-
lished studies in which terrestrial and aquatic insect
prey were not differentiated, we assumed that the in-
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TaBLE 1. Summary diet data for 13 lacustrine fish species (expressed as mean percentage of gut volume or mass).
Species No.

Species Latin name code Habitat populations No. fish
Pumpkinseed Lepomis gibbosus pu L 24 1778
Yellow perch Perca flavescens per L 90 7377
Rock bass Ambloplites rupestris rb L 24 1652
Smallmouth bass Micropterus dolomieui smb L 74 2819
Largemouth bass Micropterus salmoides Imb L 21 5664
Northern pike Esox lucius np L 51 32193
Walleye Stizostedion vitreum wal L 20 8369
Alewife Alosa pseudoharengus ae P 7 5117
Lake cisco Coregonus artedii cis P 25 12836
Sculpins Cottus sp. scu P 10 3537
Rainbow smelt Omerus mordax sme P 17 15315
Whitefishes Coregonus clupeaformist whi P 37 5969
Lake trout Salvelinus namaycush It P 70 44269
Total 470 146 895
Means

Notes: Data were adapted from Vander Zanden and Rasmussen (1996) and Vander Zanden et al. (1997). Habitat indicates
either littoral (L) or pelagic-profundal (P). ‘‘Indirect zoobenthos' represents the consumption of fishes that were themselves

supported by zoobenthos.
T Includes Prosopium sp.

sects were primarily aquatic and classified them as
‘*zoobenthos"’ (but see Hunt 1975). For the littoral spe-
cies, the prey category ‘‘others’ consisted of prey
items that were either unidentified in the original study
or those that did not fit into the broad prey categories
used in Vander Zanden et al. (1997). The‘‘ others” prey
category averaged <5% of total diet. We eliminated
this prey category and scaled the remaining values to
sum to 100%. Overall, prey items were easily assigned
to prey categories, and the few assumptions we had to
make had little effect on our conclusions.

In addition to direct consumption of zoobenthos, we
aso estimated indirect reliance on zoobenthos. Indirect
zoobenthivory represents the consumption of prey fish
that were, to some degree, supported by zoobenthos. The
proportion of the *‘fish” component of the diet of pis-
civore j supported by zoobenthos (Z) was estimated as

Z,=> (P, xB) (1)

where P; is the proportional contribution of the ith prey
fish species to the **fish”” component of the diet of
piscivore j and B, is the proportional contribution of
zoobenthos to the ith prey fish species. The value from
Eq. 1 is multiplied by the contribution of fish to the
total diet and added to the direct zoobenthivory value,
which gives total zoobenthivory (direct and indirect).
For three of the most piscivorous species (lake trout,
walleye, and northern pike), we were able to resolve
the “*fish”” component of their diet for a subset of the
populations (Vander Zanden and Rasmussen 1996,
Vander Zanden et al. 1997). Some of the fish species
occurring in the diets of these piscivores were already
included in the present study (rainbow smelt, cisco,
whitefish, sculpin, trout-perch). We used additional di-

etary datafrom the literature to estimate zoobenthivory
for prey fishes not included in our data set (see the
Appendix). For lake trout, northern pike, and walleye,
>50% of the consumed prey fish was supported by
zoobenthos. Data were not available to resolve the
“fish”” component of the diets of other partialy pi-
scivorous fishes (smallmouth bass, rock bass, large-
mouth bass), thus we used a conservative estimate of
50% benthivory for their prey.

Sable isotopes

Stable carbon and nitrogen isotope (3*C and 3*°N)
information for fishes and invertebrates from 18 lakes
in Ontario and Quebec form the basis for our 313C
mixing models (Vander Zanden and Rasmussen 1999,
Vander Zanden et al. 1999a, b). For each lake, we es-
timated 83C endpoints for pelagic (the mean zooplank-
ton and unionid mussel isotopic values) and littoral
(mean of all benthic-feeding littoral invertebrates) hab-
itats for use as end membersin two-source mixing mod-
els. The contributions of littoral secondary production
to consumer populations was estimated using the for-
mula

percentage contribution of littoral
= (dBC, — dBC,)/(3C, — 3°C,) 2

where 8°C,, 5°C;, and 8%°C, are the mean 5%°C of the
consumer, littoral prey, and pelagic prey, respectively.
Note that the model uses primary consumers (rather
than primary producers) as isotopic endpoints and thus
estimates the contributions of pelagic and benthic sec-
ondary production. Our mixing model assumed no tro-
phic enrichment in 33C (trophic fractionation = 0%o).
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TaBLE 1. Extended.
Diet composition (percentage of volume)
Direct and
Zoo- Indirect Direct indirect
plankton Fish zoobenthos  zoobenthos sD cv zoobenthos sD cv
1 0 0 99 2 2 99 2 2
14 18 9 68 26 39 77 21 28
3 11 5 86 14 16 91 11 12
2 41 20 57 33 59 77 17 22
6 58 29 36 28 77 65 14 21
0 86 46 14 21 190 61 16 28
2 84 45 14 17 121 58 18 30
73 5 1 22 22 93 23 22 86
85 0 0 15 19 113 15 19 112
11 1 1 89 20 23 89 20 23
45 33 11 22 17 79 32 19 52
12 3 2 86 21 24 88 20 23
8 75 36 17 25 147 53 20 37
20% 32% 16% 48% 64%

An alternative model assumed a §*°C trophic enrich-
ment of 1%. over that of primary consumers. Thesetwo
assumptions bracket the observed range of 5°C trophic
fractionation. The estimates used in this study assumed
no fractionation, based on field fractionation estimates
from three of the study lakes (Vander Zanden and Ras-
mussen 2001). If the 3*3C value of the consumer pop-
ulation fell beyond either end member in the mixing
model (indicating >100% benthic reliance or <0%
benthic reliance), values were set at either 100% or
0%. This occurred in 20% of the 90 fish populations
included here. We calculated the mean &'3C for each
fish population and then cal culated the species-specific
313C (the mean for all populations of a species). Final
mixing models used the species-specific values so that
the mean §%C values shown in Table 2 are the values
used in the mixing model. Whether the mixing model
was conducted at the level of the individual fish, pop-
ulation, or species did not alter the findings.

The stable isotope method provides an estimate of
the contribution of littoral-derived secondary produc-
tion, but does not include profundal zoobenthos. Thus,
stable isotopes tend to underestimate the overall con-
tribution of zoobenthos. Because our mixing model
does not incorporate profundal zoobenthos, we did not
include profundal-feeding fishes in our comparisons of
estimates based on diets and stable isotopes.

ResuLTs

Diet analysis
Across all fish species, zooplankton comprised 20%
of the total diet, zoobenthos comprised 48%, and fish
contributed 32% (percent of gut content, by mass or
volume; Table 1). Consumption of zoobenthos was
highly variable among species, with species-specific
means ranging from 99% for pumpkinseed (a littoral
benthivore) to 15% for cisco (a pelagic planktivore)

and 14% for walleye (a piscivore).

In addition to feeding directly on zoobenthos, pi-
scivoresrely indirectly on zoobenthos because the prey
fish consumed by piscivores are partially supported by
zoobenthos. We estimated that the prey fish consumed
by pike, walleye, and lake trout were supported by
54%, 53%, and 48% zoobenthos, respectively. Indirect
reliance on zoobenthos was >35% of total prey con-
sumption for piscivorous species (pike, walleye, and
lake trout). Total benthivory, the sum of direct and
indirect reliance on zoobenthos, averaged 64% of total
consumption. The remaining 36% represents reliance
on pelagic-based prey (20% direct and 16% indirect).

The positioning of fish along a benthic—pelagic gra-
dient varied among populations of agiven species (Fig.
1). Rock bass and pumpkinseed were the most consis-
tently benthivorous species. Smallmouth bass, yellow
perch, and largemouth bass exhibit broad distributions
of benthivory, indicating high trophic flexibility for
these species. Only afew populations of pike and wall-
eye directly consumed large proportions of zoobenthos,
although indirect reliance on zoobenthos was generally
high for both species (46 + 15.5% and 45 + 11.5%,
means += 1 sp, respectively). Among pelagic fishes,
benthivory was less variable than for littoral fishes.
Most populations of alewife, smelt, and cisco exhibited
minor reliance on zoobenthos (<20%), although there
were exceptions for each species. Whitefish and scul-
pins were generally benthivores, although certain pop-
ulations relied on non-benthic prey to varying degrees.
Lake trout tend to be piscivores (Table 2), although
select populations relied on zoobenthos. Lake area data
were available only for lake trout populations (Vander
Zanden and Rasmussen 1996). Lake trout from large
lakes (>10 km?) did not consume zoobenthos, while
lake trout from small lakes (<10 km?) exhibited var-
iable and often substantial consumption of zoobenthos

(Fig. 2).
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Fic. 1. Frequency histograms showing the among-population variation in direct zoobenthivory (percentage of zoo-

benthos in diet) for 13 fish species from north-temperate lakes of North America. The indirect use of zoobenthos is

not included.

Stable isotopes

Our estimate of the mean contribution of littoral car-
bon, as estimated using 3'C mixing models, ranged
from 43% (assuming trophic enrichment of 1%o) to 59%
(assuming no trophic fractionation; Table 2). Littoral
reliance was lowest for open-water pelagic species such

as smelt and cisco. Littoral zone fishes (yellow perch,
northern pike, pumpkinseed, smallmouth bass, rock
bass, and cyprinids) relied on at least 70% littoral-
derived carbon. Estimates for whitefish and slimy scul-
pins indicated partial reliance on littoral carbon. These
two benthivores are likely to forage in profundal and
littoral habitats (Scott and Crossman 1973). Asaresult,
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TaBLE 2. Summary of mean stable carbon isotope data (3'C) and mixing model results for 11 species of freshwater fish.

Percent- Percent-
No. age of age of
popu- No. d31C d13C d31C littoral littoral
Species Habitat lations fish littoral pelagic fish reliancet  reliancef
Pumpkinseed L 9 14 —-24.4 —-29.4 -24.5 98 78
Yellow perch L 12 36 —23.7 —28.8 —-25.1 72 52
Rock bass L 6 28 —-24.1 -29.1 -234 100 92
Smallmouth bass L 11 27 -235 -29.1 -234 100 84
Northern pike L 1 2 —-23.2 -29.0 —-24.7 74 57
Minnows (cyprinids) L 11 63 -24.6 —29.6 -25.5 82 62
Lake cisco P 6 29 —22.1 —28.1 —27.8 6 0
Sculpins P 5 18 -23.6 —28.8 -27.4 26 7
Rainbow smelt P 4 16 —22.8 —28.2 —27.6 12 0
Whitefishes P 8 34 -231 —28.9 —26.2 46 29
Lake trout P 17 419 -23.9 -29.2 -27.7 29 10
Total 90 686
Means 59% 43%

Notes: The habitat variable indicates either littoral (L) or pelagic-profundal (P). Values for 3°C littoral, 3*3C pelagic and
d13C fish are the mean of lake-specific means. Mixing models are described in Methods: Stable isotopes.

T The mixing model assumes trophic fractionation of 0%o.
¥ The mixing model assumes trophic fractionation of 1%o.

estimation of zoobenthivory for these species using
318C mixing models is confounded because pelagic and
benthic-profundal invertebrates have similar 83C val-
ues.

Comparison of two techniques

Species-specific estimates of zoobenthivory from
diet data were closely correlated with isotope-based
estimates of littoral carbon reliance (fractionation =
0%o; excluding sculpins and whitefish; percentage of
littoral carbon = 0.98 X percentage of zoobenthos +
0.78; r2 = 0.76). Frequency histograms of zoobenthi-
vory based on diet data (Fig. 3A) and reliance on lit-
toral carbon derived from stable isotopes (Fig. 3B) in-
dicate that most fish populations were supported by a
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FiGc. 2. Lake trout benthivory (percentage of zoobenthos
in diet) vs. lake area (measured in square kilometers) in Ca-
nadian lakes. Data were taken from Vander Zanden and Ras-
mussen (1996).

mix of littoral and pelagic prey. For both techniques,
x? tests indicate significantly higher frequency of ob-
servations in the 0-10% and 90—100% zoobenthic cat-
egories (81°C, x2 = 84.6, P = 4.9 X 10-%; diet, x2 =
17.1, P = 3.5 X 1079), indicating a tendency for fish
populations to specialize on either benthic or pelagic

prey (Fig. 3).
Summary food web diagrams

Dietary and energy flow information is compiled
into summary food web diagrams with the benthic—
pelagic gradient on the horizontal axis and mean tro-
phic position on the vertical axis (Fig. 4). Species
with low trophic position (non-piscivores) spanned
the entire range of benthivory, showing a tendency
to cluster at the outer edges of the littoral—pelagic
gradient. When direct consumption of zoobenthos is
considered, piscivores are positioned at the upper left
corner, indicating little direct reliance on zoobenthos
(Fig. 4A). When both direct and indirect benthivory
are considered, piscivores are positioned in the apex
position (upper center) of the diagram, indicating
that piscivores are supported by a mix of pelagic and
benthic secondary production (Fig. 4B). The equiv-
alent diagram based on stable isotope information
suggests that littoral and pelagic food chains are less
tightly coupled by the foraging of piscivorous fishes
(Fig. 4C). While cross-chain omnivory is still evi-
dent, benthic and pelagic food chains do not con-
verge at the apex of the food web, indicating that top
predators do not fully integrate across littoral and
pelagic food chains and habitats.

DiscussioN

Both stableisotopes and diet-based evidenceindicate
that benthic energy pathways account for more than
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Fic. 3. Frequency histograms of zoobenthivory acrossall
populations: (A) direct use of zoobenthos based on gut con-
tent data; (B) the 313C-based estimates of reliance on littoral
carbon.

half of total fish consumption and that this pattern is
a general feature among fishes common to north-tem-
perate lakes of North America. Even species that are
generally thought of as pelagic were partially supported
by zoobenthos, indicating cross-chain omnivory (sensu
Polis and Strong 1996) and trophic coupling between
benthic and pelagic food chains. Furthermore, our anal-
ysis did not include detritivorous or phytobenthivorous
fishes (i.e., gizzard shad) and other species typical of
warm-water lakes and reservoirs of the southern United
States and tropical areas, where reliance on benthic
matter is expected to be even higher than for north-
temperate fishes. For these reasons, our estimates based
on north-temperate lakes probably provide a conser-
vative assessment of the contributions of zoobenthos
to higher trophic levels in lakes.

While zoobenthos are an important resource sup-
porting a diversity of lacustrine fishes, reliance on
zoobenthos varied widely among species (Table 1). Re-
liance of zoobenthos also varied among popul ations of
a given species (Fig. 1). These population-level dif-
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ferences in zoobenthivory result from a combination
of both abiotic and biotic factors. Lake size and lake
basin morphometry determine the relative importance
of littoral habitat and the potential for zoobenthos to
contribute to whole-lake secondary production (Fig. 2).
Large lakes tend to have lower perimeter-to-arearatios
(P/A), thereby diminishing the relative importance of
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Fic. 4. Generalized food web diagrams based on die-
tary data representing mean trophic position and zoo-
benthivory (mean percentage of zoobenthos in diet): (A)
direct consumption of zoobenthos by fish; (B) direct and
indirect reliance on zoobenthos; (C) littoral reliance, as
estimated using stable isotopes. Species abbreviations are
shown in Table 1; cyp = cyprinids; sti = ninespine stick-
leback, trpe = trout-perch.
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benthic and littoral habitats, compared to small lakes
in which littoral habitats are often dominant (Gasith
1991, Fee and Hecky 1992). Large lakes also tend to
be deeper than small lakes, further reducing the po-
tential contribution of benthic and littoral habitats.
Considering that the majority of lakes globally are
small and shallow with high proportions of littoral hab-
itat (Wetzel 1990), the central role of benthic and lit-
toral production documented here is probably charac-
teristic of a majority of lakes worldwide.

Both lines of evidence indicate that fish forage
broadly across littoral and pelagic food chains (Figs.
1 and 3), but diet analysis indicates a more complete
trophic coupling than stable isotope evidence (Fig. 4).
There are a number of potential reasons for this dif-
ference. While diet study lakes spanned a broad geo-
graphic area and arange of size, productivity, and mor-
phometry, stable isotope data are from 17 lakes in cen-
tral Ontario, all of which were relatively similar in
community composition, productivity, and morphom-
etry. Furthermore, pike and walleye were poorly rep-
resented in the stable isotope study. Diet analysis in-
dicates that these two species occupy the highest tro-
phic positions and fully integrate benthic and pelagic
food webs. Their absencein the isotope study may have
served to artificially truncate the lake food webs. Al-
ternatively, the inability of stable carbon isotopes to
differentiate between pelagic and profundal prey may
also explain why diet analysis indicates a more com-
plete trophic coupling between pelagic and benthic
food chains.

Ecosystem energetics and benthic—pelagic coupling

The heavy reliance of avariety of lacustrine fishes
on benthic secondary production suggests a central
role of benthic production in whole-lake ecosystem
processes and a strong potential for dynamic cou-
pling between benthic and pelagic food chains. A
similar point was argued by Hecky and Hesslein
(1995), who provided stable isotope evidence that
benthic algaeisamajor contributor to fish production
in lakes throughout the world. Omnivorous fishes are
just one of many vectors that can link benthic and
pelagic components of lake ecosystems, and a gen-
eral view of lake ecosystems that incorporates both
benthic and pelagic systems is coalescing (Lodge et
al. 1988, 1998, Stein et al. 1995, Schindler et al.
1996, Vadeboncoeur et al. 2001, 2002). This newly
emerging view of lake ecosystems stems from a
growing realization that quantifying energy flow
pathways serves as a necessary scaffold for studies
of food web dynamics and interactions and the rec-
ognition that allocthonous energy inputs can greatly
affect trophic dynamics and trophic cascades (Polis
1994, 1999, Polis and Strong 1996). This emerging
picture of lake ecosystems contrasts sharply with the
dominant view of lake ecosystems as comprised of
alinear pelagic food chain consisting of either three
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or four discrete trophic levels (McQueen et al. 1986,
1989, Hairston and Hairston 1993, 1997).

Potential consequences of benthic—pelagic linkages

While models of trophic dynamics must rely on
simplified renditions of food web structure, energy
flows across traditionally defined habitat boundaries
can have important consequences for food web dy-
namics (Winemiller 1990, Polis and Strong 1996,
Poliset al. 1997). In someinstances, theimplications
of benthic-pelagic linkages have been considered.
For example, the excretion of nutrients by benthi-
vorous fishes can represent a significant flux of new
nutrients availabl e to phytoplankton (Carpenter et al.
1992, Schindler et al. 1993, 1996, Vanni 1996).
There has also been some suggestion that feeding on
zoobenthos and detritus might subsidize food chain
dynamics and trophic cascades in the pelagic zone
(Stein et al. 1995, Schindler et al. 1996, Jeppesen et
al. 1997). A few lake ecosystem models have incor-
porated energy flows from zoobenthos into the pe-
lagic food chain (Carpenter 1988).

The importance of benthic energy flow in lakes may
appear to contradict studiesthat have demonstrated top-
down control in pelagic food chains (Brooks and Dod-
son 1965, Carpenter et al. 1985). On the contrary, the
flow of energy from zoobenthos to the pelagic food
chain may play an important role in mediating the pat-
tern and magnitude of top-down food web regulation.
Energy flow from sources external to the “‘focal’’ food
chain can increase top-down control through phenom-
ena such as apparent competition (Holt 1977, 1984,
Polis and Strong 1996, Polis et al. 1997, Polis 1999).
In fact, it has been argued that ‘‘ consumers that exert
strong cascading effects within a particular plant—her-
bivore food chain are almost always deeply subsidized
by resources from many sources or channels outside
this focal chain’’ (Polis 1999:10). Indeed, a consumer
population that is subsidized by allocthonous energy
sources may more effectively regulate prey populations
in the focal food chain. An alternative scenario is that
consumption of prey from outside of the focal food
chain may weaken top-down regulation, because top-
down impacts on the focal chain become more diffuse
as the predator diet is diversified. Which scenario pre-
vails depends on a number of factors, including the
extent to which the predator is food limited, which
trophic levels are subsidized, and the extent to which
the predator selectively feeds on prey from the **focal”’
food chain. In either case, explicit consideration of en-
ergy flows from benthic trophic pathways will improve
our understanding and prediction of pelagic trophic dy-
namics and stability in lake ecosystems (Schindler et
al. 1996, Post et al. 2000). Such consideration may
explain why |ake biomanipul ation sometimes produces
unexpected results, such as the inability of piscivores
to control planktivore populations where planktivores
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are heavily subsidized by zoobenthos (Jeppesen et al.
1997).

SUMMARY

The predominant view of lake ecosystems has been
that of pelagic food chains with simple, linear trophic
architectures. There is an emerging realization of the
importance of benthic processes and pathways within
a broader, whole-lake context: the present analysis pro-
vides strong empirical support for this view of lake
ecosystems. The study of trophic cascades has unified
fisheries biology and limnology, providing a more ho-
listic view of lake ecosystems. Recognition of the du-
ality of pelagic and benthic production pathways,
which are closely linked by mobile consumers such as
fishes, will provide an enhanced energetic template for
understanding lake trophic dynamics. This view re-
flects a shift towards a more integrated, whole-ecosys-
tem perspective of lakes that considers the quantifi-
cation of energetic flows as a precursor to an under-
standing of food web dynamics and lake ecosystem
functioning.
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APPENDIX

A table presenting mean zoobenthivory (as a percentage of gut content volume) of prey fish species consumed by piscivores
is available in ESA’s Electronic Data Archive: Ecological Archives E083-039-A1.



