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biomass for individual species, exceeding the direct effects of predation (He et

al. 1993).

NUTRIENT INPUTS AND CASCADES

Variation between lakes in many ecological properties including primary pro-
duction is strongly related to loading of the limiting nutrients nitrogen and
phosphorus. For this reason hmnologlsts often study nutrient enrichment gra-
dients, and 2 natural question concerns how trophic cascades vary in their po-
tential to control phytoplankton biomass and productivity in oligotrophic. (low
productivity) relative to eutrophic (high productivity) lakes. High nutrient in-

. puts to lakes lead to eutrophic conditions with noxious algae that are often too

large for grazing, limiting the potential for herbivore control. Low nutrient in-

puts lead to oligotrophic conditions and dominance by smaller, more easily
grazed algae. Therefore, it is plaus1ble that nutrient enrichment could weaken -

trophic cascades in lakes.
Reesearchers proposed several alternative models to describe the variation

of trophic cascades with enrichment. McQueen et al. (1986) argued from en-
- closure experiments and lake comparative data that trophic cascades were at- '

tenuated in eutrophic systems, limiting zooplankton control of phytoplankton,
whereas in oligotrophic lakes trophic cascades facilitated zooplankton control
of phytoplankten. This nutrient attenuation model in graphic form represents a
wedge of potentlal lake conditions, with the greatest scope for trophic cascades
at the low end of nutrient loading gradients (Figure 4.3a). Sarnelle (1992) used
a simple predator—prey model and derived an alternative prediction that phyto-
plankton are strongly suppressed across nutrient enrichment gradients. His nu-
trient facilitation model was consistent with data on phytoplankton responses
to large-bodied grazers, the cladoceran Daphnia, in enclosures and whole-lake
manipulation studies. Graphically, this model also describes a wedge of lake
conditions where the greatest scope for the effects of trophic cascades increases
with nutrient enrichment (Figure 4.3b). Elser and Goldman (1991) studied the
variation of phytoplankton—zooplankton interactions in lakes of contrasting
nutrient levels using enclosures. Nutrients strongly limited zooplankton control
of phytoplankton at low inputs, suggesting little scope for trophic cascades in

oligotrophic lakes, whereas in more eutrophic systems phytoplankton size, pal-

atability, and rapid growth rates limited grazer control. Lakes with intermediate
nutrient loading (mesotrophic lakes) had the greatest scope for trophic cascades.
This mesotrophic maximum model describes a set of lake conditions resem-
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Figure 4.3. Hypotheses and experimental evidence about the interaction of nutrient input
and trophic cascades. Each panel shows primary producer response and nutrient input rate
for a lake with a planktivoré—dorninated food web (dashed line) and a lake with a piscivore-
dominated food web (solid line). (a) Decreasing difference hypothesis: The difference be-
tween the lakes is greatest in low-nutrient conditions. (b) Increasing difference hypothesis:
The difference between the lakes is greatest in high-nutrient conditions. (c) Mesotrophic
maximum or banana hypothesis: The difference betwéen the lakes is greatest at intermedi-
ate nutrient conditions. (d) Whole-lake experimental results from planktivore (Peter Lake)

_and piscivore (West Long Lake) dominated lakes.

bling a banana, where the potential for trophic cascade impacts is narrow at ei-
ther end of the nutrient loading gradient and wider in the middle (Figure

These models were based on evidence from small-scale and short-term en-
closure studies, lake observational studies, and a few whole-lake manipulations.
However, the evidence from these studies was insufficient to provide a strong
test of the interaction of trophic cascades and nutrients that would distinguish
between the three models (Carpenter and Kitchell 1993). We conducted a
series of food web and nutrient manipulations in lakes with contrasting fish
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communities. that could then be enriched over a range of nutrient loads. Con-
sistent with the views of some other researchers (e.g., Benndorf 1990); we rea-
soned that the “banana” model was most apt, especially because grazer control

- would be limited at high nutrient loads through destabilized predator-prey dy-

Tammics (Carpenter 1992). Over several years, we established Peter Lake as a
planktivore-dominated system by removing piscivores and stocking minnows.
We contrasted Peter Lake with the western basin of Long Lake, where the
dominant fish was piscivorous largemouth bass. We enriched both Peter and
West Long lakes with nitrogen and phosphorus for 5 years. Similar loadings
were used for the two lakes within each year, but loads varied between years.
These nutrient loads ranged from the low, natural rates of the study lakes to
highly eutrophic systems encompassing much of the global variation in lakes
(Carpenter et al. 2001). Correspondmg to the expected differences resulting
from size-selective planktivore predation, zooplankton in West Long were
large-bodied grazers, primarily the cladoceran Daphnia, whereas the zooplank—
ton of Peter Lake were a mixture of small-bodied grazers.

Phytoplankton primary production and biomass were strongly suppressed‘

in West Long Lake at all nutrient loads, whereas phytoplankton biomass and
productivity increased substantially across the same nutrient loading gradient in

Peter Lake. The outcome clearly supported the nutrient facilitation model (Fig-

ure 4.3d). Manipulations in eutrophic Lake Mendota (Lathrop et al. 2002) and
fish manipulation studies from a variety of eutrophic lakes (Hansson et al. 1998)

support the result that trophic cascades can lead to strong limitation of phyto- -
plankton through grazer control even in enriched systems. Through these stud- -
' ies, lake researchers have established that trophic cascades are evident across-a

range of lake conditions and largely independent of nutrient loading and pri-
mary production. However, it is possible that control of algae in highly en-
 riched lakes can be destabilized by fishing or massive runoff events. The key

food web features of lakes that promote cascades are stable and abundant popu-
lations of piscivores and large-bodied zooplankton grazers, especially large spe-
cies of Daphnia.

" LAKES IN THE LANDSCAPE

Cross-ecosystem subsidies are well documented in numerous landscapes (Polis

et al. 2004). Lakes typically receive a significant amount of organic carbon from

their surrounding watersheds. In fact, the loading of terrestrial organic carbon,

to these systems is typically as large as or larger than that from aquatic primary
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production (Caraco and Cole 2004). How and whether these terrestrial inputs
influence trophic cascades depend on the magnitude of the input relative to lo-
cal primary _production, the mode of transport and physical form of the input,
and the organisms-in the receiving ecosystem. '

There are three pathways by which terrestrial organic carbon can enter a
lake ecosystem: as terrestrial dissolved organic carbon in inflowing ground or
surface waters, as terrestrial part1culate organic carbon in flowing surface waters .
or by aeolian deposition, and as terrestrial organisms that enter lakes, often ac-
cidentally from land. By far the largest input of terrestrial organic carbon to
lakes is dissolved organic carbon, which is available only to microorganisms.
Clearly, some bacterial respiration is fueled by terrestrial dissolved organic car-
bon. However, for terrestrial dissolved organic carbon to become a subsidy to
the lake food web requires that bacteria assimilate it and pass this organic matter
up the food web. Thus, bacterivorous consumers (flagellates, ciliates, some
cladocerans) and higher consumers that feed on these ultimately use terrestrial
dissolved organic carbon. Jansson et al. (2007) call this pathway heterotrophic
energy metabolism and suggest that it is a subsidy especially to cladoceran zoo-
plankton and possibly to the small fish that consume them, potentlally setting
up a subsidized cascade. ;

Terrestrial insects and other terrestrlal prey items are a very minor compo-
nent of organic carbon flow from land to lake ecosystems, generally less than
0.1 percent of the total supply of organic carbon to aquatic consumers from
both terrestrial and aquatic sources. However, terrestrial prey are available to
top and mid-level predators and can therefore have a large effect on trophic cas-
cades. In small lakes, fish consume significant quantities of terrestrial prey
(Hodgson and Kitchell 1987; Hodgson and Hansen 2005). Young-of-year fish
are often planktivorous, and terrestrial prey are not significant for them. How-
ever, even for small (age 1+) fish, terrestrial prey averages about 20 percent of
their total consumption. For adults, terrestrial prey averages nearly 40 percent
(Figure 4.4a).

Particulate organic matter of terrestrial orlgm can enter lakes via stream

flow and by aeolian deposition. This direct input of terrestrial particles is also a

small component of the total organic carbon budget, on the order of a few per-
cent. Particulate organic carbon can also be formed by flocculation of terres-
trial dissolved organic carbon within the lake. Either way, these particles repre-
sent another pathway of a terrestrial subsidy to the lake ecosystem. In the water
column terrestrial particulate organic carbon can be consumed by zooplank-
ton. The terrestrial particulate organic carbon that reaches sediments can be
consumed by a host of benthlc invertebrates. Using Paul Lake as an example,
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Figure 4.4. Fish obtain a high but variable proportion of their organic carbon from ter-
restrial sources (Cole et al. 2006). (a) Proportion of organic carbon derived from four
sources: terrestrial dissolved organic carbon (T-DOC), terrestrial particulate organic carbon
(T-POC), terrestrial prey (T-Prey), and autotrophic production in the lake (Auto) by three
size classes of largemouth bass (young-of-year [YOY], 1+, and adult) in Paul Lake. (b) Pro-
portion of terrestrially derived organic carbon in fish species from several whole-lake
e:;periments. ' '



Trophic Cascades in Lakes: Lessons and Prospects 65

Cole et al. (2006) found that terrestrial particulate organic carbon was a major
diet item for both zooplankton (about 30 percent of consumption) and ben-
thos (about 60 percent of consumption). The fish that feed on zooplankton and
benthos are also subsidized, indirectly, by terrestrial particulate organic carbon.
The terrestrial particulate organic carbon subsidy to fish averages about 30 per-
cent consumption across age classes, but the pathway differs. Young-of-year fish
consume terrestrial particulate organic carbon via zooplankton, whereas adult
fish consume terrestrial particulate organic carbon via benthos and fish that
consumed either zooplankton or benthos (Figure 4.4a).

In these small lakes, the terrestrial subsidy to fish, combining all pathways is
quite large, ranging from about 40 to 90 percent in lakes that were not eutro-
phied (Figure 4.4b). Even after artificial eutrophication of Peter Lake in 2002
. (by the addition of nitrogen and phosphorus fertilizer over the course of 12 '
weeks) about 30 percent of fish biomass was made up of terrestrially derived
organic carbon. In Paul Lake the average adult largemouth bass is made up of
about 70 percent terrestrial organic carbon. Thus these piscivores can quickly
reduce the population of planktivores to very low levels without suffering the '
consequence of losing their main source of organic carbon. In Peter Lake, be-
fore fertilization the populations of fat head minnows and pumpkinseed sun- .
fish, which are about 40 percent terrestrial, can exert strong influence on the
size of zooplankton and still be somewhat independent of the amount of zoo-
plankton prey available to them. '

Although these studies demonstrate the potential for predator biomass to
be stabilized by cross-system subsidies of terrestrial organic carbon inputs, they
do not directly address the effect of this stabilization on trophic cascades.Van-
der Zanden et al. (2005) used literature data and a model to show that benthic .
resources (subsidized by terrestrial organic matter) augmented piscivore bio-
mass and intensified trophic cascades. A few studies have directly examined the
intersection of cross-system subsidies and trophic cascades (Nakano et al. 1999;
Polis et al. 2004). Knight et al. (2005) studied an intriguing case of a cascade that -
involved fish, dragonflies (a preferred prey of fish), bee flies (a favorite prey item
for adult dragonflies), and the pollination of Hypericum by bee flies. In a series
of nearly identical small ponds, Knight et-al. (2005) selected four ponds with
fish and four ponds without fish. Fishless ponds had a greater abundance of
the aquatic larval stage of dragonflies, more adult dragonflies, and significantly
fewer pollinator visits to pond-side Hypericum than did ponds with fish.

Trees that fall into lakes represent a cross-system subsidy of a different type
with different implications for cascades. The logs create habitat for periphyton
" and invertebrates, which in turn are preyed on by fish. In addition they provide
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refuge for fishes of a range of sizes and foraging sites for sit-and-wait predators
(see preceding section on “Animal Behavior and Cascades”). Sass et al. (2006)
examined the food web of two basins of experimentally divided lakes, before

~ and after the removal of fallen trees and logs from one basin. Before removal of

the woody habitat, the food webs of both basins were essentially identical and
fish consumed mostly aquatic prey. In the basin from which coarse wood was
removed, the major predator, largemouth bass, consumed fewer fish and more
terrestrial insects and grew mote slowly than their counterparts in the reference
basin.

In summary, terrestrial subsidies to aquatic food webs can help support high-

populations of top predators and thereby stabilize or even intensify trophic cas-
cades. Fallen trees may also affect trophic cascades by providing food for ben-

thic invertebrates that feed on periphyton and habitat and refuge for inverte- -

brates and fishes of a range of body sizes. These findings show that trophic

- cascades cannot be fully understood by studying ecosystems in isolation from

their surroundings. Landscape connections have important implications for
trophic cascades.

WHOLE ECOSYSTEM APPROACHES

According to the title of a famous paper, lakes are microcosms of broader eco-

logical interactions (Forbes 1887). Microcosms can be useful representations of'

complex ecological interactions, exposing key processes through simplification,

in the same way that mathematical models clarify complex processes (Scheffer -
and Beets 1994). However, in ecology the problem of extrapolatmg results from ‘

one scale to another is pervasive (Levm 1992). The most straightforward solu-
tion is to conduct studies at the appropriate scale. In the case of trophic cascades
in lakes, theory has been evaluated using whole ecosystem comparisons, exper-

iments, and long-term studies. Our current understanding of trophic cascades

is synthesized from all three kinds of studies of whole ecosystems. These whole
ecosystem approaches have complementary strengths and weaknesses, so it
seems reasonable to have more confidence in inferences that are consistent
across all approaches (Carpenter 1998). Most importantly for this discussion,

the whole-lake approaches sidestep many of the problems of extrapolation -

across scales that arise in microcosm experiments.
Extrapolations from ‘microcosms to whole-lake results- often fail. Pace

(2001) evaluated microcosm and whole-lake responses of microbes and phyto- .

plankton to nutrients and grazing and found that the microcosms were about
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equally likely to get it right or wrong. Carpenter and Kitchell (1988) found that
microcosms and lakes showed opposite responses for 38 percent, of phytoplank-
ton species studied and consistent responses for only 34 percent of species.
Schindler (1998) reviewed his experiences over about 30 years with microcosm
and whole-lake experiments and found numerous cases in which microcosms
would have led to incorrect scientific conclusions and faulty management de-
cisions in the absence of evidence from whole ecosystem experiments. In view
of the low reliability of microcosms, Carpenter (1996) suggested that overuse of
microcosm experiments diverted human resources from useful research and

~wasted resources by training graduate students in irrelevant approaches. Lim-

nologists are aware of a number of microcosm artifacts, such as reduced mixing,
enhanced sedimentation, fish- mortality, excessive predation, and overgrowth of

pperiphyton (Pace 2001). These problems are sometimes downplayed in the lit-

erature because they complicate inference and perhaps because authors believe
that everybody knows about them already. Such a tendency to minimize arti-
facts only perpetuates a questionable body of research.

It is more constructive to view microcosm experiments as a form of mod-

eling, subject to the same kinds of assumptions and limitations as mathematical

or simulation models in ecology (Scheffer and Beets 1994). Like mathematical
models, microcosms can be an inexpensive way- to build intuition about more
complex systems. Microcosm experiments across a gradient of scales could
even reveal insights about the effect of scale itself. As with mathematical models,
we should be very cautious about extrapolating results of microcosm studies to

whole ecosystems. Fortunately, it has been possible to study trophic cascades in-

lakes using whole-lake comparisons, experiments, and long-term data.
CONCLUSIONS

Nearly 30 years of research on trophic cascades in lakes has continued to ex-
pand our understanding of the phenomenon and our appreciation of its com-
plexity. This short review has selected topics that have emerged in the course
of ecosystem studies of trophic cascades in lakes and seem likely to continue
to motivate research. These are topics in basic science, although they have i im-
plications for applied ecology. We close with some comments on additional re-
search issues that are motivated by concerns about ecosystem management or
conservation.

Trophic cascades are among the processes that cause large nonlinear
changes in ecosystems, changes that may be difficult or even impossible to
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reverse (Chapvter 17, this volume). Such changes have been identified as a major
concern for ecosystem management and sustainability (Millennium Ecosystem

Assessment 2005). Cascades can create large changes in ecosystems including

living resources and ecosystem services, with implications for human well-

being. Therefore it is important to understand the conditions that lead to

trophic cascades—the subject of much of the research in this volume—and the

indicators that a cascade may occur soon. Models demonstrate several kinds of
statistical changes in time series that occur in advance of trophic cascades and

thereby can serve as leading indicators (Carpenter et al. 2008). Research is un-

der way to evaluate these indicators using retrospective time series analyses and

ecosystem experiments. Interesting insights are likely to emerge from this line

of research in the future. : : : ‘

The massive and sometimes surprising changes we have seen in whole-lake
expérimenté and real-world lake management were usually not forecast from
models and small container experiments. Managing food webs is extraordinar-
ily difficult, even in small experimental lakes where we completely control ex-
ploitation and inputs. In the case of food webs, the notion of “managing” im-
plies a degree of predictability and control that is not consistent with the
empirical record. Nonetheless, food webs provide a unique set of possibilities
for manipulating ecosystems, and managers are likely to try these tools even if
the outcome is a gamble. Also, people will continue to manipulate food webs by
fishing and by introducing species. It is clear that introductions or deletions of
" species can have effects on other species at distant-positions in the food web and
on ecosystem processes (primary productiori, carbon sequéstration, carbon ex-
change with the atmosphere, nutrient cycling, nutrient limitation).

Examples of manipulations of food webs.to achieve societal goals include
management of water quality and contaminant biomagnification. Eutrophica-
tion can be mitigated by restoration of top carnivores (Lathrop et al. 2002;
Hansson et al. 1 998). However, in lakes subject to enormous and variable loads
of excess nutrients the food web may become unstable, and the desired effects
on water quality may break down. Food web manipulation can. mitigate bio-
magnification of contaminants. Unfortunately, however, many real-world cases
have tradeoffs. For example, in the Laurentian Great Lakes the food webs that
best mitigate biomagnification are dominated by fast-growing steelhead trout,
_ an invasive in those systems (Stow et al. 1995).Yet some other species invasions
may exacerbate contaminant biomagnification by increasing the length of food,
chains (Vander Zanden and Rasmussen 1996). |

In lakes, as in oceans, fishery management often focuses on one species at a
time (Chapter 6, this volume). Such practices ignore trophic cascades (and
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other ecosystem phenomena) and are therefore subject to surprising break-
downs when abrupt changes in food webs affect target species.

Over the past 50 years, ecosystems have changed more than at any previous
time in the history of our species (Millennium Ecosystem Assessment 2005).
The biota of both aquatic and terrestrial ecosystems has changed asa result of

human activities including harvest and nonharvest mortality, land use change,

habitat loss, and pollution. These changes often have disproportionately large
effects on top predators because top predators often have large body sizes, long
maturation times, large range needs, and complex life histories, which may ne-
cessitate multiple kinds of habitats or prey in the course of ontogeny. Thus it is
reasonablé to expect that trophic cascades played a role in the sweeping biotic
changes of recent decades. Community and ecosystem structures that we see
today may be legacies of lost cascades. Moreover, we expect that trophic cas-
cades will be important in future changes as human action and natural processes

continue to reorganize ecosystems. There is no foreseeable end to the need for .

research to understand and forecast the consequences of troph1c cascades for
ecosystems and their support of human We]l—bemo
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