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Trophic cascades have been a central paradigm in explaining the
structure of ecological communities but have been demonstrated
mainly through comparative studies or experimental manipula-
tions. In contrast, evidence for shifts in trophic cascades caused by
intrinsically driven population dynamics is meager. By using em-
pirical data of a cannibalistic fish population covering a 10-year
period and a size-structured population model, we show the
occurrence of a dynamic trophic cascade in a lake ecosystem, in
which the community over time alternates between two different
configurations. The intrinsically driven change in the size structure
of the fish population from a dominance of stunted individuals to
a dominance of gigantic cannibals among adult individuals is the
driving force behind distinct abundance switches observed in
zooplankton and phytoplankton. The presence of the phase with
gigantic cannibals depends critically on the energy they extract
from their victims, allowing strong reproduction for a number of
years.

Community-wide trophic cascades, the propagation of indi-
rect mutualism between nonadjacent trophic levels in food

webs, have been suggested to occur more frequently in aquatic
than in terrestrial systems (1–4). This suggestion is based on the
arguments that terrestrial systems have a higher heterogeneity,
a higher overall species diversity, and more chemical defenses
among primary producers (higher plants vs. algae; ref. 1).
Although the validity of all of these arguments has been ques-
tioned (2, 4), undoubtedly the empirical evidence for commu-
nity-wide trophic cascades is, at present, substantially stronger
for aquatic than for terrestrial systems. The empirical evidence
largely stems from two sources: comparative studies of different
systems in which the trophic structure, such as food chain length,
differs (5–6) and experimental manipulations of top predators,
either intentional or unintentional (species invasions; refs. 2, 3,
and 7–9). In contrast, there is hardly any evidence for dynamic
trophic cascades, in which major shifts in overall food-web
structure are intrinsically driven by population dynamics. Only a
few studies on recruitment variation have considered this aspect
(10–12).

Cannibalism has been shown to have a number of diverse
effects on population dynamics and persistence (13–17). These
effects, among others, include a potential for alternative stable
states (18, 19) and chaotic dynamics (20). Although many
cannibalistic models ignore the energy that cannibals gain from
cannibalism and, thus, are essentially ‘‘infanticide’’ models (13,
15, 20), some theoretical studies have shown that the energy
extracted by the cannibal may have substantial impact on
population persistence and individual life history (14, 16).
Empirical evidence also suggests such an effect of energy
extraction on population dynamics because of increased growth
and thereby increased per-capita fecundity of cannibals (17).

Here we present strong evidence for a whole-lake trophic
cascade that is dynamic and intrinsically driven by complex
dynamics of a cannibalistic fish population. The trophic cascade
involves a major covariation between fish, herbivorous zooplank-
ton, and phytoplankton biomass. We show that a mixture of

size-dependent cannibalism and intercohort competition in
perch (Perca fluviatilis) leads to shifts between phases in which
the population is dominated by stunted cannibals and phases in
which it is dominated by recruits and gigantic cannibals. The
effects of these shifts propagate through to lower trophic levels.
We also show that the mechanisms provided by the empirical
analysis of the perch population are upheld in a formal modeling
analysis of the cannibalistic population. In particular, we show
that energy extraction by cannibals from victims, neglected in the
most influential cannibalistic models (15, 20), is of prime
importance for the population dynamics. The shifts in the entire
biological community as a result of the population dynamics of
the cannibal are brought about by only a few giant cannibals that
dramatically affect the entire lake system down to the lowest
level of phytoplankton.

Methods
Field Data. The empirical data were derived from a small (9.3-
hectare) forest lake of low productivity (17). The population size
of perch $1 year was estimated by mark-recapture methods (21).
Perch were sampled with cylindrical plastic traps. The captured
fish were measured (to the nearest millimeter) and weighed (to
the nearest gram). One-year-old perch were electrofished from
a boat in spring, when they were concentrated along the shore.
In years when the numbers of 1-year-old perch were too low
(,60 individuals) to allow population estimates based on mark
recapture (1992, 1993, 1994, 2000, and 2001), we used population
estimates obtained from a regression of estimates based on mark
recapture for years when mark recapture was possible on the
capture obtained during the spring electrofishing (17). Sampled
perch were stomach-flushed, stomach contents were identified
to taxa, and the sizes of identified food items were measured.
Annual mortality rate of perch was estimated by using age and
population estimates, whereas age and growth of individual fish
were determined from opercular bones (21).

Zooplankton and phytoplankton were sampled at three pe-
lagic stations seven times during the growth period (May–
October) at intervals of 2–3 weeks. Zooplankton was collected
with a 100-mm mesh net (diameter, 25 cm) drawn vertically at an
approximate speed of 0.5 mys from the thermocline to the
surface. Data used are from sampling occasions after the
hatching of young-of-the-year (YOY) perch (July–October; ref.
17). Samples were preserved with Lugol’s solution. The zoo-
plankton was classified by species and counted, and the body
lengths of 15 individuals (or of all individuals if ,15) of each
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species from each sample were measured with an inverted
microscope. Lengths were then transformed to biomass by using
length-to-weight regressions.

For estimating phytoplankton biomass, a mixed epilimnetic
(including metalimnion) water sample was taken from each
station on each sampling date. The depth of the thermocline was
determined from temperature profiles taken with a thermistor.
Phytoplankton biomass was estimated as chlorophyll a (22). The
water samples were filtered through Whatman GFyC filters
(1–2.5 liter filtered), and filters were dried and frozen (225°C)
until further analyses. Algae on the filters were extracted in
methanol for 24 h, and the absorbance at 665 and 750 nm was
used to calculate chlorophyll a. At the first and last sampling
dates each year, a subsample of 150 ml of unfiltered water was
taken for analyses of total phosphorus, total nitrogen, and
micronutrients. The total concentrations of nitrogen and phos-
phorus were analyzed with an autoanalyzer by using standard
analytical methods (22).

Model. We modeled the cannibalistic dynamics by using a phys-
iologically structured population model, a modeling approach
that is designed to handle continuously changing size-dependent
processes (16, 23, 24). An important element of these models is
that all model assumptions pertain to the individual level, such
that parameters can be estimated largely independent of the
system under study (16). The structured population model
represents a cannibalistic population that feeds on two basic
resources, zooplankton and macroinvertebrates, in a size- and
age-specific way (16, 23, 25). An extended presentation of the
baseline model using only one shared resource (zooplankton) is
given in ref. 16. All perch feed on zooplankton, whereas perch
$2 years old also feed on macroinvertebrates and YOY
perch. One-year-old perch are assumed not to cannibalize
YOY perch because the former have been shown to be restricted
to refuges along the shore, where the risk of cannibalism from
larger cannibals is minimized (17). The feeding rates of perch on
zooplankton and macroinvertebrates are functions of perch mass
and follow a type 2 functional response as a function of resource
densities (16, 25). Consumption, metabolism (a power function
of mass), and growth are all continuous processes, whereas
reproduction takes place once a year (16). Individuals are
assumed to mature at a fixed size and reproduce only if they have
accumulated sufficient gonad mass. The dynamics of the model
were studied with a numerical method tailored for the integra-
tion of physiologically structured models (24).

All parameters were set to the default values for perch as used
in the original model analysis (16), except for a background
mortality rate of 0.004 per day and a cannibalistic voracity of
400 3 (perch length)0.6. Macroinvertebrates followed semi-
chemostat regrowth dynamics with a turnover rate of 0.1 per day
and a maximum biomass density of 1.0 gym2. Macroinvertebrates
are assumed to live on the bottom in the littoral zone (average
water depth 2 m), which is assumed to occupy 20% of the total
lake volume (3.0 3 108 liters). The attack rate of perch $2 years
old on macroinvertebrates equaled 0.1 3 (perch weight)0.4. The
weight-age relation for YOY perch was prescribed in the model
as W(a) 5 0.001 3 exp(0.08 a), based on empirical data (weight
in g biomass; a, age in days). Growth of older perch follows the
energy budget model originally developed (16). All individual-
level model parameters described above have been estimated in
laboratory or pond experiments (16, 26) independent of the
perch system studied with the exception of the maximum bio-
mass densities of zooplankton and macroinvertebrates (for ob-
vious reasons) and YOY perch growth.

Results
Our data from the lake ecosystem cover a 10-year period and
show an alternation in trophic structure mediated via a change

in the state of the perch population. In years with high survival
of YOY perch, reflected in high numbers of 1-year-old perch the
next year, zooplankton biomasses were lower and phytoplankton
biomasses higher, whereas the opposite was the case in years with
low survival of YOY perch [regressions: zooplankton–1-year-old
perch, F1,8 5 234, P , 0.0001; phytoplankton–1-year-old perch,
F1,8 5 11.6, P , 0.011, autoregressive-integrated moving average
(ARIMA), tests for autocorrelation at lag 1; P 5 0.64–0.83
(Fig. 1)]. Furthermore, both zooplankton and phytoplankton
data fall into two distinct clusters, suggesting a shift of the lake
ecosystem between two different phases.

The trophic cascade observed in zooplankton and phytoplank-
ton can clearly be related to the observed population dynamics
of perch. At the start of the study in 1992, the perch population
was dominated by high numbers of perch of an age of 2 years and
older, and particularly by a cohort that hatched in 1988 (75% of
the population). Very few 1-year-old perch were present (Fig. 2
Left and ref. 17). This low number of 1-year-old perch was not
because of low population fecundity but because of high canni-
balistic mortality (almost 100%) imposed by the numerous perch
$2 years old. The energy extracted from cannibalism was,
however, small, and the energy intake by perch consisted mainly
of zooplankton and macroinvertebrates. As a result, macroin-
vertebrate densities were low (17). Energy intake from canni-
balism was low because YOY perch were cannibalized early on
when they were small and, hence, only represented small energy
packages. As a result, perch grew slowly during this phase and
only reached a small maximum size (Fig. 2 Right). A decrease in
the number of perch $2 years old in 1993 and 1994 resulted in
a lower mortality of YOY perch during 1994 and, thus, in a
strong cohort of 1-year-old perch in 1995 (Fig. 2 Left). The lower
mortality of these YOY perch individuals allowed substantial
numbers of them to reach sizes at which they represented larger
energy packages for the cannibals. Energy extraction from
cannibalism was thus high, and the growth rate of the remaining
cannibals increased dramatically (Fig. 2 Right). Increased indi-
vidual growth caused by cannibalistic energy extraction also led
to increased per-capita fecundity that more than compensated
for the lower numbers of remaining cannibals. As a result, a
substantial reproductive outburst took place in 1995. The new
YOY cohort depressed the shared zooplankton resource to low
levels (Fig. 1 Left), thereby outcompeting the 1-year-old cohort
that starved to death (17). The competitive superiority of YOY
perch over 1-year-old individuals results from the former’s lower
metabolic demands and hence lower resource demands (23), a

Fig. 1. (Left) Relationship between zooplankton biomass (average for pe-
riod of July–August) and the density of 1-year-old perch the next year. (Right)
Relationship between phytoplankton biomass (seasonal average) and the
density of 1-year-old perch the next year. Years refer to zooplanktony
phytoplankton. Densities of 1-year-old perch in year t 1 1 are taken as a
measure of YOY densities in year t.
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conclusion that is supported by experiments showing a compet-
itive superiority of YOY perch over 1-year-old perch (26).

This strong recruitment of 1-year-old perch, followed by their
starvation death the same year because of competition with new
YOY perch for zooplankton, was repeated for 4 years (1995–
1998). Growth rates of the few cannibals remained high, which
allowed them to reach gigantic sizes (Fig. 2 Right). In contrast to
zooplankton biomasses, macroinvertebrate densities were high
in this giant phase because of the low number of adult perch and
the ample abundance of energy-rich YOY perch (17). The giant
phase ended in 1998 when a cohort of 1-year-old perch with a
slightly larger size escaped competition from YOY perch. This
cohort totally dominated the perch population (90% of the
individuals) the following years and, when increasing in size,
through strong cannibalism prevented new YOY perch cohorts
to reach an age of 1 year. Because of their high cannibalistic
impact early on when YOY perch only represented small energy
packages, the growth rate of this cohort was at this time reduced,
and they became stunted as the perch population had been
before 1994 (Fig. 2 Right). In a phase plane, the overall dynamics
results in two clusters: in one cluster the density of individuals
$2 years old is high and that of 1-year-old perch is low (high
cannibalism, low energy extraction, low per-capita fecundity); in
the other cluster the density of individuals $2 years old is low
and that of 1-year-old perch is high (low cannibalism, high energy
extraction of cannibalism, high per-capita fecundity; Fig. 2 Left).

We analyzed our data set to see whether the low recruitment
in some years could be explained by alternative mechanisms such
as intercohort competition affecting YOY perch performance or
environmental factors (nutrient levels, temperature). An expla-
nation based on intercohort competition is at odds with the fact
that zooplankton (the main food of YOY perch) resource levels
were much higher in years with low YOY survival than in years
with high survival (Fig. 1 Left). Furthermore, our experimental
studies show that small perch can sustain themselves at lower
resource levels than large perch, and that small perch do not
starve under the resource levels prevailing in the study system
(26). Neither nutrients (nitrogen, phosphorus) nor average
summer temperature (June–August) showed any relationship

with YOY survival [regressions: F1,8 5 0.74–2.02, P 5 0.19–0.42,
autoregressive-integrated moving average (ARIMA), tests for
autocorrelations at lag 1; P 5 0.26–0.66].

Modeling results strongly support the interpretation of the
empirical data, because they also show a shift in dominance of
different size cohorts in the cannibalistic populations. In one
phase, the density of perch $2 years old is high, and the number
of perch recruited to an age of 1 year is negligible because of high
cannibalism from perch $2 years old (t 5 1–8; Fig. 3 Top).
Although cannibals impose a high mortality on YOY perch in
these years, they grow slowly and only reach a small maximum
size because of low energy extraction from cannibalism (Fig. 3
Bottom). Zooplankton resource levels are high and macroinver-
tebrate resource levels low during this phase (Fig. 3 Middle; ref.
13). A decrease over years in the number of perch $2 years old
because of background mortality causes the cannibals at a
certain density threshold to lose control over victims, allowing a
strong recruitment of YOY perch to an age of 1 year old (t 5
9–10; Fig. 3 Top). This high number of surviving, larger YOY
perch leads to gigantic growth in remaining cannibals (Fig. 3
Bottom) and increased per-capita fecundity that compensates for
their lower numbers. As a result, substantial reproductive out-
bursts take place for a number of years. One-year-old cohorts are
outcompeted by the new YOY cohorts and starve to death (t 5
9–14; Fig. 3 Top). In this phase, the zooplankton resource levels
are low and macroinvertebrate resource levels high (Fig. 3
Middle). When the decrease in adult numbers is no longer
compensated for by increased per-capita fecundity, and popu-
lation fecundity hence decreases, the impact of YOY individuals
on zooplankton is reduced to a level at which a 1-year-old cohort
survives its second year of life (t 5 15–16; Fig. 3 Top). When
increasing in size, this surviving cohort subsequently controls
new offspring cohorts through strong cannibalism, but their
growth is retarded (t 5 15–24; Fig. 3 Bottom).

Excluding energy extraction from cannibalism by setting the
conversion efficiency for feeding on victims to zero resulted in
qualitatively different dynamics. In particular, the strong feed-
back of energy extraction on cannibal growth, and hence per-
capita fecundity, was absent; the first strong 1-year-old cohort

Fig. 2. (Left) Phase plot of the observed density of perch ,100 mm vs. the density of perch .100 mm the previous year. Years refer to perch ,100 mm. (Right)
Observed growth trajectories (means 6 1 SD) of perch during 1984–2001. Thick growth curves show dominating year classes born in 1988 and 1997. High survival
in YOY perch cohorts and giant growth among cannibals was observed during 1994–1998. The negative growth rates observed for year classes .200 mm during
2000–2001 may be caused by either actual negative growth or size-dependent mortality of larger perch or both.
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recruited did not suffer from intercohort competition from a
strong YOY cohort (see the 1-year-old cohort at t 5 1, 8, 15, 22,
and 29 in Fig. 4 Top and Bottom). Actually, YOY perch were
totally absent in these years with a strong 1-year-old cohort, as
mature perch had starved to death the previous year because of
competition with the YOY perch cohort subsequently forming
the strong 1-year-old cohort. Energy extraction from cannibal-
ism is hence not only crucial for growth and high fecundity of
cannibals, but also for their survival. The strong 1-year-old
cohort became the dominating cohort during the following phase
with strong cannibal control (low YOY perch survival). The
absence of repeated strong recruitment of YOY perch for
several years also leads to the strong cascading effect of YOY
perch on zooplankton only being present for 1 year (Fig. 4
Middle).

In conclusion, the results of this model, in all major aspects,
confirm and provide strong theoretical support for our inter-
pretation of the data with respect to the mechanisms driving the
cannibalistic population dynamics. The modeling analysis ex-
cluding energy extraction from cannibalism strongly reinforces
our interpretation that energy extraction is an essential part of
the cannibalistic population dynamics.

Discussion
Our overall conclusion, based on an interpretation of the
empirical data and modeling, is that the population dynamics

observed can be explained by intrinsic factors alone. The vital
ingredients involved are variable intensities in intercohort can-
nibalism (older perch vs. YOY perch) and intercohort compe-
tition (1-year-old vs. YOY perch). When cannibals control
victims, cannibal population density is high, whereas the size
structure is stunted with only intermediately sized cannibals.
When cannibals do not control victims, the population is char-
acterized by a low abundance and a bimodal size distribution,
including giant cannibals. The changes in perch population size
structure, in turn, cascade down to phytoplankton through
zooplankton (Fig. 1). Cannibalism intensity determines the
recruitment success of YOY perch. Energy extraction by can-
nibals during the giant phase is dynamically important, because
their high fecundity is crucial for the strong competitive inter-
actions between the 1-year-old and the numerous YOY perch.
These results contrast with present cannibal models in which
neither the energy gained by cannibals nor intercohort compe-
tition have been included (13, 15, 20). For example, in the
experimentally and theoretically heavily elaborated Tribolium
system, cannibals only impose a mortality impact on the victims
and do not gain any energy from the act, thus leaving out an
essential part of this intraspecific predator–prey interaction
(15, 20).

Data on other fish populations such as largemouth bass
(Micropterus salmoides; ref. 11) and Arctic charr (Salvelinus
alpinus; ref. 27) show elements of similar alternations in popu-

Fig. 3. Model predictions including energy extraction from cannibalism.
(Top) YOY perch (black circles), 1-year-old perch (gray squares), and perch $2
years old (gray triangles) (numbers per lake). (Middle) Predicted biomasses of
the macroinvertebrate (solid line; g wet weightym2) and zooplankton (dotted
line; g wet weightyliter) resources. (Bottom) Predicted growth curves (mm) of
perch during the stunted and giant phases.

Fig. 4. Model predictions excluding energy extraction from cannibalism.
(Top) YOY perch (black circles), 1-year-old perch (gray squares), and perch $2
years old (gray triangles) (numbers per lake). (Middle) Predicted biomasses of
the macroinvertebrate (solid line; g wet weightym2) and zooplankton (dotted
line; g wet weightyliter) resources. (Bottom) Predicted growth curves (mm) of
perch during the stunted and giant phases.
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lation size structure over time, pointing to a substantial gener-
ality of our results to other cannibalistic systems. This especially
concerns the temporary appearance of giants in connection with
strong surviving YOY cohorts with cascading effects to zoo-
plankton and phytoplankton. However, at least for the large-
mouth bass system, in which a larger database is present, the
giant phase is very transient and does not exceed 1 year because
the main interaction between YOY and 1-year-old individuals is
cannibalistic and not an intercohort competition (11, 17).

Our verbal analysis of the mechanisms causing the dynamics
of the cannibalistic perch system shows a strong correspondence
with the mechanisms provided by the modeling analysis. A
relevant question to ask, given the qualitative shift in population
size structure of perch over time, is whether the stunted and giant
phases represent two alternative but unstable attractors. Alter-
native stable states were first demonstrated in a cannibalistic
model by Botsford (18). His model, however, did not incorporate
energy gain, which we have found to be such a prominent
element of the dynamics. A continuous time version of our
cannibalistic model does indeed show that the stunted and giant
phases represent two alternative stable states (19). Still, our
analyses of the discreteycontinuous model that we have used
here have so far only identified the cannibal-driven stunted
phase as a model attractor (16). An alternative attractor with
giants has not yet been found in this version. It is thus quite
possible that the dynamics we observe relates to a single attractor
with complex dynamics. Overall, our analysis, together with
previous analyses of the cannibalistic system (16, 28), suggests
that the cannibal-driven dynamics is robust to substantial vari-
ation in parameter values. The appearance of giants has been
shown to result from a destabilization of the cannibal-driven
dynamics, although the precise mechanism behind this may
differ (this article vs. refs. 16 and 28).

In conclusion, our empirical and modeling results have impli-
cations beyond the cannibalistic system studied here in at least
three major respects. First, our analyses show the importance of
considering all aspects of size-dependent processes (intercohort
competition, cannibalism) including energy extraction by the
cannibals (16). Second, the use of a modeling approach that
includes both individual-level and population-level information
allows for a deeper mechanistic understanding of the critical
processes involved than model approaches that are based only on
population-level information. In particular, individual growth
information forms a critical element to reveal the mechanisms
behind the sustenance of the phase with a dominance of giants
among cannibals for several years. Third, the size-structured
interactions shown at the population level and intrinsic to the
system had far-reaching effects on overall food-web dynamics,
implying that food-web dynamics of aquatic systems may only to
a limited extent be understood outside the context of these
size-structured processes. This conclusion is reinforced by recent
studies that show that size-dependent competitive and predatory
interactions per se increase the likelihood for coexisting attrac-
tors including catastrophic behavior in ecological systems
(29, 30).
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