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Internally driven alternation of functional traits
in a multispecies predator–prey system
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Abstract. The individual functional traits of different species play a key role for ecosystem
function in aquatic and terrestrial systems. We modeled a multispecies predator–prey system
with functionally different predator and prey species based on observations of the community
dynamics of ciliates and their algal prey in Lake Constance. The model accounted for
differences in predator feeding preferences and prey susceptibility to predation, and for the
respective trade-offs. A low food demand of the predator was connected to a high food
selectivity, and a high growth rate of the prey was connected to a high vulnerability to grazing.
The data and the model did not show standard uniform predator–prey cycles, but revealed
both complex dynamics and a coexistence of predator and prey at high biomass levels. These
dynamics resulted from internally driven alternations in species densities and involved
compensatory dynamics between functionally different species. Functional diversity allowed
for ongoing adaptation of the predator and prey communities to changing environmental
conditions such as food composition and grazing pressure. The trade-offs determined whether
compensatory or synchronous dynamics occurred which influence the variability at the
community level. Compensatory dynamics were promoted by a joint carrying capacity linking
the different prey species which is particularly relevant at high prey biomasses, i.e., when
grazers are less efficient. In contrast, synchronization was enhanced by the coupling of the
different predator and prey species via common feeding links, e.g., by a high grazing pressure
of a nonselective predator. The communities had to be functionally diverse in terms of their
trade-offs and their traits to yield compensatory dynamics. Rather similar predator species
tended to cycle synchronously, whereas profoundly different species did not coexist.
Compensatory dynamics at the community level thus required intermediately strong trade-
offs for functional traits in both predators and their prey.

Key words: adaptability; compensatory dynamics; ecosystem function; food web model; functional
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INTRODUCTION

Classical predator–prey models like the Lotka-Vol-
terra model (Lotka 1925, Volterra 1926) with linear, or
the Rosenzweig-McArthur model with nonlinear growth
and grazing functions (Rosenzweig and MacArthur
1963) predict predator–prey cycles, or a stable equilib-
rium with either low predator biomass and the very
abundant prey close to its carrying capacity, or the prey
suppressed by highly abundant predators. Strong
interactions were found in both natural and experimen-
tal systems (e.g., Elton and Nicholson 1942, Luckinbill
1979, McCauley et al. 1999, Fussmann et al. 2000). In
the field, a pronounced predator–prey cycle is observed
in meso- to eutrophic lakes, where the spring algal
bloom is typically strongly grazed by large herbivorous

zooplankton, such as daphnids, causing a so called
clear-water phase (Sommer et al. 1986). However, a
remarkably smaller temporal variability across many
generations of predator and prey is observed in some
diverse plankton communities of, for instance ciliates
and algae (Tirok and Gaedke 2007) or rotifers and algae
(Yoshida et al. 2007).
Temporal variability of populations and communities

is known to depend on diversity (McCann 2000, Hooper
et al. 2005, Thebault and Loreau 2005), which itself is
influenced by variability. Variable population densities
often sum up to produce a relatively constant biomass at
the community level, due to simple statistical averaging
of independently fluctuating populations (portfolio
effect), and/or the higher probability of differential
responses to altered environmental conditions (compen-
satory dynamics; McCann 2000, Hooper et al. 2005,
Thebault and Loreau 2006). We focus on how this may
arise from different functional traits within communi-
ties, whose key role for ecosystem functioning has been
increasingly recognized in both aquatic and terrestrial
systems (Weithoff 2003, Norberg 2004, McGill et al.
2006).
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All organisms face certain constraints in their use of
energy and other resources. Obviously resources used
for one process, can not be used for another one. This
results in well-established trade-offs in the performance
of ecological characteristics, such as different feeding
and life history strategies (Tilman et al. 1982, Stearns
1992, Huisman et al. 2001, Norberg 2004, Litchman
and Klausmeier 2008). Examples include trade-offs
between the maximum resource uptake rate and the
resource concentration required to achieve half satura-
tion of resource uptake which were observed for
different groups, such as phytoplankton (Litchman et
al. 2007) and zooplankton (Sommer et al. 2003). For
example, raptorial copepods with their low half-
saturation constants are more important in oligotro-
phic, algal-poor systems in contrast to more strongly
filtering cladocerans such as daphnids, which are
competitively superior in eutrophic, algal-rich waters
(e.g., Rothhaupt 1990). Similarly, a high maximum
growth rate is often achieved at the cost of a high
susceptibility to predation (Grime 1977, Wirtz and
Eckhardt 1996, Yoshida et al. 2004, Litchman and
Klausmeier 2008). Such rapid growth would be reduced
by investment into defense mechanisms, and/or preda-
tor avoidance strategies.
In this study, we address the question how two

ubiquitous and important features of ecological sys-
tems, functional diversity and ecological trade-offs in
particular, may influence the dynamics of predator–
prey systems, using a mathematical model. The study is
inspired by field observations from a large deep lake
(Lake Constance). Here, a species-rich community of
small fast-growing predators (algivorous ciliates) and
their prey (small edible algal species) coexisted with
both trophic levels at a high biomass level for
numerous generations during the spring bloom under
less variable environmental conditions (Müller et al.
1991, Gaedke et al. 2002, Tirok and Gaedke 2007).
This means that we did not observe typical predator–
prey cycles as would be predicted by simple one-
predator–one-prey models. Rather, we observed three
remarkable patterns: (1) a high biomass of ciliates and
algae relative to their carrying capacity, (2) a lower
biomass variability at the community than at the
population level, and (3) a lower rate of change in the
mean functional traits of the predator and prey
communities than in species composition. The data
and our model analysis suggest that these patterns were
driven by alternations in the contribution of numerous
ciliate and phytoplankton species to community bio-
mass resulting from compensatory dynamics. These
predator and prey communities comprise functionally
different species (e.g., selective and nonselective pred-
ators, fast- and slow-growing prey species; Müller et al.
1991, Tirok and Gaedke 2007).
We developed a multispecies model comprising three

functionally different predator and prey species. It
accounted for differences in feeding preferences and

susceptibility to predation, and for the respective trade-
offs, i.e., a high growth rate of the prey was connected to
a high grazing vulnerability, and a low food demand of
the predator was connected to a high food-selectivity
and thus to a lower food quantity available for
consumption. Our model analysis, which is firmly linked
to field observations, provides mechanistic insight into
how patterns in population dynamics and compensatory
dynamics at the community level may arise from an
internal feedback system, originating from the presence
of functionally different species and trade-offs that
continuously modify the community’s properties. More-
over, we show how functional differences can yield
either compensatory or synchronous dynamics occur-
ring as intrinsic properties of the system, i.e., indepen-
dent of external forces, which may vary in time.

METHODS

Field data

The model food web is quite general, but it was
inspired by field observations from large, deep, meso-
trophic Lake Constance, situated north of the European
Alps. A detailed description of the study site and of data
sampling is provided by Müller (1989), Weisse and
Müller (1998), Gaedke et al. (2002), and Tirok and
Gaedke (2007). The phytoplankton spring bloom in
Lake Constance is dominated by the cryptomonads
Rhodomonas spp. and Cryptomonas spp., and the small
centric diatom Stephanodiscus parvus (Kümmerlin 1991,
Sommer et al. 1993). The latter maintains a hard silicate
frustule, which reduces its food quality for ciliates
(Skogstad et al. 1993, Müller and Schlegel 1999). Ciliates
comprise different feeding modes, and numerous species
are known to feed selectively on small phytoplankton
(Fenchel 1987, Verity 1991, Hamels et al. 2004).
Interception feeders capture and process single prey
particles and are thus supposed to be highly selective,
whereas filter feeders strain suspended food particles
from surrounding water and thus feed less selectively
(Fenchel 1987). Lake Constance data indicated that
ciliated filter feeders benefit from a high quantity of
mixed food algae, including small diatoms, whereas
interception feeders depend on high-quality crypto-
monads, which are sometimes less abundant (Müller
and Schlegel 1999, Tirok and Gaedke 2007). These two
feeding types may represent two different strategies to
meet the trade-off between food quantity and quality. A
trade-off is also established in the small phytoplankton
community, where low quality diatoms demand silicate,
and may suffer from losses by sedimentation. Further-
more, diatoms are non-motile in contrast to cryptom-
onads. Motility increases the resource availability and
thus growth rate, but also the likelihood of predator
encounter and thus grazing susceptibility (Reynolds
1997).

Calculations of field data were done with the most
abundant five small edible algal and nine ciliate species,
which contribute together 84% and 88% to the total

June 2010 1749ALTERNATION OF FUNCTIONAL TRAITS



biomass, respectively (compare Table 1 in Tirok and

Gaedke 2007). To compare model results with the field

data, we calculated the weighted mean population CV

(coefficient of variation; see Quantifying variability and

diversity, Eq. 16), the community CV (Eq. 17), and the

damping (Eq. 19) from the field data.

Multispecies model

We extended a classical one-predator–one-prey model

based on the equations of Rosenzweig and MacArthur

(1963) by adding two more predator and prey species

which resulted in a multispecies model with six state

variables and nine feeding interactions (Fig. 1). Prey (Ai )

and predator (Cj) dynamics (i, j¼1, . . . , 3) are described

by

dAi

dt
¼ riAi "

X

j

gijCj ð1Þ

dCj

dt
¼ e
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gij " d
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gij ¼ g 0 qij Ai fi
ðfoodj þMjÞ

ð4Þ

foodj ¼
X

i

qijAi fi ð5Þ

fi ¼
Ai

ðAi þ A0Þ
ð6Þ

with Ai(k) indicating prey species i(k) and Cj indicating
predator species j.
Prey growth is logistic with the maximum growth rate

r 0i and the carrying capacity K. Predator grazing is
similar to a Holling-Type-II functional response with
maximum grazing rate g 0

j , half saturation constant Mj,
feeding preferences qij, total food concentration foodj,
and prey density function fi, which reduces grazing at
very low prey densities. Growth efficiency and mortality
rate are represented by e and d, respectively. Values and
a description of parameters are given in Table 1.
The prey species differ in their maximum growth rates

and compete according to a common carrying capacity
(cf. Eq. 3, Table 1), but have the same critical prey
density A0 (cf. Eq. 6, Table 1). They suffer losses by
grazing of the predators in dependence of their edibility
(edibi, Eq. 7), which is calculated from the feeding
preferences qij, as is the food selectivity of the predators
(selj, Eq. 8):

edibi ¼
1

3

X

j

qij ð7Þ

selj ¼
1

3

X

i

ð1" qijÞ: ð8Þ

The feeding preference qij specifies the proportion of
prey Ai, which can be ingested by predator Cj. A highly
selective predator can ingest nearly all of its preferred
prey (q ’ 1), but only a small proportion of other prey
species (q& 1). The effective composition of the food of
a predator, foodj, depends on the actual abundances of
the individual prey species in addition to the feeding
preferences (Eq. 5). That is, if all prey species are equally
abundant, the diet of the predator contains a high
percentage of the preferred prey (high q). If the preferred
prey is rare compared to other prey species, the latter
may dominate in the food of the predator, and the prey
concentration that is available as food is lower.
The feeding preferences q define the structure of the

model food web as they influence the number and the
relative importance of feeding links (Fig. 1, Table 1). We
defined predator 1 (C1) as a nonselective consumer,
feeding on all prey species equally well. In contrast,
predator 3 (C3) is highly selective, and feeds mainly on

FIG. 1. Feeding relationships and trade-offs in the growth
and grazing characteristics of the predator (top) and the prey
community (bottom) in the multispecies model. The direction
of arrows corresponds to ‘‘is eaten by,’’ and their thickness to
the interaction strength, i.e., the different feeding preferences of
the predator species (qij). The value of the half-saturation
constant M (Eq. 10) and the potential growth rate r0 (Eq. 9) are
linearly related to the food selectivity of the predator and to the
edibility of the prey, respectively.
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prey 3 (A3), and less on prey 1 (A1) and 2 (A2). Predator 2
(C2), in between, feeds well on A2 and A3, and less on A1.
These differences result in the highest available food
quantity for the nonselective consumerC1, and the lowest
available food quantity for the selective consumer C3

(compare Eq. 5). We defined such a gradient also for the
prey community, in which A1 is a less-edible prey species
only efficiently grazed by C1. In contrast, A3 represents a
highly edible species equally eaten by all predators. A2, in
between, is well eaten by C1 and C2, and less by C3.
Consequently, the highly edible species A3 suffers from
higher grazing losses compared to A2 and A1, in
particular. For simplicity we chose a symmetric food
web, with the feeding preference either 1 (preferred prey)
or 0.1 (non-preferred prey). This resulted in ‘‘equal’’
distances of the edibility between the prey species and of
the food-selectivity between the predator species.
The term describing the grazing of different prey

species (gij, Eq. 4) was adopted from Baretta-Bekker et
al. (1995, 1998). The prey density function f only
modifies the grazing rate at very low prey abundances
close to the critical prey density A0, around which the
curve becomes sigmoidal. For very low values of A0, as
used here, the function is closer to a Holling-Type-II
than a Holling-type-III functional response. Introducing
f and A0 keeps the model dynamics in a realistic time
span, but does not change the overall outcome of the
model. Competitive exclusion in the model is not
prevented by this term.
Parameter values for the different species were

systematically chosen to represent ecological trade-offs
as anticipated for the natural communities of algae and
ciliates (Wirtz and Eckhardt 1996, Reynolds 1997,
Norberg 2004). In the model, the three prey species
differ in their growth characteristics (maximum growth
rate r0), and the three predator species differ in their
feeding characteristics, that is, in their preferences for
the different prey species (q), and in the food quantity
they require to achieve half maximum grazing rates (M ).
The highly edible prey species A3 has the highest

potential growth rate. That is, it can exploit its resources

very fast compared to the slower growing species A2 and
A1, in particular (Fig. 1). The most selective predator C3,
i.e., the one with a strong feeding preference for only one
prey species, has the lowest half-saturation constant.
This means, it competes successfully at low to medium
prey abundances, when its preferred prey dominates the
total prey community. The nonselective predator C1 has
a high half-saturation constant. It competes successfully
at high abundances of a mixed prey community. For
simplicity, we chose linear relationships for each trade-
off (ri, Mj) with a ‘‘cost’’ parameter (slope m), and a
‘‘shape’’ parameter (intercept b; Fig. 1):

r 0i ¼ mr 0 3 edibi þ br 0 ð9Þ

Mj ¼ mM 3 selj þ bM: ð10Þ

Parameters of the trade-off functions (slope and
intercept) were chosen to get realistic values, i.e.,
different, but still within the ecologically reasonable
range (Table 1). The carrying capacity of the prey
community was estimated from peak biomass values of
the edible algal community in Lake Constance during
the spring bloom (approximately 4–8 g C/m2; Müller
1989, Weisse and Müller 1998, Gaedke et al. 2002, Tirok
and Gaedke 2007). In a sensitivity analysis, we
systematically tested other values of the model param-
eters (see Sensitivity analysis). Initial biomass values
were chosen in the range of observed values in Lake
Constance during the spring bloom, i.e.,

P
i Ai ¼ 2–4 g

C/m2 and
P

j Cj ¼ 0.5–1.5 g C/m2.
For summarizing the properties of the predator and

prey communities, weighted mean values of selected
attributes were calculated.

Mean edibility for the prey community was calculated
as

edib ¼

X

i

ðAi 3 edibiÞ
X

i

Ai

ð11Þ

and mean maximum growth rate was calculated as

TABLE 1. Description and values of parameters for the multispecies model with i, j ¼ 1/2/3.

Name Description Unit Value

ri maximum prey growth rate! 1/d 0.37/0.77/1.17
K carrying capacity g C/m2 8
g0 maximum grazing rate 1/d 1.7
Mj half-saturation constant" g C/m2 3/2/1
e growth efficiency 0.2
d mortality rate 1/d 0.15
A0 critical prey density g C/m2 0.02
qi1 feeding preference of predator C1 on prey Ai 1/1/1
qi2 feeding preference of predator C2 on prey Ai 0.1/1/1
qi3 feeding preference of predator C3 on prey Ai 0.1/0.1/1
edibi edibility of prey species§ 0.4/0.7/1
seli food selectivity of predator species} 0/0.3/0.6

! Derived from Eq. 9 with mr0 ¼ 1.33 and br0 ¼"0.16.
" Derived from Eq. 10 with mM ¼"3.33 and bM ¼ 3.0.
§ Derived from Eq. 7.
} Derived from Eq. 8.
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r 0 ¼

X

i

ðr 0i 3 AiÞ
X

i

Ai

: ð12Þ

Mean food selectivity for the predator community
was calculated as

sel ¼

X

j

ðCj 3 seljÞ
X

j

Cj

ð13Þ

and mean half-saturation constant was calculated as

M ¼

X

j

ðMj 3 CjÞ
X

j

Cj

: ð14Þ

Sensitivity analysis

To test the robustness of the model behavior we ran
the model with systematically changed parameter values,
and different initial values. First, we altered the
parameter values of the equations for r 0i and Mj by
maintaining the trade-offs, but changing their extent,
i.e., their slopes (mr0, mM, Eqs. 9 and 10). Slopes of zero
correspond to same growth rates for the prey species and
same half-saturation constants for the predator species,
but still different edibilities and food selectivities.
Steeper slopes imply more pronounced changes of r 0i
with edibility, and of Mj with food selectivity. Along
with the slopes, we altered the intercepts of the
equations in such a way that the parameter values of
species A2 and C2 were retained. That is, changing the
‘‘cost’’ parameters mr0 and mM involved changes of the
other trade-off parameters, br0 and bM. We altered mr0

between 0 and 2.23 (0.03 to 2.23 in steps of 0.05, br0 ¼
"0.7mr0 þ 0.77), and mM between 0 and"5.03 ("0.03 to
"5.03 in steps of 0.1, bM ¼"0.3mM þ 2).

To analyze the influence of the trade-off parameters
on the prey and predator community in terms of
composition, damping, and synchronous vs. compensa-
tory dynamics, we calculated the evenness, i.e., stan-
dardized diversity (Eq. 18) within the prey and predator
community, the damping of biomass variability from the
population to the community level (Eq. 19), and the
variance ratio (Eq. 20). An evenness '0.7 implies
coexistence of all species with the mean relative
importance of the individual species within 0.02 , p̄k
, 0.75. An evenness lower than 0.5 typically reflects
predominance of one species ( p̄k 0 0.85). Extinction of
one species can occur from an evenness of 0.63 and
lower. The variance ratio is a measure of synchroniza-
tion vs. compensation in the communities (cf. Quanti-
fying variability and diversity). The variance ratio was
only calculated for parameter combinations yielding an
evenness '0.5.

Second, we altered the values of the feeding prefer-
ences defining the structure of the model food web. In
the standard run, we chose a symmetric food web where
the predator either strongly prefers a prey species (q¼ 1)
or does not prefer it (q ¼ 0.1). This resulted in ‘‘equal’’
distances of the edibility between the prey species and of
the food-selectivity between the predator species. To
break up this symmetry, we made two species more
similar to each other compared to the third one by
changing the q values. For example, decreasing q22 & 1
(feeding preference of C2 for A2) decreased the
functional differences between A2 and A1, and between
C2 and C3, and increased those between A2 and A3, and
between C2 and C1 at the same time.
Third, we altered the values of the intercepts of the

trade-off functions individually (Eqs. 9 and 10), which
define the absolute values of the maximum prey growth
rate and the half-saturation constant. We also changed
the carrying capacity (K ) of the prey, and the maximum
grazing rate (g0), growth efficiency (e), or mortality rate
(d ) to consider the maximum gross growth rate of the
predator. The absolute values of the growth and
grazing rates are known to influence the dynamic
behavior of the classical one-predator–one-prey models
(Lotka 1925, Volterra 1926, Rosenzweig and MacAr-
thur 1963).
Fourth, we started the simulations with different

initial values to test for alternative attractors. We also
tested the potential impact of the initial biomass
distribution across species by using either a uniform or
a skewed distribution.

Quantifying variability and diversity

The temporal variability of predator and prey
biomass was assessed with the coefficient of variation
(CV),

CV ¼ s

x̄

with s ¼ standard deviation and x̄ ¼mean value.
Population CV was calculated as

CVk ¼
sðXkÞ

Xk
ð15Þ

with k ¼ i, j and X¼ A, C.
Weighted mean population CV was calculated as

CVpop ¼

X

k

ðCVk 3 X̄kÞ
X

k

X̄k

: ð16Þ

Community CV was calculated as

CVcomm ¼
s
X

k

Xk

 !

X

k

Xk

: ð17Þ
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Diversity was estimated with the Shannon-Wiener
index and standardized for the species number, which
gives the evenness. It was calculated from the mean
relative importance of the three prey or predator
species

J ¼
"
X

k

ð p̄k 3 log10p̄kÞ

log10S
ð18Þ

with k¼ i, j, p̄k¼mean relative importance of species k
and S ¼ number of species.
Damping of the temporal variance from the popula-

tion to the community level within the predator and prey
community was calculated as

Damping ¼
CVpop

CVcomm
: ð19Þ

The variance ratio (V ) is the ratio of the community
variance (derived from the variances and covariances of
the populations) to the sum of the population
variances. The variance ratio is equal to 1 when the
sum of population covariances is zero (population
dynamics are independent), whereas values greater
(less) than 1 indicate positive (negative) covariances
and thus synchronous (compensatory) dynamics among
populations (Schluter 1984, Vinebrooke et al. 2003).
Values of V ’ 1 may also arise when synchronous and
compensatory dynamics alternate during the time span
considered:

V ¼
s2

X

k

Xk

 !

X

k

s2ðXkÞ
¼

X

k

s2ðXkÞ þ 2
X

k

X

l

covðXk;XlÞ
X

k

s2ðXkÞ

ð20Þ

with s2 ¼ variance, k ¼ i, j, l ¼ i, j, l 6¼ k and X¼ A, C.

Data representation

Calculations were done in MATLAB 7.x R2007b
(The MathWorks, Munich, Germany) and SAS version
9 (SAS Institute 2002). All model simulations were run
over 10 000 time steps to get away from transient
oscillations. Graphics and further calculations, includ-
ing the CV and damping, were done for the last 400 time
steps (9600–10 000 days). We consider equilibrium
conditions as the spring bloom in Lake Constance
represents a period where internal processes are
dominating. During the spring bloom, the variability
of total algal and ciliate biomass is low compared to that
over the course of the season. Field data are shown for
late winter and spring, February until mid-June (values/
m2 correspond to 20 m3). CV and damping were
calculated for the spring bloom, mid-March until end
of May (day of the year ¼ 74–151, 78 d) in 1991 and
1996, two years with a long-lasting spring bloom in
Lake Constance.

RESULTS

Internally driven alternation of functional traits

The multispecies model revealed coexistence of the
three predator and the three prey species across a range
of parameter values and critical conditions. Within the
simulation period of 10 000 time steps, the system
showed complex periodic cycles of predator and prey
biomass, i.e., a closed curve (limit cycle), when using the
standard parameter set inspired by the field data (Table
1). The typical uniform predator–prey cycles with
quarter-period phase lags as known from one-preda-
tor–one-prey models were not preserved in the multi-
species model. The different species exhibited more or
less pronounced oscillations, whereas total predator and
prey biomass,

P
j Cj and

P
i Ai, oscillated moderately at

high biomass levels (’ 1–2 g C/m2 and ’ 0.7–4 g C/m2

for predators and prey, respectively), and rather close to
the prey capacity (Fig. 2a, b)

The relative contribution of individual species to total
community biomass varied in time, and neither a
predator nor a prey species reached a lasting predom-
inance (Fig. 2c, d). The properties of the prey and the
predator community, as indicated by the mean edibility
and potential growth rate of the prey, and the mean
food selectivity and half-saturation constant of the
predator, varied systematically over time, driven by
alternations in the different prey and predator species
(Fig. 2e, f; for calculations, see Methods: Quantifying
mean properties of the predator and prey community).
Thereby, the rate of change of the community properties
was lower than that of the species composition. We thus
observed an internally driven alternation of functional
traits that resulted in compensatory dynamics at the
community level. This was not the only possible
outcome, as the populations could also cycle in
synchrony when using other parameter values, in which
case, the stabilization of total plant and herbivore
biomass would be reduced.

The explicit depiction of functionally different species
in the model enables us to unravel the underlying
mechanisms (Fig. 2). For example, the prey community
was characterized by a high edibility when A3 dominat-
ed, and the predator community was less selective when
C1, the nonselective consumer, dominated. A high
edibility of the prey community promoted the selective
consumer C3, which then exerted a high and selective
grazing pressure on the highly edible prey (i in Fig. 2e;
Fig. 2a–d). Subsequently, the proportion of highly
edible prey decreased, and less edible species were
released from competition and increased in density
(Fig. 2a–d), which resulted in a low edibility of the prey
community (ii in Fig. 2e). This in turn promoted the
consumer C1, which is less selective (iii in Fig. 2e; Fig.
2a–d). Hence, A1 was reduced and the highly edible prey
A3 gained in importance again (iv in Fig. 2e; Fig. 2a–d).
These species alternations represent an ongoing cyclic
change in relative species densities without any indica-
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tion of fading out within 107 time steps. Species
biomasses always came back to the complex limit cycle.
C1 and C2 each increased with A1 and A2, respectively,
and benefitted also from the following peak of A3 before
breaking down due to food shortage (Fig. 2a–d) That is,
C1 and C2 reached longer peak durations than the
respective prey species. The selective grazer C3 only
gained in importance when its preferred prey A3 reached
high biomasses, and hardly dominated in the predator
community with the present parameterization. The fast-
growing species A3 and C3 oscillated with a higher
frequency than the slower-growing species (Fig. 2a–d).
The variability of biomasses, indicated by the

coefficient of variation, was higher at the species level
than at the community level in both, the field data and
the multispecies model (Table 2). The weighted mean
population CV of the simulated prey populations was
rather similar to those of the algal populations in Lake
Constance. The variability of the predator populations
and that of the prey and predator communities was
lower in the model than in the data. Overall, accounting
for functionally different predator and prey species
dampened the variability of the total predator and prey
biomasses (Fig. 2a,b; Table 2).

Sensitivity analysis

Changing the standard parameter set (Table 1)
revealed that all six species coexisted over a wide
parameter range, and we observed compensatory as
well as synchronous dynamics among the different
species. If not mentioned otherwise, we obtained for
all tested parameter combinations stable limit cycles of
different complexity.
Changing functional diversity.—To test the sensitivity

of the model behavior to the extent of functional
differences among species, we ran the model with
systematically changed values of the trade-off parame-
ters (mr0, mM, br0 and bM; for details, see Methods:
Sensitivity analysis). The three prey and predator species
coexisted over a broad parameter space indicated by the
high evenness (Fig. 3a). The evenness of the prey
community was less sensitive to the steepness of the
trade-off functions and thus to the extent of functional
diversity in both the prey and the predator community.
A low prey evenness was only observed when the
predator species were similar (very low absolute values
of mM, far low region in Fig. 3a). In that case, the fast-
growing, highly edible, prey species A3 was favored by
increasing differences in the prey growth rates. That is,
with increasing mr0 the growth rate of A3 increased,
whereas that of A1 decreased, and that of A2 remained
unchanged. The evenness of the predator community
depended on functional diversity in the prey community
and less on that in the predator community. If the prey
species were similar (small values of mr0, left region in
Fig. 3b, the nonselective grazer C1 was favored. The
more selective predators C2 and C3 were favored and
increasingly outcompeted C1 by higher growth rates of

their preferred prey species (high values of mr0, right-
hand region in Fig. 3b) or by their lower half-saturation
constants compared to C1, when the functional differ-
ences in the prey or predator community increased.
Within the parameter space yielding a fairly even

representation of all predator and prey species, we
observed various patterns of synchronization, compen-
sation, and damping. Damping from the species to the
community level always required functionally different
prey and predator species, in particular (Fig. 3c, d). A
high damping was associated with a low variance ratio
(V& 1) indicating compensatory species dynamics (Fig.
3d, e). Synchronization of the prey or the predator
species (V ( 1) prevented damping in the prey or the
predator community, respectively. A considerable
damping combined with a high evenness was observed
for a parameter space with intermediate differences
between the species (mM¼"2.93 to"4.53, mr0 ¼ 0.78 to
1.98), indicated by the white square in Fig. 3, and
represent similar dynamics as observed in Lake Con-
stance, where many species coexisted with similar
biomasses during the spring bloom.
To obtain a better understanding of the different

patterns in evenness, damping, and variance ratios, we
considered four parameter combinations representing
either rather similar or very different species in more
detail (marked as 0, A, B, and C in Figs. 3 and 4). In
parameter combination 0, predator and prey species were
simulated without trade-offs (mM ¼ 0, mr0 ¼ 0), i.e., all
prey species had the same growth rates (ri¼ 0.77) and all
predator species the same half-saturation constants (Mj¼
2). The species only differed in the functional trait values
edibility and food selectivity and thus their trophic
interactions. In this scenario, the nonselective consumer
C1 outcompeted C2 and C3 (low evenness in the predator
community) and synchronized the prey species (high
variance ratio and high evenness in the prey community)
which prevented damping (Figs. 3, 4a). This corresponds
to a model with three identical prey species and one
predator feeding on all prey species equally. The prey
species gained a relatively low biomass compared to their
capacity with very low temporal variability due to rather
strong top-down control of the nonselective predator
with an intermediately high half-saturation constant.
In contrast, in parameter combination A, the three

predator and prey species strongly differed from each
other (mM ¼ "4.83, mr0 ¼ 2.23). This parameter
combination revealed low damping at the community
level, and a low evenness in the predator community due
to extinction of consumer C1. The less-edible prey A1

obtained only a low biomass, which resulted from its low
potential growth rate (r 01 ¼ 0.10). Hence, A1, which is
almost exclusively exploited by C1, did not enlarge the
food concentration ofC1 and thus, did not compensate for
its high half-saturation constant (M1 ¼ 3.5 compared to
M2¼2, andM3¼0.5). The other species were temporarily
in and temporarily out of phase (V ’ 0.8–1.5) which
together with the temporal dominance of one species

KATRIN TIROK AND URSULA GAEDKE1754 Ecology, Vol. 91, No. 6



(A2, C2) resulted in some pronounced peaks and troughs
in community biomass and in little damping (Fig. 4b).
In parameter combination B, very different predator,

but less different prey species were considered (mM ¼
"4.58, mr0 ¼ 0.53). This combination resulted in the

highest observed damping ('5), despite a rather low
evenness in the predator community. The high damping
was due to pronounced compensatory dynamics (V& 1)
in the prey community, mainly by A1 and A2, which
built up a relatively high biomass compared to their

TABLE 2. Coefficient of variance (CV) for populations and communities of the multispecies model
and of field data.

Model Field data 1991 Field data 1996

Prey Predator Algae Ciliates Algae Ciliates

CV1 1.04 0.55
CV2 0.89 0.44
CV3 1.04 0.43
CVpop 0.99 0.46 1.19 1.11 0.93 1.19
CVcomm 0.48 0.27 0.77 0.66 0.63 0.59
Damping 2.04 1.74 1.54 1.69 1.47 2.02

Notes: CV1, CV2, CV3, are CVs of individual prey species Ai or predator species Cj; CVpop is the
mean population CV; CVcomm is the CV of the prey or predator community; damping is the
damping in the biomass variability from the population to the community level. See Methods:
Quantifying variability and diversity.

FIG. 2. Simulation results of the multispecies model over 400 time steps. (a, b) Biomass of (a) the prey and (b) the predator
(black thick line¼ total biomass, colored lines¼ individual species). Note the logarithmic scale of the y-axis. For parameter values,
see Table 1. (c, d) Relative share of the individual (c) prey and (d) predator species in community biomass. (e, f ) Mean functional
traits of (e) the prey community and (f ) the predator community. Mean prey edibility (solid line) and predator food selectivity
(dashed line) are shown in panel (e), and mean maximum growth rate of the prey (solid line) and mean half-saturation constant of
the predator (dashed line) are shown in panel (f ). Numbers i–iv in panel (e) depict the transitions between different community
properties and are explained in detail in Results: Internally driven alternation of functional traits.
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capacity (Fig. 4c). The low evenness resulted from a
dominance of the nonselective consumer C1 ( p̄1¼ 0.82),
which benefited from the relatively high growth rate of
the least edible prey species A1 (r

0
1 ¼ 0.61) compared to

A3 (r
0
3 ¼ 0.93). C1 almost exclusively exploited A1 which

compensated for its high half-saturation constant (M1¼
3.4). The latter prevented in turn a strong top-down
control of A1 and A2 and thus synchronization.

FIG. 3. Influence of the trade-off ‘‘cost’’ parameters mr0 (x-axis) and mM (y-axis) on (a, b) the evenness, (c, d) the damping of the
biomass variability from the population level to the community level, and (e, f ) the variance ratio of the prey (a, c, e) and predator
(b, d, f ) community. The x-axis represents the trade-off between maximum growth rate and grazing vulnerability of the prey, and
the y-axis the trade-off between required and available food quantity of the predators. Increasing cost values imply larger
differences between the individual prey or predator species, i.e., a higher functional diversity. The evenness was calculated from the
mean relative importance (time ¼ 9600–10 000 d) of the three prey or the three predator species (Eq. 18), the damping from the
mean population CV and the community CV (time¼ 9600–10 000 d; Eq. 19), and the variance ratio from the community variance
and the sum of the population variances (time ¼ 9600–10 000 d; Eq. 20). The variance ratio was not calculated for parameter
combinations yielding an evenness ,0.5 (white areas). Dark blue regions of evenness (J¼0) correspond to scenarios where only one
species was left and the other two went extinct. X marks the standard parameter combination (Table 1) used in Fig. 2. The dashed
white square borders the parameter space where considerable damping was combined with high evenness as it was observed in Lake
Constance. 0, A, B, and C mark combinations outside this parameter space, and corresponding time series are shown in Fig. 4 (for
details, see Results: Sensitivity analysis).
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In parameter combination C, rather similar predator
and intermediately different prey species were simulated
(mM ¼"1.58, mr0 ¼ 1.33), which resulted in very little
damping and a high evenness. The first arose from

strong synchronization of all predator and prey species
(V ( 1). Synchronization of the predators was
promoted by their low differences in the half-saturation
constants (M1 ¼ 2.5, M2 ¼ 2.0, M3 ¼ 1.5), and caused

FIG. 4. Simulation results of the multispecies model with altered trade-off parameters according to combination 0, A, B, and C
in Fig. 3 and described in Results: Sensitivity analysis. (a) Simulations with parameter combination 0, (b) simulations with
parameter combination A, (c) simulations with parameter combination B, and (d) simulations with parameter combination C. In all
four cases, the upper panels show total biomass (black line) and individual species biomasses (colored lines) of the prey (left) and
predator community (right); the lower panels show relative share of the individual species (colored lines) and mean functional traits
edibility and food selectivity (black line) in the prey (left) and predator community (right).
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synchronization in the prey community. The high
evenness resulted from coexistence of all species, without
a predominance of any one species (Fig. 4d).
Breaking up the symmetry of the food web.—In the

standard run, the food web was symmetric with ‘‘equal’’
distances of the edibility between the prey species and of
the food selectivity between the predator species. This
symmetry was not mandatory for the dynamics, i.e., an
ongoing change of species composition and a coexis-
tence of predator and prey at high biomass levels.
Decreasing the functional differences between two
species, e.g., between A2 and A1 by decreasing q22 & 1
(e.g., to 0.5) did not change the overall pattern. When
two species became very similar they cycled rather
synchronously and strongly compensatory to the third
one. Making all species more similar by using more
similar feeding preferences (0.1 , q , 1) eventually
resulted in synchronization of all species, irrespective of
the symmetry of the food web. Cyclic species displace-
ments and thus compensatory dynamics disappeared
under these conditions which could not be balanced by
increasing the steepness of the trade-off in the prey
community (increasing mr0).
Changing absolute parameter values.—Within an

ecologically reasonable range, the model behavior was
not sensitive to changes in the intercept of the trade-off
functions (cf. Eqs. 9 and10), which defines the absolute
values of the maximum growth rates (r 0i ) or half-
saturation constants (Mj; cf. Fig. 1). Changing the
carrying capacity within 3 ) K ) 17 conserved the cyclic
changes in species abundances. Enrichment (increasing
K ) caused a higher biomass variability and faster cycling
of the prey and the predator communities. Changing the
absolute value of the maximum grazing rate (g 0)
influenced the dynamic behavior of the model which
ranged from extinction of the predator (g0 ) 1.03, other
parameters as in Table 2) to a complex limit cycle (1.04
) g0 ) 2.30), and a simple limit cycle (g0 . 2.30) with all
species synchronized. When all predators went extinct
(g0 ) 1.03), the three prey species coexisted and the
initial grazing pressure, i.e., the value of g 0 in
combination with the initial biomasses of the three
predator species, determined which prey species reached
a predominance. Increasing the growth efficiency e or
decreasing the mortality rate d had comparable effects as
increasing g0 as all three parameters affect the growth
rate of the predators. Setting the critical prey density
(A0) to zero did not change the overall model behavior,
i.e., the cyclic changes in species abundances and the
associated compensatory dynamics and damping. How-
ever, it resulted in stronger grazing on already low prey
abundances and thus in cycles with larger amplitudes
and lower frequencies of the individual species. This
yielded a temporal predominance of individual species.
Changing initial conditions.—The model behavior was

not sensitive to changes in initial conditions (total
predator and prey biomass and species composition)
within a tested range of 0.1–10 g C/m2 for both, the

predator and the prey community in different combina-
tions, and for different values of the maximum grazing
rate g0.

DISCUSSION

Comparison of field data and model simulations

Our multispecies model including realistic eco-physi-
ological trade-offs revealed coexistence of numerous
species exhibiting an ongoing cyclic pattern of changing
species abundance in both the predator and the prey
community for a wide parameter range, similar to our
field observations. These model dynamics were driven by
internal feedback mechanisms. In accordance with our
and other field studies (Hooper et al. 2005), the biomass
variability of the communities was lower compared to
the populations.
The Lake Constance data showed three remarkable

patterns in the biomass dynamics during the spring
bloom, from mid-March until End of May, when
external forcing was of relatively minor importance.
(1) Coexistence of predators (algivorous ciliates) and
their prey (small algae) at a high biomass level relative to
their capacity (Fig. 5a, b); (2) large fluctuations of
individual ciliate and algal species, but a relatively
constant total biomass of ciliates and small algae (Fig.
5a, b), that is a damping of biomass variability from the
population to the community level; (3) a lower rate of
change of community-level properties than that of the
species composition. The data suggest that these
patterns were driven by an alternation of numerical
importance of the two predator groups, filter feeders and
the more selective interception feeders, as of the two
prey groups, the less edible non-cryptomonads, mainly
consisting of small centric diatoms, and the highly edible
cryptomonads (Fig. 5c, d). All these patterns were also
produced by the multispecies predator–prey model (cf.
Fig. 2a, b).
Although the model is rather general in the way it

includes trade-offs related to feeding and prey vulner-
ability, it is possible to compare the simulated course of
the mean food selectivity (cf. Fig. 2e, f ) with the
observed course of the relative importance of filter and
interception feeders (Fig. 5b). Both, the simulated food
selectivity and the two observed functional groups,
exhibited recurrent changes (at least twofold in the field,
unlimited in the model), albeit at different time scales. In
the model, the time scale depends on the exact
parameterization, e.g., on the absolute growth rates.
The latter are also influenced by external forcing not
included in the model. The different model species can
be related to distinct algal and ciliate species dominating
in Lake Constance during spring. For example, the less
edible prey A1 reflects the ecological characteristics of
small diatoms, such as Stephanodiscus parvus; the highly
edible prey A3 reflects the ecological characteristics of
cryptomonads, e.g., Rhodomonas spp.; whereas the
nonselective consumer C1 exhibits the characteristics of
filter feeders, such as, e.g., Rimostrombidum lacustris,
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and the selective consumer C3 those of interception
feeders, such as, e.g., Balanion planctonicum.
Our model approach uncovered a potential mecha-

nism for how the observed cyclic changes in species
abundances can be driven by an internal feedback
mechanism, i.e., by the predator–prey interactions
themselves. In the model, this internal feedback system
results in an ongoing change of species composition
(limit cycle), and in a coexistence at high biomass levels.
In Lake Constance, such coexistence at a high biomass
level is also maintained for about 10–30 generations
until other forces, such as increasing predation by larger
zooplankton on both the algae and their ciliated
predators, terminate the spring bloom.

Generalization

In general, three conditions have to be fulfilled for the
occurrence of such internal feedbacks: (1) interactions
between two diverse trophic levels dominate over abiotic
factors with (2) top-down control of the lower trophic
level (prey) and bottom-up control of the higher trophic
level (predators), and (3) both 1 and 2 prevail for a
prolonged time period (many generations). That is, such
dynamics may develop in any functional diverse
predator–prey system. The dynamics produced by the

multispecies model was not sensitive to changes in the
growth rate of the prey (changes in br0 or K ) or the
predator (changes in bM, g0, e, or d ) which may arise
from seasonal and stochastic variation, e.g., in temper-
ature and light. Furthermore, our model was indepen-
dent of the initial conditions, i.e., it returned to the same
dynamics after being disturbed. The internal dynamics
may be disrupted when the top-down control by the
higher trophic level breaks down, either due to abiotic
forces, e.g., dilution of the populations due to intense
vertical mixing in deep waters, or due to biotic forces,
e.g., strong predation on the upper trophic level. This
may occur in real ecosystems, since such individual
predator–prey systems as assumed in this model study
are typically embedded into a larger food web. Thus,
they are influenced by and may in turn affect other
members of the food web and food web dynamics. The
dynamics of our food web did not depend on the
symmetry of its setup. We did not consider several
distinct ‘‘predator–prey pairs,’’ but one predator feeding
on all prey species (nonselective) and thus strongly
linking all members of the food web, and one predator
feeding preferentially on one prey species forming a
predator–prey pair. As long as such functionally
different predators existed, they exhibited compensatory

FIG. 5. Field data from Lake Constance during spring, February until mid-June in 1996 (¼ 136 d; figure redrawn from Tirok
and Gaedke [2007]). (a, b) Biomass of the (a) prey (small edible algae) and the (b) predator community (algivorous ciliates) (black
line¼ total biomass, colored lines¼ biomass of four exemplary algal and six exemplary ciliate species). (c, d) Relative share of two
functional (c) algal and (d) ciliate groups in total biomass during the spring bloom (mid-March until end of May). Abbreviations
are: crypt, cryptomonads (highly edible); non-crypt, non-cryptomonads (less edible); int, interception feeders (highly selective); filt,
filter feeders (less selective); CRY, Cryptomonas spp.; lALG, small eukaryotic algae; RHO, Rhodomonas spp.; STH, Stephanodiscus
parvus; TIN, tintinnids; OLI, oligotrichs ,35 lm; RLAC, Rimostrombidium lacustris; ASK, Askenasia sp.; BAL, Balanion
planctonicum; HIS, Histobalantium bodamicum (for more details, see Tirok and Gaedke [2007]).
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dynamics as did the intermediate species unless it was
functionally rather similar to one of the others. The
latter promoted synchronization between the two species
but not with the third one. That is, our model was less
sensitive to the specific geometry of parameterization
and functional differences than, e.g., a one-trophic-level
competition model by Huisman and Weissing (2001)
leading to coexistence of many (plant) species relying on
few resources driven by species oscillations. What is
required in our model is the occurrence of at least one
selective predator. Here, we restricted our considerations
to three functionally different predator and prey species.
In addition to the functional diversity, the number of
species may play a role, a topic that is being investigated
currently (B. Bauer, M. Vos, and U. Gaedke, unpub-
lished manuscript).

Species alternations

The cyclic change in the abundance of different
species results in an ongoing balancing and maintenance
of trophic level integrity. If one species is no longer
‘‘optimally’’ tuned to the prevailing conditions, the
species, which is better suited for those conditions gains
in importance as long as it is doing better than the
others. Conditions can change externally due to
environmental fluctuations, but also internally by the
species interactions themselves as done in the present
predator–prey system. For a certain composition of the
prey community there can be one best suited predator
species. However, if this species increases, the conditions
in terms of the grazing impact change for the prey
community, and thus its species composition will shift
which in turn implies an altered food availability for the
(prevailing) predator. This mechanism functions as long
as trade-offs exist, that is, an advantage in one trait is
connected to a disadvantage in another trait, and the
individual fitness of a species depends on which trait is in
demand at a given moment which continuously changes
due to the feedback to the predator. The cyclic changes
in species abundances did not fade out for more then 107

time steps and were not restricted to a high carrying
capacity. Considering these inevitable and ubiquitous
trade-offs among the different physiological and eco-
logical characteristics of the individual species in the
model prevented an ongoing dominance or the extinc-
tion of particular functional types for a wide parameter
space. The model behavior was not sensitive to the exact
specification of the trade-off functions.
Remarkably, this effect even allowed that the prey

spectrum of the selective consumer was entirely included
in that of the intermediate, and of the nonselective
consumer. Given such a food web structure, coexistence
is not mandatory as the nonselective predator may
depress the prey of the selective one to very low levels by
feeding on its additional prey which was the case when
no trade-offs existed (cf. scenario 0, Figs. 3, 4a).
Coexistence of selective and nonselective consumers
was related to the lower food quantity demand of the

selective consumer, and from the typically high produc-
tivity of the highly edible prey species that is eaten by
many predators. Thereby, the selective consumer
achieved positive net population growth during peaks
of its preferred prey, whereas the nonselective consumer
relied on the mean value of the entire prey community.
In an experimental and modeled predator–prey

system, the genetic diversity of the prey was manipulated
(Yoshida et al. 2003, 2007). Low diversity produced
short cycles and typical quarter-period phase lags
between prey and predator densities, whereas a genet-
ically variable prey population produced long cycles
with prey and predator nearly out of phase. This could
even result in so called ‘‘cryptic predator–prey cycles’’ as
the strong coupling between predator and prey became
not obvious (Yoshida et al. 2007). This was attributed to
adaptation of the prey community, which shifted to
lower edibility when the grazing pressure was high. In
our model, allowing for functional change at both the
prey and the predator level, the typical predator–prey
cycles disappear as well.

Compensatory dynamics

Temporal variability decreases from the population to
the community level depending on the diversity and the
degree of synchronization among dominant populations
(Hooper et al. 2005). In our model, the trade-offs
specified the degree of functional diversity and deter-
mined whether compensatory or synchronous dynamics
occurred, and consequently how strong total plant and
herbivore biomass may be stabilized. Compensatory
dynamics are typically attributed to differential respons-
es to abiotic forcing (Ives et al. 1999, Hooper et al.
2005). In contrast, our model, which did not include any
external forcing, exemplifies that compensatory dynam-
ics and synchronization may also arise from internal
mechanisms, and that compensatory and synchronous
dynamics may alternate in time within the same system.
Compensatory dynamics were promoted in particular

at high prey biomass by the joint carrying capacity
linking the three prey species and the identical capabil-
ities of all prey species to use the shared resources (cf.
Eq. 3; Vandermeer 2004, 2006), since under these
conditions a biomass decrease of one prey species
promoted the growth of the other ones. In contrast,
synchronization is enhanced by the coupling of the
different predator and prey species via common feeding
links (Vandermeer 2006). For example, a high biomass
and thus grazing pressure of a nonselective predator
tends to directly synchronize the prey species and to
reduce the impact of the joint carrying capacity,
promoting compensatory dynamics when algal biomass-
es are low. Furthermore, choosing more similar values
of the feeding preferences led to ecologically more
similar species and stronger interactions and increased
the degree of synchronization of the individual prey and
predator species. As the functionally different species
alternated in their relative importance and absolute
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biomasses varied during parts of each time series, the
strength of the mechanisms promoting synchronization
and compensatory dynamics were highly variable in
time. This yielded complex dynamical patterns with
species being partly in or out of phase and a temporally
variable degree of damping (e.g., Fig. 4b). Such a
temporal alternation of compensatory and synchronous
dynamics within one system was observed between
edible and less-edible phytoplankton species in Lake
Constance (Vasseur et al. 2005). Most species were
synchronized during winter (low biomasses) and spring
(biomass increasing) due to overall adverse and subse-
quently improving growth conditions, and out of phase
during summer due to differential grazing pressure.
We observed consistent compensatory dynamics only

for intermediately strong trade-offs in both the prey and
the predator community. That is, both communities had
to be functionally diverse to yield such compensation. In
contrast, when predator species were rather similar they
tended to cycle more synchronously, resulting in
synchronization of the prey species. This effect was
slightly decreased with increasing differences between
the prey species. For exceedingly different species,
typically one became superior and outcompete the
others, thus preventing substantial compensation.

CONCLUSIONS

Our model analysis considered the effects of general
trade-offs and functional diversity in multispecies
predator–prey communities. We identified conditions
when the dynamics of such communities result in
internally driven alternations of functional traits,
coexistence and compensation, and contrast this with
scenarios that lead to synchronization and competitive
exclusion. Our findings deliver a consistent explanation
for complex dynamics observed in the field and they
have wider implications beyond the predator–prey
system studied here, as adaptation processes such as
those considered here are very likely to occur in
numerous other systems and at other hierarchical levels
(e.g., shifts in genotypes). Future work should establish
to what extent qualitatively different trade-offs than
those studied here would affect the likelihood of
compensatory dynamics and community level damping
of biomasses. This study shows that the degree of
functional diversity may strongly influence the variabil-
ity of ecosystem functions, as it affects the dynamical
behavior, species coexistence, and the absolute level of
temporal variability and its damping at a higher
hierarchical level.

ACKNOWLEDGMENTS

This work was strongly inspired by discussions with Kai
Wirtz. We gratefully acknowledge Matthijs Vos for interesting
and constructive discussions and for improving the manuscript.
We also thank Barbara Bauer for constructive discussions,
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