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Abstract Realistic functional responses are required for

accurate model predictions at the community level. How-

ever, controversy remains regarding which types of

dependencies need to be included in functional response

models. Several studies have shown an effect of very high

predator densities on per capita predation rates, but it is

unclear whether this predator dependence is also important

at low predator densities. We fit integrated functional

response models to predation data from 4-h experiments

where we had varied both predator and prey densities.

Using an information theoretic approach we show that the

best-fit model includes moderate predator dependence,

which was equally strong even at low predator densities.

The best fits of Beddington–DeAngelis and Arditi–Akça-

kaya functional responses were closely followed by the fit

of the Arditi–Ginzburg model. A Holling type III func-

tional response did not describe the data well. In addition,

independent behavioral observations revealed high

encounter rates between predators. We quantified the

number of encounters between predators and the time the

focal predator spent interacting with other individuals per

encounter. This time ‘‘wasted’’ on conspecifics reduced the

total time available for foraging and may therefore account

for lower predation rates at higher predator densities. Our

findings imply that ecological theory needs to take realistic

levels of predator dependence into account.

Keywords Consumer–resource interactions � Food web �
Interference � Experimental microcosms � Prey depletion

Introduction

Food webs are descriptive devices defined by the linkages

between consumers and their resources. These systems are

extraordinarily complex and intrinsically dynamic. Func-

tional responses are central components of community and

food web models and their mathematical forms strongly

influence the dynamics and stability of ecological systems

(May 1973; Oaten and Murdoch 1975; Vos et al. 2001;

Gross et al. 2004; McCann et al. 2005). A consumer’s

functional response is a function of resource density (Sol-

omon 1949; Holling 1959, 1966). However, it has been

shown that other species and other predators can directly or

indirectly alter the process of predation. Whether these

interactions need to be incorporated into food web models

and how exactly they affect the shape and the magnitude of

functional responses are still poorly understood.

It has been previously demonstrated that foraging suc-

cess of consumers declines with increasing diversity of

resources (Hillebrand and Cardinale 2004), perhaps

because consumers become less efficient when the density

and diversity of species not included in their diet increase

(Vos et al. 2001; Grabowski 2004; Kratina et al. 2007).

Functional responses can be further modified by the pres-

ence of other consumers. Additional predators can either

facilitate predation, as in group hunting (e.g., lions), or

more often interfere with the ability of a focal predator to

successfully find and capture prey (Salt 1967, 1974; Arditi
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and Akçakaya 1990; Osenberg et al. 1999). Many mecha-

nisms have been proposed that can generate a predator-

dependent consumption rate of individual predators. For

example, predator dependence may arise from group for-

mation, spatial distribution (Cosner et al. 1999) or strong

social interactions among predators (Abrams and Ginzburg

2000). Other processes may include aggressive behavior

resulting from population size structure and cannibalistic

interactions (Crowley and Martin 1989; Crumrine 2005;

Rudolf 2006, 2007).

Logistical considerations have constrained many previ-

ous empirical studies of predator dependence to not vary

predator and prey densities together and to do so only over

a restricted range of densities (Salt 1974; Crowley et al.

1987; Crowley and Martin 1989; Mills and Lacan 2004).

Often they used relatively few predator densities and

compared the per capita consumption rates of the different

densities to each other (but see Fussmann et al. 2005;

Schenk et al. 2005). Some studies inferred predator

dependence indirectly from time series data (Jost and Ar-

diti 2000, 2001; Jost and Ellner 2000) or the direct

experiments failed to account for the depletion of resources

over the course of the experiments (e.g., Salt 1974; Hay-

ward and Gallup 1976; Helgen 1987; Crowley and Martin

1989; Hansson et al. 2001; Lürling et al. 2003). Very few

studies measured functional responses directly on a

demographic time scale and accounted for prey depletion

in their analysis. Among such rare exceptions that inves-

tigated predator dependence in natural populations are the

studies by Vucetich et al. (2002), Jost et al. (2005) and

Griffen and Delaney (2007).

Three distinct classes of functional response models have

been traditionally used to analyze predator–prey data.

Classic ‘‘prey-dependent’’ models assume that the predation

rate is a function of only prey density (Holling 1959).

Because intraspecific interactions between individual pre-

dators can affect predator efficiency, ‘‘predator-dependent’’

models estimate the predation rates that depend on densities

of both prey and predator (Beddington 1975; DeAngelis

et al. 1975). ‘‘Ratio-dependent’’ models are a special case of

predator dependence where predation rate does not depend

on absolute numbers of either species but only on the prey

to predator ratio (Arditi and Ginzburg 1989). Which models

should be used for predicting predator–prey or food web

dynamics remains controversial (Abrams and Ginzburg

2000; Fussmann et al. 2005, 2007; Jensen et al. 2007).

There is no general agreement on the appropriate time

scale of experimental studies. Feeding experiments that are

nearly instantaneous relative to the generation times of

model organisms are criticized for detecting only physical

interference and failing to capture the interference caused

by chemicals or inducible defenses (Arditi and Ginzburg

1989; Jensen et al. 2007). Conversely, longer-term studies

without prey replacement will give the appearance of

predator dependence due to faster resource depletion in

treatments with higher predator densities (Arditi and Saı̈ah

1992; Abrams 1994). Although predator dependence is

expected to arise at extremely high densities of predators

(Abrams and Ginzburg 2000; Fussmann et al. 2005) it is

still unclear whether functional responses remain predator

dependent at low predator densities.

In contrast to most previous empirical studies, we aimed

to directly estimate the effect of predator dependence on

the detailed shape and magnitude of the functional

response while simultaneously varying both the predator

and prey densities over a large range. We investigated the

functional response of the flatworm Stenostomum virgin-

ianum (hereafter predator or Stenostomum) feeding on its

prey Paramecium aurelia (hereafter prey or Paramecium).

Our major novel contribution was to determine whether the

inclusion of predator dependence in the functional response

model improves our description of predation at low pred-

ator densities. Furthermore, using an information theoretic

approach, we directly compared the fits of three different

model classes (prey dependent, ratio dependent, and

predator dependent) to the same data set. We used inte-

grated functional response models to account for the

decline in prey density over the course of the 4-h experi-

ment (Royama 1971; Rogers 1972; Juliano 2001).

In addition, we conducted a separate experiment

wherein we measured and compared the encounter rate of

focal predators with conspecifics over a range of predator

densities and estimated the time that predators spend

interacting with each other. Based on the results of both

experiments and fitting models which either included or

excluded predator dependence, we conclude that predation

in this system is predator dependent even at relatively low

predator densities.

Materials and methods

Model organisms and functional response experiment

We measured the per capita ingestion rate of the benthic

flatworm Stenostomum virginanum (Rhabdocoela, Turbel-

laria) feeding on its prey Paramecium aurelia (Ciliophora)

in experimental microcosms where we manipulated the

densities of both predator and prey. Both species were

originally isolated from sediments of freshwater ponds on

the University of Victoria campus and maintained as

asexually reproducing cultures since then.

We randomly assigned treatment combinations of pred-

ator and prey densities into 24-well tissue culture plates. We

set prey densities at 60, 160, and 200 individuals in 900 ll of

the protozoan medium. Although we always pipetted low

426 Oecologia (2009) 159:425–433

123



(one) medium (nine), and high (19) numbers of Stenostomum

into each treatment, some individuals were lost during the

transfer (due to strong affinity of flatworms to the pipette

tips). This resulted in an almost continuous distribution of

predator experimental densities between one and 19 indi-

viduals per 900 ll. Actual numbers of predators were

counted at the end of the experimental period. The culture

medium was prepared by filtering 1.5 crushed protozoan

pellets (*0.7 g each; no. 13-2360; Carolina Biological

Supply Company, N.C.) through double-layered no. 4 coffee

filters and dissolved in 2 l of NAYA water. We measured the

number of Paramecium eaten per predator in 4 h. This is an

intermediate time frame between instantaneous predation

rate measurements and the animal’s generation time (48–

72 h). Predation was terminated by the addition of two drops

of 5% acid Lugol’s solution and all individuals of both

species were counted under a dissecting microscope (Leica

MZ8).

Data analyses

We used sigmoid functional response models for our

analyses as we have previously demonstrated that preda-

tory Stenostomum forages on its prey with a Holling type

III functional response (Altwegg et al. 2006; Kratina et al.

2007). Because it was logistically impossible to replace

each consumed prey during the experiment, we accounted

for depletion by integration of the functional response

models (Royama 1971; Rogers 1972; Juliano 2001). To

discriminate between predator dependence, ratio depen-

dence, or prey dependence and estimate whether an

increasing density of predators negatively affects per capita

consumption rate, we fit four functional response models to

the data: a modified form of the Beddington–DeAngelis

model that incorporates interference as time spent during

encounters with other predators, a modified form of the

Arditi–Akçakaya model, a pure ratio-dependent Arditi–

Ginzburg model, and a pure prey-dependent Holling type

III model. The use of a model selection approach (Burn-

ham and Anderson 2002) allowed comparison of

mechanistic (Beddington–DeAngelis and Holling type III)

to phenomenological (Arditi–Akçakaya and Arditi–Ginz-

burg) functional responses that are not nested and cannot

be compared using likelihood ratios. The integrated form of

the Beddington–DeAngelis type III model has not been

previously used to analyze ecological data.

In order to estimate the influence of predator interfer-

ence at low predator densities we also performed the fitting

procedure for a data subset of only one to five Stenostomum

predators per 900 ll.

1. Arditi–Akçakaya functional response

The original model (Arditi and Akçakaya 1990) that

distinguishes between prey dependence and ratio depen-

dence was modified to type III (see Schenk et al. 2005):

f ðN;PÞ ¼
a N

Pm

� �2

1þ ah N
Pm

� �2

where N is the prey density at the start of the experiment, P

the predator density, f the ingestion rate (number of prey

eaten per predator per unit time), m the interference coef-

ficient (this parameter is 0 for pure prey-dependence and 1

for pure ratio-dependence), a the encounter rate, and h the

handling time.

When integrated to allow for prey depletion we have:

where DN is the number of prey eaten and T the duration of

the experiment (the unit of time here T = 4 h).

2. Beddington–DeAngelis functional response

The original predator-dependent model (Beddington

1975; DeAngelis et al. 1975) was modified to type III:

f ðN;PÞ ¼ aN2

1þ bwðP� 1Þ þ ahN2

and then integrated to give:

The parameters are the same as in the previous model,

but predator dependence is modeled as i = bw, where b is

the rate of encounter with other predators (analogous to the

encounter rate with prey a), and w is the time wasted on

DN ¼
ð1þ iðP� 1ÞÞ þ haN2 þ PTaN �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð1þ iðP� 1ÞÞ þ haN2 þ PaTNÞ2 � 4TPha2N3

q

2Nha

DN ¼
P2m þ ahN2 þ PaTN �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP2m þ ahN2 þ PaTNÞ2 � 4TPha2N3

q

2ahN
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other predators (analogous to h spent on each prey item).

Because these two parameters are mathematically indis-

tinguishable (they always appear together in the model) we

grouped them into one parameter i.

3. Arditi–Ginzburg functional response

The original ratio-dependent model (Arditi and Ginz-

burg 1989) was modified to type III:

f ðN;PÞ ¼
a N

P

� �2

1þ ah N
P

� �2

and integrated to give:

4. Holling type III functional response

The original prey-dependent model (Holling 1959):

f ðNÞ ¼ aN2

1þ ahN2

was integrated to give:

DN ¼
ahN2 þ PaTN �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðahN2 þ PaTNÞ2 � 4TPha2N3

q

2ahN

All functional response models were fit to the observed

data using nonlinear least-squares regression (Juliano

2001). We used the function nls in R software, version

2.6.0 (R Development Core Team 2007) and compared the

explanatory power of the models using the sample size-

adjusted Akaike’s information criterion (AICc) (Burnham

and Anderson 2002).

Behavioral experiment

In a separate experiment we examined the number of

encounters between the focal predator and its conspecifics.

We visually monitored the focal predator in 9-well Pyrex

depression plates with 900 ll of the protozoan medium

(see above) over 20 min. Our treatments consisted of 60

Paramecium and 2, 4, 8, or 16 Stenostomum per experi-

mental well. All treatments were replicated 6 times.

Stronger illumination from the microscope in the behav-

ioral trials as compared to the functional response trials

caused different light condition in the two experiments. We

compared the fits of linear, hyperbolic, and sigmoid models

and based on the smallest AIC value, we used the

hyperbolic function y ¼ aðP�1Þ
1þabðP�1Þ to analyze the predator

encounter data. The number of encounters is denoted as y,

a and b are constants that can be interpreted as the

encounter rate with conspecific predators and the time

spent per encounter, respectively. The term (P – 1) ensures

that the focal predator cannot interfere with itself.

Results

Predator per capita ingestion rate declined with increasing

density of conspecifics and this effect was evident espe-

cially at high prey densities of 160 and 200 Paramecium

per experimental well (Figs. 1, 2). The Arditi–Akçakaya

and Beddington–DeAngelis functional responses produced

almost identical fits to our data (Fig. 3a, b; Table 1). The

estimated parameters of both models were also very simi-

lar; with a = 6.7 9 10-4 and h = 0.11 in the Arditi–

Akçakaya model and a = 8.4 9 10-4 and h = 0.11 in the

Beddington–DeAngelis model. Both models also detected
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Fig. 1 Per capita ingestion rate by predatory Stenostomum feeding on

Paramecium for 4 h at three prey densities: 60 (23 replicates), 160 (22

replicates), and 200 (26 replicates) per 900 ll of protozoan medium.

Empty circles represent the treatment where the predator was feeding

without conspecifics (i.e., one predator), crosses the treatment where

predator density ranged from two to 19 Stenostomum in 900 ll of

protozoan medium. The three negative values of the predator

ingestion rate at the lowest prey density resulted either from

inaccurate pipetting or from Paramecium fission during the experi-

ment. Individual symbols represent results of all replicates

DN ¼
P2 þ ahN2 þ PaTN �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP2 þ ahN2 þ PaTNÞ2 � 4TPha2N3

q

2ahN
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a substantial level of predator interference; m = 0.67 ±

0.11 (SE) and i = 2.77 ± 2.56 (SE). The fits of the two

best functional responses were closely followed by the fit

of Arditi–Ginzburg functional response (AICc = 581.5;

Table 1). The Holling type III model without the effect of

conspecific density produced the worst fit (AICc = 622.6)

and a negative handling time that is not biologically sen-

sible (Table 1).

To assess whether the functional response is affected by

conspecifics also at low densities, we repeated this analysis

on a subset of the data with only one to five predators per

experimental well. We obtained very similar parameter

estimates and model order as for the whole data set. The

interference parameters were m = 0.66 ± 0.23 (SE) and
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Fig. 2 Per capita ingestion rate of Paramecium by predatory

Stenostomum over a range of one to 19 predator densities while

feeding for 4 h on three prey densities: a 60, b 160 and c 200

Paramecium per 900 ll of protozoan medium

Fig. 3 The three integrated type III functional response models,

representing the effect of changing predator and prey densities on the

per capita ingestion rate. a Arditi–Akçakaya model [encounter rate

(a) = 6.7 9 10-4, handling time (h) = 0.11, interference coefficient

(m) = 0.67], b Beddington–DeAngelis model [a = 8.4 9 10-4,

h = 0.11, predator interference (i) = 2.77], c Arditi–Ginzburg model

(a = 2.9 9 10-3, h = 0.18). The Holling type III functional response

did not converge to an acceptable fit due to the negative handling

time. Ingestion rate was measured as the number of prey consumed

per predator per 4 h; predator and prey densities were measured as

number of individuals per 900 ll of protozoan medium
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i = 2.06 ± 1.85 (SE) for the Arditi–Akçakaya and the

Beddington–DeAngelis models, respectively (see Table 1).

In the behavioral experiment, the number of encounters

with conspecific predators increased as a hyperbolic func-

tion of predator density (AIC was larger for both linear and

sigmoid functions; Fig. 4). From this model we estimated a

(a = 6.94 ± 3.53 SE) and b (b = 0.04 ± 0.01 SE) on

other predators. Although the functional response and the

behavioral experiments were conducted under different

conditions (i.e., higher illumination during the behavioral

trials), the product of a 9 b = 0.29 falls within the SE of

the interference parameter (i = 2.77 ± 2.56 SE) estimated

from the Beddington–DeAngelis model.

Discussion

Recent advances in modeling natural food webs depend on

our mechanistic understanding of species interactions.

Incorporation of biological realism into simple consumer–

resource models can improve our ability to reliably predict

complex food web dynamics. Even though the stability

effects of functional responses that depend on both pre-

dators and prey have been discussed for 40 years, rigorous

direct experiments investigating the detailed shape of

functional responses over a large gradient of predator and

prey densities are still rare.

In our experiments we overcame the limitations of many

previous studies and clearly demonstrated predator

dependence in the predator’s functional response even at

low predator densities and after accounting for prey

depletion. We detected that the two structurally different

models, mechanistic Beddington–DeAngelis and phenom-

enological Arditi–Akçakaya, surprisingly resulted in

closely similar AICc values and parameter estimates

(Fig. 3; Table 1). All models with the effect of conspecific

predators described our data substantially better than the

Holling type III functional response. Analyzing the data

with only 1–5 Stenostomum/0.9 ml, we confirmed that the

functional responses were predator density dependent also

at very low predator densities (Figs. 1, 2; Table 1).

Quantitative data on natural densities of microturbellaria

Table 1 The parameter estimates (±1 SE) and summary of model selection analysis for the fits of four functional response models to the

complete data set and to the data for low predator densities (one to five predators)

Model Encounter rate Handling time Interference parameter K AICca DAICcb

Complete data

Beddington–DeAngelis 8.4 9 10-4 ± 7.6 9 10-4 0.11 ± 0.04 i = 2.77 ± 2.56 3 576.0 0.8

Arditi–Akçakaya 6.7 9 10-4 ± 3.4 9 10-4 0.11 ± 0.04 m = 0.67 ± 0.11 3 575.2 0.0

Arditi–Ginzburg 2.9 9 10-3 ± 0.4 9 10-3 0.18 ± 0.03 – 2 581.5 6.3

Holling type III 7.6 9 10-6 ± 2.7 9 10-6 -3.46 ± 1.39 – 2 622.6 47.4

Data (1 - 5 predators)

Beddington–DeAngelis 7.7 9 10-4 ± 6.6 9 10-4 0.11 ± 0.04 i = 2.06 ± 1.85 3 289.1 0.0

Arditi–Akçakaya 6.6 9 10-4 ± 4.9 9 10-4 0.11 ± 0.05 m = 0.66 ± 0.23 3 289.3 0.2

Arditi–Ginzburg 1.7 9 10-3 ± 0.4 9 10-3 0.14 ± 0.02 – 2 289.9 0.8

Holling type III 7.6 9 10-5 ± 4.5 9 10-5 -0.13 ± 0.26 – 2 307.8 18.7

K Number of parameters, m interference coefficient, i predator interference
a A lower adjusted Akaike’s information criterion (AICc) value indicates a superior model
b DAICc shows the difference from the best model (in italics)

Fig. 4 Behavior of the focal Stenostomum predator with 60 Para-
mecium prey individuals at four predator densities two, four, eight,

and 16 per 900 ll protozoan medium (six replicates at each predator

density). The number of encounters with conspecific predators (y) was

described by the hyperbolic function y ¼ aðP�1Þ
1þabðP�1Þ ; where P is the

predator density, and a and b are constants
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are very limited and vary both spatially and seasonally.

Natural densities similar to those in our experiment (4

individuals/cm2) have been reported from shallow littoral

regions (reviewed in Kolasa 2001).

Our results accord with some previous findings from

other predator–prey systems. For example, predator-

dependent functional responses described 18 of the 19 data

sets better than a solely prey-dependent type II functional

response (Skalski and Gilliam 2001). Most empirical

studies that directly measured predator dependence, how-

ever, did not consider the depletion of resources, which

might have occurred over the course of the experiments

(e.g., Salt 1974; Hayward and Gallup 1976; Helgen 1987;

Hansson et al. 2001; Lürling et al. 2003).

Few direct experiments have been conducted on a rela-

tively short time scale to avoid prey depletion, or,

alternatively, accounted for prey depletion in their analyses.

A prey-dependent type III functional response was dem-

onstrated in a rigorous short-term study of the rotifer

Brachionus calyciflorus foraging on the green alga Mono-

raphidium minutum (Fussmann et al. 2005). Predator

dependence was significant only at unusually high rotifer

densities of *125 Brachionus/1 ml (Fussmann et al. 2005).

Using the random predator equation, the predation rate of

the clerid beetle (Thanasimus dubius) feeding on the bark

beetle (Dendroctonus frontalis) was shown to be strongly

dependent on predator density (Reeve 1997). Corroborating

prior studies (Schenk et al. 2005; Tschanz et al. 2007), we

estimated the interference parameter at an intermediate

level between the two extreme models (m = 0.67), with the

value shifting the equation closer to ratio dependence than

to pure prey dependence. Values much closer to the extreme

cases for two species of invasive crabs (m = 0.9 for Car-

cinus maenas and m = 0.1 for Hemigrapsus sanguineus)

were also found (Griffen and Delaney 2007). These authors

suggest that the strength of predator dependence can be

specific to different predator species. The ratio-dependent

model lacks a clear mechanistic basis (Abrams 1994), but

functional response models can be viewed on a continuous

scale for the degree of predator dependence (Stow et al.

1995). This could be more productive than viewing prey-

and predator-dependent models solely as competing alter-

natives. The magnitude of predator interference estimated

from the mechanistic Beddington–DeAngelis model

(i = 2.77) also suggested that consumption rates were

modified by densities of conspecifics.

Furthermore, we obtained some support for the effect of

predator density from the behavioral observations. We

found that flatworm predators waste a relatively large

amount of time during encounters with each other (Fig. 4).

Such an increase in the proportion of a predator’s time

spent on interactions with conspecifics inevitably reduces

the time available for other activities including feeding.

Many mechanisms have been suggested to generate

predator-dependent functional responses (e.g., Crowley and

Martin1989; Cosner et al. 1999; Crumrine 2005; Rudolf

2006, 2007). Although size-related interference probably

plays a minimal role in our model system, we have

observed a tendency of Stenostomum predators to aggre-

gate spatially with many inter-individual contacts (personal

observations from culturing Stenostomum and other

experiments). Time spent in this common behavior will

lead to reduced foraging time. While we have focused on

changes in predator behavior, prey are also known to alter

their behavior in response to predators. Prey are predicted

to reduce their vulnerability when predation risk increases

(Werner and Anholt 1993). Consequently, increasing

predator density may reduce per capita predation rates

through modification of prey behavior (Anholt and Werner

1995). Such anti-predator behavior has been well docu-

mented in ciliates (Kusch 1993). Although we only have

evidence for direct interference among predators, it is clear

that both direct and indirect effects of predator density can

simultaneously result in predator dependence in many

systems. More empirical work is needed in order to

determine the reasons for variation in the degree of pred-

ator dependence in functional responses and to identify the

underlying mechanisms.

Choosing appropriate functional responses is crucial for

adequate predictions of food web dynamics. When predator

dependence is incorporated into predator–prey models their

stability is usually enhanced (DeAngelis et al. 1975; Arditi

et al. 2004; Rall et al. 2008). There is now evidence to

show that predation is modulated by the densities of prey

(simple functional responses), by the density and diversity

of other non-prey species (Vos et al. 2001; Kratina et al.

2007), and by other predators (this study). Such multiple

dependencies of functional responses that include prey,

non-prey, and predators are essential for a full under-

standing of food-web dynamics.
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Gross T, Ebenhöh W, Feudel U (2004) Enrichment and food chain

stability: the impact of different forms of predator–prey inter-

actions. J Theor Biol 227:349–358

Hansson S, DeStasio BT, Gorokhova E, Mohammadian MA (2001)

Ratio-dependent functional responses—tests with the zooplank-

tivore Mysis mixta. Mar Ecol Prog Ser 216:181–189

Hayward RS, Gallup DN (1976) Feeding, filtering and assimilation in

Daphnia schoedleri Sars as affected by environmental condi-

tions. Arch Hydrobiol 77:139–163

Helgen JC (1987) Feeding rate inhibition in crowded Daphnia pulex.

Hydrobiologia 154:113–119

Hillebrand H, Cardinale BJ (2004) Consumer effects decline with

prey diversity. Ecol Lett 7:192–201

Holling CS (1959) The components of predation as revealed by a

study of small-mammal predation of the European pine sawfly.

Can Entomol 91:293–320

Holling CS (1966) The functional response of invertebrate predators

to prey density. Mem Entomol Soc Can 48:1–87

Jensen CXJ, Jeschke JM, Ginzburg LR (2007) A direct, experimental

test of resource vs consumer dependence: comment. Ecology

88:1600–1602

Jost C, Arditi R (2000) Identifying predator–prey processes from

time-series. Theor Popul Biol 57:325–337

Jost C, Arditi R (2001) From patterns to process: identifying

predator–prey models from time-series data. Popul Ecol

43:229–243

Jost C, Ellner SP (2000) Testing for predator-dependence in predator–

prey dynamics: a non-parametric approach. Proc R Soc B

267:1611–1620

Jost C, Devulder G, Vucetich JA, Peterson RO, Arditi R (2005) The

wolves of Isle Royale display scale-invariant satiation and ratio-

dependent predation on moose. J Anim Ecol 74:809–816

Juliano SA (2001) Non-linear curve fitting: predation and functional

response curves. In: Scheiner SM, Gurevitch J (eds) Design and

analysis of ecological experiments. Oxford University Press,

Oxford, pp 178–196

Kolasa J (2001) Flatworms: Turbellaria and Nemertea. In: Thorp JH,

Covich AP (eds) Ecology and classification of North American

freshwater invertebrates. Academic Press, London, pp 155–180

Kratina P, Vos M, Anholt BR (2007) Species diversity modulates

predation. Ecology 88:1917–1923

Kusch J (1993) Behavioural and morphological changes in ciliates

induced by the predator Amoeba proteus. Oecologia 96:354–359

Lürling M, Roozen F, Van Donk E, Goser B (2003) Response of

Daphnia to substances released from crowded congeners and

conspecifics. J Plankton Res 25:967–978

May RM (1973) Stability and complexity in model ecosystems.

Monographs in population biology, vol 6. Princeton University

Press, Princeton

McCann K, Rasmussen J, Umbanhowar J (2005) The dynamics of

spatially coupled food webs. Ecol Lett 8:513–523

Mills NJ, Lacan I (2004) Ratio dependence in the functional response

of insect parasitoids: evidence from Trichogramma minutum
foraging for eggs in small host patches. Ecol Entomol 29:208–

216

Oaten A, Murdoch WW (1975) Functional response and stability in

predator–prey systems. Am Nat 109:289–298

Osenberg CW, Sarnelle O, Cooper SD, Holt RD (1999) Resolving

ecological questions through meta-analysis: goals, metrics, and

models. Ecology 80:1105–1117

R Development Core Team (2007) R: a language and environment for

statistical computing (version 2.6.0). R Foundation for Statistical

Computing, URL http://www.R-project.org

Rall BC, Guill C, Brose U (2008) Food-web connectance and predator

interference dampen the paradox of enrichment. Oikos 117:202–

213

Reeve JD (1997) Predation and bark beetle dynamics. Oecologia

112:48–54

Rogers D (1972) Random search and insect population models. J

Anim Ecol 41:369–383

Royama T (1971) A comparative study of models for predation and

parasitism. Res Popul Ecol Suppl 1:1–99

Rudolf VHW (2006) The influence of size-specific indirect interac-

tions in predator–prey systems. Ecology 87:362–371

Rudolf VHW (2007) Consequences of stage-structured predators:

cannibalism, behavioral effects, and trophic cascades. Ecology

88:2991–3003

Salt GW (1967) Predation in an experimental protozoan population

(Woodruffia-Paramecium). Ecol Mon 37:113–144

Salt GW (1974) Predator and prey densities as controls of capture by

predator Didinium nasutum. Ecology 55:434–439

Schenk D, Bersier LF, Bacher S (2005) An experimental test of the

nature of predation: neither prey- nor ratio-dependent. J Anim

Ecol 74:86–91

Skalski GT, Gilliam JF (2001) Functional responses with predator

interference: viable alternative to the Holling type II model.

Ecology 82:3083–3092

Solomon ME (1949) The natural control of animal populations. J

Anim Ecol 18:1–35

432 Oecologia (2009) 159:425–433

123



Stow CA, Carpenter SR, Cottingham KL (1995) Resource vs. ratio-

dependent consumer–resource models: a Bayesian perspective.

Ecology 76:1986–1990

Tschanz B, Bersier LF, Bacher S (2007) Functional responses: a

question of alternative prey and predator density. Ecology

88:1300–1308

Vos M, Moreno Berrocal S, Karamaouna F, Hemerik L, Vet LEM

(2001) Plant-mediated indirect effects and the persistence of

parasitoid—herbivore communities. Ecol Lett 4:38–45

Vucetich JA, Peterson RO, Schaefer CL (2002) The effects of prey

and predator densities on wolf predation. Ecology 11:3003–

3013

Werner EE, Anholt BR (1993) Ecological consequences of the

tradeoff between growth and mortality rates mediated by

foraging activity. Am Nat 142:242–272

Oecologia (2009) 159:425–433 433

123


	Functional responses modified by predator density
	Abstract
	Introduction
	Materials and methods
	Model organisms and functional response experiment
	Data analyses
	Behavioral experiment

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


