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Abstract Understanding the factors that determine the
strength of predator—prey interactions is essential to under-
standing community structure and stability. Variation in the
strength of predator—prey interactions often can be attrib-
uted to predator mass and prey mass, or abiotic factors like
temperature. However, even when accounting for these fac-
tors, there remains a considerable amount of unexplained
variation that may be attributed to other traits. We compiled
functional response data from the literature to investigate
how predator mass, prey mass, prey type (taxonomic iden-
tity), temperature, and prey defenses (hard vs soft integu-
ment) contributed to the variation found in the predator—
prey interactions between freshwater cyclopoid copepods
and their prey. Surprisingly, our results indicate that prey
identity (taxonomic group) and defenses (hard vs soft
integument) are more important for generating variation
in interaction strengths than body mass and temperature.
This suggests that allometric functions can only take us so
far when attempting to better understand variation in indi-
vidual predator prey interactions, and that we must evaluate
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how other traits influence interaction strengths. Identifying
additional factors such as prey defenses may enable us to
better predict potential changes in the structure and func-
tion of planktonic and other food webs by better accounting
for the variation in the interactions between generalists and
their many prey types.
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Introduction

An interaction strength is a measure of how important a
particular predator—prey interaction is to either the predator
or the prey (Novak and Wootton 2010; Gilbert et al. 2014).
Interaction strengths strongly influence community struc-
ture and stability by determining the potential for preda-
tor growth and prey depletion within a community (Paine
1980; Gilbert et al. 2014). Weak predator—prey interac-
tions may be less volatile and more prone to persisting than
strong interactions (Rosenzweig 1971; Gilbert et al. 2014),
and the distribution of interaction strengths in a food web
may be important to overall community stability (McCann
et al. 1998).

Although there are many definitions of interaction
strength, one way to quantify the strength of a predator—
prey interaction is with the functional response, or the
relationship between predator consumption rate and prey
density (Holling 1959). A typical model illustrating these
relationships is the type II (saturating) functional response
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where f is the kill rate, N is prey density, a is the area of
capture (area or volume cleared of prey per unit time
per predator, also known as “attack rate” or “attack effi-
ciency”), and & is the handling time (the time it takes to
capture, subdue, consume, and digest a prey item). Because
foraging interactions depend strongly on the area of cap-
ture and handling time parameters, we take the functional
response to be essentially synonymous with interaction
strength. The area of capture parameter is set by preda-
tor detection distances and encounters between predator
and prey, which are influenced by both predator and prey
velocities (Aljetlawi et al. 2004), and the handling time
parameter sums up all the time costs to the predator of cap-
turing, subduing, and digesting prey and then returning to
searching. Both parameters have been shown to depend
on predator and prey mass as well as abiotic factors like
temperature.

The area of capture parameter typically increases with
predator mass over a wide range of body masses (i.e., ~3—8
orders of magnitude) following a power-law relationship
(Rall et al. 2012; DeLong and Vasseur 2012a; Pawar et al.
2012). This may be due to the fact that larger predators
can cover more ground and encounter more prey per unit
time (Brose 2010), but it also may be related to the typi-
cal power-law increase in metabolic rate with body size
for many types of organisms (Yodzis and Innes 1992).
Area of capture may also increase with prey mass because
it is easier for a predator to encounter and detect larger
prey items in a given area (McCoy et al. 2011; Chang and
Hanazato 2011), although a peak in area of capture may
occur at intermediate prey body mass in some groups
(Vucic-Pestic et al. 2010). In addition to mass, tempera-
ture can have a strong influence on the area of capture
parameter, at least for ectotherms (Englund et al. 2011;
Rall et al. 2012). Ectotherms often move more slowly in
colder temperatures because their metabolic processes are
reduced, and warming may increase these processes, ena-
bling faster movement of predator and prey and increasing
their contacts with each other (Burnside et al. 2014; Dell
et al. 2014). With this increase in movement and contacts
comes an increase in the area of capture parameter, at least
up to a point (Kruse et al. 2008; Englund et al. 2011; Sentis
et al. 2012). For these reasons, area of capture is generally
thought to be strongly dependent on body mass and envi-
ronmental temperature.

Handling time often decreases with predator body mass
following a power-law relationship, while increasing prey
mass may generate an increase in the handling time (Rall
et al. 2012). These relationships make sense because larger
predators can dispatch and process a given type of prey
more quickly, lowering the handling time, while a larger
prey item can be harder to process and capture, increasing
the handling time (Brose 2010). As with area of capture,
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an increase in metabolic processes with temperature allows
ectotherm predators to process food more quickly, decreas-
ing handling times (Englund et al. 2011). Therefore, han-
dling time is also generally thought to be strongly depend-
ent on body mass and environmental temperature.

Despite the importance of predator mass, prey mass,
and temperature in setting functional response param-
eters, there is still a considerable amount of unexplained
variation in the parameters for any given group of preda-
tors. For example, there is often 2-3 orders of magnitude
of scatter around the power-law relationships between
functional response parameters and body size (DeLong
and Vasseur 2012a, b; Pawar et al. 2012). It is paramount
that we identify the source of this additional variation,
because functional response parameters have large effects
on the stability of communities and the dynamics of food
webs (Kalinkat et al. 2013; Petchey et al. 2008). Some of
this variation in interaction strengths may be generated by
predator taxonomic identity (Rall et al. 2011), prey traits,
or predator traits that are not linked to body size, such as
foraging mode or escape tactics (Klecka and Boukal 2013).
For example, prey with hard integuments or chemical
defenses may reduce the area of capture and increase the
handling time of predators attacking them (Plafmann et al.
1997; Rao and Kumar 2002; Sarma et al. 2013).

Freshwater cyclopoid copepods (hereafter just “copep-
ods”) are generalist predators that feed on a wide variety
of planktonic prey and in turn are prey for larger inverte-
brates and fish, making copepods key players in the trans-
fer of energy up food chains (Sarma et al. 2013). Copepods
typically show type II functional responses (Rabette et al.
1998), and thus variation in the strength of interactions
between copepods and their myriad prey can be viewed
through variation in the area of capture and handling time
parameters. Copepod body masses do not vary that much
compared with some other taxonomic groups (about ten-
fold in this study), and therefore much of the variation in
functional response parameters for copepods across species
may come from sources other than predator body mass. For
example, variation in copepod foraging rates may be related
to prey attributes such as body mass, shape, taste, hardness,
and behavior (Wiujamson 1984; Stemberger 1985; Wick-
ham 1995). As a result, prey type (a taxonomic group or a
specific species) may alter the functional response param-
eters from what may be expected from predator mass, prey
mass, or temperature. Identifying those factors is crucial
to understanding the role that copepods play in structuring
plankton composition and abundance, yet no broad analysis
of these factors has been conducted.

In this study, we used a new compilation of functional
response data collected from the literature to investigate
the factors that influence how strongly copepods interact
with their prey. We hypothesized that across studies (1)
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increasing predator mass would increase area of capture
and decrease handling times, (2) increasing prey mass
would increase area of capture and increase handling times,
(3) increasing temperature would increase area of cap-
ture and decrease handling times, (4) functional response
parameters would vary with prey type, and (5) the presence
of a hard integument that could hinder consumption would
influence both handling times and area of capture, regard-
less of prey type.

Materials and methods

We compiled a new dataset of functional responses for
copepods from published sources. We searched multidis-
ciplinary databases such as Academic OneFile, Academic
Search Premier, EBSCO, and Google Scholar for terms
including combinations of “functional response,” “holling
disc,” “cyclopidae,” as well as authors with previous work
containing appropriate data, to find papers that contained
functional response curves for copepods. Sources must
have presented the data in the paper; if they were in a fig-
ure, we digitized the figure and extracted the data. In total,
there were 13 sources and 50 functional response curves
(Table 1).

We compiled body mass data from the original source
where possible, but when mass was unreported we
searched for alternative sources for that species (Table
S1 in the Electronic supplementary material, ESM). Dry
weights were converted to wet weights assuming that dry
weight was 20 % of wet weight (Burgis 1971). Length was
converted to mass using the length-weight regression from
Alcaraz and Strickler (1988) [weight (mg) = 0.055 x len

gth (mm)*"3]. Temperature was available for all but one
of the studies, and missing values were ignored when con-
ducting the analysis.

We estimated the parameters of the functional response
for each experiment using the “fit” routine in Matlab® (non-
linear ordinary least squares regression; Table 1, Table S1
in the ESM). Because in most cases prey were not replen-
ished during the experiments, we used the closed-form ver-
sion of the Rogers predator equation instead of Eq. 1; i.e.,

W(ahNoe_“(’_hNO))

ah ’
where the area of capture and handling time parameters are
the same as in Eq. 1, N, is the number eaten, N, is the ini-
tial number of prey, ¢ is the time elapsed, and W is the Lam-
bert W function (Rogers 1972; Bolker 2011). In one study,
the prey was replenished (Roche 1990), so Eq. 1 was used
for that study (Table S1 in the ESM).

In several cases, the fitting procedure was unable to esti-
mate the handling time because prey densities were not
high enough to detect the saturation of the foraging rate;
these handling time estimates were not used in the param-
eter analysis described below. In most cases, the data were
presented only as average foraging rates at a given prey
density. As a result, sample sizes were sometimes limited,
reducing the ability to provide good confidence intervals
on parameters. Nonetheless, the R? values for the fits were
reasonable (0.38-0.99) and the fits were a good match to
the data (Fig. S1 in the ESM), suggesting that our param-
eter estimates were sufficient for our comparative analy-
sis (Table S1 in the ESM). The parameters were converted
from the original units to standard units for area of capture
(mL per predator per day) and handling times (days). One

Ne = Np — @)

Table 1 Source articles from a literature search that contained functional response datasets, and subsequent data used in our analysis

Predator species Prey types Number of functional Source

responses in source
Cyclops vicinus Cladocera, rotifer 3 Brandl (1998)
Acanthocyclops americanus Cladocera, copepod, rotifer 3 Enriquez-Garcia et al. (2013)
Megacyclops gigas Cladocera, copepod 4 Krylov (1988)
Mesocyclops thermocyclopoides Insect 4 Kumar and Ramakrishna Rao (2003)
Diacyclops bicuspidatus Nematode 1 Muschiol et al. (2008)
Orthocyclops modestus Ciliate 3 Novich et al. (2014)
Cyclops vicinus Rotifer 2 Plapmann et al. (1997)
Cyclops vicinus Ciliate 2 Rabette et al. (1998)
Acanthocyclops robustus Cladocera, rotifer 5 Roche (1990)
Mesocyclops pehpeiensis Rotifer 3 Sarma et al. (2013)
Cyclops abyssorum Cladocera, copepod, rotifer 9 van den Bosch and Santer (1993)
Cyclops kolensis Ciliate 9 Wickham (1995)
Cyclops abyssorum
Mesocyclops edax Rotifer 2 Wiujamson (1984)
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of the functional response datasets (dataset 7) did not con-
verge when attempting to fit it to Eq. 2, so Eq. 1 was used
for this dataset. The analysis described below was con-
ducted with and without this functional response; since the
results were the same, it was included for completeness.

We used general linear models (GLM) to assess the
effects of the four explanatory variables (predator mass,
prey mass, prey type, and temperature) on the two func-
tional response parameters (area of capture and handling
time). We used the natural logs of area of capture, handling
time, predator mass, and prey mass, as is standard for allo-
metric analysis, and kept temperature untransformed. We
did not use an Arrhenius function for temperature because
we were only evaluating an effect of temperature rather
than estimating activation energies. We began with a model
that contained all main effects, and we removed nonsignifi-
cant terms until all terms were significant. We then ranked
the models using AICc, selecting the model with the lowest
AlICc score as the best description of the data. We did not
include study as a random effect because the studies were
linked to temperature, cyclops mass, and prey type (for
example, there is just one study with nematode prey, and
different studies that have protist prey also vary in tempera-
ture). Thus, trying to pull out a study’s contribution with a
random effect would influence the assessment of the other
effects associated with that study.

Finally, as prey type was a significant retained factor in
the models for area of capture and handling time, we also
asked whether this could be accounted for by prey traits.
We grouped prey into a simple classification for types with
defenses or with hard integuments (insects, cladocerans,
copepods, and rotifers) and for types without defenses or
with soft integuments (ciliates and the nematode). In this
way, we asked if prey traits that inhibit killing and con-
sumption influenced the functional response parameters.
We did this by simply replacing the prey type categorical
variable with the hard or soft integument categorical vari-
able in the best-ranked model. We also tested whether body
mass varied systematically among prey types using a linear
model and between hard and soft integument classes using
a t-test. A phylogeny for our group was unavailable, so we
did not use phylogenetic independent contrasts, and there
were not enough species within genera to compare across
genera. All analyses were conducted in Matlab.

Results

Our compilation of functional response curves for copep-
ods feeding on a variety of prey (n = 50) revealed enor-
mous quantitative variation in both parameters. We found
103-fold variation in area of capture (Fig. 1). The best
model for area of capture indicated that predator mass and
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temperature had positive effects and that copepods varied
substantially in area of capture across prey types (Tables 2,
3; Fig. 1), consistent with our hypotheses. The effect of
prey type on area of capture was also consistent with our
hypothesis that organisms with hard integuments (cladocer-
ans, copepods, insects, and rotifers) would have an area of
capture different from those with soft integuments (ciliates
and nematodes).

There was 10*-fold variation in handling time (Fig. 2).
The best model indicated that only prey type was a good
predictor of handling time (Tables 1, 2; Fig. 2). Similarly,
this was consistent with the presence of prey defense, with
handling times higher on prey types with hard integuments
than on prey types with soft integuments. Although prey
types varied in body mass (F = 17.4, p < 0.001; Fig. 3),
there was no overall difference in body mass between prey
types with soft versus hard integuments (t = 1.14, df = 47,
p = 0.26).

Discussion

Copepods are important intermediate consumers in aquatic
food webs (Sarma et al. 2013). As generalist predators, they
exploit many other species, and so characterizing and pre-
dicting the strength of the interactions between copepods
and those other species is essential for understanding the
structure and function of the aquatic food webs in which
they reside. We investigated variation in the functional
responses of copepods to explore the roles of body mass,
temperature, prey type, and prey defenses in setting interac-
tion strengths between these generalist predators and their
diverse prey.

Typically, predator body mass is strongly related to
functional response parameters across a wide range of
body masses (Brose 2010; DeLong and Vasseur 2012a, b;
Rall et al. 2012; Pawar et al. 2012). For copepods, predator
mass was included in the best model for area of capture,
although its effect was weak, and it was not included in
the best model for handling time. Thus, a simple allomet-
ric model may not be the best way to predict the functional
responses of copepods, at least over narrow body size
ranges. This finding contrasts strongly with previous work
and is surprising given the role of body mass in setting
metabolic demands. The minimal body mass effect may be
related to the fact that predator body mass range was rela-
tively narrow in this study (only approximately tenfold in
variation) compared with previous studies on other taxa
that had a greater predator body mass range, such as the
four orders of magnitude variation seen in the body mass of
grazing protists (DeLong and Vasseur 2012a).

Like body mass, temperature usually has a strong effect
on the functional response parameters of ectotherms. By
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Table2 General linear models 7. 4¢) AICc Log likelihood AAIC
for area of capture and handling
time ranked by Akaike’s Area of capture ()
information criterion for finite .
samples (AICC) a ~ integument type 4 predator mass 4+ temperature 162.01 —76.53 0.00
a ~ prey type + predator mass + temperature 163.68 —71.94 1.67
a ~ prey type + predator mass + prey mass + temperature 164.46 —70.73 2.45
a ~ prey type + predator mass 187.75 —85.54 25.74
a ~ prey type 188.55 —87.30 26.54
Handling time (h)
h ~ integument type 158.52 —77.08 0.00
h ~ prey type 160.83 —73.01 2.31
h ~ prey type + prey mass 160.85 —71.50 2.34
h ~ prey type + predator mass + prey mass 164.01 —71.43 5.49
h ~ prey type + predator mass + prey mass + temperature 164.71 —69.89 6.19

increasing encounter rates between prey and predator
and increasing biochemical reaction rates, temperature is
expected to raise the area of capture and lower the handling
time (Englund et al. 2011; Dell et al. 2014). As with preda-
tor mass, temperature had a positive effect on the area of
capture and no effect on handling time. The effect on area
of capture was detectable even though some species of
copepods have a sit-and-wait foraging strategy, which may

limit the role of temperature in altering their swimming
velocities and thus limit the effect of temperature on the
area of capture (Novich et al. 2014). Although some copep-
ods may take on a pursuit strategy, the temperature depend-
ence also may arise through the temperature dependence
of prey movements. Our data only show a monotonically
increasing effect of temperature; it may be that cope-
pods show the peak in area of capture at intermediate
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Table 3 General linear model results for the best model for area of
capture and handling time

Effect Estimate SE t P
Area of capture
Integument type (hard)  1.06 0.47 2.26 0.029
Predator mass 0.53 0.35 1.51 0.14
Temperature 0.12 0.038 3.19 0.003
Handling time
Integument type (hard)  4.18 0.74 5.65 <0.001
Prey type
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Fig. 2 Relationship between handling time for cyclopoid copepods
and a prey type or b type of integument (hard or soft), where the hard
integuments function as a kind of hindrance to, or defense against,
predation

temperatures shown by some other species (Englund et al.
2011), but more data must be obtained at higher tempera-
tures to check this possibility.

Despite the generally broad importance of body mass
and temperature in setting interaction strengths, we found
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Fig. 3 Body masses of the different prey types consumed by copep-
ods in this analysis

that prey identity is particularly important for setting cope-
pod functional response parameters. This result comple-
ments the observation that predator taxonomic identity may
influence interaction strength, even when predator body
mass is considered (Rall et al. 2011). Thus, variation in
prey type may generate some of the scatter that character-
izes the relationships between functional response param-
eters and body mass and temperature, at least for generalist
predators that choose a wide variety of prey. This means
that, given a particular predator body mass range, some
classes of prey are consumed at a faster rate and others take
longer to handle. For example, rotifers and insects are con-
sumed at a high rate, while ciliates require relatively little
time for copepods to handle. This variation may be linked
to important traits that are facultatively defensive. In par-
ticular, hard integuments may make it difficult for copep-
ods to capture or consume food, altering both the handling
time directly and, potentially, the willingness of copep-
ods to attack them (Jeschke and Tollrian 2000). Although
these prey types may differ in body mass (e.g., ciliates are
smaller than insects; Fig. 3), prey body mass was not an
important predictor of either area of capture or handling
time. Thus, when using allometric models to predict func-
tional response parameters, there may be some utility in
considering the identity and defense traits of the prey, in
addition to predator mass.

The consequence of all this variation in functional
response parameters is that copepods will show a large
range of interaction strengths with different species. As
generalist predators, they may interact weakly with many
species but strongly with many others. Counterintuitively,
prey types that have hard integuments and take longer to
handle are those that copepods clear out more quickly (i.e.,
have a higher area of capture). With this higher area of
capture, prey with hard integuments (insects, cladocerans,



Oecologia (2016) 180:543-550

549

rotifers, and other copepods) may experience more volatile
and unstable dynamics due to these predator—prey interac-
tions than species with soft integuments (ciliates and nema-
todes), influencing the overall structure and stability of
these food webs (Rosenzweig 1971; McCann et al. 1998;
Kalinkat et al. 2013; Gilbert et al. 2014).

In conclusion, our analysis of functional responses for
copepods feeding on a variety of prey revealed limited
support for the hypotheses that predator body mass and
temperature would influence copepod functional response
parameters, but the results did not support a role for prey
body mass. Our results also showed that prey type and mor-
phology (hard or soft integument) may play a more impor-
tant role in setting interaction strengths than body mass
or temperature, at least when dealing with this smaller
predator mass range. The enormous variation in interac-
tion strengths for this group of generalist predators should
have profound effects on the structure and function of
aquatic communities by channeling more energy into some
parts of a food web than others and creating variation in
the stabilities of different interactions. Although this may
be particularly important for aquatic food webs, the effect
of prey morphology may influence the interaction strength
of generalist predators in all food webs. Recognizing and
incorporating such variation in functional response param-
eters should improve our ability to understand and predict
the dynamics of food webs.
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