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Abstract Functional responses describe how the
proportion of prey consumed by a predator changes as
prey density changes. For predators consuming a
single prey species, functional responses are deter-
mined by two parameters: attack rate and handling
time. These parameters may be influenced by mor-
phological and behavioral differences in prey stem-
ming from interspecific or environmentally-driven
processes. Here we investigate how interspecific
morphological differences and changes in movement
rate impact a predator’s functional response. Using a
flatworm predator (Stenostomum virginianum) con-
suming either Paramecium aurelia or P. multimi-
cronucleatum we show that movement rate changes
significantly with temperature, leading to changes in
attack rate. We also show how body size affects the
amount of time predators require to handle prey. We fit
a mechanistic functional response model to demon-
strate how changes in attack rate and handling time
affect overall rates of predation. Our results
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demonstrate that S. virginianum attack rates are
greater for P. aurelia than P. multimicronucleatum.
In addition, higher temperature increases S. virgini-
anum attack rates on both species, and reduces the
time needed to handle P. aurelia. These differences in
predation rate appear related to prey species’ traits,
and the temperature-mediated changes in these traits,
highlighting the complex processes that underpin
predator—prey interactions.
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Introduction

Consumptive interactions, such as predators ingesting
prey, drive the structure of ecological communities
and the functions they perform (Paine, 1976; Bertness
& Ellison, 2016). The persistence of consumers, and
therefore their populations, is dependent on their
ability to find and handle food items (Jeschke et al.,
2004; Haddaway et al., 2012). Given the importance of
consumptive interactions, it is critical to understand
how abiotic features of the environment, together with
prey traits, influence predator ingestion rates. In many
cases, factors such as sunlight (Jeschke et al., 2002;
Chase & Knight, 2003) and chemical concentrations
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(Chivers & Mirza, 2001; van Uitregt et al., 2012)
impact the rates at which predators capture their prey.
These differences in the rates at which predators
consume prey can determine whether predators and
prey can co-exist, or whether over-exploitation of prey
by predators leads to the extinction of prey and the
collapse of food webs (Hammill et al., 2010b).
Understanding the factors that drive rates of prey
consumption is therefore critical given their influence
on food web stability.

The rate at which predators consume prey can be
described using mechanistic models (Jeschke et al.,
2002). These models use biologically relevant param-
eters to describe the processes that predict prey
consumption. If a mechanistic model can be fit to
data on a predator—prey interaction across a range of
conditions (morphological characteristics, densities,
and environmental conditions), it indicates that such a
model is appropriate in describing the system. This is
demonstrably true for Holling’s Type II and Type III
functional response models, through which prey
consumption by predators is commonly described
(Holling, 1959; Piersma et al., 1995; Jeschke et al.,
2004; Englund et al., 2011). In many mechanistic
models, attack rate (a) describes the frequency with
which a predator encounters and begins consumption
of a prey, while handling time (%) describes the time
required by a predator to subdue and consume an
individual. A Type III model indicates a variable rate
of attack over increasing prey density, largely because
predators are unable to successfully pursue prey at low
densities due to prey refuge. The shape of the response
is therefore sigmoidal (Hammill et al., 2010b). In
contrast, a Type Il model assumes constant attack rate
across prey densities, meaning that prey face the
greatest risk of consumption at their lowest densities.
In both models, at high prey densities the number of
prey consumed becomes constant as all a predator’s
time is spent handling prey, limiting overall consump-
tion (Jeschke et al., 2002). Intuitively, attack rates and
handling times are related to the size (related to
detectability) and rate of movement (related to
encounter rate) of the organisms involved. For gape-
limited predators, changes in the size of prey has been
shown to alter the handling time, as larger prey may
take more time to consume or be more difficult to
subdue (Hammill et al., 2015a).

Basic prey attributes, such as size and rate of
movement, vary under different environmental

@ Springer

conditions. For example, poikilothermic species expe-
rience reductions in the rate of movement and
metabolic demand as temperature drops (Petchey
et al., 1999). Similarly, predator traits related to prey
consumption also vary with environmental conditions.
For example, organisms under cold conditions may
experience reduced metabolic rates, requiring more
time to be able to consume and digest prey (Hylander
et al.,, 2012), increasing handling times. Predator
attack rate and handling time can also be heavily
influenced by prey size (Hammill et al., 2010b) and
movement rate (Beveridge et al., 2010), as well as
fundamental aspects of the predator itself. Therefore,
attack rate and handling time may vary with respect to
environmental factors. The impact of changes in
temperature has been shown to influence the shape of
functional responses across a broad variety of taxa,
with attack rates generally showing a hump-shaped
response to increasing temperature, i.e. highest at
intermediate levels (Uiterwaal & DeLong, 2020). In
addition, prey size variability by temperature indicates
that smaller organisms may be harder to find but
require less time to subdue (Connell, 1961), while
gape-limited species may be unable to consume some
prey due to their size (Hammill et al., 2009).

While the role of temperature and morphology on
the shape of functional responses has received
substantial attention previously (Uiterwaal & DeLong,
2020), the way temperature alters predator and prey
morphological traits and how these trait changes are
related to the shape of the functional response has
received considerably less attention. In previous
investigations into the role of temperature in altering
the functional response, comparisons between the
magnitude of changes in species traits and values of
a and h are often not explicitly made. Comparing the
magnitude of species’ trait changes to changes in @ and
h may increase our overall mechanistic understanding
of the role of traits and temperature.

We used a predator—prey pair consisting of the
flatworm Stenostomum virginianum Nuttycombe,
1931 consuming either Paramecium aurelia Ehren-
berg, 1838 or Paramecium multimicronucleatum
Powers & Mittchell, 1910. Stenostomum virginianum
are small (< 1000 um) microturbellarian flatworms
and form part of a taxonomic group that are found in
inland waters throughout the world (Damborenea
etal., 2011; Dumontet al., 2014). The genus consumes
a variety of unicellular organisms including bacteria
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and ciliates, as well as small multicellular species such
as rotifers and cladocerans (Nandini et al.,, 2011;
Nufiez-Ortiz et al., 2016). Stenostomum virginianum
actively hunt for Paramecium spp. and act as dominant
predators in the macrobenthos. Due to their wide diet
breadth, S. virginianum play an important role in
structuring the food webs in which they exist (Forbes
& Hammill, 2013). Stenostomum virginianum feed by
slowly moving through their environment and engulf-
ing small prey (Nuttycombe & Waters, 1935). As the
species relies on engulfing prey, it is gape limited, and
unable to consume prey too large to be sucked into its
pharynx (Nuttycombe & Waters, 1935; Nufez-Ortiz
et al.,, 2016). Although S. virginianum are active
hunters, they have no method of perceiving specific
prey individuals from a distance. Therefore, they rely
on random encounters to sense prey via sensory cells
near the mouth (Nuttycombe & Waters, 1935).
Paramecium spp. are single celled ciliate protists that
consume bacteria and micro ciliates. They have a pan-
global distribution (Komala & Pryzbos, 1984) and
form an important component of aquatic biofilms
(Weitere et al., 2018). It has been shown that
Paramecium spp. are capable of sensing the presence
of S. virginianum through the detection of predator-
specific chemicals but are unable to sense specific
predators until physical contact is made. Paramecium
spp. species are readily consumed by S. virginianum
with consumption rates often following a Type II
functional response (Nufiez-Ortiz et al., 2016), and
may be driven to extinction by S. virginianum
predation (Hammill et al., 2015b). Paramecium aure-
lia represents the smaller of the two species, a
morphological characteristic that may make it more
susceptible to predation by gape-limited .
virginianum.

Our goal was to investigate how components of the
functional response, and therefore prey consumption
rates, are influenced by changes to behavior and
morphology. We fit a Type II functional response
model that includes prey depletion (Real, 1977) to
quantify attack rates and handling times under differ-
ent temperature and prey size conditions. Changes to
the values of the mechanistic parameters within the
functional response model can then be compared to
measured morphological and behavioral changes to
determine the relationships between changes to traits
and consumptive interactions.

Methods

Prior to being used in the experiments, all Paramecium
spp. were cultured in 200 mL Mason™ jars contain-
ing media produced by adding 1 gL ™" protist pellets
(Carolina Biological Supply, Burlington NC) to
Arrowhead™ mineral water (San Bernardino, CA).
Stenostomum virginianum were cultured in 100 mm
petri dishes containing the same media and were
sustained by adding P. aurelia and P. multimicronu-
cleatum twice a week. All species had been cultured in
the laboratory for over 12 months before use in
experiments. Stenostomum virginianum were starved
for 24 h before use.

The movement rate of both predators and prey was
calculated using video analysis. For each video, the
organisms were placed in a 100 mm petri dish and
videoed from above using an Omano stereomicro-
scope (microscope.com) connected to a 1080p 60 fps
digital camera (Amscope.com). Each species was
recorded singly. For each video, organisms were
introduced into the petri dish and allowed 30 s to settle
prior to the start of recording. Two-minute videos were
captured, and movement rate was calculated by
tracking the distance travelled by individuals in
ImageJ [Rasband, (n.d.)] and dividing the distance
travelled by the time recorded. For each organism, we
tracked the movement rate of eight to ten individuals
at two temperatures (14°C and 19°C). These temper-
atures were selected as they are within the range of
summer temperatures experienced by local water
bodies from where the predators were collected.
Populations of Paramecium spp. and S. virginianum
are most abundant during the summer months (Ham-
mill — personal observation), so we selected 14°C and
19°C as they spanned a reasonable range of temper-
ature, but did not cause thermal stress or torpor in our
study species.

Morphometric differences between species and
within species at different temperatures were quanti-
fied using an Olympus BX40 inverted lens microscope
attached to the same digital camera. Organisms were
photographed, and body length was measured by
digitizing the photographs using Imagel. Differences
in movement rate and body size were analyzed using a
2-way ANOVA and a post-hoc Tukey’s test to look for
significant differences among treatments.

We used a 2 x 2 factorial cross to quantify how
changes to temperature and prey species affected the
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predator’s functional response. The four treatment
level combinations were created by crossing temper-
ature (14°C and 19°C) and prey species (P. aurelia and
P. multimicronucleatum). Each experimental replicate
was prepared by placing 260 pL of 0.1 gL ™" protist
media into the well of a 24-well plate. We used a total
of eight different prey densities (3, 5, 10, 15, 20, 30,
40, 80) which were decided upon following the results
of pilot experiments that indicated the range was
suitable to identify maximum consumption rates for
all species, but also contained enough replicates at low
densities to allow Type II or Type III functional
responses to be distinguished. Each density:tempera-
ture:prey species combination was replicated five
times. Additionally, we performed five predator-free
control trials for each Paramecium spp. at each
temperature to ensure that reproduction, mortality
and counting errors were not large enough to affect
results and that the collection and counting of the prey
species was sufficiently accurate. We counted the
number of individuals remaining at the end of the
predator-free control runs and used an ANCOVA to
test if there was a significant difference between the
densities of individuals at the end of our control trials
and the densities offered in the replicates containing
predators. Within this ANCOVA, we used the number
of Paramecium spp. we assumed we had introduced
(i.e. our intended density) as a descriptive variable,
and the number counted at the end as our response. We
included a binary covariate to denote whether the
replicate was a “control” or a “predator” trial. For the
controls, the response was the actual number of
Paramecium spp. counted at the end of the five control
trials, for the predator trial we used the number we
assumed we had introduced as the response (e.g. for
trials with an intended density of 15, we used “15” as
the response value). Through this method, we were
able to quantify whether the amount we assumed we
had introduced into the predator trials was signifi-
cantly different from what we had actually introduced
if the covariate was significant.

Using a microscope and pipette, the appropriate
number of Paramecium spp. were collected and placed
in each well, and then extra media was added to fill
each well to 500 pL. After five minutes settling time, a
single S. virginianum in 20 pLL was added to each well.
The plates were then incubated at either 14°C or 19°C
for four hours, giving sufficient time for consumption
to take place but avoiding excessive time that would
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cause reproduction in Paramecium spp., or the induc-
tion of anti-predator morphological changes (Hammill
et al., 2010a). At the end of the experiment Lugol’s
solution was used to kill all organisms. Using a
microscope, the number of Paramecium of the given
species that were not consumed were counted and
recorded.

We used our empirical data to parameterize the
following functional response equation (Holling,
1959) for the Paramecium spp. at the two different
temperatures:

T
h+ ()

Here, f(N) is the number of prey eaten in time 7, N is
the number of prey at the start of the experiment and
h is the handling rate. Within this model, the variable
g within the attack rate term aN? (Real, 1977)
determines the functional response type: when ¢ is 0,
the equation is a Type II functional response and the
attack rate a is the same across prey densities. When
g > 0, the equation is a Type III response and the
attack rate increases with prey density. Following the
consumption of a prey item, the number of prey items
decreases, meaning prey density is non-constant. To
overcome this issue, we used a numerical integration
of declining density to quantify the true proportion
(and therefore number) of prey consumed. Use of this
method has been made publicly available by Ben
Bolker (Bolker, 2012). The model was fit to the data
using the mle2 function (maximum likelihood esti-
mator) in R. This found the best parameter values (4, a,
and g) according to the maximum likelihood method.
We quantified the form of the functional response
(either Type II or Type III) by looking at whether
parameter ¢ significantly differed from 0, and also by
calculating AIC values for models with and without
the N7 term in the model. After we ascertained the
functional response type, parameter estimates for
a and h were compared across treatment level
combinations to understand how changes to prey
morphology and movement rate altered the shape of
the functional response.

f(N)
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Results

In terms of Paramecium spp. size, we found a
significant temperature:species interaction
(F29) = 68.53, P < 0.001) indicating the relation-
ship between size temperature differed for the two
species. Paramecium multimicronucleatum were
36.12% =+ 3.6% (mean and standard error) smaller
at 19°C compared to their body length at 14°C
(P < 0.001, post-hoc Tukey’s test, Fig. 1a), while P.
aurelia showed no difference in body length at the two
temperatures (P = 0.95, post-hoc Tukey’s test,
Fig. 1a). Across all temperatures, P. aurelia were
55.0% + 15.31% (mean and standard error) smaller
than P. multimicronucleatum (P < 0.001, post-hoc
Tukey’s test). The length of S. virginianum was
27.72% =+ 7.68% (mean and standard error) greater at
19°C compared to at 14°C (F(; 15y = 13.97, P = 0.002,

(a) 14°C 19°C

S. virginianum 365 pm

SE:19.30 um
n=11

505 um
SE:36.72 ym
n=6

P. multimicro-

— f—t
nucleatum 271 uym 173 um
SE:8.24 ym SE:5.62 ym
n=10 n=11
P. aurelia — —
100 pm 100 um
SE:2.01 ym SE:4.33 ym
n=6 n=7

(b)

D 14C
D 19°C

0.8
-

Speed (mm/sec)
; 0.6 E
—
——

0.4
}_

s
| T
=
o
P. aurelia P. multimicro- S. virginianum
nucleatum

Fig. 1 a body length differences among the two prey
(Paramecium ssp.) and the predator (S. virginianum) species
at 14°C and 19°C. b changes in the movement rate among the
two prey and the predator species at 14°C and 19°C. Error bars
indicate standard errors

Fig. 1a). Temperature also increased the movement
rate of both prey species, although we found no
temperature:species interaction (F(;, 32 = 1.03,
P = 0.32) indicating the effect of temperature was
not different between the two species. At 19°C, P.
multimicronucleatum  moved 17.76% =+ 13.07%
(mean and standard error) faster than at 14°C
(P = 0.036, Post-hoc Tukey test, Fig. 1b). The move-
ment rate of P. aurelia was 36.67% + 12.09% (mean
and standard error) greater at 19°C compared to 14°C
(P = 0.036, Post-hoc Tukey test, Fig. 1b). At 19°C, P.
multimicronucleatum moved 24.16% + 7.21% (mean
and standard error) faster than P. aurelia (P < 0.001,
post-hoc Tukey’s test, Fig. 1b). At 14°C, we found no
difference in movement rates between the two
Paramecium species (P = 0.26, post-hoc Tukey’s test,
Fig. 1b). The movement rate of S. virginianum had no
significant change with temperature (F(j 14y = 2.72,
P =0.12, ANOVA Fig. 1b).

We observed no significant differences between
Paramecium spp. densities at the end of our control
trials and the densities we assumed we introduced into
the replicates containing predators (ANCOVA, for all
species at all temperature, covariate P > 0.05). This
means that densities at each species:temperature:den-
sity combination were not significantly different from
what we had intended them to be. We can therefore
have confidence that counting errors during the
inoculation phase, and Paramecium spp. reproduction
within the experimental trials themselves, did not
confound our results.

In terms of the Type of the functional response, we
found that the standard error estimates for parameter
q included zero for both species at both temperatures
(Table 1), indicating that predator consumption rates
were best described with a Type II functional
response. In addition, AIC values for models contain-
ing the N¥ terms (i.e. Type III) were 432.90 and 274.02
for both species at 14°C and 19°C respectively, but
were 428.39 and 266.87 when g was 0, indicating a
Type II response was a more parsimonious fit to the
data. Attack rates for S. virginianum consuming P.
multimicronucleatum were 86.74% =+ 12.32% (mean
and standard error) lower than when the predators
were consuming P. aurelia (mean difference between
the species at each temperature, Fig. 2; Table 1).
However, attack rates for P. multimicronucleatum at
14°C were 56.72% =+ 16.42% (mean and standard
error) lower than at 19°C. Attack rates for S.
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Table 1 Type II functional response parameters by temperature and species

Temperature—prey species Type II or II (g) SE

Attack rate (a) SE Handling time (k) SE

14C—P. aurelia 0.021 0.037 0.242 0.055 0.123 0.032
14C—P. multimicronucleatum 0.035 0.05 0.029 0.006 0.0001 0.113
19C—P. aurelia 0.05 0.036 0.461 0.063 0.034 0.009
19C—P. multimicronucleatum -0.027 0.039 0.067 0.016 0.104 0.087
(@) &- virginianum consumption of P. aurelia increased by
T 47.51% + 10.30% when temperatures were increased
Q | ---oP. muttimicronucleatum from 14 to 19°C (Fig. 2; Table 1). In considering
handling time, S. virginianum predators on average
c o took 83.61% =+ 15.57% (mean and standard error)
27 less time to handle P. aurelia than they did P.
= ° multimicronucleatum (Fig. 2; Table 1). Changes in

o o e o . . . .
i " o 3 temperature were associated with changes in handling
time for P. aurelia, with predators taking
0 72.36% + 16.67% (mean and standard error) more
time to handle P. aurelia at 14°C (Fig. 2; Table 1). We
© found no differences in handling time for P. multimi-

Prey density (count/500 pum)

(b)

25

Prey eaten
15
|

T
4
Prey density (count/500 um)

Fig. 2 Changes in temperature and interspecific differences in
prey traits lead to alterations to the relationship between prey
density and prey ingestion rates. Type II functional response
curves are used to describe how the ratio of prey eaten changes
with prey density at a 14°C and b 19°C. Central lines represent
model outputs, thinner lines represent model standard errors.
We performed five replicates of each species:temperature:den-
sity combination, in instances where five points cannot be
observed, overlapping has occurred
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cronucleatum between temperatures (Fig. 2; Table 1).

Discussion

Changes in the morphological and behavioral traits of
prey have the potential to impact different components
of the functional response. Here we found that
interspecific differences in prey length and environ-
mentally-driven changes in movement rate were
associated with changes in the components of a
predator’s functional response (Haddaway et al.,
2012).

We found clear differences in S. virginianum’s
attack rate between the two species of Paramecium.
Due to the similarities in the morphological structure
of Paramecium spp., this difference in attack rate is
likely attributable to differences in body size (Ham-
mill et al., 2010b; Kalinoski & DeLong, 2016).
Although attack rates have been observed to be greater
for larger prey items since larger individuals are easier
to detect (Chang & Hanazato, 2005; McCoy et al.,
2011), attack rates have been seen to decline when
prey are excessively large compared to their predators
(Aljetlawi et al., 2004). In the current study, attack
rates when  predators were  offered P.
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multimicronucleatum were generally at least one order
of magnitude lower than when predators were con-
suming P. aurelia, and the proportion of P. multimi-
cronucleatum consumed was generally very low,
suggesting that that they are not a preferred prey item
(Elkinton et al., 2004). Previous studies using a range
of prey species have demonstrated that prey size,
rather than taxonomy, is a major driver of consump-
tion rates in S. virginianum (Nufiez-Ortiz et al., 2016),
with prey greater than the gape limit of S. virginianum
not being consumed. Across both Paramecium we
observed increased attack rates as temperatures
increased. Since the movement rate of Paramecium
spp. increases with temperature (Glaser, 1924),
increased temperature led to more encounters between
predator and prey (Kalinoski & DeLong, 2016). For P.
aurelia, we found that the magnitude of increase in
attack rate (47.51% + 12.79%) associated with
increased temperature was within one standard error
of the increase in movement rate associated with
higher temperatures (36.67% =+ 12.09%). This agree-
ment between increases in movement rate and attack
rate for P. aurelia highlights the relationship between
movement rate and rates of encounter. However, in the
case of P. multimicronucleatum, the increase in attack
rate associated with increased temperature was much
greater than the increase in movement rate and may be
related to the reduction in size in P. multimicronu-
cleatum, and the increase in S. virginianum size
observed at higher temperatures. As S. virginianum are
gape limited predators (Hammill et al., 2010b), the
decreased size of P. multimicronucleatum observed at
19°C may reduce the chance that they are rejected by
S. virginianum following an encounter, leading to
increased attack rates. In addition, the larger body size
of S. virginianum at 19°C may increase the size of its
gape, increasing its ability to ingest P. multimicronu-
cleatum. This role of temperature in changing the body
size of both predators and prey substantially alters
body size ratios. The change in the relative body sizes
of predators and prey has been shown to influence
functional responses (Kalinoski & DeLong, 2016;
Nuiez-Ortiz et al., 2016; Uiterwaal & DeLong, 2020)
and in the current study, a larger body size in predators
relative to prey appears to make prey more susceptible
to predation. The data across both Paramecium spp.
therefore indicate that temperature may influence
predation rates not only by altering encounters (Kali-
noski & DeLong, 2016), but also through changing

morphological traits that reduce the relative body size
of prey increasing their suitability for predators
(Aljetlawi et al., 2004). These morphological changes
represent a mechanism that highlights a potential
indirect role of temperature in influencing predation
rates.

Previous studies have shown that increased tem-
peratures bring about increased metabolic rates
(Clarke & Fraser, 2004), potentially explaining the
decrease in handling time between the two tempera-
tures when P. aurelia was the prey. A major assump-
tion of Type II functional responses is that the predator
continues to search for food immediately following
consuming a prey item, which may not occur if
predators become satiated. At 14°C predators may be
able to consume sufficient Paramecium spp. to fulfill
their metabolic demands and become satiated, i.e.
their consumption rates exceed their maximum
metabolic processing rates. At this point, predators
may cease hunting as they are unable to process the
food they catch, which leads to higher overall handling
times. However, should they have higher metabolic
rates at higher temperatures, their rates of metabolic
processing may be greater, meaning they can consume
more prey prior to becoming satiated, and reducing
handling times. While this reasoning provides a
potential explanation for our observed results, and
has been suggested as an explanation for inverse
relationships between temperature and handling times
previously (McCoull et al., 1998; Jalali et al., 2010),
we did not measure metabolic processes in either
predator or prey, and this reasoning is therefore purely
speculative.

In contrast to P. aurelia, a large increase in
handling time was observed with P. multimicronu-
cleatum as temperatures increased. This is likely
explained by the near-linear relationship of P. multi-
micronucleatum density and prey consumed, causing
an abnormally low handling time, which in turn may
be related to the differences in size observed for P.
multimicronucleatum at different temperatures. At
14°C, attack rates for P. multimicronucleatum were
very low, indicating they may be rejected as potential
prey (Aljetlawi et al., 2004). However, at 19°C P.
multimicronucleatum decreased in size, which may
have made them a more attractive prey item for gape
limited predators, leading to increased attack rates
(Kalinoski & DeLong, 2016). We suspect therefore
that the handling time for P. multimicronucleatum at
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14°C is not near-zero, but that given the very low
attack rates the handling time is very difficult to
calculate. Due to this conclusion, the handling time
change of P. aurelia is more representative of how
attack rates are influenced by temperature in this
predator—prey interaction.

In term of generality and applicability to other
predator—prey interactions, our results highlight how
temperature and changes in morphology affect com-
ponents of a functional response in a relatively simple
system. Predators in our system require physical
contact in order to detect their prey (Nuttycombe &
Waters, 1935; Nuifiez-Ortiz et al., 2016), making it
difficult to assess prey quality and avoid attacking
inferior prey (Wise & Toft, 1999). Our experiment
also utilized a single predator per trial for the function
response experiment, making it impossible to quantify
how intra-specific interference among predators con-
tributes to consumption rates (Skalski & Gilliam,
2001; Kratina et al., 2009). In nature, predator—prey
pairs rarely exist in isolation, and are embedded in a
diverse community with multiple trophic and com-
petitive links (McCann, 2000). The presence of other
species in the community, can lead to prey switching
by predators (Vallina et al., 2014) while unpalat-
able “non-prey” species have been shown to reduce
consumption rates and alter the shape of functional
responses (Kratina et al., 2007; Hammill et al., 2015b).
Both of these mechanisms can reduce prey extinctions
and increase overall community stability. Within our
simplified system, we are unable to assess the impact
of these community-level processes, and quantify their
effects on stability. What we are able to show
however, is how changes in temperature may alter
predator consumption rates, and suggest that overex-
ploitation of prey by predators may be more likely at
higher temperatures.

The results we present here contribute to the
understanding of the relationships between environ-
mental factors, prey traits, and trophic interactions in
simple food webs. The differences we observe in prey
morphology and movement rate, both interspecific and
in response to environmental change, indicate how
changes to prey traits affect trophic interactions. These
interspecific discrepancies in traits and their associ-
ated alterations in predation may help explain differ-
ences in species distributions observed in nature in
response to differences in predation (Wellborn et al.,
1996; Chesson & Kuang, 2008; Siepielski et al., 2011;

@ Springer

Garcia & Mittelbach, 2016). This supports further
exploration into complex ecological communities and
supports the development of rigorous hypotheses
about the effects of abiotic factors on these commu-
nities. Additionally, this research lays a groundwork to
investigate how temperature influences the effective-
ness of induced defenses initiated by the presence of
predators (Chivers & Mirza, 2001; Hammill et al.,
2008; Torres-Dowdall et al., 2012). More generally,
our results show that increased temperature is associ-
ated with increased consumption rates for both
species. Given that lower strength trophic interactions
are associated with increased levels of population
stability (McCann, 2000), our results suggest that
increased consumption rates associated with higher
temperature have the potential to reduce population
and community stability.

Acknowledgements This research was supported by NSF
Award Number 1916610 made to E. Hammill.

Author contributions MR collected the data within the
laboratory, Statistical analyses and fitting of mechanistic
models were performed by MR under the supervision of EH.
MR led the writing of the MS, which was edited by EH.

Funding This research was supported by NSF Award Number
1916610 made to E Hammill.

Data availability Data will be made available on an online
database following acceptance.

Declarations

Conflict of interest The authors declare they have no conflict
of interest.

Ethical approval NA not required for Paramecium spp. or S.
virginianum. Additional declarations for articles in life science
journals that report the results of studies involving humans and/
or animals.

References

Aljetlawi, A. A., E. Sparrevik, & K. Leonardsson, 2004. Prey-
predator size-dependent functional response: derivation
and rescaling to the real world. Journal of Animal Ecology
73: 239-252.

Bertness, M. D., & A. M. Ellison, 2016. Determinants of pattern
in a New England Salt marsh plant community. Ecological
Monographs 57: 129-147.

Beveridge, O. Stenostomum, O. L. Petchey, & S. Humphries,
2010. Direct and indirect effects of temperature on the
population dynamics and ecosystem functioning of aquatic



Hydrobiologia (2021) 848:4637-4646

4645

microbial ecosystems. Journal of Animal Ecology 79:
1324-1331.

Bolker, B., 2012. Rogers random predator equation: extensions
and estimation by numeric integration. https://ms.
mcmaster.ca/ ~ bolker/misc/rogerspdf.

Chang, K. H., & T. Hanazato, 2005. The predacious cladoceran
leptodora kindtii as a prey for the cyclopoid copepod
mesocyclops sp.: laboratory observations of predator-prey
interaction. Journal of Freshwater Ecology 20: 655-660.

Chase, J. M., & T. M. Knight, 2003. Drought-induced mosquito
outbreaks in wetlands. Ecology Letters 6: 1017-1024.

Chesson, P., & J. J. Kuang, 2008. The interaction between
predation and competition. Nature 456: 235-238.

Chivers, D., & R. Mirza, 2001. Predator diet cues and the
assessment of predation risk by aquatic vertebrates: a
review and prospectus. Chemical Signals in Vertebrates 9
277-284.

Clarke, A., & K. P. Fraser, 2004. Why does metabolism scale
with temperature?. Functional Ecology 18: 243-251.
Connell, J. H., 1961. The influence of interspecific competition
and other factors on the distribution of the barnacle

Chthamalus stellatus. Ecology 42: 710-723.

Damborenea, C., F. Brusa, I. Almagro, & C. Noreiia, 2011. A
phylogenetic analysis of Stenostomum and its neotropical
congeners, with a description of a new species from the
Peruvian Amazon Basin. Invertebrate Systematics 25:
155-169.

Dumont, H. J., A. C. Rietzler, & B. Han, 2014. A review of
typhloplanid flatworm ecology, with emphasis on pelagic
species. Inland Waters 4: 257-270.

Elkinton, J., A. M. Liebhold, & R. M. Muzika, 2004. Effects of
alternative prey on predation by small mammals on gypsy
moth pupae. Population Ecology 46: 171-178.

Englund, G., G. Ohlund, C. L. Hein, & S. Diehl, 2011. Tem-
perature dependence of the functional response. Ecology
Letters 14: 914-921.

Forbes, C., & E. Hammill, 2013. Fear in the dark? Community-
level effects of non-lethal predators change with light
regime. Oikos 122: 1662-1668.

Garcia, E. A., & G. G. Mittelbach, 2016. Regional coexistence
and local dominance in chaoborus: species sorting along a
predation gradient. Ecology 89: 1703-1713.

Glaser, O., 1924. Temperature and forward movement of
paramecium. The Journal of General Physiology 177-188.

Haddaway, N. R., R. H. Wilcox, R. E. A. Heptonstall, H.
M. Griffiths, R. J. G. Mortimer, M. Christmas, & A.
M. Dunn, 2012. Predatory functional response and prey
choice identify predation differences between native/in-
vasive and parasitised/unparasitised crayfish. PLoS
ONE 7: €32229.

Hammill, E., T. B. Atwood, P. Corvalan, & D. S. Srivastava,
2015a. Behavioural responses to predation may explain
shifts in community structure. Freshwater Biology. https://
doi.org/10.1111/fwb.12475.

Hammill, E., P. Kratina, & B. R. Anholt, 2009. Non-lethal
presence of predators modifies morphology and movement
rates in Euplotes. Hydrobiologia 621: 183—189.

Hammill, E., P. Kratina, A. P. Beckerman, & B. R. Anholt,
2010a. Precise time interactions between behavioural and
morphological defences. Oikos 119: 494-499. https://doi.
org/10.1111/§.1600-0706.2009.17812.x.

Hammill, E., P. Kratina, M. Vos, O. L. Petchey, & B. R. Anholt,
2015b. Food web persistence is enhanced by non-trophic
interactions. Oecologia 178: 549-566.

Hammill, E., O. L. Petchey, & B. R. Anholt, 2010b. Predator
functional response changed by induced defenses in prey.
The American naturalist 176: 723-731.

Hammill, E., A. Rogers, & A. Paramecium Beckerman, 2008.
Costs, benefits and the evolution of inducible defences: A
case study with Daphnia pulex. Journal of Evolutionary
Biology 21: 705-715.

Holling, C. Stenostomum, 1959. Some characteristics of simple
types of predation and parasitism. Canadian entomologist
v. 91 91: 385-398.

Hylander, S., M. Stenostomum Souza, E. Balseiro, B. Mode-
nutti, & L. A. Hansson, 2012. Fish-mediated trait com-
pensation in zooplankton. Functional Ecology 26:
608-615.

Jalali, M. A., L. Tirry, & P. de Clercq, 2010. Effect of temper-
ature on the functional response of Adalia bipunctata to
Myzus persicae. BioControl 55: 261-269.

Jeschke, J. M., M. Kopp, & R. Tollrian, 2002. Predator func-
tional responses: discriminating between handling and
digesting prey. Ecological Monographs 72: 95-112.

Jeschke, J. M., M. Kopp, & R. Tollrian, 2004. Consumer-food
systems: why type I functional responses are exclusive to
filter feeders. Biological Reviews of the Cambridge
Philosophical Society 79: 337-349.

Kalinoski, R. M., & J. Paramecium DeLong, 2016. Beyond
body mass: how prey traits improve predictions of func-
tional response parameters. Oecologia Springer Berlin
Heidelberg 180: 543-550.

Komala, Z., & E. W. A. Pryzbos, 1984. Distribution of the
Paramecium aurelia species complex (Protozoa, Cilio-
phora) in the Carpathian chain of Poland. Zoologica
Scripta 13: 161-163.

Kratina, P., M. Vos, & B. R. Anholt, 2007. Species diversity
modulates predation. Ecology 88: 1917-1923.

Kratina, P., M. Vos, A. Bateman, & B. R. Anholt, 2009. Func-
tional responses modified by predator density. Oecologia
159: 425-433.

McCann, K. Stenostomum, 2000. The diversity—stability debate.
Nature 405: 228-233.

McCoull, C. J., R. Swain, & R. W. Barnes, 1998. Effect of
temperature on the functional response and components of
attack rate in Naucoris congrex Stal (Hemiptera: Nau-
coridae). Australian Journal of Entomology 37: 323-327.

McCoy, M. W., B. M. Bolker, K. M. Warkentin, & J. R. Vonesh,
2011. Predicting predation through prey ontogeny using
size-dependent functional response models. American
Naturalist 177: 752-766.

Nandini, S., S. Stenostomum S. Sarma, & H. J. Dumont, 2011.
Predatory and toxic effects of the turbellarian (Stenosto-
mum cf leucops) on the population dynamics of Euchlanis
dilatata, Plationus patulus (Rotifera) and Moina macrocopa
(Cladocera). Hydrobiologia 662: 171-177.

Nuiez-Ortiz, A. R., S. Nandini, & S. Stenostomum S. Nandini,
2016. Demography and feeding behavior of Stenostomum
leucops (Dugés, 1828). Journal of Limnology 75: 48-55.

Nuttycombe, J. W., & A. J. Waters, 1935. Feeding habits and
pharyngeal structure in Stenostomum. Biological Bulletin
69: 439-446.

@ Springer


https://ms.mcmaster.ca/~bolker/misc/rogerspdf
https://ms.mcmaster.ca/~bolker/misc/rogerspdf
https://doi.org/10.1111/fwb.12475
https://doi.org/10.1111/fwb.12475
https://doi.org/10.1111/j.1600-0706.2009.17812.x
https://doi.org/10.1111/j.1600-0706.2009.17812.x

4646

Hydrobiologia (2021) 848:4637-4646

Paine, R., 1976. Size-limited predation: an observational and
experimental approach with the Mytilus-Pisaster interac-
tion. Ecology 57: 858-873.

Petchey, O., P. McPhearson, T. Casey, & P. Morin, 1999.
Environmental warming alters food-web structure and
ecosystem function. Nature 402: 69-72.

Piersma, T., J. Van Gils, P. De Goeij, & J. Van Der Meer, 1995.
Holling’s functional response model as a tool to link the
food-finding mechanism of a probing shorebird with its
spatial distribution. The Journal of Animal Ecology 64:
493.

Real, L. A., 1977. The kinetics of functional response. The
American Naturalist 111: 289-300.

Schneider, C. A., W. S. Rasband, & K. W. Eliceiri, 2012. NIH
Image to Imagel: 25 years of image analysis. Nature
Methods 9: 671-675.

Siepielski, A. M., A. N. Mertens, B. L. Wilkinson, A. Mark, A.
M. Siepielski, A. N. Mertens, B. L. Wilkinson, & M.
A. Mcpeek, 2011. Signature of ecological partitioning in
the maintenance of damselfly diversity. Journal of Animal
Ecology 80: 1163-1173.

Skalski, G. T., & J. F. Gilliam, 2001. Functional responses with
predator interference: viable alternatives to the Holling
type II model. Ecology 82: 3083-3092.

Torres-Dowdall, J., C. A. Handelsman, D. N. Reznick, & C.
K. Ghalambor, 2012. Local adaptation and the evolution of
phenotypic plasticity in trinidadian Guppies (Poecilia
Reticulata). Evolution 66: 3432-3443.

@ Springer

Uiterwaal, S. F., & J. Paramecium DeLong, 2020. Functional
responses are maximized at intermediate temperatures.
Ecology 101: 1-10.

Vallina, S. M., B. A. Ward, S. Dutkiewicz, & M. J. Follows,
2014. Maximal feeding with active prey-switching: a kill-
the-winner functional response and its effect on global
diversity and biogeography. Progress in Oceanography
Elsevier Ltd 120: 93-109, http://dx.doi.org/https://doi.org/
10.1016/j.pocean.2013.08.001.

van Uitregt, V. O., T. Paramecium Hurst, & R. Stenostomum
Wilson, 2012. Reduced size and starvation resistance in
adult mosquitoes, Aedes notoscriptus, exposed to predation
cues as larvae. Journal of Animal Ecology 81: 108-115.

Weitere, M., M. Erken, N. Majdi, H. Arndt, H. Norf, M. Rein-
shagen, W. Traunspurger, A. Walterscheid, & J. K. Wey,
2018. The food web perspective on aquatic biofilms.
Ecological Monographs 88: 543-559.

Wellborn, G. A., D. K. Skelly, & E. E. Werner, 1996. Mecha-
nisms creating community structure across a freshwater
habitat gradient. Annual Review of Ecology and System-
atics 27: 337-363.

Wise, D. H., & S. Toft, 1999. Growth, development, and sur-
vival of a generalist predator fed single- and mixed-species
diets of different quality. Oecologia 119: 191-197.

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.


https://doi.org/10.1016/j.pocean.2013.08.001
https://doi.org/10.1016/j.pocean.2013.08.001

	Temperature and prey morphology influence attack rate and handling time in a predator--prey interaction
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Author contributions
	Data availability
	References




