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Ecological communities are fundamentally connected through a network of trophic
interactions that are often complex and difficult to model. Substantial variation exists in
the nature and magnitude of these interactions across various predators and prey and
through time. However, the empirical data needed to characterize these relationships are
difficult to obtain in natural systems, even for relatively simple food webs. Consequently,
prey-dependent relationships and specifically the hyperbolic form (Holling’s Type II), in
which prey consumption increases with prey density but ultimately becomes saturated
or limited by the time spent handling prey, are most widely used albeit often without
knowledge of their appropriateness. Here, we investigate the sensitivity of a simplified
food web model for a natural, boreal system in the Kluane region of the Yukon, Canada
to the type of functional response used. Intensive study of this community has permitted
best-fit functional response relationships to be determined, which comprise linear (type
I), hyperbolic (type II), sigmoidal (type III), prey- and ratio-dependent relationships,
and inverse relationships where kill rates of alternate prey are driven by densities
of the focal prey. We compare node- and network-level properties for a food web
where interaction strengths are estimated using best-fit functional responses to one
where interaction strengths are estimated exclusively using prey-dependent hyperbolic
functional responses. We show that hyperbolic functional responses alone fail to capture
important ecological interactions such as prey switching, surplus killing and caching, and
predator interference, that in turn affect estimates of cumulative kill rates, vulnerability of
prey, generality of predators, and connectance. Exclusive use of hyperbolic functional
responses also affected trends observed in these metrics over time and underestimated
annual variation in several metrics, which is important given that interaction strengths are
typically estimated over relatively short time periods. Our findings highlight the need for
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more comprehensive research aimed at characterizing functional response relationships
when modeling predator-prey interactions and food web structure and function, as we
work toward a mechanistic understanding linking food web structure and community
dynamics in natural systems.

Keywords: ecological communities, interaction strength, kill rate, Lepus americanus, Lynx canadensis, predator
functional response, quantitative descriptors, weighted networks

INTRODUCTION

Functional responses, which describe density-dependent
interactions between predators and their prey, are integral
to community and ecosystem dynamics. These relationships
connect behavior and physiology of individuals to broader
community dynamics through the role that they play in
determining vital rates for both predator and prey populations
(Holling, 1959; Rosenzweig and MacArthur, 1963). As such,
functional responses are commonly used to measure predator-
prey interactions (i.e., interaction strengths measured as per
capita kill rates) (Berlow et al., 2004) and continue to form
the basis of investigations into the relationship between the
complexity and stability of natural systems (Oaten and Murdoch,
1975; Nunney, 1980; Abrams and Allison, 1982; Rall et al.,
2008; Kawatsu and Kondoh, 2018). Given their inherent link
to individual fitness, functional response relationships are
also shaped by predator-prey interactions occurring over
evolutionary timescales (Abrams, 1997; Drossel et al., 2004; Jones
and Ellner, 2007) and hence are also expected to take diverse
forms (Kawatsu and Kondoh, 2018).

Various types of functional response models exist owing to
the many ecological processes that can influence the functional
response (reviewed in Jeschke et al., 2002; Figure 1). Holling
(1959) originally described three types characterized by the
shape of the relationship between prey density and a predator’s
kill rate: type I (rectilinear), type II (hyperbolic) and type III
(sigmoidal). Despite Holling’s (1959) original classification, “type
I” is frequently used in contemporary literature to mean a linear
functional response that lacks an upper threshold above which
the consumption rate becomes constant. We use “linear” to mean
fully linear models with no observed upper threshold. Type I
functional responses are exclusive to filter feeders that are not
limited by the time required to process food (Jeschke et al., 2004),
but linear responses have been observed more broadly, often
when data to fit a more complex relationship are lacking (e.g.,
Chan et al., 2017; Beardsell et al., 2021). Hyperbolic functional
responses arise when predators become satiated or limited at high
prey densities by the time taken to handle their prey (Holling,
1959). Sigmoidal functional responses occur when predators
are further limited in their ability to kill prey at low densities,
such as when ample prey refuges are available or with learning
when switching between different prey types, patches, or foraging
tactics (Oaten and Murdoch, 1975; Jeschke et al., 2002; Hossie
and Murray, 2010). These prey-dependent models have also been
expanded to multispecies models to account for predators that
feed on multiple types of prey (Smout et al., 2010; Morozov
and Petrovskii, 2013; Chan et al., 2017; Smith and Smith, 2020).

Additionally, when predators feed primarily on a focal prey type,
the functional response of alternate prey types can be inversely
related to densities of the focal prey rather than depending on
densities of the alternate prey (Chan et al., 2017). Interference or
facilitation from conspecifics can lead to kill rates that are best
described by predator- or ratio-dependent functional responses,
further taking the density of predators into account (Arditi
and Ginzburg, 1989; Skalski and Gilliam, 2001; Berec, 2010).
Recent studies also continue to reveal an increasing number
of factors that can influence functional responses (e.g., spatial
distribution of predators and prey—Fryxell et al., 2007; McLellan
et al., 2010; Arjaldi et al., 2011; Zimmerman et al., 2015; Hossie
and Murray, 2016; Bentout et al., 2021 habitat complexity and
heterogeneity—Holt, 2002; McPhee et al., 2012; Mocq et al.,
2021; season, temperature and other climate-related factors—
Sand et al., 2008; Sentis et al., 2015; Uiterwaal and DeLong, 2020;
individual differences in predator and prey behavior—Pettorelli
et al., 2015).

Theoretical studies have further shown that community
models are sensitive to the type of functional response models
used (Nunney, 1980; Kondoh, 2003; Rall et al., 2008; Aldebert
and Stouffer, 2018; Kawatsu and Kondoh, 2018), given that
different forms of functional response models can lead to
markedly different predictions in kill rates. Figure 1 depicts
several examples of how predicted kill rates might differ
owing to the type of functional response used. Based on the
differences that define hyperbolic and sigmoidal functional
responses, kill rates predicted by these types of models are
likely to differ mostly over low prey densities (Figure 1A).
Kill rates predicted by linear functional responses might differ
most from those of a hyperbolic functional response at high
prey densities, owing to the lack of saturation that occurs
with the latter, thus leading to lower rates of increase in kill
rates at high prey densities (Figure 1B). Predicted kill rates
from an inverse functional response model for alternate prey
can differ drastically from prey-dependent models based on
densities of alternate prey, as these would instead depend on
densities of the focal prey (Figure 1C). Similarly, interference
from conspecific predators can reduce kill rates across the full
range of prey densities when compared to a prey-dependent
functional response (Figure 1D). Importantly, most studies
employ prey-dependent hyperbolic functional response models
(Jeschke et al., 2004; Novak et al., 2017) and often without
considering the many processes that can yield different types
of functional response models beyond Holling’s types I—III
(Okuyama, 2012, 2013). Likewise, functional responses that are
driven by predator numbers or predator:prey ratio are rarely
considered (Abrams and Ginzburg, 2000).

Frontiers in Ecology and Evolution | www.frontiersin.org 2 May 2022 | Volume 10 | Article 898805

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-898805 May 16, 2022 Time: 14:54 # 3

Gobin et al. Functional Response Shapes Network Properties

FIGURE 1 | Examples of various functional response relationships based on the Kluane vertebrate system, Yukon, Canada, highlighting potential differences in
predicted kill rates between prey-dependent hyperbolic relationships and (A) prey-dependent sigmoidal, (B) prey-dependent linear, (C) inverse sigmoidal, and (D)
predator-dependent functional responses, where P represents the predator density.

We investigated how the type of functional response
relationship used to estimate interaction strengths in a food
web model influences modeled predator-prey interactions, both
at the level of individual species and across the community,
for a natural system. Using a simplified food web for a
boreal forest community in the Kluane Region of the Yukon,
Canada, we compared several quantitative descriptors (i.e.,
cumulative kill rates, vulnerability of prey, generality of
predators, and connectance, see Bersier et al., 2002), based
on interaction strengths estimated from different types of
functional response models. More specifically, we examined how
food web model predictions differ when interaction strengths
are estimated using previously published best-fit functional
responses (Chan et al., 2017) compared to prey-dependent
hyperbolic functional responses. Best-fit functional response
relationships for predators and prey that comprise our simplified
Kluane food web encompass a diverse array of functional
response types, including linear, hyperbolic, sigmoidal, prey-
and ratio-dependent relationships, and inverse relationships for
alternate prey. Owing to the length of our time series, which

spans a full 10-year snowshoe hare (Lepus americanus) cycle that
is characteristic of this system, we further examine the effect of
the type of functional response on trends in these quantitative
descriptors over time.

MATERIALS AND METHODS

Study System
Our food web model was developed for the Kluane Region of
southwestern Yukon, Canada (61◦57′N, 138◦12′W), a system
that is renowned for its intensive study of the cyclic population
dynamics of snowshoe hare and Canada lynx (Lynx canadensis),
and where predator-prey interactions have been well studied
as part of the Kluane Boreal Forest Ecosystem Project1 (Krebs
et al., 2001, 2017). The area is dominated by white spruce (Picea
glauca), patches of aspen (Populus tremuloides), and a mix of gray
willow (Salix sp.) and American dwarf birch (Betula glandulosa).

1https://www.zoology.ubc.ca/~krebs/kluane.html

Frontiers in Ecology and Evolution | www.frontiersin.org 3 May 2022 | Volume 10 | Article 898805

https://www.zoology.ubc.ca/~krebs/kluane.html
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-898805 May 16, 2022 Time: 14:54 # 4

Gobin et al. Functional Response Shapes Network Properties

As part of the boreal forest of North America, the cyclic dynamics
of the snowshoe hare (hereafter “hare”), and one of its primary
predators, the Canada lynx (hereafter “lynx”) are central to this
system (Boutin et al., 1995). Our food web (Figure 2) thus
focuses on the species within the community that are trophically
most closely linked to these cyclic dynamics and for which
diet and density data (Figure 3) were available to characterize
functional response relationships. The main predators of hares
comprise lynx, coyotes (Canis latrans), and great-horned owls
(Bubo virginianus; hereafter “owl”). Our food web also includes
red squirrel (Tamiasciurus hudsonicus) as an important alternate
prey item for lynx (O’Donoghue et al., 1998b; Chan et al., 2017).

The data used in our study were collected during winter
seasons of the hare cycle spanning 1988 to 1997. Each hare cycle
period in this region is approximately 10 years long (Hodges
et al., 2001), with predator cycles typically lagging 1–3 years
behind (Boutin et al., 1995; O’Donoghue et al., 2001). The
cycle is divided into four phases: increase, peak, decline, and
low, in accordance with rates of change in hare densities (Oli
et al., 2020). Red squirrel densities are unrelated to those of
hares and primarily driven by the availability of spruce cones
(Boonstra et al., 2001; Figure 3). Hare and red squirrel densities
for each winter are calculated as the average of estimates for fall
(September—October) and spring (April—May) months, which
were generated using spatially explicit capture-recapture by
applying Efford’s maximum-likelihood based approach (Borchers
and Efford, 2008; Efford, 2009) to mark-recapture data collected
through live-trapping (Krebs, 2011). Notably, trends in hare
densities reported here differ slightly from estimates previously
reported for this region by Boutin et al. (1995) that used a
jackknife estimator (Otis et al., 1978). Furthermore, our hare
densities are mean estimates for the region based on grids within
the study area that exhibited variation in the estimated timing of
peak hare abundance between the winters of 1988-89 through

1990-91. Consequently, the present analysis did not reveal the
1-year lag in coyote and lynx densities reported by Boutin et al.
(1995; Figure 3). Densities of coyotes and lynx were estimated by
O’Donoghue et al. (1997) from track counts paired with known
home ranges of radio-collared animals (O’Donoghue et al., 1997,
in revision). Owls were censused by Rohner (1997), Rohner et al.
(2001) through hooting surveys that were used to identify pairs
and map territorial boundaries. Kill rates of each type of prey
by lynx and coyotes were taken from O’Donoghue et al. (1998b),
which were calculated from kills recorded during snow tracking
of predators supplemented with movement data from radio-
collared individuals to estimate time spent on kills and caches.
Kill rates of hares by owls were estimated by Rohner et al. (2001)
from diet data obtained through pellet analysis as a function
of the proportion of prey in the diet, biomass consumed daily,
activity levels, investment in reproduction, waste, and the time
over which kill rates were estimated.

For each pair of prey and predators, we estimated interaction
strengths for each year across the hare cycle as the daily per capita
kill rate, using two types of functional responses: (1) the most
commonly used in the literature, prey-dependent hyperbolic, and
(2) the best-fit relationship determined by Rohner et al. (2001)
for owls and hares, and Chan et al. (2017) for all other predators
and prey (Table 1). Chan et al. (2017) compared candidate
models with Akaike’s information criterion adjusted for small
sample sizes (AICc), whereas Rohner et al. (2001) assessed model
fit using R-squared values. When best-fit models from Chan
et al. (2017) were statistically indistinguishable (1AICc < 2),
we selected the most ecologically relevant model based on our
existing knowledge of the predator-prey interaction. Specifically,
we used sigmoidal and inverse sigmoidal functional responses
as best-fit relationships for lynx with hares and red squirrels,
respectively, which captures prey switching by lynx between their
primary and alternate prey (Chan et al., 2017). For coyotes, all

FIGURE 2 | Simplified food web for the Kluane vertebrate system, Yukon, Canada focused around the cyclic dynamics of snowshoe hares. Hares are preyed on by
lynx, owls, and coyotes. Red squirrels are an alternate prey item for both lynx and coyotes.
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FIGURE 3 | Estimated densities of predators (triangles) and prey (circles) for the simplified Kluane food web in winter. Densities of key predators (lynx, coyotes, owls)
follow that of hares. Red squirrels, whose densities are independent of hares, serve as an alternate prey for lynx and coyotes. Shading indicates phases of the cycle
as defined by hare density. Error bars for prey species represent 95% confidence intervals. Predator species lack confidence intervals, as densities shown here
represent absolute counts from within the study area. Also note varying y-axis scale for each species.

models with 1AICc < 2 were linear, but for hares the prey-
dependent, ratio-dependent, and predator-dependent models
were indistinguishable. We selected the ratio-dependent linear
functional response for the best-fit model as the model with
lowest AICc value and the highest AICc weight. The next
highest ranked model was also the predator-dependent model,
which could suggest that interference may contribute to the
coyote functional response (Chan et al., 2017). Parameters for
hyperbolic and best-fit functional responses (Supplementary
Table 1) were taken from Chan et al. (2017) for all prey
and predators, except for owls with hares. Parameters for the

latter relationship were obtained from Rohner et al. (2001)
(Supplementary Table 1); this is also the only prey and predator
pair for which the best-fit functional response is a prey-dependent
hyperbolic response (Table 1). Given the inherent uncertainty
associated with estimating kill rates and functional response
relationships generally, we emphasize that best-fit relationships
represent the model found to best fit the data within the set of
candidate models evaluated and are not assumed to represent
true relationships. All prey and predator densities used to
estimate interaction strengths were scaled to an area of 100 km2

(Supplementary Table 2).
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TABLE 1 | Best-fit functional response relationships for key predators and prey in the Kluane food web, and the ecological processes that are not accounted for when
each is modeled using a prey-dependent hyperbolic functional response.

Consumer Resource Best-fit functional response Ecological processes missed by
hyperbolic

Lynx Hare Prey-dependent sigmoidal* Prey-switching

Lynx Red squirrel Inverse sigmoidal* Primary prey dependence and
prey-switching

Coyote Hare Ratio-dependent linear* Predator dependence, surplus
killing and caching

Coyote Red squirrel Ratio-dependent linear* Predator dependence and alternate
prey dependence

Owl Hare Prey-dependent hyperbolic§ none

Sources:
*Chan et al. (2017).
§ Rohner et al. (2001). Great Horned Owls. In C. J. Krebs, S. Boutin, and R. Boonstra (Eds.). Ecosystem Dynamics of the Boreal forest: The Kluane Project. New York:
Oxford University Press.

Food Web Quantitative Descriptors
We estimated node- and network-level quantitative descriptors
(Bersier et al., 2002) for the Kluane food web using interaction
strengths estimated from both hyperbolic and best-fit functional
response relationships for each year of the hare cycle (1988–
1997). Here, the network represents the entire simplified food
web, with each node representing an individual species. Given
that hares are the focal species of predator-prey interactions
in this food web, we measured uncertainty in node- and
network-level quantitative descriptors by generating estimates
using kill rates based on upper and lower confidence limits
of maximum likelihood-based hare density estimates from the
annual census of hare populations (Krebs, 2011). Node- and
network-level quantitative descriptors were estimated using the
Cheddar package in R (Hudson et al., 2013).

Node-Level Metrics
Cumulative per Capita Daily Kill Rates and Biomass
Killed
Cumulative per capita daily kill rates were calculated as the sum
of kill rates across all prey for predators and as the sum of kill
rates across all predators for prey, where kill rates are expressed as
the number of individuals killed per day. Thus, given a predation
matrix a with s number of species, where predators are listed in
columns (j) and prey are listed in rows (i), cumulative kill rates
for each predator and prey are the sum of column j (a·j) and the
sum or row i (ai·), respectively.

To assess the appropriateness of cumulative per capita daily
kill rates compared to the cumulative biomass of prey killed as
a measure of interaction strength, we converted cumulative per
capita daily kill rates to biomass killed by multiplying kill rates
by the mean biomass of each respective prey type. Hares have
a greater mean mass (i.e., in our study area 1.56 kg; E. Studd,
unpubl.) compared to red squirrels (0.250 kg; Boonstra et al.,
2001), which we expected would influence interaction strengths.
Although we present these results, we chose to base subsequent
node- and network-level quantitative descriptors on kill rates
(i.e., numbers of prey killed) rather than biomass killed, as this
is how functional responses are typically measured due to their

link with demographic and hence numerical responses (Holling,
1959; Rosenzweig and MacArthur, 1963).

Vulnerability and Generality
At the node level, vulnerability and generality represent
effective numbers of predators for prey and prey for predators,
respectively, that are normalized and weighted by interaction
strengths. Whereas qualitative measures of vulnerability and
generality reflect the number of consumers of prey and prey
consumed by predators, quantitative measures account for the
diversity of prey kill rates by predators (HN) and of predators’
kills on prey (HP) via the Shannon measure of entropy (or
uncertainty) (Shannon, 1948). For each species, k:

HN,k = −

s∑
i=1

aik
a·k

log2
aik
a·k

(1)

HP,k = −

s∑
j=1

akj
ak·

log2
akj
ak·

, (2)

where aika and akj, respectively represent the interaction strength
of species k with prey i or predator j, and a·k and ak· represent
the column sum and row sum, respectively, for species k in the
predation matrix.

Effective numbers of prey (nN) and predators (nP) are then
given by the reciprocals of these diversity indices:

nN,k =

{
2HN,k

0 if a·k = 0
(3)

nP,k =

{
2HP,k

0 if ak· = 0
(4)

that are then standardized and weighted by the interaction
strength to obtain the weighted standardized vulnerability (vk) or
generality (gk) for species k:

vk =
s∑s

k=1 ak·nP,k
× ak·nP,k (5)

gk =
s∑s

k=1 a·knN,k
× a·knN,k (6)
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Network-Level Metrics
Vulnerability and Generality
At the network level, quantitative weighted vulnerability (Vq)
and generality (Gq) represent the average number of effective
predators and prey, respectively, weighted by the interaction
strengths:

Vq =

s∑
k=1

ak·
a··

nP,k (7)

Gq =

s∑
k=1

a·k
a··

nN,k (8)

where a·· is the sum of the predation matrix a. As both Vq and Gq
are derived from predation matrix a, any change in interaction
strengths affects both Vq and Gq.

Connectance
Connectance measures the average number of links (i.e., link
density) per species in the food web. With quantitative data, this
can be calculated while accounting for interaction strengths as the
average effective number of prey and predators, weighted by the
interaction strengths of each species, which yields a weighted link
density (LDq):

LDq =
1
2

( s∑
k=1

ak·
a··

nP,k +

s∑
k=1

a·k
a··

nN,k

)
. (9)

Dividing the quantitative link density by the number of species
thus gives quantitative connectance, Cq:

Cq =
LDq

s
(10)

RESULTS

Best-fit functional response models altered the predicted
cumulative per capita kill rates (i.e., interaction strengths)
of predators and prey when compared to prey-dependent
hyperbolic models, with estimates for red squirrel and lynx being
the most impacted (Figure 4). For hares, error bars reflecting
the effects of uncertainty in annual hare density estimates on
cumulative kill rates generally overlapped for the two types of
functional response relationships. An exception to this pattern
occurred in 1991 during the transition from peak hare densities
to the decline phase, when using a hyperbolic functional response
increased estimates of kill rates on hares 1.4-fold compared to
the best-fit functional response. In contrast, using a hyperbolic
functional response consistently increased cumulative per capita
kill rates on red squirrels by lynx and coyotes up to 41-
fold and cumulative kill rates of lynx up to 5.3-fold in all
years. Both results stem from the inverse best-fit functional
response for red squirrels and lynx that is dependent on hare
density, which is markedly distinct from the default hyperbolic
functional response. The effect of functional response type on the
cumulative kill rates of coyotes varied over the cycle, such that a
hyperbolic functional response increased estimates (1 to 2.1-fold)

during the peak and decline phases but resulted in lower estimates
(approximately a 0.6-fold change) during the subsequent low and
increase phases, due to the ratio-dependent best-fit functional
responses for coyotes with both hares and red squirrels. Kill rates
of owls were the same with both approaches owing to the best-
fit functional response for hares being a relatively flat hyperbolic
relationship, resulting in little annual variation within the range
of hare densities observed over the course of the cycle.

Adjusting cumulative interaction strengths to account for
the biomass of prey consumed altered the magnitudes of these
values, as well as the pattern observed across the cycle for lynx
(Figure 5). While cumulative interaction strengths based on the
number of prey consumed (i.e., per capita kill rates) reached
higher values for red squirrels than for hares (Figure 4), these
values become higher for hares than for red squirrels once we
account for the higher average mass of a hare (approx. 1.56 kg)
relative to that of a red squirrel (approx. 0.25 kg). For lynx,
patterns observed in the cumulative number of prey killed over
the course of the cycle are thus largely driven by kill rates on
red squirrels when using a hyperbolic functional response and
are relatively lower and appear less variable when using best-
fit functional responses (Figure 4 and Supplementary Table 3).
In contrast, patterns observed in the cumulative biomass of
prey killed by lynx are similar based on the two types of
functional responses, with a hyperbolic response consistently
yielding higher interaction strength estimates that are between
1.4 to 3.2-fold of those estimated from a best-fit functional
response (Figure 5). Differences between patterns in kill rates and
biomass killed hence reflect annual variation in the proportion
of hares and red squirrels killed by lynx. Overall, patterns in the
cumulative biomass killed by lynx follow trends in hare density
across the cycle (i.e., biomass killed is highest when hare densities
are high and lowest when hare densities are low) using both
types of functional responses, due to the large proportion that
hare biomass comprises in the lynx diet. For coyotes and owls,
patterns in the cumulative biomass killed remained consistent
with kill rates, reflecting the relatively small proportion that
red squirrels comprise in the diet of coyotes (Supplementary
Figure 1), and that hares comprise the only prey of owls captured
by our food web.

Vulnerability at the node level represents the normalized
effective number of predators for each prey species, weighted by
the interaction strength. The type of functional response used to
estimate interaction strengths affected estimates of vulnerability
for both prey types in our food web (Figure 6). Patterns in the
vulnerability of hares across the cycle for both types of functional
responses followed trends in the density of hares. Those based
on hyperbolic relationships yielded estimates that were also
0.5-fold lower than best-fit relationships on average, meaning
that prey are killed less evenly across all predator species.
Vulnerability estimates for red squirrels based on hyperbolic
functional responses followed trends in red squirrel densities and
increased 1.2 and 10-fold compared to estimates based on best-
fit relationships. Vulnerability based on the best-fit relationships
followed patterns opposite to hare density in accordance
with the inverse best-fit functional response relationship. Best-
fit functional responses yielded greater interannual variation
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FIGURE 4 | Cumulative per capita daily kill rates for prey (hare, red squirrel) and predators (lynx, coyote, owl) based on hyperbolic and best-fit functional response
models. Cumulative per capita daily kill rates represent the number of individuals killed summed across all types of predators for each prey, and the number of
individuals killed summed across all prey types for each predator. Error bars show uncertainty in cumulative per capita kill rates based on upper and lower limits of
95% confidence intervals for hare density estimates. Shading indicates phases of the cycle as defined by hare density. Also note varying y-axis scale for each
species.

compared to hyperbolic relationships for both prey species
(Figure 6 and Supplementary Table 3). Comparing between prey
species, hyperbolic functional responses generally estimated the
vulnerability of red squirrels to be higher than that of hares for
most years, especially during the low phase. In contrast, best-fit
relationships yielded higher estimates of vulnerability of hares
across the cycle, except when hare density was low.

Generality at the node level represents the normalized effective
number of prey for each predator species, weighted by the
interaction strength, and was also affected by the type of
functional response used for all predators in our food web
(Figure 6). Estimates of the generality of lynx increased, 1.1

to 1.8-fold, based on hyperbolic functional responses compared
to best-fit relationships (i.e., lynx appear to consume hares and
red squirrels more evenly when using a hyperbolic functional
response). In contrast, that of coyotes consistently decreased and
exhibited a 0.3 to 0.7-fold-change, using hyperbolic functional
responses compared to best-fit relationships. The generality of
both lynx and coyotes differed most between hyperbolic and
best-fit functional responses during the decline phase, when
lynx switched prey and consequently increased predation on red
squirrels, and coyote kill rates on both hares and red squirrels
declined with decreasing ratios of both prey types to coyotes.
Hyperbolic functional responses yielded estimates of generality
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FIGURE 5 | Cumulative biomass of prey killed (hare, red squirrel) by predators (lynx, coyote, owl), based on hyperbolic and best-fit functional response models.
Cumulative biomass represents per capita daily kill rates converted to biomass estimates using the mean mass of each prey. Error bars show uncertainty in
cumulative biomass killed based on upper and lower limits of 95% confidence intervals for hare density estimates. Shading indicates phases of the cycle as defined
by hare density. Also note varying y-axis scale for each species.

for lynx that were 4.4 to 10-fold that of coyotes across the entire
cycle, whereas best-fit relationships led to more similar estimates
of generality for the two predators with that of lynx being 1.2
to 3.5-fold that of coyotes in most years and 0.9-fold that of
coyotes in 2 years (1996 and 1997). For both predators, generality
exhibited greater interannual variation when based on best-fit
functional responses (Figure 6 and Supplementary Table 3).
Patterns in the generality of lynx and coyotes across the cycle
based on best-fit functional responses also exhibited opposing
trends, with lynx being most generalized during the decline when
coyotes appear to be most specialized. Owls exhibited higher
generality based on best-fit functional responses (2 to 4.5-fold)

and higher interannual variability in these estimates across the
cycle (Figure 6 and Supplementary Table 3). Notably, in absolute
terms this difference for owls amounts to an average of less than
0.1 hares per day and arises solely due to the standardization of
equivalent numbers of prey, as hares represent the exclusive prey
of owls in our food web and this functional response relationship
is unchanged in the best-fit scenario. Accordingly, generality for
owls is also much lower when compared to lynx and coyotes that
kill multiple prey species.

At the network level, weighted vulnerability and generality
represent the weighted average of each of these node-level
metrics across all prey and predators, respectively. The type of
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FIGURE 6 | Weighted node-level vulnerability of prey and generality of predators based on hyperbolic and best-fit functional response models. Vulnerability
represents effective numbers of predator species that kill each prey, weighted by per capita kill rates on that prey. Generality represents effective numbers of prey
species killed by a predator, weighted by the per capita kill rates of that predator. Effective numbers of prey/predators are standardized to yield equivalent numbers of
prey/predators per node. Error bars show uncertainty in vulnerability and generality based on upper and lower limits of 95% confidence intervals for hare density
estimates. Shading indicates phases of the cycle as defined by hare density. Also note varying y-axis scale for each species.

functional response used to estimate interaction strengths also
affected the magnitudes and patterns of both of these network-
level metrics (Figure 7). Hyperbolic functional responses yielded
lower network-level vulnerability estimates for prey that were
on average 0.7-fold that of those based on best-fit relationships.
These differences arise directly from the effects of the type
of functional response used on the node-level vulnerability
estimates of hares and red squirrels (Figure 6). Patterns in
network-level vulnerability across the cycle, based on hyperbolic
functional responses, correlated with trends in hare densities;
those based on best-fit functional responses yielded a similar
pattern but exhibited more variation across years (Figure 7 and
Supplementary Table 4). Network-level generality of predators

based on hyperbolic and best-fit functional responses both
averaged 1.5 effective prey across all years but differed in
terms of interannual variation and in their patterns across
the cycle (Figure 7 and Supplementary Table 4). Trends
in network-level generality based on hyperbolic functional
responses followed trends in hare density, whereas those based
on best-fit relationships exhibited slightly more variation, with
the highest values of generality occurring during transitional
phases (i.e., increase and decline) and lower values during the
peak and low phases.

Network-level weighted connectance reflects the diversity
of kill rates (i.e., how uniformly distributed these are) across
the food web, weighted by the interaction strengths. Both
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FIGURE 7 | Weighted network-level metrics (vulnerability, generality and connectance) based on hyperbolic and best-fit functional response models. At the network
level, vulnerability and generality represent the averages of node-level estimates across all prey and predators, respectively, weighted by per capita kill rates.
Connectance reflects the diversity of kill rates across the network and is similarly weighted by per capita kill rates; higher values indicate a more even distribution of
kill rates across prey and predators in the food web. Error bars show uncertainty in network-level metrics based on upper and lower limits of 95% confidence
intervals for hare density estimates. Shading indicates phases of the cycle as defined by hare density.

magnitudes and patterns of connectance across our food web
were affected by the type of functional response used to estimate
interaction strengths. Hyperbolic functional responses yielded
lower estimates that were 0.7 to 0.9-fold of those estimated using
best-fit relationships, thus yielding a less connected network
across the entire cycle (Figure 7). Patterns in connectance
based on hyperbolic functional responses followed trends in
hare density, with estimates being highest during the peak
phase, lowest during the low phase, and transitioning during
increase and decline phases. Connectance patterns based on
best-fit relationships differed, with estimates being higher during
transitional periods (i.e., increase and decline phases) and lower
during the peak and low phases, hence reflecting that kill rates are
most uniformly distributed across the food web at intermediate

hare densities when transitioning between peak and low phases.
For all network-level metrics (i.e., connectance, vulnerability,
and generality), weighting of metrics by the interaction strengths
increased, but was never solely responsible for differences
observed between hyperbolic and best-fit functional responses
(Supplementary Figure 2).

DISCUSSION

Interaction strengths estimated using best-fit functional response
relationships, rather than exclusively prey-dependent hyperbolic
functional responses, affected estimates of quantitative
descriptors for our simplified Kluane system food web.
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These effects extended to both node- and network-level
descriptors, influencing the absolute values of these estimates
as well as variability and patterns in these metrics over
time. Hyperbolic functional responses overestimated the
importance of red squirrels as a prey source, particularly for
lynx, thus underestimating that of hares. While this led to
lynx appearing more generalized in their feeding patterns, a
hyperbolic functional response resulted in coyotes appearing less
generalized than when using the best-fit functional response.
The effects of hyperbolic functional responses on interaction
strengths were carried up to the network level, such that
vulnerability of prey, generality of predators, and connectivity
across the community tended to correlate directly with hare
density across the cycle. In contrast, best-fit functional response
relationships that have the potential to capture processes such
as prey-switching, surplus killing and caching, and predator
interference, revealed that across the community, vulnerability of
prey is lowest going from the decline phase into the low, and the
generality of predators and connectivity across the community
is highest during transitional phases. To our knowledge, this is
the first study to demonstrate the sensitivity of food web model
predictions to the form of functional response used in a natural
system. Even for a simplified boreal forest food web in the Yukon
that is relatively less complex than many other ecosystems, this
has notable implications for the conclusions we draw about
food webs and communities under study. These impacts thus
demonstrate the importance of the type of functional response
model used and the need to employ appropriate models that
capture relevant ecological processes when modeling food webs.

It is widely recognized that various ecological processes can
yield functional response relationships that vary in their shape
(Holling, 1959; Jeschke et al., 2004; Hossie and Murray, 2010) or
that depend on variables other than the density of the focal prey
(e.g., ratio-dependence—Arditi and Ginzburg, 1989; predator
dependence—Skalski and Gilliam, 2001; Novak and Stouffer,
2021; spatial arrangement of predators and prey —Cosner et al.,
1999; Hossie and Murray, 2016; Fall et al., 2021; alternative
prey—Smout et al., 2010; body size—Kalinkat et al., 2013;
Weterings et al., 2015; temperature and acclimation—Sentis
et al., 2015; Uiterwaal and DeLong, 2020; habitat complexity—
Gorini et al., 2012; Mocq et al., 2021). In fact, the most
recent literature largely regards consumer dependence as being
common (Barbier et al., 2021; Novak and Stouffer, 2021).
Despite this, prey-dependent hyperbolic functional responses
remain the most frequently used (Jeschke et al., 2004; Novak
et al., 2017), often without further assessment of whether they
are the most appropriate model for a given predator-prey
interaction beyond potentially distinguishing between linear,
hyperbolic and sigmoidal types (Okuyama, 2013). For natural
systems, the lack of further consideration of various other
types of functional response models likely stems in part from
the significant challenges associated with characterizing these
relationships in natural environments (Abrams and Ginzburg,
2000). Observing predation events directly or gathering evidence
to estimate kill rates in nature can be both difficult (Petroelje et al.,
2020) and costly, or in some cases simply not possible. Reliable
density estimates may also be unavailable for all predators

and prey. These challenges may apply particularly to rare or
cryptic species (Zimmerman et al., 2007; Doran-Myers et al.,
2021). For organisms that can be manipulated in laboratory
or microcosm settings, functional response relationships are
thus often assessed using controlled experiments in which kill
rates are measured over a range of prey densities (Abrams and
Ginzburg, 2000). However, this approach greatly limits our ability
to capture ecological processes occurring in complex natural
systems comprising numerous trophic levels, where predators
feed on multiple prey types and the rate at which prey are
killed is constrained by numerous factors beyond the density
of that individual prey species (Abrams and Ginzburg, 2000).
Furthermore, these implications are expected to vary depending
on the type of functional response relationships that best
represent predator-prey interactions within a given community.
For example, the largest differences found in our study were
driven primarily by the inverse best-fit relationship between lynx
and their alternate prey, red squirrels.

Our results also highlight the need to consider variation in
community interactions over time and the impact that the type
of functional response can have when examining interactions
over both long and short time periods. Over the course of the
10-year hare cycle, we observed considerable variation in both
node- and network-level quantitative descriptors, especially given
the limited number of nodes and trophic links in our simplified
food web and that both remained consistent in number across
the time series. Importantly, estimating interaction strengths
with prey-dependent hyperbolic functional responses altered
conclusions about how community interactions varied over the
cycle. While the Kluane system is characterized by substantial
variation in the densities of hares and their predators (Hodges
et al., 2001; O’Donoghue et al., 2001; Rohner et al., 2001),
analogous non-cyclic systems also experience annual variation in
environmental conditions, population densities, and community
interactions (Murray, 2000) and these are unlikely to be captured
by functional response relationships modeled over relatively
short time periods. The data used to fit functional response
models are often overdispersed (Trexler et al., 1988; Barraquand
and Gimenez, 2021) and therefore, the amount of data available,
especially at kill rates that are distinct for a particular functional
response type, can further limit our ability to determine the
most appropriate type of response (Marshal and Boutin, 1999).
In an extensive review of published functional response data
sets, Novak and Stouffer (2021) revealed widespread systematic
bias in functional response model comparisons and parameter
estimation due specifically to small sample sizes. Field data
sets with kill rate and density estimates for predators and
prey spanning a decade or more, like in the current study,
are exceedingly rare (but see—Korpimäki and Norrdahl, 1991;
Korpimäki, 1993; Hanski and Korpimäki, 1995; Beardsell et al.,
2021; Costán and Sarasola, 2021; Fall et al., 2021) and thus studies
with increased sample sizes are needed (Novak and Stouffer,
2021). Community interactions can also vary seasonally within
a given year (Humphries et al., 2017; Sato et al., 2021), which
can be difficult to capture (Merrill et al., 2010). Even with
a decade of predator-prey data from the Kluane study, both
Chan et al. (2017) and Rohner et al. (2001) upon which the
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current study is based, were similarly limited to fitting functional
response models to relatively few datapoints and data were
not available during summer months owing to the reliance of
these estimates on snow tracking data. Improving functional
response models for natural systems will therefore require novel
approaches that can be implemented over long time periods
and/or across different seasons to assess both inter- and intra-
annual variability in predator-prey interactions. We may now be
able to obtain replicate estimates from data sets that historically
would have yielded a single data point; for example, in the
Kluane study by using distinct tracking events as the unit of
measure. Similarly, with GPS telemetry and accelerometry, it is
now possible to obtain individualized kill rates that should help
to address issues related to sample size in functional response
estimation (Studd et al., 2021).

For the Kluane system, trends in node and network level
metrics based on best-fit functional responses align with what
is currently known about interactions in this community. We
expect the vulnerability of hares, a keystone species (Boutin et al.,
1995; Krebs, 2011), to be greater than that of red squirrels, the
latter of which is largely considered an alternate prey source
for lynx and coyotes (O’Donoghue et al., 1998b; Chan et al.,
2017) and not consumed by owls (Supplementary Figure 1).
Given how central hares are in this food web, it is also not
surprising that weighted vulnerability at the network level would
largely mirror that of hares (Figures 6, 7). For lynx that are
known to demonstrate prey-switching (O’Donoghue et al. 1998,
2001), we might also expect kills to be more focused on hares
during the peak phase and red squirrels during the low phase
but distributed more evenly between hares and red squirrels
during the increase and decline phases when lynx can transition
from one prey to the other. This was reflected by trends in the
generality of lynx that tended to decrease during the peak and
the low phases and increase during transitional phases when
we used best-fit functional response relationships that could
account for prey switching. Notably, the generality of coyotes was
consistently less than that of lynx based on best-fit relationships,
suggesting that this predator may be more specialized and
rely mainly on hares except when hare densities are especially
low (Supplementary Figure 1), as previously suggested by
O’Donoghue et al. (1998a). Accounting for ecological processes
by using best-fit relationships also yielded higher estimates of
connectance across the entire cycle compared to hyperbolic
functional responses, particularly during transitional phases
when kill rates would be distributed more evenly between hares
and red squirrels, as was similarly reflected by trends in the
generality of predators. Previous studies have demonstrated
the role of the functional response in connectance-stability
relationships (Nunney, 1980; Kondoh, 2003; Rall et al., 2008;
Kawatsu and Kondoh, 2018). Sigmoidal functional responses
(Murdoch, 1969; Nunney, 1980; van Baalen et al., 2001; Rall et al.,
2008), predator interference (Rogers and Hassell, 1974; Ruxton
et al., 1992; Rall et al., 2008), and adaptive foraging strategies
(Kondoh, 2003) have been found to yield positive relationships
between connectance and stability. Kawatsu and Kondoh (2018)
further showed variation in both the functional response and
types of species interactions (i.e., beneficial or harmful) to be

synergistically stabilizing. Consequently, functional responses
and the variation observed in these relationships may also play
an important role in the connectivity of the system, which could
have further implications for stability and how it might vary
across the cycle.

We chose to measure interaction strengths as kill rates
representing the number of prey killed, rather than the biomass
of prey killed, owing to the connections among functional,
demographic and numerical responses. Functional responses
have conventionally focused on kill rates (Holling, 1959) in
part due to the central role that kill rates play in predator-prey
dynamics; kill rates determine rates of change in predator density
as well as the predation rate that influences prey density (Holling,
1959; Rosenzweig and MacArthur, 1963; but see Vucetich et al.,
2011). Converting cumulative kill rates (Figure 4) to cumulative
biomass killed (Figure 5) altered the magnitude of interaction
strengths and the pattern observed over the cycle for lynx.
The way interaction strengths are measured could therefore
affect trends observed in node- and network-level metrics, as
well as how these might differ based on the type of functional
response used. Such effects would occur by altering estimates of
effective numbers of prey and predators and/or the weighting
of vulnerability, generality, and connectance. Note that we were
unable to account for variation in the biomass of prey over
the cycle when converting kill rates to biomass killed. However,
variation in hare biomass is expected to be considerably less
compared to differences owing to prey type and hence any
effect of this would likely be small. When interpreting network
quantitative descriptors, it is important to do so in the context
of how interaction strengths are measured. For this system, we
opted to use kill rates reflecting numbers of individuals, which
are thought to be most relevant to dynamics in this community.
However, biomass would be a more appropriate measure of
interaction strengths when examining the flow of energy across
a food web (Bersier et al., 2002), or when dynamics are linked to
biomass (e.g., aquatic systems—Welch et al., 1992; Walters et al.,
1997; fisheries—Walters and Martell, 2004).

Our findings highlight the importance of employing an
appropriate type of functional response model, encompassing
the relevant ecological processes that occur in complex,
natural systems; not doing so has the potential to affect our
understanding of community interactions and dynamics. New
and emerging research focusing on functional responses continue
to reveal complexities in these relationships and their roles at
broader ecological scales that are not accounted for by traditional
models (e.g., Sentis et al., 2015; Preston et al., 2018; Barbier et al.,
2021; Beardsell et al., 2021). This growing body of literature calls
for an increased need to move toward functional response models
that are mechanistic (Sentis and Boukal, 2018; Beardsell et al.,
2021) and that account for predator dependence (Coblentz and
DeLong, 2021), among other ecological processes that influence
the functional response (e.g., Uiterwaal and DeLong, 2020; Mocq
et al., 2021). Such shifts are consistent with the structure of the
functional response models first offered by Holling (1959) and
that have inspired subsequent decades of predator-prey research.
It is notable that while several recent studies provide guidance
to improve the design and analysis of functional response
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experiments (Zhang et al., 2018; Moffat et al., 2020; Uszko
et al., 2020; Coblentz and DeLong, 2021), novel approaches and
models are still needed to better characterize these relationships
in natural systems and to capture variation in them occurring
across various temporal, spatial, and ecological scales (Novak
et al., 2017; Barbier et al., 2021). Technological advances such
as camera-traps, biotelemetry and biologgers, and genetic and
genomic methods are greatly improving our ability to estimate
densities of various predators and prey (Bravington et al., 2016;
Ruzzante et al., 2019; Green et al., 2020; Ruprecht et al., 2021),
diets (Galan et al., 2018), and kill rates (Merrill et al., 2010;
Hubel et al., 2016; Brockman et al., 2017; Wilmers et al., 2017;
Studd et al., 2021), while collecting ancillary data from natural
systems (Wilmers et al., 2015; Tosa et al., 2021). Such tools
and approaches will be essential to furthering our understanding
of functional responses and their role in community and
ecosystem dynamics.
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