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2 Maximum-likelihood parameter estimation

For both single-resource and multiple-resource datasets in which consumed resources were con-

tinually replaced, we assumed that observed counts of resources consumed were drawn from a

Poisson distribution parameterized by the feeding rate of the functional response. For datasets

in which consumed resources were not replaced, we assumed that observed proportions of re-

sources consumed were drawn from a binomial distribution parameterized by the feeding rate

of the functional response and by the total number of available resources at the start of the

experiment. For non-replacement datasets with a single resource, we generated analytical pre-

dictions for the proportion of resources consumed using the Lambert W function to account

for continuous resource depletion (Okuyama & Ruyle, 2011; Lehtonen, 2016; Rosenbaum &

Rall, 2018). For non-replacement datasets with multiple resources, we determined the propor-

tion of both resources consumed via numerical integration of the coupled differential equations

(Keitt, 2017). For multiple-resource datasets the likelihood was calculated as the sum of the

likelihoods of each of the two resources. This is because the functional response parameters

for each resource influence both feeding rates (except in the limiting cases) and hence require

simultaneous estimation.

3 Parametric bootstrapping of empirical datasets

For each dataset comprised of treatment means and associated uncertainties, we generated

parametrically-bootstrapped datasets as follows. For a treatment level consisting of n repli-

cates with mean number of resources consumed µ and standard error s, we first drew n random

values x from a Gaussian distribution with mean µ and standard deviation σ = s
√
n. To mirror

our inference process and ensure data consistent with the underlying likelihood functions, we

then used these random values to parameterize Poisson or binomial processes depending on

whether the original dataset corresponded to a replacement or non-replacement study design,

respectively. For Katz (1985) where we could not obtain estimates of uncertainty, we used the

available means as raw data.

To maintain biologically sensible predictions, we replaced any random value x < 0 with 0

for both experiment types since this is the lower limit of observable feeding. In non-replacement

5



datasets, we replaced any value of x > N with N since this is the upper limit of observable

feeding. For the multi-resource datasets, we were able to obtain uncertainties of feeding on both

resources but not the covariance between them. We therefore simulated these paired observa-

tions as independent random variables.

4 Limit of one implicit density-dependent process per pre-
dictor density

Consider a single consumer k foraging on individuals from a single resource species i, and

experimental data which provide estimates of feeding rate Fki as a function of varying density

of resource Ni. In this case, our functional response can only be a linear or non-linear function

of a single predictor density: Ni. Rather than a single “handling time” quantified with the

parameter hki as occurs in a Holling Type II model, imagine that we also wish to separate

handling into “capture time” γki and “digestion time” δki (Jeschke et al., 2002). Similar to the

main text, we can define the feeding rates Fki as

Fki (Ni) = akiNi (1− γkiFki − δkiFki) . (S1)

If we rearrange this equation algebraically to solve for Fki, we obtain

Fki (Ni) =
akiNi

1 + aki (γki + δki)Ni

, (S2)

which implies that resource-dependent variation in feeding rates alone is insufficient for us to

distinguish between capture and digestion in the absence of additional, independent information

with which to estimate one or both of the parameters γki and δki.

Now consider a dataset with varying densitiesNk of the consumer k foraging on varied den-

sities Ni of a single resource species i. In this case, our functional response can only be a linear

or non-linear function of two predictor densities: Ni and Pk. Rather than a single interference

process occurring between conspecific consumers, we wish to distinguish between direct antag-

onistic interactions between consumers, which has an associated “antagonism” time ξk (during

which consumers cannot feed), and avoidance of interactions between consumers, which has an

associated “avoidance” time κk (also during which consumers cannot feed). Similar to the main

6



text, we can define the feeding rate Fki, the interference rate Ik, and the avoidance rate Ak as

Ik (Ni, Pk) = αk(Pk − 1) (1− hkiFki − κkAk − ξkIk) (S3)

Ak (Ni, Pk) = ηk(Pk − 1) (1− hkiFki − κkAk − ξkIk) (S4)

Fki (Ni, Pk) = akiNi (1− hkiFki − κkAk − ξkIk) . (S5)

If we rearrange this equation algebraically to solve for Fki, we obtain

Fki (Ni, Pk) =
akiNi

1 + akihkiNi + (αkξk + ηkκk) (Pk − 1)
, (S6)

which implies that resource- and consumer-dependent variation in feeding rates is insufficient

for us to distinguish between antagonism and avoidance in the absence of additional, indepen-

dent information about one or both of Ik and Ak.

Another way to understand this limitation is to consider the statistical identifiability of the

parameters in the functional responses given by Eq. (S2) & (S6). In order for a set of parameters

to be identifiable, the derivatives of the generating function with respect to those parameters

should all be unique (Beck & Arnold, 1977). This does not hold true for either of the examples

above; for example, looking at Eq. (S2)

∂Fki

∂γki
=
∂Fki

∂δki
=

− (akiNi)
2

(1 + aki (γki + δki)Ni)
2 . (S7)

A somewhat counter-intuitive consequence of this is that the limit of one implicit process per

predictor density holds only so long as the order of that density remains the same, where order

reflects the implicit or explicit exponent of the predictor density (e.g., Ni is order 1, (Ni)
2 is

order 2, and so on). Therefore, one cannot separate capture time from digestion time in our

example because both are order (Ni)
1 processes in that they occur per resource consumed. If

one process was order 1 (i.e., depended on (Ni)
1) and the other was order 2 (i.e., depended

on (Ni)
2), both could be inferred simultaneously. Indeed, this is the reason why we can infer

additional parameters that are multiplicative combinations of predictor densities in the models

introduced here and also the reason why it is possible to shift from a linear Holling Type I model

to the non-linear Holling Type II model when we have a single order 1 predictor density Ni.
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5 Multi-resource dependence and prey electivities

In a multi-resource context, it is common to think about variation in feeding rates across re-

sources as being driven by “prey electivities” or “predator preferences” (Ivlev, 1961; Chesson,

1983; 1989; Murdoch, 1969; Oaten & Murdoch, 1975). Given a choice of multiple resources

(prey), the optimal foraging strategy of a given consumer (predator) may vary depending on

resource availability. For example, a high feeding rate on of one type of resource due to that

resource being abundant may lead to the consumer feeding differentialy on another resource to

achieve nutritional balance. In a functional-response context, one way to determine preferences

is based on the ratio of attack rates. From this perspective, our generalized multi-resource Type

II functional response (Eq. 10) is consistent with consumers having fixed preferences because

the attack rates are constant. Analytically, this constancy of attack rates can also be seen by

virtue of the fact that there is no common factor with which any aki is multiplied in both the

numerator and denominator of Eq. (10).

That said, the ratio of attack rates only fully captures realized preferences and realized

differences in relative consumption when handling times are negligible. One can alternatively

quantify preferences and/or switching behaviour based on the proportion of resources consumed

relative to the proportion of resources available (i.e., Fki/Fkj versus Ni/Nj (Murdoch, 1969;

van Leeuwen et al., 2013). For Eq. (10) from the main text, we thereby obtain

Fki

Fkj

=
aki

[
1 +

(
1− φFkiFkj

)
akjhkjNj

]
akj

[
1 +

(
1− φFkjFki

)
akihkiNi

] × Ni

Nj

. (S8)

This perspective allows us to see how non-independent feeding (and the parameters φFkiFkj

and φFkiFkj
) induce apparent switching behaviour because the proportionality constant in front

of Ni

Nj
is only constant when φFkiFkj

= φFkiFkj
= 1. An equivalent inference is obtained

when quantifying preferences by normalizing prey-specific foraging by the total foraging (i.e.,

Fki/(Fki + Fkj)). With the caveat that the multiple-resource datasets in our collection are pri-

marily laboratory-based, this scenario appears to be rare (see Fig. 3 and the estimates of φFkiFkj

and φFkiFkj
).

Conspicuously absent from Eq. (S8) are Ni in the numerator and Nj in the denominator of

the proportionality constant (c.f. van Leeuwen et al., 2013). Such density dependence can be
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obtained by modifying Eqs. (8) & (9) of the main text to make the attack rates explicit functions

of the other resources’ density. Although this phenomenological manipulation of the model

stands in contrast to the way density-dependent handling times “emerge” as shown in the main

text, it nonetheless provides a useful basis of comparison.

For example, we could include linearly-dependent attack rates as

F̃ki (Ni, Nj) = ãkiNi

(
1− hkiF̃ki − φF̃kiF̃kj

hkjF̃kj

)
(S9)

F̃kj (Ni, Nj) = ãkjNj

(
1− φF̃kj F̃ki

hkiF̃ki − hkjF̃kj

)
(S10)

ãki = aki (1 + αkijNj) (S11)

ãkj = akj (1 + αkjiNi) , (S12)

introducing two new parameters, αkij and αkji, that control the effect of the abundance of one

resource on the consumer’s attack rate on the other resource. Since these changes directly

modify the attack rates, they can be carried through upon solving for F̃ki and F̃kj , just as shown

in the main text. The resulting expression for F̃ki is

F̃ki (Ni, Nj) =

ãkiNi

[
1 +

(
1− φF̃kiF̃kj

)
ãkjhkjNj

]
(1 + ãkihkiNi) (1 + ãkjhkjNj)− φF̃kiF̃kj

φF̃kj F̃ki
ãkihkiãkjhkjNiNj

, (S13)

which is equivalent to Eq. (10) but with aki replaced by ãki and akj replaced by ãkj . The

corresponding expression for predator preferences (defined as above) is

F̃ki

F̃kj

=
aki (1 + αkijNj)

[
1 +

(
1− φF̃kiF̃kj

)
akj (1 + αkjiNi)hkjNj

]
akj (1 + αkjiNi)

[
1 +

(
1− φF̃kj F̃ki

)
aki (1 + αkijNj)hkiNi

] × Ni

Nj

. (S14)

Notably, the proportionality constant in this expression includes Ni in the numerator and Nj in

the denominator. These densities are always multiplied by the density of the “other” resource.

This implies that the only way to have these densities appear alone is to introduce them in

our expressions for density-dependent attack rates (Eqs. S11 & S12). (Note that the functional

form of density-dependent preferences achieved phenomenologically and those as captured by

Eq. (S13) are identical when φFkiFkj
= φFkiFkj

= 1.)

As might be expected, including density-dependent attack rates and non-independent feed-

ing (via φFkiFkj
and φFkjFki

) creates many additional higher-order terms in the resulting func-

tional responses. That is, the numerator and denominator of Eq. (S13) could include terms in the

9



numerator and denominator of order 2 that depend on (Ni)
2, (Nj)

2, (Ni)
2 (Nj)

1, (Ni)
1 (Nj)

2,

etc. The only exception is when feeding on each resource is 100% independent of feeding on

the other (i.e., φFkiFkj
= φFkiFkj

= 0), in which case the order of Eq. (S13) is equivalent to that

of Eq. (10). Again with the caveat that the multiple-resource datasets in our empirical collection

are primarily laboratory-based, this scenario also appears to be rare (see Fig. 3 and the estimates

of φFkiFkj
and φFkiFkj

).
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