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Abstract
Prey species make choices about whether to employ costly predator avoidance behaviors throughout their growth and lifecy-
cle. Here, we explore the effects of prey size at a given age (ontogenetic size) and prey growth on optimal behavior using a 
dynamic optimization model. Under the assumption that prey experience greatest predation risk at intermediate or large sizes, 
and that growth is fastest at intermediate or large sizes, we find that prey should generally forage when they are small in size 
and hide when they are larger due to a critical strategy switching size threshold. But this is dependent both on the mortality 
risks and on the rate of growth. Higher background mortality rates or lower predator-induced detection costs of foraging 
reduce the size at which prey switches from foraging to hiding. Rapid initial growth leads to decreased overall survival and 
a wider range of conditions under which the prey hides from the predator. As a test case, the model is parametrized with data 
and applied to understand differing risk-reducing behaviors between cannibal and non-cannibal Leptinotarsa decemlineata, 
Colorado potato beetle, larvae. The model predicts that a wide range of parameter values lead to differing behaviors of can-
nibals and non-cannibals of the same age due to differences in ontogenetic size. We also see that individuals with swifter 
early growth switch to hiding at larger sizes but will often have earlier strategy switching times. This increases survival of 
cannibals to the critical pupation size with the largest increases occurring when the baseline death rate is high. Our findings 
suggest that ecological factors that affect the rate of growth during development, even if final size is not affected, may have 
an important role in prey responses to predators.
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Introduction

Most animals face the challenge of acquiring the neces-
sary nutritional resources to grow and reproduce while also 
avoiding being eaten. When foraging, prey are more likely to 
be detected and killed by predators, leading to a fundamental 
trade-off between foraging and risk of predation (reviewed 
in Lima and Dill 1990; Brown and Kotler 2004; Verdolin 
2006). While feeding reductions constitute an important 
form of predator avoidance across diverse animal species 
(Elvidge et al. 2014; Nelson et al. 2004), reducing energy 

intake comes with substantial fitness costs, especially when 
slowing down the growth of juvenile prey (Stoks et  al. 
2012). Research in the last decades indicates that prey organ-
isms are able to adaptively balance the costs and benefits 
of such trade-offs, by adjusting their responses to preda-
tion risk. Indeed, a vast body of literature has linked shifts 
in prey responses to variation in predator pressure (Ferrari 
and Chivers 2009; Hermann and Thaler 2014; Lima 1998; 
Rudolf 2008; Winnie and Creel 2017) and prey’s nutritional 
state or body condition (Pettersson and Brönmark 1993; 
Lima 1998; Barnett et al. 2007; Houston 2010; Heithaus 
et al. 2007). Few studies, however, have considered how 
prey optimal responses may shift as the growth rate changes 
over ontogeny (but see  Moschilla 2018), even though the 
costs and benefits in the foraging-predation risk trade-off 
are likely to change with prey size and developmental stage 
or age.

With growth, the risk of being consumed by a predator 
often decreases due to gape limitations of potential predators 
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or reduced ability to handle larger prey successfully (Nowlin 
et al. 2006; Urban 2007). At the same time, the risk of being 
found by a predator may increase with ontogenic growth, 
e.g., if larger prey are more easily detected by visual preda-
tors (Mänd et al. 2007; Karpestam et al. 2014). Thus, prey 
responses to predators (to forage or hide) may change as prey 
grow and passes through windows of increased vulnerabil-
ity to predators. Importantly, costs associated with feeding 
reductions, in terms of decreasing prey growth, may also 
vary with ontogeny. This is especially important given the 
fact that most organisms follow s-shaped rather than expo-
nential growth trajectories (West et al. 2001; Kerkhoff 2012). 
Here, a juvenile’s growth-reducing predator avoidance 
through reduced foraging would carry greater costs when 
foraging is associated with greater mass gains and greater 
benefits when their ontogenetic size puts them at high risk 
of predation from the focal predator. Empirical and theo-
retical studies in invertebrates have traditionally assumed 
that juvenile prey grow exponentially (Abrams et al. 1996; 
Davidowitz et al. 2003; Berger et al. 2006), which may in 
part be because these simplified models are easier to ana-
lyze mathematically. However, recent studies have indicated 
that growth trajectories of invertebrates are not well-fit by 
these simplified growth models (Tammaru and Esperk 2007; 
Maino and Kearney 2015; Lee et al. 2020). Thus, a critical 
challenge in studying prey decision making during ontogenic 
growth is to accurately capture the pattern of the growth 
trajectory (e.g., linear, exponential, or s-shaped).

Here, we study prey decision making over ontogenic 
growth by developing a differential equation model that 
explicitly incorporates size-dependent predation risk and 
size-specific growth rates. This model allows us to determine 
the best decision for the prey (forage or hide) depending on  
the specific conditions and timing of predation. The model 
assumes that larger prey are equally or more likely to be 
detected by the predator but are less likely to be success-
fully killed once detected; this leads to mortality risk which 
either increases with size or reaches a peak mortality at an 
intermediate size. Whether foraging under high predation 
risk is better than hiding depends on the intensity of the 
risk, the mortality risk while hiding, and the growth benefits 
of foraging. We will characterize the growth trajectories  
of juvenile prey using the von Bertalanffy Growth Func-
tion (VBGF), which allows great flexibility to capture vari-
ation in growth by incorporating size dependence in the 
terms describing assimilation (acquiring food to gain mass) 
and catabolism (breaking down stored molecules to make 
energy) (von Bertalanffy 1951).

To examine how prey decision making under predation 
risk changes during ontogenic growth, we first develop a 
general model, which broadly applies to prey with a com-
plex life cycle where juveniles can reduce predation risk by 
reducing growth and escape predation when they reach a 

critical mass and transition to the adult stage. We explore 
the parameter space for the model to understand how dif-
ferent prey attributes related to growth, predator foraging 
constraints, and environmental mortality pressures affect the 
optimal foraging strategy for the prey. The model is applied 
to a well-studied predator-prey system, that of Leptinotarsa 
decemlineata larvae prey and the predatory Podisus macu-
liventris stink bug. This provides an opportunity to test the 
model and to understand a anti-predator behavior within this 
system which could help control the pest population. Specifi-
cally, we use the model to explain whether experimental dif-
ferences in foraging responses of cannibal and non-cannibal 
larvae might be predicted based on differences in ontogenic 
size between paired larvae.

Methods

To examine prey optimal responses to predation risk over 
ontogeny, we developed a system of differential equations to 
mathematically describe the growth and survival probability 
of a single prey. Although it is biologically an oversimpli-
fication, for computational tractability we assume that the 
prey is exposed to the focal predator once during growth. 
When experiencing predation risk, a prey individual will  
make the decision to either continue to forage or stop  
foraging. Prey escape predation when the predator leaves 
or they reaches a critical mass. Figure 1 shows a diagram of 
the key parts of this model. The probability a prey survives 
to a critical mass is used as a measure of the fitness of the 
individual. This is appropriate for species, like many insects 
and amphibians, that reach maturity at roughly a set size 
and have similar reproductive productivity as long as they 
reach maturity. We consider a range of predator visit start 
times and determine whether foraging or hiding during the 
predator visit leads to a larger probability the prey survives 
to the critical size. Using model simulations and a sensitivity 
analysis, we explore how the function for prey growth (tim-
ing and rate of growth) and environmental condition affect 
the optimal prey behavior in the presence of a predator. For 
the model, we assume that larger prey are easier to find and 
stopping foraging activity reduces the probability that the 
prey is found. The model is then fit to data and parametrized 
for L. decemlineata.

In the following sections we explain the modeling frame-
work, sensitivity analysis, and the experimental test of the 
model predictions. Table 1 gives a summary description for 
each parameter, the range for that parameter that was used in 
the model sensitivity analysis, and the parameter values used 
to model of the Colorado potato beetle. All modeling and 
statistical analyses were performed in R (R Core Computing 
Team 2017) and all R codes are available on github (https://​
github.​com/​kmont​ovan/​Monto​van-​et-​al-​2022.​git).

https://github.com/kmontovan/Montovan-et-al-2022.git
https://github.com/kmontovan/Montovan-et-al-2022.git
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Model formulation

We formulate a model representing the growth and survival 
of a single prey and use it to find the optimal foraging func-
tion, u(t), which describes when the prey should be foraging 
to maximize the probability of survival to pupation (which 
occurs at a set mass M). Mathematically, this is formulated as 
the following optimization problem.

where T satisfies x1(T) = M and

max(u,T)x2(T)

Here, x1(t) is the mass of the prey at time t and x2(t) is the 
probability the prey survives to time t. G(u, x1) is the growth 
rate of the prey, F(u, x1, x2) is the additional rate of mortality 
from the focal predator, and d is the background mortality 
rate (independent of the predator of interest). Growth hap-
pens when the prey is foraging ( u(t) = 1 ) and stops when 
the prey stops eating to hide ( u(t) = 0 ). This is reasonable 
for many species. Because feeding is dangerous (Bernays 
1997) and reducing feeding is not always an option, organ-
isms often stop feeding (and growing) when a predator is pre-
sent (Lima and Dill 1990; Losey and Denno 1998; Verdolin 
2006). When there is no predator present the best action is 
for the prey to forage, so we will set u = 1 when the predator 
is not nearby and determine the best strategy (forage or hide) 
only for the window of time when the predator is present. The 
initial conditions are assumed to be x1(0) = m0 and x2(0) = 1.

Prey growth

We use a slightly modified von Bertalanffy Growth Function 
(VBGF) with no growth when the prey is hiding ( u(t) = 0).

where the H is the coefficient for assimilation of energy/
mass, K is the coefficient for catabolism of existing energy 
reserves, and A and B control the type of size dependence 
for the assimilation and catabolism terms, respectively. 
When exploring the effects of the growth curve shape on 
prey behavior, we will consider the VBGF with B = 1 which 
makes the equation for x1(t) solvable, and calculate H to 
ensure that the size of maturity (M) happens for continuously 
foraging prey at time T. This gives

We include the parameters controlling the shape of the 
growth curve in the sensitivity analysis and also consider 
three specific growth curves representing different charac-
teristic growth patterns in more depth. They are a) saturating 
with the growth rate decreasing with size, b) s-shaped with 
swiftest growth at intermediate sizes, and c) exponential 
with growth rate increasing with mass. The growth functions 
we chose (shown in Fig. 5) for these allow us to explore the 
extremes and middle behavior of our model.

As part of the case study on the Colorado potato beetle, we 
fit three potential VBGF sub-models to data: 1) K = 0 (B not 

x
�
1
(t) = G(u(t), x1(t))

x
�
2
(t) =

{

−dx2(t) if no predators are present

−dx2(t) − F(u(t), x1(t), x2(t))x2(t) if predator is present

(1)x�
1
(t) =u(t)(Hx1(t)

A − Kx1(t)
B)

(2)H =
K(M1−A − m1−A

0
e(A−1)KT )

1 − e(A−1)KT

Fig. 1   Model diagram capturing key components of the growth, mor-
tality, and interactions between the predator and prey
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fit), 2) B = 1 , 3) H, K, A, and B all unconstrained. The built-in 
optim function in R (R Core Computing Team 2017) is used 
to find the parameters A, B, H, K, and m0 (whichever are not 
constrained) that minimize the log likelihood function. A full 
explanation of the methods used are in Appendix A.2. AIC 
weights were then computed to determine the relative support 
for each model (Wagenmakers and Farrell 2004).

Predator‑related mortality

This model considers a focal predator that is detectable by the 
prey. This predator brings additional mortality costs on top of 
the background death rate. The prey can choose to mitigate this 
risk by stopping foraging and growth. The additional mortality 
from this predator is computed by multiplying the rate prey are 
detected by the predator ( g(u, x1) by the fraction of detected 
prey that are successfully consumed once found ( f (x1)).

We assume that detection probability increases with prey 
size, independent of whether the prey is foraging. The sim-
plest model for this would be that the detection rate ( g(u, x1) ) 
increases linearly with the mass of the prey ( x1 ) with foraging 
activity increasing the per milligram detection rate. Although 
it is possible that this functional response is nonlinear, in the 
absence of more empirical support we make the assumption 
that the response is linear.

where b is the baseline detection rate (per mg of prey mass) 
for non-foraging prey and m is the relative increase in the 
detection rate (per mg) for foraging prey.

(3)F(u, x1, x2) = g(u, x1)f (x1)

(4)g(u, x1) = x1(mu + b)

The fraction of detected prey that are successfully con-
sumed, f, may or may not be a function of the size of the 
prey; predators are frequently but not always more likely to 
successfully kill small prey and larger prey are often likely 
to be able to escape or injure the predator. To represent these 
assumptions, we use a linear function for f (x1) and explore 
the effects of � in the sensitivity analysis.

where p and � ⋅ p are the probabilities of being killed by the 
predator if the prey is small (mass 0) and large (mass ≈ M ), 
respectively, with � ∈ (0, 1) . The model would also work for 
1 < 𝛼 < 1∕p but would correspond to larger prey being more 
likely to be killed than smaller prey.

Combining these pieces to predict the overall mortality 
risk from the predator ( F(u, x1, x2) ), we see that if 
0 < 𝛼 < 1∕2 , this mortality risk will reach a peak when the 
prey has mass x1 =

M

2(1−�)
 , and if � ≥ 1∕2 , the predator-

related mortality risk will increase with prey size for all of 
the prey’s growth.

Sensitivity analysis

We perform a sensitivity analysis to understand how prey 
attributes related to growth, predator foraging constraints, 
and environmental mortality pressures change the optimal 
foraging strategy for the prey. 1000 randomized parameter 
sets were generated using Latin Hypercube sampling to 
efficiently sample the large parameter space for our model 
(McKay 1992). Parameter values were chosen at equally 
spaced increments in the parameter ranges listed in Table 1 

(5)f (x1) = p
(

1 −
1 − �

M
x1

)

Table 1   Parameters, descriptions, estimates used for the case study, 
and ranges used for the general sensitivity analysis. ∗ denotes estima-
tions based on empirical data and is described in Appendix A, other 

parameters were estimated given what we know about the species. H 
was computed to make it so a continuously foraging prey would reach 
size M at time T 

Description of parameter Value or range for 
sensitivity analysis

Estimate for Case Study

A Exponent for positive assimilation term for growth curve (.6, .99) 1.28∗

B Exponent for negative catabolism term for growth curve 1 1.45∗

H Growth coefficient for assimilation term Computed 0.96∗

K Growth coefficient for catabolism term (1, 2.5) 0.41∗

b Non-foraging larval detection rate (0.001, 0.1) 0.003mg−1day−1

m Additional detection rate when the larvae is foraging. (0.001, 0.06) 0.003mg−1day−1

p The probability that a detected larvae is successfully killed if the larvae is very small. (0.4, 0.98) .9
� The relative fraction of the largest larvae consumed (compared to the smallest). (0.1, 0.9) 0.5
d The background proportional death rate of prey (not from focal predator). (0.015, 0.4) 0.05 ∗

m
0

The mass of the prey at time t = 0 0.634 0.634 mg∗

M The size of the larvae at pupation. 157 157 mg∗

T The time of the larvae reach size M and pupate. 15 15 days∗
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and rescaled so that each is a percentage of the entire range 
with 0 for the smallest and 1 for the largest value included 
in the sensitivity analysis. For each of these, 144 visit start 
times (larval age: 1 hour old to 12 days old) were considered 
with a set predator visit length of 3 hours and the optimal 
behavior our model predicted (forage or hide) was recorded. 
We looked at two metrics in our sensitivity analysis: the age 
of the larvae when they first switch from foraging to hiding 
and the size at which this switch occurs.

Linear regression was then applied to the scaled data with 
the metric of interest (age or size at strategy switch) as the 
dependent variable (with a fit intercept for the model). The 
coefficients for each parameter (or elasticities) are then inter-
preted. For example, an elasticity value of 0.1 means that 
increasing the parameter from the bottom to the top of its 
range would increase the metric by 0.1 on average. A nega-
tive elasticity value means that the metric would on average 
decrease by that amount.

Case study: Model applied to Leptinotarsa 
decemlineata

The Colorado potato beetle (L. decemlineata) is a major 
pest for potato crops around the world and is resistant to 
most insecticides (Hare 1990). As farmers are looking for 
effective (and often multifaceted) approaches to managing 
potato beetle populations, it is helpful to understand the risk-
avoidance behaviors the Colorado potato beetle employs in 
response to natural predators. Both adults and larvae feed on 
plants and respond to the presence of predators by reducing 
feeding and adults also reduce oviposition. However, larvae 
exhibit intraspecific variation in prey responses to preda-
tion risk that may be linked to variation in ontogenic size. 
Specifically, L. decemlineata larvae often cannibalize sibling 
eggs (Collie et al. 2013; Tigreros et al. 2017; Tigreros et al. 
2018; Tigreros et al. 2019). Cannibals grow faster and show 
stronger foraging responses to the risk of predation than non-
cannibal siblings (Collie et al. 2013; Tigreros et al. 2017; 
Tigreros et al. 2018). These differences could be due to 
cannabilism-related state-differences (nutrition, larger size 
at younger size, etc.) but could also be due to size differences 
of the age-matched larvae in the study. We use this modeling 
approach to explain whether the observed differences in for-
aging responses of cannibals and non-cannibals to predation 
might be predicted based on differences in ontogenic size 
between paired larvae.

The model can be applied to this system because the 
assumptions of the model are consistent with the growth 
and predation risks of Colorado potato beetle larvae. The 
Colorado potato beetle accurately detects the predator 
stinkbug Podisus maculiventris and reduces the risk of 

predation by not foraging in the presence of predators 
(Hermann and Thaler 2014). High predation risk can also 
lead to maternally induced sibling egg cannibalism with 
4-day-old cannibal off-spring reducing growth and forag-
ing when exposed to a predator while non-cannibal larvae 
of the same age do not change their behavior (Tigreros 
et al. 2017). Cannibal larvae grow more quickly through 
the first instar than non-cannibal larvae (with cannibals 
spending roughly one day less in the first instar); the 
size at the start of each instar and growth in the second 
instar and beyond are roughly equivalent for cannibal and 
non-cannibal larvae, with cannibals remaining roughly a 
day ahead throughout larval growth (Collie et al. 2013). 
When L. decemlineata is large enough, it pupates and is no 
longer susceptible to predation by P. maculiventris.

Experimental methods

All data used for parametrization and experimental valida-
tion were collected using laboratory colonies of L. decem-
lineata, which was established using individuals from a 
population in Ithaca, NY (see Tigreros et al. 2017; Tigreros  
et al. 2018) and maintain with potato plants, Solanum 
tuberosum. Predatory stink bugs were also maintained in 
a laboratory colony with potato plants and mealworms as 
prey. All experiments were conducted in an environmen-
tal chamber with photoperiod (18-L : 6-D) and tempera-
tures ( 23 ∶ 21 ◦C ). For all datasets involving larval mass, 
weights for larvae are to the nearest 0.1�g (Mettler AT261 
balance; Mettler Toledo, Columbus, OH, USA).

Parameter fitting is described in detail in Appendix 
A and summarized in Table 1.

Experimental validation for L. decemlineata

We tested experimentally whether cannibalism effected 
the chances of larval survival to predation after control-
ing for larval size by exposing cannibal and non-cannibal  
larvae of similar body size to a lethal predator. Egg can-
nibalism was manipulated as in Tigreros et  al. (2017, 
2018), by allowing newly hatching larvae to consume a 
conspecific egg. Cannibals and non-cannibals were kept 
individually on a potato leaflet until the predation experi-
ment. Cannibal larvae at different times of development 
were matched with control larvae of similar size. Larvae 
were weighed and each pair of cannibal and non-cannibal 
was kept with a lethal predation treatment, as in Tigreros 
et al. (2017) and the first larvae killed by the predator was  
recorded.
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Results

How does prey optimal response change 
over ontogenic growth?

Over a wide range of parameter space, the general model 
predicts four qualitatively different optimal responses to a 
predation risk (see Fig. 2). For two of the possible optimal 
responses (optimal strategy 1 and 3), prey responses to pre-
dation risk were independent of ontogenic growth (size-age 
of the juvenile exposure to predation). For optimal strategy 
number 2, prey decision making did change as a function of 

ontogenic growth: when experiencing the risk of predation, 
smaller/younger prey generally do not change their behavior 
(continue foraging), while larger/older prey hide. For this  
strategy there is a size/age threshold that we will call the  
optimal strategy switching size (marked by a black star in Fig. 2)  
which defines the prey’s optimal strategy. If the predator  
visits when the prey is smaller than this size, the prey will 
continue to forage; if the predator visits when the prey is  
larger than this size, the prey will hide. A fourth optimal  
strategy arises more rarely (for roughly 3% of the parameter 
sets in our sensitivity analysis). In these cases, it is best for 
the prey to forage when small or large, but hide at a range of 
intermediate sizes/ages when the predation risks are highest. 
Figure 3a shows an example of the survival to maturity for  
hiding (gray) and for foraging (black) over the range of  
possible predator start times for one parameter set.

How does prey optimal response change 
with growth rate?

Prey are balancing a trade-off between the benefits of growth 
and the mortality costs of predation. When growth is dras-
tically decreased or increased this can change the optimal 
behavior of the prey in the presence of the predator. Slow-
ing growth reduces the benefits and can cause prey to hide, 
while increasing growth rate can lead prey to forage. One 
way to look at this is by considering a non-realistic growth 
curve with a very slow rate of growth and short bursts of 
rapid growth (Fig. 3b). For the parameters chosen in this 
example, the prey should forage during growth pulses and 
hide if the predator visits when growth is slow. Here, the 
size of the prey is very similar where the prey shifts between 
strategies and the main difference is the growth rate.

Fig. 2   Diagram showing the four qualitatively different optimal for-
aging strategies we observed for the model. For strategy two, there 
is a threshold during ontogenic growth marked by a star in the dia-
gram. If the predator visits when the prey is smaller than that size, 
the prey should forage while the predator is there, otherwise it should 
hide until the predator leaves. We call this threshold size the optimal 
strategy switching size. Strategy 4 is rare for the parameter ranges we 
considered and has two distinct sizes at which the strategy switches

Fig. 3   a For optimal strategy 4, the survival probability to the critical 
size for foraging when the predator is present (black) is less than hid-
ing (gray) for a range of time/sizes at which the predator-related mor-
tality risks are highest. b A non-realistic growth curve can be created 
which shows how the prey strategy depends on the growth rate (for 

this example x�
1
(t) = 0.1 + 100 ∗ (sin(t))50 ). During periods of slow 

growth, the prey’s best choice is to hide (gray dots), while in pulses 
of rapid growth (shaded in gray), the prey should continue to forage 
(black dots)



183Theoretical Ecology (2022) 15:177–189	

1 3

What parameters most affect the optimal strategy shifting 
size?

We performed a global sensitivity analysis to assess the rela-
tive impact of the parameters related to prey growth, detec-
tion by the predator and death (both background and size-
dependent predation) on the dependence of the best prey 
strategy based on the timing of contact with the predator. We 
considered only the parameter sets where the optimal strat-
egy had at least one switch from foraging to hiding (strate-
gies number 2 or 4) and explored the impact each param-
eter had on the optimal strategy switching size. For optimal 
strategy 4 which has multiple switching sizes, we considered 
only the first switch from foraging to hiding. Figure 4 shows 
the elasticities for several key parameters for the model. 
Results from the sensitivity analysis show that for strategies 
2 and 4, the threshold size where the strategy switches from 
foraging to hiding is the most sensitive to changes in two 
parameter related to prey death: the background death rate 
(d) and the detection cost of foraging (m). Increasing the 
background mortality rate increases the average size of the 
strategy switch and increasing the detection cost for foraging 
decreases the average size of the switch.

How is the dependency of the trade‑off on “ontogenic‑size” 
altered by the shape of the growth curve?  To answer this 
question, we chose three growth curves (Fig. 5) representing 
different characteristic growth patterns (a) saturating with 
the swiftest growth when small, b) s-shaped with swiftest 

growth at intermediate sizes, and c) exponential with growth 
rate increasing with mass. For each of these three growth 
curves, we found the optimal foraging strategy for the prey 
over plausible ranges of m and d since the sensitivity analy-
sis indicated that these two parameters had strong effects 
on the switching size. The rest of the parameters were held 
constant near the middle of the ranges considered in the 
sensitivity analysis.

Figure 6 shows the regions in which the qualitatively dif-
ferent strategies occur for each of the growth curves. The 
s-shaped growth curve (b) represents a sort of middle ground 
(Fig. 6b). For most of the considered combinations of m 
and d the prey has a strategy switching size (gray regions). 
When the prey is small, the mortality costs of foraging are 
small compared to the benefits of growth. As the prey gets 
larger, the costs become larger and the benefits decrease to 
the point where it becomes better for the prey to stop forag-
ing when the predator is present to reduce overall mortality 
costs. When the prey experiences rapid initial growth that 
slows as the prey gets larger (growth curve a), the higher 
growth benefits when it is small, but as it grows, the growth 
rate decreases. The predicted optimal strategies are shown in 
Fig. 6a. There is a large region where it is best for the prey 
to hide regardless of how big it is when the predator visits 
(white region 1). For growth that is closer to exponential 
(growth curve c), the prey is small for much of the suscepti-
ble period (lower predation risk) and when it does start to get 
larger (and predation risk increases) it grows quickly which 
increases the benefits of foraging when larger to grow to the 
critical size. We see a large region of m, d parameter space 

Fig. 4   Sensitivity analysis of the first strategy switching size for 
parameter sets with at least one switch in strategy. The elasticity is 
the proportional change in the size when the strategy shifts from hid-
ing to foraging relative to the change in each parameter value (shown 
as the height of the box and length of the bar above the parameter). A 
positive elasticity indicates that increases in that parameter lead to, on 
average, prey continuing to forage in the presence of predators until 
they weigh more. Parameters d, m, b, p, and � are related to mortality 
risks and A and K control the shape of the growth curve. See Table 1 
for explanations of the parameters and the ranges used for this sensi-
tivity analysis

Fig. 5   Three examples of growth curves which capture extremes. 
a  is a saturating growth curve with growth slowing as the prey gets 
larger ( A = 0.1,K = 0.5,H = 47.4,B = 1 ). b  is s-shaped with slow 
growth when the prey is small and large and faster at intermedi-
ate sizes/ages ( A = 1.08,K = 0.03,H = 0.69,B = 1.7 ). c  is close to 
exponential with growth rate increasing with size throughout growth 
( A = 1.2,K = 0.001,H = 0.24,B = 1)
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(Fig. 6c) where it is best for the prey to forage regardless 
of its current size (black region 3). The region with larger 
switch sizes (bigger than 50 mg) also gets so small that it 
wasn’t present for any of the considered combinations of m 
and d. For the smallest value of d tested, there are also points 
where as m increases, the best strategy shifts to strategy 1, 
but also shifts back to strategy 2 a couple of times. There 
is no stochasticity in the model, so we believe that this is 
because the survival probability is very similar between both 
strategies and small errors in the numerical integration are 
be shifting it one way or the other.

Applying the theory: How does the foraging‑risk 
trade‑off change with ontogeny and growth curve 
shape for the Colorado potato beetle?

What is the right growth curve for the Colorado potato bee‑
tle?  We fit the VBGF growth function with 1) no catabo-
lism term ( K = 0 ), 2) catabolism with exponent set to B = 1 , 
and 3) no constraints on any of the parameters to size data 
for non-cannibal L. decemlineata grown in the laboratory 
(Fig. 7a). Model 3 (black solid line) is the only model that 
fits growth well throughout larval development because 
it is the only model that can be parametrized for swifter 
intermediate growth and slower initial and final growth. 
The best fit parameters for each of these three models, nega-
tive log-likelihood measurements, computed AIC for each 
model, and the relative likelihood of each model are shown 
in Table 2. The relative likelihoods based on the AIC values 

show overwhelming support for growth model 3 for the  
Colorado potato beetle.

How does cannibalism change the growth curve?  Collie, et al. 
found that cannibal larvae grow more quickly at the beginning 
(both in terms of size and stage of development) but after the 
first instar, growth roughly matched that of their non-cannibal 
siblings of the same stage of development (Collie et al. 2013). 
Based on this result, we adjusted the non-cannibal growth 
curve for cannibal larvae by fitting a parameter which accel-
erates growth in the first 2.5 days to laboratory data on the 
growth of cannibal L. decemlineata larvae. Other parameters 
related to the overall shape of the curve were kept the same as 
for non-cannibals. The best fitting model had cannibals grow-
ing 1.19 times faster than non-cannibals during the first 2.5 
days. Figure 7b shows the cannibal (black) and non-cannibal 
(gray dashed) growth curves together with the size data for 
cannibal larvae (points). This leads cannibals to get about 
1/2 a day ahead of non-cannibals if both forage continuously 
throughout development.

Fitting all of the shape parameters ( A,K,B,H,m0 ) to the 
cannibalism data is another way to fit this curve but yields a 
similar negative log-likelihood (nLL) and involves fitting 5 
parameters instead of 1. Comparing the Akaike information 
criterion (AIC) values leads to a relative likelihood of 99% for 
the model where non-cannibal growth is adjusted by speed-
ing up growth in the first 2.5 days (nLL = 1037.5, 1 param-
eter, AIC = 2077, relative likelihood=0.994) compared to the 
more general model with more variables fit (nLL = 1038.7, 5 
parameters, AIC = 2087, relative likelihood = 0.006).

Fig. 6   For the three example growth curves shown in Fig. 6 a saturat-
ing, b s-shaped, and c exponential, the optimal strategy and strategy 
switching size were determined over a range of detection costs for for-
aging (m) and baseline background death rates (d). All other param-
eters are held constant ( b = 0.0025, p = 0.9, � = 0.5,m

0
= 0.634 

and H calculated so that a continuously foraging prey reaches size 
M = 157mg at time T = 15 ). The predator is assumed to visit for 3 

hours. We see three distinct optimal strategies which are labeled to 
match those described in Fig. 2. In regions 1 (white) and 3 (black) the 
prey should hide and forage, respectively, when the predator visits. In 
the two grey regions there is a threshold size where the optimal strat-
egy shifts from foraging to hiding. In region 2a (light gray) the strat-
egy switching size is less than 50 mg, and in region 2b (dark gray) the 
strategy switching size is greater than 50 mg
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Model predictions for the foraging‑risk trade‑off 
for the Colorado potato beetle cannibal and non‑cannibal 
larvae.

We ran the model once for the cannibal growth curve and 
once for the non-cannibal growth curve for a range of combi-
nations of background death-rates (d) and detection costs of 
foraging (m). Cannibals switched strategies from foraging to 
hiding at larger sizes, with the largest differences in switch-
ing size occurring when m was small (Fig. 8a). The canni-
bals also grew more quickly to the critical mass because 
of their swifter early growth. Overall, the model predicted 
that cannibals would have up to a 25% increase in survival 
probability over non-cannibals with the largest differences 
occurring when d was large.

Experimental validation of the model  Tigreros et al. (2017) 
observed that when cannibal and non-cannibal Colorado 
potato beetle larvae were exposed to predators at the same 
chronological age of 4 days old, non-cannibals continued to  

forage and grow while cannibals reduced growth and  
foraging. We performed a follow-up study to test whether 
cannibal and non-cannibal larvae would experience the same 
predation risk when exposed to the predator at the same 
ontogenic size. Similarly sized L. decemlineata larvae pairs 
(one cannibal and one non-cannibal) were exposing to a non-
modified P. maculiventris (predator) stink bug and which 
was killed first was recorded. In 29 of the 56 (51.8%) trials 
the cannibal was eaten first; cannibals and non-cannibals 
were equally susceptible to predation ( �2 = 0.07 , p = 0.79 ). 
The behavior was not recorded but if they exhibited differ-
ent behaviors they did not result in different survival rates.

Discussion

Several previous models have shown that choices about 
whether to employ growth-slowing behaviors to reduce pre-
dation risk should be expected to shift with prey size under a 
variety of conditions (Ludwig and Rowe 1990; Werner and 

Fig. 7   a  Three von Bertalanffy Growth Function sub-models fit to 
growth data for non-cannibal Colorado potato beetle (dots, jittered 
and semi-transparent so density is more visible). Model 1 (dashed 
line) has no catabolism term ( K = 0 ). Model 2 (dotted line) has the 
catabolism term with exponent set to B = 1 . Model 3 (black solid 
line) has all parameters fit to the data. Table  2 contains the best-fit 
parameters for each of these lines, measurement of the fit of the line 
and AIC model comparison for the four models. b  The best fitting 

growth curve for non-cannibals (gray dashed line here and model 3 
in part a is adjusted to fit cannibal growth data (dots) by speeding up 
growth in the first 2.5 days (black line). The best fit model for the 
cannibals with all growth curve parameters held the same as for non-
cannibals has cannibals growing 1.19 times faster for the first 2.5 
days. Relaxing these assumptions and fitting all growth parameters 
did not lead to a better fitting curve for non-cannibals

Table 2   Best fit parameters for the growth model for the data we have on Colorado potato beetle Larval growth. Greyed out parameters were 
predefined and not fit to the data

Model A B H K m
0

nLL AIC Relative Likelihood

1 0.41 NA 2.29 0 5.5 ⋅ 10−17 1657 3320 <<0.001
2 0.96 1 10.7 8.69 8.8 ⋅ 10−7 1526 3060 <<0.001
3 1.28 1.45 0.96 0.41 0.67 1510 3030 ∼1
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Gilliam 1984; Rowe and Ludwig 1991) but little is known 
about how the timing of rapid growth affects size-dependent 
behavioral changes in prey. Foraging often increases prey 
exposure to potential predators, but also helps prey grow 
more quickly to (potentially) escape predation. Prey are con-
tinuously balancing the benefits of foraging and growth with 
the associated predation risks. Swifter instantaneous growth 
brings increased growth benefits for foraging so the timing 
and size dependence of the prey growth rate is important to 
consider when looking at the optimal prey foraging strat-
egy. We investigate this using a well-established model for 
growth.

The von Bertalanffy Growth Function (VBGF) is a mech-
anistic model for growth that has been used for many differ-
ent species. It is sometimes assumed (especially for insects), 
that the negative catabolism (energy-use) term can be omit-
ted (Von Bertalanffy 1957; Maino and Kearney 2015). When 
this term is included, the exponent controlling size depend-
ence is usually assumed to be equal to one and the focus is 
on determining the right exponent for the positive energy 
assimilation term (For example: Lee et al. 2020; Renner-
Martin et al. 2018; West et al. 2001). These assumptions 
limit how much growth can slow down as the individual  
gets larger. Within our case study, our results show that the von 
Bertalanffy Growth Function with either of these commonly 
used simplifying assumptions does not fit the growth of Col-
orado potato beetle larvae well and the more general VBGF  

model is needed to capture the growth (according to the AIC 
which accounts for the increased number of parameters). 
This points to a need for modelers to investigate more fully 
the effects of allowing for a wider variety of growth curve  
shapes on behavior and model outcomes.

While there is ample evidence that both predation risk 
and growth rates change as a function of prey size, there 
is little understanding of how these shape prey decision 
making - to forage or to hide - across ontogenic growth. 
Our results showed that prey individuals would generally 
be expected to take risks early in growth but shift to hid-
ing when larger. However, this is dependent on the speed 
of growth. During periods of swifter growth, the trade-off 
shifts more toward foraging while slower growth decreases 
the benefits of foraging. Additionally, our findings indicate 
that the optimal strategy switching size is most sensitive to 
changes in the background death rate (positively correlated) 
and the detection risk of foraging (negatively correlated). 
Higher background mortality leads to switching from forag-
ing to hiding at larger sizes while being more likely to be 
detected by the predator, while foraging leads to switching 
to hiding at smaller sizes. In general, experimental valida-
tion from the Colorado potato beetle aligned with our model 
predictions giving additional support for the model.

As is the case in all modeling studies, we made several 
simplifying assumptions relevant to our investigation as well 
as to allow for tractability of the results. To the latter point, 

Fig. 8   Cannibalism in Colorado potato beetles changes the growth 
curve by increasing early growth. These changes affect the optimal 
strategy for the larvae with cannibals switching at smaller sizes than 
non-cannibals (a) with the largest differences happening in the dark-
est gray regions. Cannibals also have a higher chance of survival to 
the critical size than non-cannibals (b). Larger baseline death rates 

lead to larger survival benefits. Compared to non-cannibals, cannibals 
have at least 25% higher survival in the darkest gray region of (b). For 
these results, the model was parametrized for Colorado potato beetle 
(parameters in Table 1 and growth model 3 in Table 2) for cannibals 
and non-cannibals



187Theoretical Ecology (2022) 15:177–189	

1 3

we focused our parameter exploration primarily on param-
eters directly related to growth and mortality and held con-
stant parameters related to overall size and time to maturity. 
This was necessary so that the model results could be com-
pared across parameter sets. Although we did not exhaus-
tively explore all parameters (for example, initial and final 
prey size), we focused on those that are most directly related 
to the foraging-predation trade-off and we therefore antici-
pate that our qualitative findings would not be impacted. Our 
analyses provide a baseline assessment of the prey decision 
making under this foraging-predation trade-off, and future 
studies may seek to investigate more nuanced aspects of the 
dynamics. We also assumed that predators were searching in 
the near vicinity of the prey only once during prey develop-
ment, and prey choose either to hide or forage for the entire 
time the predator was there. We believe that the general pat-
terns of foraging when growth is swift enough to overcome 
the costs of increased predation would apply to cases where 
a prey is exposed to a predator multiple times. One way we 
could use our model results to think about the case where a 
prey is exposed to a nearby predator multiple times during 
growth would be to look at what happens when the length of 
a predator visit is extended (to approximate multiple visits 
in close succession) or to think about additional predator 
visits as factors increasing the background death rate. In 
both cases, the model predicts that tradeoff shifts towards 
foraging. However, investigations into multiple predator 
visits or strategies which are allowed to change part way 
through a predator visit might reveal more complex switch-
ing behaviors.

More generally, this modeling framework could be used 
to explore the evolution of specific growth patterns under 
different size-dependent predation pressures. For example, 
prey with gape-limited predators sometimes have rapid ini-
tial grow to escape predation (Urban 2007; Nowlin et al. 
2006), rodents use moon light cues as a proxy for bird pre-
dation and stop foraging more on moon-lit nights (Palmer 
et al. 2017), copepods have daily movement up and down in 
the water column to decrease predation (Bollens and Stearns 
1992), and younger, smaller prey respond more strongly to 
predators than older, less vulnerable conspecifics (Thaler 
and Griffin 2008). This modeling framework could be 
applied to consider how specific predation pressures might 
lead to the evolution of different prey growth patterns.

Importantly, our model was also verified by applying it to 
a prey species (the Colorado potato beetle) and its predator 
(the stink bug). Previously published experimental results 
show that predator exposure can alter prey behavior with 
prey sometimes stopping growth to avoid predation. Spe-
cifically, it was found that when exposed to a predator, 
4-day-old cannibal larvae stop growth while 4-day-old non-
cannibal larvae continued to grow as if the predator was not 
there. We find that cannibalism changes the growth curve 

by accelerating growth in the first 2.5 days and the model 
predicts the same behavioral difference because the cannibal 
larvae are larger (and past the size switching threshold) when 
they reach 4-days old. This leads to an increased survival 
probability for cannibals to reach the critical size and also 
a larger optimal strategy switching size for cannibals (that 
is, the size at which prey switch strategies from foraging 
to hiding) than non-cannibals. This strategy switching size 
will also depend on prey mortality pressures and growth 
rates. In addition to identifying optimal prey strategies dur-
ing ontogenic growth, our results also highlight the impor-
tance for researchers to carefully consider growth trajectory 
in addition to size when designing experiments investigating 
state-dependent risk-aversion, especially when the attribute 
of interest may cause multiple changes including different 
rates of growth or size of individuals. These findings suggest 
ways to optimize the use of predators for control of Colorado 
potato beetles and other pests. Most biological control agents 
are released when they can consume the most prey. This 
research suggests that another avenue is to target predators 
to the stages of beetles that are most likely to reduce plant 
feeding and crop damage in response to predator presence.

Supplementary information

The programs used to run the model, fit the parameters, and 
produce the figures shown in this article have been shared 
at https://​github.​com/​kmont​ovan/​Monto​van-​et-​al-​2022.​git.

Appendix A. Parameter estimation 
for the Colorado potato beetle

A.1 Larval initial and final mass ( m
0
 and M)

Initial mass is estimated from the masses of 29 individ-
ual eggs to be m0 = 0.634 ± 0.009 mg. The final larval 
mass at pupation is estimated based on the masses at the 
time of pupation for 56 larvae reared in the laboratory 
M = 157 ± 2.9 mg. The masses at pupation were not sig-
nificantly different between cannibals and non-cannibals so 
this estimate come from a combination of the masses of 
both cannibals and non-cannibals. The age of pupation for 
this dataset was 15 ± .2 days for non-cannibals (n = 26) and 
14.7 ± .2 days (n = 30) for cannibals.

A.2 Growth parameters (A, B, H, and K)

We consider four submodels of the von Bertalanffy Growth 
Function (vBGF)

https://github.com/kmontovan/Montovan-et-al-2022.git
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where m is the mass of the larvae at time t. Model 1 has 
no catabolism term ( K = 0 ), model 2a is constrained to 
B = 1 , model 2b has B = 1 and m0 = 0.634 mg, and Model 
3 has only m0 = 0.634 mg constrained. We use the built-in 
optim function in R (R Core Computing Team 2017) to find 
the parameters A, B, H, K, and m0 (whichever are not con-
strained) that minimize the log likelihood function (which 
is equivalent to maximizing the likelihood function) under 
the assumption that the observations will be normally dis-
tributed around the model prediction with a deviance of S 
(also fit in the model). To eliminate the possibility of the 
optimization returning negative parameter values outside 
of the reasonable domain, we log transformed the param-
eters ( q = log(A), z = log(B),… which produces positive 
A = eq,B = ez ... for all −∞ < q < ∞ and −∞ < z < ∞… ). 
The optimization was run 1000 times for starting parameters 
randomly chosen from a reasonable range. We then assess 
the range of the parameters estimates for the 100 smallest 
negative Log Likelihood values to determine if there was an 
identifiability problem with the model parameters. There is 
a linear relationship between some of the pairs of parameter 
estimates but ranges of parameter estimates for the best 10% 
were within 0.1% of each other so there are not significant 
identifiability problems. See https://​github.​com/​kmont​ovan/​
Monto​van-​et-​al-​2022.​git for the data and code used to fit 
these growth curves.

Survival parameter (d)

Smaller larvae likely die at a higher rate but most of this 
mortality happens occurs in the first instar. We make the 
simplifying assumption that there is a roughly constant 
background death rate. To estimate d, it is helpful to have 
an explicit equation for x2(t) when no predators are present 
at any point in the life of the larva. Solving for survival 
as a function of time when no predators are present during 
growth ( x�

2
(t) = −d ⋅ x2 ) leads to

We already assumed that the initial condition is that 
x2(0) = 1 , so c1 = 1 . In the lab, the background death for a 
lava is estimated to be 10∕91 = 0.11 deaths between 4 days 
old and pupation (which in this study happened on average 
on day 10.25). In the field the death rate is likely to be sig-
nificantly higher. We don’t know what x2(4) is so let’s set it 
to be E. Then x2(10.25) = .89E . Plugging these values into 
equation 7 and solving gives d ≈ 0.019 . We will estimate d 
to be higher ( d ≈ 0.05 ) in the field to account for additional 
sources of mortality not present in the lab. We also consider 

(6)dm∕dt = HmA − KmB

(7)x2(t) = c1e
−d⋅t

a wide range of values for d in the model sensitivity analysis 
because of the uncertainty in this estimate.
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