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Prey often reduce predation risk at the cost of lower resource intake. The cumulative 
effects of such tradeoffs can alter resource allocation, demography and evolutionary 
processes. We show how the accumulation of risk effects reduces the growth rate of 
wild North American porcupines Erethizon dorsatum, and simulate three evolutionary 
responses related to lifetime reproductive success. Individual porcupines experiencing 
predation risk from fishers Pekania pennanti grew slower and gave birth to fewer 
offspring. Simulations show that predation risk alone can lead to population declines, 
and that a female can replace herself by investing more energy into reproduction or 
adult survival; females that only invest energy in juvenile survival cannot. We show that 
the accumulation of predation risk can reduce lifetime reproductive success in natural 
ecosystems. Estimating the contribution of predation risk, and how evolutionary 
responses can mediate consequences associated with predation risk, is necessary to 
understand the evolution of predator–prey systems.

Keywords: citizen science, evolutionary ecology, fitness, non-consumptive effects 
(NCE), population ecology, predator–prey dynamics

Introduction

The coevolution of predator and prey species is linked to lifetime fitness consequences, 
which themselves arise from the costs associated with individuals’ daily decisions 
(Candolin 1998, Alonzo 2002). There is an obvious fitness cost resulting from preda-
tion; however animals that alter their activity, diet or habitat also incur energetic costs 
(Lima and Dill 1990, Creel  et  al. 2009, Molnár  et  al. 2011, Visscher  et  al. 2017). 
For prey species, foraging and reproductive decisions represent a tradeoff with poten-
tial predation risk (Sih 1980, Fontaine and Martin 2006, Berger-Tal  et  al. 2010). 
Individuals can reduce the risk of predation by modifying their behaviour and habitat 
use (Werner and Anholt 1993, Winnie and Creel 2007). Non-consumptive effects 
of predators (NCE) resulting from such modifications are increasingly recognized 
as important drivers of prey demography and can exceed lethal predation effects 
(Preisser et al. 2005).

Predation risks suppress lifetime fitness in a wild mammal
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Individuals can modify how they allocate energetic 
resources under the threat of predation (Houston et al. 1993, 
Creel and Christianson 2008, Dmitriew 2011). Over time, 
these modifications can scale up to evolutionary responses that 
maintain or increase average fitness. Life history theory sug-
gests that energetic tradeoffs manifest as differential growth 
rates (maturation) or altered reproductive parameters (Stearns 
1992, Dmitriew 2011). Long-term increases in predation risk 
can accelerate maturation or increase litter sizes; however allo-
cating more energy to reproduction accelerates age-specific 
mortality in wild mammals (Austad 1993). Alternatively, 
prey can increase their fitness by investing resources in cur-
rent offspring, or by improving their probability of survival to 
increase future reproductive opportunities (Ghalambor and 
Martin 2000). Such individual life history tradeoffs can also 
result from bottom–up food limitation, due to the influence 
of nutrient limitation on reproductive parameters. Untangling 
risk effects in wild populations requires controlling for bot-
tom–up effects (Vucetich and Peterson 2004, DeWitt et al. 
2017), yet individual condition, predation risk, and recruit-
ment are rarely measured over the same spatial or temporal 
scales for wild mammals (Creel et al. 2007, Middleton et al. 
2013). Thus, while the nature and consequences of NCEs 
have been well described in elegant experimental systems 
(reviewed by Preisser et al. 2005, Preisser and Bolnick 2008, 
Schmitz et al. 2008), few studies have explored how animals 
allocate resources to growth and reproduction under the risk 
of predation in natural ecosystems (Creel and Christianson 
2008, Peers et al. 2018).

We explore the long-term consequences of predation 
risk by extending the results of a recent empirical study 
(DeWitt  et  al. 2017). We focus on female growth and 
reproductive success in a wild North American porcupine 
Erethizon dorsatum population located in central Wisconsin, 
USA. This population was monitored continuously as fisher 
Pekania pennanti recolonized the region, facilitating analy-
ses of naturally occurring variation arising from both preda-
tion risk and environmental conditions (Pokallus and Pauli 
2015, 2016, DeWitt et al. 2017). Porcupines are a long-lived 
species with low annual recruitment rates mirroring many 
large mammals (Roze 2009). Although porcupines are gen-
erally well protected from predation, fishers account for 
over half of porcupine mortalities in eastern North America 
(Mabille  et  al. 2010, Pokallus and Pauli 2015) and there 
is evidence that poor female nutrition arising from non-
consumptive predation effects and low summer forage pro-
ductivity suppress recruitment (DeWitt et al. 2017). Here, 
we model how the non-consumptive effects of predation 
risk influence female growth and lifetime reproductive suc-
cess. Further, we assess how three evolutionary responses to 
increased predation risk can increase prey fitness. Our study 
advances the understanding of how predation structures eco-
logical communities by decomposing risk effects (Peers et al. 
2018) and provides insight into how well different evolu-
tionary responses mediate long-term fitness consequences 
associated with predation risk.

Material and methods

Porcupines, fishers and forage

We monitored porcupines and fishers in collaboration with 
students from nearby secondary schools across 788 hectares 
in the Sandhill Wildlife Area, Wisconsin, USA (44°19′N, 
90°09′W) as part of a porcupine population study conducted 
from 1996 to 2010. Each winter we captured porcupines by 
placing wire box traps at den entrances (Natzke and Thiel 
2008). We transported captured porcupines to a warm build-
ing where they were sedated following Wisconsin Department 
of Natural Resources Animal Care and Use Committee stan-
dards. Once sedated, we sexed, weighed and aged each porcu-
pine based on tooth eruption and replacement patterns (Earle 
and Kramm 1980). We marked porcupines with a unique 
ear tag during the first few winters but, beginning in 1999, 
we injected a subcutaneous passive integrated transponder 
between the shoulder blades of each sedated porcupine. Fishers 
recolonized our study area in 2001 after 70 years of extirpa-
tion. Population density estimates of fishers were not available 
so we included the presence of fisher in our study area as a 
categorical variable. For further details about porcupines and 
fishers in our study area (DeWitt et al. 2017).

We estimated summer forage productivity and phenology, 
which can influence female nutrition, independently and 
in concert with predation (DeWitt  et  al. 2017). We esti-
mated summer forage productivity using the North Atlantic 
Oscillation (NAO) which is positively correlated with female 
nutrition and plant productivity across the temperate and 
boreal forests of eastern North America (Cook et al. 1998, 
Vucetich and Peterson 2004). We used mean summer val-
ues as measures of summer forage productivity (sNAO) dur-
ing the current (t) and previous (t − 1) year to account for 
nutritional lag effects on body mass (Post and Stenseth 1999, 
DeWitt et al. 2017). We estimated phenology by transform-
ing individual capture dates using a sine function such that 
a value of −1 reflected early October when starches tend to 
decline in twigs (Wong et al. 2003) and a value of +1 reflected 
early April just before vegetation emerges in the study area 
(Zhao and Schwartz 2003).

Female growth

We showed that porcupine nutritional state was influenced 
by a combination of intrinsic, top–down, and bottom–up 
effects in an earlier study (DeWitt et al. 2017). Because we 
were interested in understanding how predation risk affects 
female growth rates, here we replicated these analyses using 
two model forms that reflect ontogenetic processes. We con-
sidered a non-asymptotic power model and an asymptotic 
Gompertz model recognizing that, although mammals do 
not grow indefinitely, captured individuals may not have 
achieved maximum body mass. The power model is given as:

M M= ×0 AgeβX   
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where the mean growth rate (β) is estimated using a vector 
of covariates (X) and the birth mass is exp (M0). The power 
model ensures the growth rate slows with increasing age and 
mass where the exponent 0 < β < 1, and thus captures rapid 
initial growth and subsequent slowing as individuals reach 
adulthood. The three parameter Gompertz model is given as:

M K
M
K

= × 















+( )
0

exp Ageβ βX

  

where the mean growth rate (β) is estimated using age and a 
vector of covariates (X) and the birth mass is M0. This param-
eterization of the Gompertz model has an inflection point 
approximately one third of the asymptotic mass K (Winsor 
1932). In the Gompertz model we test whether predation 
risk alters growth or the asymptotic mass.

Growth was modeled using the age-specific mass of 
captured female porcupines (n = 267). We included mea-
sures of predation risk, forage productivity, and phenology 
in both model forms to account for interacting top–down 
and bottom–up effects (DeWitt et al. 2017).We included an 
autoregressive process φ1 for each individual to account for 
temporal autocorrelation in female growth not captured by 
summer productivity (sNAOt−1) and autocorrelation arising 
from repeated measures. Statistical models were estimated 
for each hypothesis using generalized nonlinear least squares 
regression implemented in R 3.5.0 using the nmle pack-
age (<www.r-project.org>). We inspected model residuals 
to verify that errors were homogenous and approximated a 
normal distribution. We then identified the most parsimoni-
ous hypothesis using Akaike’s information criterion for small 
sample size (AICc; Akaike 1973).

Lifetime fitness

We model the consequences of predation on a fitness mea-
sure, lifetime reproductive success, by simulating cumula-
tive recruitment for three scenarios reflecting 1) the absence 
of fisher, 2) the presence of fisher and their indirect effect on 
recruitment through the differential growth of females, and 3) 
the presence of fisher, and their total risk effect, including the 
direct effect of reduced survival and indirect effect on recruit-
ment. In all scenarios we assumed average summer forage 
productivity (sNAOt = −0.5025) and based recruitment on 
March mass values, when pregnant females are at their poor-
est nutritional condition. Fitness of an iteroparous individual 
can be represented as the sum of successful litters from the age 
of first reproduction until death. Female porcupines become 
sexually mature at age two years old, at which time they birth 0 
or 1 porcupettes each year (Hale and Fuller 1996, Roze 2009). 
For simplicity, we define lifetime fitness of female (j) as:

R rj aa

d
= = × ×( )=∑ recruitment pregnancy survival

2
  

where reproductive success in any given age (ra) is the prod-
uct of recruitment, the probability of pregnancy, and the 

probability of survival. We related female age to recruitment 
through a shared mass term by introducing mean body mass 
at age a (Fig. 1) into a beta regression model that estimates 
recruitment based on female nutritional condition and pre-
dation risk (DeWitt et al. 2017). Thus, we defined fitness as 
the joint probability of survival and pregnancy weighted by 
the age–mass relationship with recruitment. We use Monte 
Carlo methods to simulate lifetime productive success for for 
j = 1000 females under each scenario. Adult survival tends to 
be high but varies in response to fisher predation and win-
ter severity (Pokallus and Pauli 2015) so we used Bernoulli 
trials to determine the stochastic outcome of survival and 
pregnancy for females in each scenario. We assumed that 
survival in the absence of fishers was normally distributed 
ψabsent = 0.83–0.99 and that survival in the presence of fish-
ers was normally distributed ψpresent = 0.54–0.99 (Pokallus and 
Pauli 2015). For the purposes of our projections we assumed 
that porcupines could survive to a maximum of 18 years 
(Earle and Kramm 1980). Pregnancy rates in wild porcupines 
have been estimated between 0.92 and 1.00 (Sweitzer and 
Holcombe 1993, Roze 2009). We could not find evidence 
that predation and nutrition affect pregnancy rates, and 
therefore assumed that the probability of pregnancy was 0.96 
in all adult females.

We assess three evolutionary processes that can indepen-
dently increase lifetime fitness in females. First, we adjusted 
the slope relating female mass to recruitment around from 
0.76 to 1.22, where higher values represent females allocating 
relatively more energy to reproduction. Second, we adjusted 
the intercept term in the recruitment model representing a 
change in fisher predation on juveniles from −0.80 to 0.00. 

Figure 1. Females grow slower in the presence of fisher irrespective 
of summer forage productivity (sNAOt = −0.5025). All values are 
mean ± 95% parametric confidence intervals.
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Previous models estimated the slope and intercept at 0.90 
and −0.53, respectively (DeWitt  et  al. 2017). Finally, we 
iteratively increased mean adult survival in the presence of 
fishers from a minimum range of ψpresent 0.54–0.99 to a maxi-
mum range of ψpresent 0.82–0.99, representing the range of 
distributions observed within our study area (Pokallus and 
Pauli 2015). In all cases we used of Monte Carlo simulations 
to determine fitness for 1000 females.

Data deposition

Porcupine growth data are available from the Dryad Digital 
Repository (http://dx.doi.org/10.5061/dryad.8nr8p) 
(DeWitt et al. 2017).

Results

Female porcupines grew at a monotonically saturating rate 
best described by a power function (Fig. 1; Supplementary 
material Appendix 1). As in our previous study, the pres-
ence of fishers suppressed female growth rates; whereas 
improved summer forage productivity two summers before 
capture (sNAOt−1) increased female mass consistent with 
studies showing that vegetation can have lag effects on nutri-
tion (Table 1; Post and Stenseth 1999). We estimated the 
effect of predation risk on growth rate by calculating the first 
derivative of female mass with respect to age. The most sup-
ported model included multiple terms so we assumed aver-
age summer forage productivity (sNAOt = −0.5025) and 
derived growth functions with and without fisher for the 
month of March. The resulting function shows that females 
grew 97–710 g per year (36–57%) slower when fishers were 
present.

Our simulations show that lifetime survival and fitness 
are directly linked to predation risk. The average life expec-
tancy of females not exposed to fisher predation is 8.1 (±5.8 
SD) years, while those exposed to fisher predation have a 
life expectancy of 3.2 (±3.6 SD) years. Females produced 
an average of 5.5 (±4.1 SD) offspring in their lifetime when 
predators were absent, 2.0 (±1.5 SD) offspring when preda-
tors suppressed adult female growth but not survival, and 0.8 
(±0.9 SD) offspring when predators suppressed adult female 
growth and survival. Females must produce one porcupette 
to replace herself, and two porcupettes to maintain the 
population. Thus our simulations show that fear alone can 
lead to population decline and, under the right conditions, 
might lead to extirpation of this population. We found that 
the NCE of predation, via reduced growth, is approximately 
2.3 times stronger than the direct effect of predation with 
regard to predicted lifetime reproductive success (Fig. 2). 
Simulations show that two evolutionary responses can medi-
ate long-term consequences associated with predation risk. 
Under increased predation risk females within our study area 
must increase relative energy allocation to reproduction by 
20% (from 0.90 to 1.08) or increase adult survival from a 
lower bound of 54–74% (Fig. 3) to replace oneself in the 

population. No one evolutionary response allowed females to 
produce an average of 5.8 offspring in their lifetime, indicat-
ing no one process can compensate for the combined effects 
of direct and indirect predation by fishers (Fig. 3).

Discussion

We show that individuals’ decisions related to predation risk 
have long term consequences. Despite being evolutionarily 
adapted with an efficient constitutive defense (Roze 2009, 
Stankowich and Campbell 2016), porcupines in a naïve 
population responded strongly to non-consumptive risk 
effects. Porcupines exposed to higher levels of predation 
risk grow more slowly through time (this study) and lose 
more mass during periods of food limitation (DeWitt et al. 
2017). Like many other prey species, porcupines alter their 
physiological stress response, movement patterns, vigi-
lance, habitat selection and diet in response to predation 
risk (Sweitzer 1996, Roze 2009, Osburn and Cramer 2013, 
Pokallus and Pauli 2016). These responses are not mutually 
exclusive; rather their strength varies based on the predict-
ability and controllability of risk effects (Creel 2018). It 
seems likely that both stress-mediated costs (Osburn and 
Cramer 2013) and food-mediated costs (Pokallus and Pauli 
2016) decreased energy acquisition and its allocation to 
growth and reproduction. These indirect costs translate into 
lower recruitment (DeWitt et al. 2017). Pokallus and Pauli 
(2015) have previously modelled this particular porcupine 
population and estimate that fisher predation has the poten-
tial to extirpate the population within 50 years depending 
on climatic conditions. Our results suggest that projected 
declines result from the combined effects of predation risk 
on female growth and over winter mass loss, as well as the 
direct effect of predation on survival (Pokallus and Pauli 
2015, DeWitt et al. 2017). By considering both top–down 
and bottom–up processes through shared mass term, we 
are able to clearly show that climate, direct predation, and 
indirect predation all play a pivotal role in porcupine popu-
lations, as evidenced by declines in both individual growth 
and reproductive parameters (Pokallus and Pauli 2015, 
DeWitt et al. 2017).

Several studies have measured how NCEs influence wild 
mammal populations; however, few have measured individ-
ual growth or its potential consequences. Two studies have 
estimated the effect of weasel predation on rodent growth 

Table 1. Power model estimating female growth as a function of 
predation risk and summer forage productivity. The model is given 
as M0·AgeβX, where the growth rate (β) is estimated using the covari-
ates in the table and includes an autoregressive process φ1 = 0.563.

Parameter Estimate SE t value Pr(>|t|)

M0 4.185 0.115 36.515 <0.001
β: intercept 0.381 0.031 12.432 <0.001
β: date −0.094 0.009 −10.521 <0.001
β: fisher −0.118 0.023 −5.166 <0.001
β: sNAOt−1 0.025 0.011 2.272 0.024
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(Heikkila et al. 1993, Hellstedt et al. 2002). Together, their 
results were inconclusive despite evidence suggesting that risk 
effects mediate microtine rodent populations by influencing 
pregnancy rates and litter size (Korpimaki et al. 1994). Several 
studies have explored the role of NCEs in elk–wolf systems 
that manifest indirect risk effects through a reduction in preg-
nancy rates (Creel et al. 2007, 2009), although other research 
has questioned the contribution of risk effects in this system 
(Middleton et al. 2013). Understanding how various forms of 
risk shape growth and survival curves is needed to fully under-
stand fitness consequences (Gaillard et al. 2000) and ontoge-
netic strategies (Sibly et al. 2014). Energy-based approaches 
provide a unifying framework for understanding how differ-
ent forms of risk affect life histories (Sibly et al. 2014). Our 
study shows how body mass can integrate the cumulative 
effects arising from the behavioural tradeoff between forage 
acquisition and the risk of predation; a tradeoff with fitness 
consequences (Houston  et  al. 1993, Gaillard  et  al. 2000). 
Using a wild prey population, we were able to statistically 
relate female mass to recruitment (DeWitt et al. 2017) and 
simulate the contribution that direct and indirect predation 
risk had on the lifetime fitness of female porcupines.

Despite being well defended and having high rates of 
survival, predation risk exacerbates mass loss for porcupines 
during the nutritionally limited winter season (DeWitt et al. 
2017). While there is potential for compensatory growth and 
mass gain during summer (Metcalfe and Monaghan 2001) 
our results demonstrate that risk effects accumulate through 

an individual’s life. In our system, it appears that predation 
risk influences the degree to which individuals can compen-
sate for overwinter mass loss; that is, they lose more mass 
and face additional tradeoffs in summer when predators are 
present. Additionally, predation risk might influence females’ 
investment in their offspring. While we do not have growth 
data for neonates, those born under the risk of predation are 
likely to be nutritionally compromised at birth and through 
the rest of their lives (Stearns 1992, Stamps 2006, Coslovsky 
and Richner 2011). Our simulations show that females 
within our study area must allocate more energy to reproduc-
tion or increase adult survival to maintain lifetime fitness. 
Further work is needed to determine the specific pathways 
by which the NCE influences recruitment. Tracking growth 
and survival during the prenatal and neonatal period would 
provide valuable insight into how predation risk influences 
neonatal condition and fitness.

The evolution of predator–prey interactions for prey varies 
depending on the symmetry and predictability of risk over 
evolutionary time scales. The fact that predation risk decreased 
modeled lifetime fitness suggests there is strong evolutionary 
pressure on porcupines. These pressures have the potential 
to promote earlier reproduction, and greater reproductive 
investment. Some mammals maintain lifetime fitness by 
trading reproduction for survival (Gaillard et al. 2000), and 
it is possible that porcupines within our systems trade risks 
associated with climate-mediated survival (Pokallus and Pauli 
2015) and, as suggested by our simulations, reproductive 

Figure 2. Predicted lifetime reproduction success of female porcupines without predation risk from fishers (absent) is higher than those with 
indirect predation effects through differential growth (indirect), and the combined effects of survival and differential growth (direct + indirect). 
Corresponding distributions for female survival and differential growth of each simulated individual are shown in the right margin. Age at 
death shows survival independent of growth; whereas reproduction from growth show how lifetime fitness would differ if all females 
survived to age 18. Lifetime reproductive success and reproduction from growth represent the number of offspring in a single female’s 
lifetime.
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investment. We did not collect detailed information on 
individuals’ life history, and are therefore unable to conclu-
sively test whether long-term fitness consequences associated 
with NCEs have evolutionary implications in our system. 
Changing climatic conditions may exert different evolu-
tionary pressures by shifting fitness consequences associated 
with survival and lifetime reproduction. Understanding the 
interactions among survival, reproduction, foraging, preda-
tion, and climate may provide insights into such evolutionary 
dynamics.

Evolutionary fitness is necessarily defined by differential 
survival and reproduction. Thus, there is immense pressure 
for organisms to optimize energetic tradeoffs associated with 
growth, maintenance, anti-predator behaviour and reproduc-
tion through life history strategies; often characterized along 
a slow–fast continuum (Houston  et  al. 1993, McNamara 
and Houston 1996, Sibly et al. 2014). We found that pre-
dation risk reduced female growth rates, and that females 

must increase relative energy allocation to reproduction or 
increase adult survival to promote individual lifetime repro-
ductive success and contribute to population level persis-
tence. Although the importance of predation risk, and how 
evolutionary responses can mediate its consequences, varies 
across predator–prey systems our general results appear to 
hold across a wide range of aquatic and terrestrial organisms 
(Preisser and Bolnick 2008, Schmitz  et  al. 2008). A meta-
analysis of non-consumptive predation effects shows that 
predator cues decreased terrestrial prey growth an average of 
9% (range: 5–13%) and fecundity an average of 23% (range: 
15–13%; Preisser and Bolnick 2008). Our results are some-
what higher than past studies despite our study species’ con-
stitutive defense. Understanding how risk effects influence 
life-history traits in wild populations could help scientists 
measure the correlations among behaviour, life-history traits 
and risk; an important avenue towards generalizing evolu-
tionary processes.

Figure 3. The effect of adjusting three evolutionary processes on predicted lifetime reproductive success where fisher are present. Lifetime 
reproductive success represents the number of offspring in a single female’s lifetime. Simulations show how strongly (A) increasing energy 
allocation to reproduction, (B) reducing juvenile mortality, and (C) increasing adult survival improves lifetime reproductive success. The 
median lifetime reproductive success (black dots) overlay the distributions of 1000 simulated females. The dotted line represents absolute 
fitness of 1. Average lifetime reproductive success in the absence of fishers is 5.5.
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Creel (2011) suggested that, in order to understand the 
full extent of risk effects, studies need to account for the 
scale discrepancy between behavioural responses to preda-
tion and the fitness consequences that accumulate from 
those responses. Our research similarly points to a need to 
decompose risk effects when considering the evolution of 
predator–prey systems. We used female porcupine mass to 
bridge the gap between behaviour and modeled fitness, and 
uncover NCEs that might otherwise be attributed to preda-
tion or bottom–up limitation. In doing so we also reveal how 
evolutionary responses can mediate long-term fitness conse-
quences associated with predation risk. Untangling the direct 
and indirect effects of predation is crucial for conservation as 
the ecological consequences of life history tradeoffs scale up 
from individuals, to populations, ecosystems and evolution-
ary processes. We show how studying risk effects in natural 
systems can advance our understanding of how predation 
structures ecological communities and provide insight into 
evolutionary responses.
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