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Abstract We developed an original modeling approach
using program Stella® to investigate the usefulness of pred-
ator–prey ratios (PPRs) for interpreting top-down and
bottom-up forcing on moose Alces alces. We included
density-dependent feedbacks for the moose population,
allowed K to vary based on amount and quality of available
forage for moose, integrated effects of compensatory mor-
tality, and added time lags in wolves Canis lupus tracking
the moose population. Modeling scenarios we developed
included bottom-up and top-down regulation as predeter-
mined outcomes. We then evaluated whether PPRs would
reflect the various combinations of trajectories of predator
and prey populations under top-down versus bottom-up
regulation. The resulting patterns of PPRs were impossible
to disentangle from one another, and did not provide reliable
insights into whether top-down or bottom-forcing occurred,
especially over short time spans where critical decisions
related to management of moose and wolves might be

necessary. Only under top-down regulation did PPRs reflect
the degree of predation experienced by moose, but in that
instance, knowledge of top-down regulation must be known
a priori to correctly interpret PPRs. Potential problems with
interpreting PPRs include their double-variable nature,
which resulted in the failure to reflect patterns of increase
and decrease for predators and prey. We suggest that confi-
dence intervals for PPRs be calculated from a binomial,
similar to that proposed for sex and age ratios, which should
help discourage the inappropriate use of this metric. We
caution that the temptation to use PPRs often is irresistible,
but their reliability is highly questionable. We provide an
alternative method to using PPRs or other predation metrics
for determining whether top-down or bottom-up forcing is
occurring by adopting an approach based on the physical
condition and life-history characteristics of prey.
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Introduction

Long-term studies of ungulates and the carnivores that prey
upon them have greatly improved our understanding of pop-
ulation dynamics in those complex systems (Vucetich et al.
2002; Jędrzejwska and Jędrzejewski 2005; Jędrzejwska et al.
1997). Nonetheless, expanding populations of gray wolves
Canis lupus and grizzly and brown bears Ursus arctos in the
intermountain west, USA (Bangs et al. 1998; Oakleaf et al.
2006; Wright et al. 2006; Schwartz et al. 2010; Smith et al.
2010), and in Europe (Bull et al. 2009; Liberg et al. 2012;
Milanesi et al. 2012), have highlighted the need for new
analytical methods for managing and conserving large carni-
vores. Moreover, renewed efforts at intensive predator control
in Alaska (Van Ballenberghe 2006; Miller et al. 2011),
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concerns over effects of predators on prey populations
(Gasaway et al. 1992; Hayes et al. 2003; Rominger et al. 2004;
Barnowe-Meyer et al. 2010), including lost opportunities for
hunters to harvest ungulates (Wright et al. 2006), and human
safety (Beier 1991) all have rekindled interest among biolo-
gists in metrics capable of assessing dynamics of large mam-
malian predators and their ungulate prey.

The number of predators in relation to the number of prey
can be expressed as a simple ratio (the predator–prey ratio
[PPR]), which has been used to infer the relative strength of
limitation caused by predation or nutrition. Theberge
(1990), Messier (1994), Eberhardt (1997), Person et al.
(2001), and Bowyer et al. (2005) expressed concerns over
the large number of constraints necessary for the reliable
interpretation of PPRs for large mammals; nonetheless, over
the past decade use of PPRs has occurred in prominent
journals across a wide array of scientific disciplines (Donald
and Anderson 2003; McCarthy et al. 2008; Creel et al. 2007;
Butler and Kielland 2008; Raia et al. 2007; Boertje et al.
2009; Creel et al. 2009; Croitor and Brugal 2010; Vucetich
et al. 2011; Sand et al. 2012).

High PPRs are presumed to be indicative of top-down
forcing (sensu Bowyer et al. 2005; Pierce et al. 2012),
wherein predators strongly limit growth of the prey popula-
tion. Conversely, low PPRs are believed to reflect bottom-
up processes, where the prey population is regulated primar-
ily by the carrying capacity (K) of the environment with
negligible influence from predation (Person et al. 2001). The
magnitude of high or low PPRs necessary to reach such
conclusions, however, is poorly defined (Person et al. 2001).
Theberge (1990) noted that complications for interpreting
PPRs could result from variation in the functional response
of predators to prey density, presence of alternative prey and
prey switching, and nearness of the prey population to K.
The shape of the functional response, however, is less in-
fluential on equilibrium densities of predators and prey than
previously thought (Person et al. 2001). Person et al. (2001)
further identified implicit assumptions of PPRs, which in-
cluded that predator and prey population were at or near
equilibrium, the density of prey in relation to K had no
influence on the number of predators that could be sup-
ported by a particular density or biomass of prey, and that
all prey biomass was equal in supporting predators, regard-
less of the prey species consumed.

The value of and meaning of the terms limitation and
regulation have been debated hotly in the literature (Berryman
2004; White 2007). All mortality factors are limiting, but
those engendering a density-dependent response are regu-
lating (Pierce et al. 2012). Females in ungulate populations
near K often attempt to produce more young than can be
successfully added to the population (McCullough 1979;
Bartmann et al. 1992), resulting in mortality from predation
that is mostly compensatory — the prey population remains

near K. Under this circumstance, the prey population is
limited by predation, but regulated by density-dependent
mechanisms characterized by the degree of bottom-up forc-
ing relative to the proximity of the population to K (Pierce
et al. 2012). Where the prey population is at low density
and far away from K however, attempts to recruit young
are more successful (McCullough 1979) in the absence of
high mortality, because resources are readily available. In-
deed, at low density relative to K, mortality from predation
is more likely to be additive and the prey population may
be limited and regulated by top-down forcing.

Gasaway et al. (1992) reported high PPRs where wolf
control was limited and moose Alces alces populations were
maintained at low density by predation, whereas a low and
more variable PPR was evident where attempts had been
made to control wolf numbers. Wolf and moose numbers in
each of the various populations studied, however, were
required to have reached equilibrium to conclude that those
ratios were evidence of predators regulating their prey
(Person et al. 2001). Nonetheless, if moose populations were
held in a “predator pit” (Bowyer et al. 2005) by wolves, then a
low-density equilibrium may have occurred, which would
meet at least one of the conditions necessary for the reliable
interpretation of PPRs as top-down forcing. More recently,
Vucetich et al. (2011) noted that in some populations, but not
in others, PPRs were a relatively good predictor (56 %) of the
growth of the prey population, but cautioned that PPRs may
be inadequate for reliably predicting effects that predators will
have on large mammalian prey.

Changes in predator numbers, prey numbers, or both can
affect resulting PPRs. This simple property of ratios holds
potential to make their interpretation difficult. With prey
numbers held constant, a decrease in predators would lower
the PPR, and an increase in predators would raise the PPR,
both intuitive outcomes (Fig. 1a). Conversely, with predator
numbers held constant, a decrease in prey would increase
the PPR, and an increase in prey would decrease the PPR,
also intuitive results (Fig. 1b). What may be less apparent,
however, is that it would be difficult to discriminate a
pattern of prey increase from predator decrease, or prey
decrease from predator increase from PPRs alone (Fig. 2).
Although these outcomes are seemingly obvious, the
double-variable nature of ratios makes drawing conclusions
concerning top-down or bottom-up processes from PPRs
hazardous, and emphasizes the need to consider more than
PPRs alone in analyses of predator–prey dynamics.

Our purpose was to examine the characteristics and use
of PPRs, and to conduct simulations of PPRs to resolve
whether those metrics can be used to infer the degree of
top-down and bottom-up forcing in large mammals. We also
discuss additional difficulties in interpreting PPRs that must
be overcome for the valid use of this metric. Decisions
concerning contentious issues about large carnivores
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regulating their ungulate prey often have to be made by
management agencies with neither adequate data nor a
complete understanding of the population dynamics of these
large mammals (sensu Starfield and Bleloch 1986). Such
interpretations often are necessary for the sustainable man-
agement of these important natural resources. Our aim was
to determine whether PPRs could be used reliably to distin-
guish between top-down and bottom-up forcing, and wheth-
er those ratios could be used effectively in the conservation
and management of large carnivores and their ungulate prey.

We elaborate on an alternative approach, based on the
physical condition and life-history characteristics of ungu-
lates, which can be used to help interpret whether forcing is
primarily top-down or bottom-up (Bowyer et al. 2005;
Pierce et al. 2012).

Our modeling philosophy was to blend tactical and stra-
tegic approaches, which sacrificed some precision to gain a
grasp of general principles (May 1973). We ignored some
aspects of reality, such as stochastic variation, to capture the
essence of the biological arguments under consideration. We
included the relevant details, but kept models simple so that
they could be interpreted readily (sensu Kokko 2007). Our
objective was not to investigate new or existing models of
predator–prey dynamics or to validate various models;
this has been addressed previously (Boutin 1992; Van
Ballenberghe and Ballard 1994; Vucetich et al. 2002, 2011).
Instead, our purpose was to develop a simple, yet realistic,
model to test the validity and value of PPRs for interpreting
effects of wolves on moose (Theberge 1990; Person et al.
2001; Bowyer et al. 2005).

Materials and methods

Predator–prey modeling

We developed a deterministic model of habitat, moose, and
wolf relationships using program Stella® (Ford 2009) to inves-
tigate the reliability of PPRs in assessing dynamics of predators
and prey. Stella® has been used widely as a modeling platform
for investigating ecological phenomena (Wu et al. 1993;
Gamito et al. 2010, and many others), including dynamics of
large herbivores (Walters 2001; Weclaw and Hudson 2004;
Rempel 2011). Our model included density dependence of
moose. Incorporating density dependence was critical, because
knowledge garnered from small mammals may not be relevant
for large mammals with differing life-history characteristics
(Caughley and Krebs 1983), and large mammalian herbivores
exhibit strong density-related feedbacks in their population
dynamics (McCullough 1979). The number of moose poten-
tially supported by habitat (i.e.,K) was determined by available
biomass, growth of forage, and nutritional needs of moose; K
varied with the intensity of moose herbivory. Moreover, effects
of compensatory mortality were included in modeling out-
comes. Our approach was unique in that we examined PPRs
under conditions where the models were constrained to exhibit
either top-down or bottom-up regulation— this was a foregone
conclusion for a particular model scenario, not a modeling
outcome. We modeled three scenarios: (1) bottom-up regula-
tion (i.e., by K) with constant predator abundance; (2) bottom-
up regulation with predators tracking their primary prey; and
(3) top-down regulation (i.e., by predators) with predators also
tracking prey.

Fig. 2 An overlay of predator–prey ratios (PPRs) from Fig. 1, illus-
trating the difficulty in distinguishing patterns of prey increase (filled
circles) from predator decrease (empty squares), or prey decrease
(empty circles) from predator increase (filled squares) with ratios

Fig. 1 Predator–prey ratios (PPRs) obtained while holding the abun-
dance of prey constant, and either increasing (filled squares) or de-
creasing (empty squares) the abundance of predators by 10 % each year
(a). Predator–prey ratios (PPRs) obtained while holding the abundance
of predators constant, and either increasing (filled circles) or decreasing
(empty circles) the abundance of prey by 10 % each year (b)
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Our model considered relative abundance of three differ-
ent variables, the moose population, the gray wolf popula-
tion, and forage abundance (reflecting K), which were
modeled separately, but influenced the respective quantity
and growth of one another (Appendices 1 and 2). Direct
relationships between population variables and their modi-
fiers are provided in a flow chart showing links in model
design (Appendix 1) with their corresponding equations
(Appendix 2). The initial stock of standing biomass
(50,000 mT) was allowed to grow at a maximum rate of
increase of 0.6 per year. The rate of increase in standing
biomass (i.e., new growth) declined linearly as the habitat
approached its maximum capacity (300,000 mT). Seventy-
five percent of new growth was assumed to be available to
moose, while the remaining 25 % and whatever was not
consumed by moose, was added to the standing biomass.
We assumed that moose could meet 100 % of their forage
requirements by consuming new growth if a sufficient
amount of new growth was available. Although standing
biomass also was available for consumption by moose, only
25 % was considered accessible, and standing biomass was
only 25 % of the nutritional value of new growth. In addi-
tion, standing biomass naturally decayed at a rate of 10 %
per year.

We defined carrying capacity (K) as the maximum num-
ber of moose that could be supported at 75 % of their
nutritional needs based on current habitat conditions. There-
fore, K was a combination of a minimum amount of new
growth (2.76 mT/year) of standing biomass to meet mini-
mum nutritional demands (≥75 %) of moose. We chose
75 % because rate of mortality of moose increased expo-
nentially below 75 % (Appendix 3), and recruitment rate
was zero below 85 % (Appendix 3). Indeed, survival and
recruitment are expected to decline as ungulate populations
approach or overshoot K as a result of density-dependent
competition for resources (McCullough 1979; Kie et al.
2003). Carrying capacity was expected to fluctuate even
when moose were held at low density, because foraging by
moose influenced both abundance of forage, and amount of
new growth and standing biomass available for consump-
tion. Assuming an absence of density dependence would
result in a less-general model, because of the near ubiqui-
tous occurrence of this process (Kokko 2007), especially for
large mammals (McCullough 1979; Skogland 1985; Boyce
1989; Kie et al. 2003; Grøtan et al. 2009; and many others).

Moose typically require a daily intake of dry matter equal
to 2.6–3.5 % of their body weight during summer, but only
0.5–1.3 % of their body weight in winter (Schwartz et al.
1984; Renecker and Hudson 1985). We kept the forage
requirement constant at a dry matter intake of 2.0 % of body
weight per day and assumed adult animals were 454 kg.
Therefore, each moose required 9.08 kg of dry matter per
day. Assuming an average moisture content of 20 %, moose

in our model required 11.35 kg of wet weight per day, which
was 4.14 mT/year. Moose consumed a combination of new
forage growth and standing biomass to meet nutritional
needs. If sufficient new growth was available, moose con-
sumed only new growth and attained 100 % of their nutri-
tional needs. If adequate new growth was not available,
moose substituted standing biomass for new growth. We
also assumed that moose could not increase consumption
above 4.14 mT/year to compensate for declines in availabil-
ity of new growth. Changes in forage quality likely have a
negligible effect on total forage intake for moose (Regelin et
al. 1987), because ruminants attempt to fill their rumens
even when consuming low-quality forages (Barboza et al.
2009). Therefore, as the consumption of standing biomass
relative to new growth increased, the proportion of the
nutritional needs achieved by moose declined. We used the
fraction of forage requirements achieved by moose as a
proxy for nutritional condition. Recruitment rate and mal-
nutrition or other natural mortality was based on that proxy
to nutritional condition. We expected a time lag in the
response of malnutrition and recruitment to nutritional
condition, because nutritional condition is an integrated
measure of previous nutrition and energetic costs en-
countered by the animal (Parker et al. 2009). Conse-
quently, we used third-order exponential smoothing
with a time lag to account for carryover effects (sensu
Monteith et al. 2013) of nutritional condition on rate of
mortality related to malnutrition and recruitment of
young. Rate of malnutrition and other natural mortality
increased only slightly from 0.025 at 100 % nutrition to
0.065 at 90 % nutrition (Appendix 3), thereby incorpo-
rating compensatory mortality into our model—young
not dying from predation would have perished from
other causes near K. Thereafter, rate of mortality in-
creased exponentially as nutritional condition declined
with rate of mortality exceeding 0.90 when nutritional
gain dropped below 50 % (Appendix 3).

We assumed a constant proportion of reproductive
females (0.65); the remainder of the population was as-
sumed to be non-reproductive females and males. Changes
in pregnancy is the vital rate that is least sensitive to density-
dependent processes, whereas recruitment of young also
reflects changes in pregnancy rates, and is far more sensitive
to changes in density (Gaillard et al. 2000). Thus, we used
recruitment of young as the primary reproductive value
related to changes in the size and nutrition status of the
moose population. Rate of recruitment was zero below
85 % nutrition, but increased in a linear fashion as nutrition
improved to 100 % of moose requirements (Appendix 3).
We manipulated recruitment rate at 100 % nutrition with no
loss to predation until we had an intrinsic rate of increase (r)
that was satisfactory. In the absence of predation, moose
may have a higher r than expected, ranging from 0.35 to
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0.44 (Bowyer et al. 1999). Therefore, we adjusted recruit-
ment rate until we achieved an rmax=0.40 with no predation.

The ability of predators to kill prey was determined by
both a functional and numerical response of predators to
prey abundance in our model. We assumed a type III
(sigmoidal) functional response for predators (Boyce 2000)
where per-capita kill rate increased linearly with increased
abundance of moose, but reached an asymptote at upper and
lower tails of the curve (Appendix 4). Per-capita kill rates of
moose by wolves may commonly reach an asymptote at
high prey densities; however, moose density may have low
predictive power for explaining variation in kill rates (Messier
1994; Vucetich et al. 2002). Other shapes for the functional-
response curve for large mammals are possible (Dale et al.
1994; Jędrzejwska and Jędrzejewski 1998; Jędrzejewski et al.
2002) but only influence PPRs at low density of moose in
relation to K (Person et al. 2001), where the ability to estimate
the shape of the curve is poor (Marshal and Boutin 1999).
Therefore, our model should not be greatly influenced by the
shape of the functional-response curve across most ranges of
moose density. We also assumed a type III numeric response
for wolves relative to per-capita kill rate. An increase in prey
abundance and the corresponding increased kill rate was
associated with an increase in predator abundance (Keith
1983; Fuller 1989; Fuller et al. 2003), but also was expected
to exhibit a time lag (Keith 1983; Peterson and Page 1983;
Pierce et al. 2012). We incorporated a delay in the numerical
response to increased food availability using third-order ex-
ponential smoothing with a time lag.

We modeled three different scenarios of effects of preda-
tion on the moose population. For the first and second
scenarios, the moose population was regulated by bottom-
up processes (K). For the first scenario, we assumed moose
may have been alternative prey and helped sustain a con-
stant abundance of predators, but allowed the per-capita kill
rate (functional response) to vary with moose density. Func-
tional responses varied from 0 to15 moose per predator, as
moose abundance increased from 0 to 9,000 (Appendix 4).
For the second scenario, we assumed that moose were the
primary prey, but the moose population continued to be
regulated by bottom-up forcing. We incorporated a type III
numerical response for predators and allowed their abun-
dance to vary based on prey availability (Appendix 4).
Lastly, we modeled a situation where wolves rather than
resources regulated moose (i.e., top-down regulation). We
manipulated the functional and numeric responses of wolves
until they tracked and regulated the moose population. We
maintained the same curves for the functional and numeric
responses, but tripled their effect and forced the functional
response to occur within a lower range of moose abundance
(0–6,000 moose). Our objective was to obtain a pattern
where moose were held at low density in relation to K
(sensu Gasaway et al. 1992; Bowyer et al. 1998), and where

100 % of the nutritional needs of moose were consistently
met. Therefore, moose were not limited by resources, but
only by top-down forcing of wolves. We acknowledge that
many other modeling approaches are possible. Our tactic for
modeling, however, yielded results that allowed us to clearly
examine PPRs under contrasting scenarios of top-down and
bottom-up forcing, with various patterns of increasing and
decreasing numbers of moose and wolves.

We conducted simulations of models for >500 years to
assure an equilibrium was reached, and to avoid the poten-
tial for initial conditions to influence modeled results. We
calculated PPRs, but plotted only the last 50 years of each
simulation, and evaluated the pattern of PPRs relative to
effects (or lack thereof) of predation on the prey population.

Sensitivity analyses

We performed sensitivity analyses on several key compo-
nents of our Stella® model, showing the value used in the
original model in bold: the fraction of new growth within
the reach of moose (0.50, 0.65, 0.75, 0.85); forage required
per moose per year in mT (3.00, 4.14, 5.00, 6.00); fraction
of standing biomass available to moose (0.05, 0.15, 0.25,
0.35); and percentage of female moose that were pregnant
(0.55, 0.65, 0.75, 0.85) (Appendix 1). We also changed the
magnitude (but not shape) of the functional and numerical
responses (0.9, 1.0, 1.1, 1.2) of wolves to changing moose
density. Likewise, we reduced the time lag to allow preda-
tors to more closely track their prey (0.2, 0.25, 0.30, 0.35).
These components were selected because each should play a
major role in the density-dependent responses of moose in
relation to K and effects of predation by wolves. Each of
these components was modeled for the three different sce-
narios: bottom-up regulation with constant predator abun-
dance; bottom-up regulation with predators tracking their
primary prey; and top-down regulation with predators track-
ing prey. Each analysis was evaluated for 200 years, again to
avoid problems with initial conditions. We knew from our
initial model simulations of 500 years that modeling out-
comes had stabilized after 200 years. We noted the qualita-
tive outcomes of those simulations, and whether they had an
undue influence on the outcomes of predator–prey relation-
ships in our models.

Results

Predator–prey modeling

We modeled three scenarios of wolf–moose dynamics using
program Stella® to investigate whether either top-down or
bottom-up forcing could be inferred from PPRs. The first
scenario involved a situation where wolf numbers were held
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constant and the moose population was regulated by K
(bottom-up regulation), a situation that might occur if moose
were alternative prey. The dynamics of the moose popula-
tion in relation to K resulted in a distinct pattern of fluctu-
ating PPRs (Fig. 3). An increase in PPRs and then their
subsequent decline spanned about a decade, during which
no change in the number of predators occurred (Fig. 3). This
outcome makes the standard interpretation of effects of
predation on prey from PPRs a spurious one (i.e., top-
down followed by bottom-up forcing) — all forcing was
bottom up.

The second scenario also involved a moose population
that was regulated by K (i.e., bottom-up forcing), but wolf
numbers were allowed to track their prey population. This
simulation resulted in changes in both moose and wolf
numbers, but yielded a similar pattern of fluctuating PPRs
as in scenario one (Fig. 4), with identical problems in
interpretation of PPRs mentioned previously for Fig. 3.
Peaks of PPRs in this simulation did reflect patterns of
predator increase and prey decrease (Fig. 4), but the simu-
lation was constrained so that predators could not regulate
their prey (i.e., mortality was compensatory), making con-
clusions concerning the peaks in PPRs as related to top-
down forcing tenuous. Indeed, the troughs of the pattern in
PPRs occurred when both moose and wolves were increas-
ing (Fig. 4), highlighting one difficulty in interpreting ratio
data.

The third scenario was designed to have wolves regulate
the moose population, which was held well below K (top-
down forcing); nutrition was never limiting. The simulation
again resulted in a pattern of fluctuating PPRs that were
greater in magnitude (Fig. 5), but not unlike those in the two

previous simulations (Figs. 3 and 4). Peaks in PPRs again
reflected patterns of predator increase and prey decrease, but
even the troughs of the fluctuations occurred under a cir-
cumstance of top-down regulation (Fig. 5). A comparison of
only PPRs from the three simulations (Figs. 3, 4 and 5) does
not allow discrimination of whether predators were having a
substantial effect on the prey population. Moreover, there
were substantial declines in PPRs over several years, even
when moose were regulated by wolves, further confusing
the interpretation of PPRs.

We further investigated the relationship between PPRs
and predator-caused mortality (proportion of moose lost to
wolves within each year) over the last 50 years of each
simulation with simple linear regressions. For the scenario
with predators held constant and moose regulated by K, the

Fig. 3 A Stella® simulation of predator–prey ratios (dotted line) with
predator numbers (wolves; small-dashed line) held constant, and prey
numbers (moose; solid line) regulated by bottom-up processes (K;
long-dashed line). Such a circumstance might occur where moose were
an alternate prey of wolves, and populations of wolves and their
primary prey were in equilibrium. The magnitude of changes in num-
ber of prey and predators cannot be compared directly because they are
measured on different scales. Note fluctuations in predator–prey ratios
(PPR) with no change in the number of predators

Fig. 4 A Stella® simulation of predator–prey ratios (dotted line) with
predators (wolves; small-dashed line) tracking their primary prey
(moose; solid line) and bottom-up regulation (K; long-dashed line).
The magnitude of changes in number of prey and predators cannot be
compared directly because they are measured on different scales. Note
the huge increases in predators and prey with no change in predator–
prey ratios (PPR) in the troughs of the PPR fluctuations

Fig. 5 A Stella® simulation of predator–prey ratios (dotted line) with
predators (wolves; small-dashed line) tracking and regulating their
primary prey (moose; solid line) with prey held well below K (long-
dashed line; top-down forcing). The magnitude of changes in number
of prey and predators cannot be compared directly because they are
measured on different scales. Note the similar pattern of predator–prey
ratios (PPR) under bottom-up and top-down forcing, in Figs. 4 and 5
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relationship was negative (r2=0.23, F1,50=14.7, β=−0.46,
p<0.001). This outcome was a result of wolves exhibit-
ing a functional, but not numerical, response to moose.
Consequently, when moose were at low density, but the num-
ber of wolves was constant, wolves consumed relatively few
moose when the PPR was high. When moose were regulated
by K, but wolves track their numbers, the relationship
was positive and significant (r2=0.076, F1,50=4.1, β=0.15,
p<0.048), but not notably predictive. Under this scenario,
moose still were regulated by bottom-up processes, but
wolves tracked moose numbers, resulting in numbers
of predators and prey not being in synchrony. Finally,
when predators regulated their prey, PPRs were, as
expected, positively and more strongly related to predation
on moose (r2=0.51, F1,50=51.7, β=8.9, p<0.001).

Outcomes from sensitivity analyses

We conducted sensitivity analyses on the fraction of new
growth within reach of moose, forage required for moose
per year, fraction of standing biomass available to moose,
percentage of reproductively active moose, the magnitude of
numerical and functional responses of wolves, and changes
in time lags between numbers of wolves and moose. Pat-
terns of predator–prey dynamics from our sensitivity analy-
ses related to moose were similar to results in Figs. 3, 4 and
5, with some exceptions for extreme values. Reducing the
fraction of new growth within reach of moose to 0.50
resulted in low-level equilibria for K, moose, predators,
and PPRs for all conditions except when predators regulated
their prey. Making this small amount of vegetation available
to moose may have been unrealistic, but that condition was
alleviated in the simulation when predators held prey well
below K. A near-identical pattern was produced when we
reduced forage required by moose per year to 3.00 mT,
except that high-level equilibria were reached for all con-
ditions apart from when predators regulated prey. Reducing
the fraction of biomass available to moose to 0.05 markedly
reduced K, the size of the moose population, the number of
predators, and PPRs, except for the simulation where pred-
ators regulated prey. In that particular simulation, the pred-
ator population and PPRs became highly oscillatory. Finally,
altering the percentage of pregnant females produced similar
results under all conditions with a slight shift to greater
periodicity of cycles with an increasing fraction of repro-
ductive females. Only under rare circumstances where equi-
libria were reached could inferences be made concerning
PPRs; all of those instances involved bottom-up regulation.

Patterns of PPRs for changes in magnitude of both nu-
merical and functional responses were similar to PPRs
obtained from our initial model scenarios where K regulated
the moose population, except for the greatest value of the
functional response where wolves tracked moose numbers—

that simulation approached equilibrium. Where predators reg-
ulated their prey, increasing the magnitude of the functional
responses progressively dampened fluctuations in PPRs. In-
creasing the magnitude of the numerical response for circum-
stances where moose were regulated by K intensified the
amplitude of fluctuations in PPRs. Where moose were regu-
lated by wolves, however, fluctuations in the numerical re-
sponse were dampened markedly and approached
equilibrium. A reduction in the time lag allowed predator
numbers to more closely track the moose population, but still
resulted in substantial fluctuations in PPRs where moose were
regulated by K. Where wolves regulated moose, however,
fluctuations in PPRs were somewhat dampened and in one
instance approached equilibrium.

Discussion

We developed an original modeling approach to investigate
the reliability of PPRs for predator–prey dynamics of moose
and wolves. Our predator–prey model was conditioned upon
the life-history characteristics of moose and wolves. We
incorporated density-dependent feedbacks for the moose
population, allowed K to vary based on foraging activities
of moose (which was influenced by current annual growth
and standing biomass of forage), integrated effects of com-
pensatory mortality, and added time lags in wolves tracking
their primary prey. Models we developed differ from others,
in that we examined PPRs under conditions where the
models were constrained to exhibit either top-down or
bottom-up regulation. These outcomes were a foregone
conclusion for a particular scenario, not a modeling out-
come. Moreover, we conducted sensitivity analyses to con-
firm that the parameter values we obtained from the
literature were reasonable and did not have an undue effect
on outcomes from our models. These methods allowed us to
examine how PPRs varied under circumstances where top-
down and bottom-up constraints on prey were known un-
equivocally. We undertook this approach because empirical
correlations between annual growth rates of prey and PPRs
will not yield causal relationships; other “lurking” variables
not considered in analyses may affect the strength of such
correlations. Consequently, our unique approach provided a
clear-cut interpretation of how well PPRs reflected the
effects of predation by wolves on a moose population under
scenarios of top-down and bottom-up regulation.

Our modeling clearly indicated that PPRs were not a
useful index to the degree of top-down forcing experienced
by moose, and thus for distinguishing whether populations
of ungulate prey are regulated by large carnivores — near-
identical patterns of PPRs were obtained under conditions of
top-down and bottom-up regulation in our models (Figs. 3,
4 and 5), and only under top-down regulation did PPRs
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reflect the degree of predation by wolves on moose. The
standard interpretation of PPRs in Figs. 3 and 4 would be
that the prey population was experiencing strong top-down
forcing during periods of increasing PPRs. Despite pro-
nounced fluctuations in PPRs as a function of the changes in
prey abundance, the simulations were constrained so that only
bottom-up processes were regulating moose abundance and
thus, the standard interpretation of PPRs was misleading.

The proximity of the prey population to K causes addi-
tional problems with interpretation of PPRs, because for
prey species exhibiting strong density dependence, a pro-
pensity occurs for compensatory mortality to increase with
increasing population size (Kie et al. 2003). Consequently,
predators killing prey would have much less effect on the
dynamics of a prey population near K than one held at low
density, where mortality was mostly additive (Person et al.
2001; Kie et al. 2003; Bowyer et al. 2005; Vucetich et al.
2011). As our modeling results indicated, near identical
PPRs might occur despite contrasting effects of predation
on the prey population, depending upon the relation of the
prey population to K, and whether mortality of prey was
mostly compensatory or additive. Fluctuating PPRs oc-
curred in both models where moose were regulated by
bottom-up processes, and thus, mortality was related to a
reduced food supply and mostly compensatory (Figs. 3 and 4).
Furthermore, in our simulations, PPRs were increasing when
the moose population was declining in response to density-
dependent processes, which could be erroneously assumed to
be a greater effect of predation based solely on PPRs.

As we demonstrated, the interpretation of PPRs is influ-
enced by the double-variable nature of ratios, which can
confuse changing patterns of predator and prey trajectories
(Figs. 1 and 2); such patterns are clearly illustrated in our
models (Figs. 3, 4 and 5). These outcomes highlight the
need for PPRs to be accompanied by additional information
on data underpinning those ratios, including sample sizes for
predators and prey, and their changing pattern over time. We
recommend that if PPRs are used that those metrics be
accompanied by their sample size and 95 % confidence
intervals (CIs). The method of Bowden et al. (1984) and
Bowyer (1991) for calculating sex and age ratios are readily
amenable to calculating 95 % CIs for PPRs. This approach
has the advantage of permitting sampling with replacement,
which allows repeated sampling of predators and their prey
to help assure a more reliable estimate of the PPR without
violating statistical assumptions.

Population growth of moose on Isle Royale National
Park was related to PPRs and was expected to be zero when
there were 2.9 wolves per 100 moose, but that relationship
was associated with a wide range of PPRs (Vucetich et al.
2011). Similarly, under top-down regulation, mean PPR in
our model was 2.5 wolves per 100 moose. When moose
were regulated by top-down forcing (Fig. 5), PPRs ranged

from 1.6 to 3.8 wolves per 100 moose, whereas when
regulated by bottom-up forcing, PPRs ranged from 0.14 to
1.9 wolves per 100 moose. Indeed, only under top-down
regulation, were relative changes in PPRs representative of
the influence of predators on their primary ungulate prey
(Fig. 5), indicating that the regulatory mechanism must be
known prior to an even cursory interpretation of PPRs,
further limiting their value as a means to assess predator–
prey dynamics.

Melis et al. (2009) reported a stronger effect of predation
on roe deer Capreolus capreolus across their geographic
range in habitats with low productivity compared with more
productive habitats, indicating that outcomes of predator–
prey dynamics may be highly context dependent. Our mod-
els were not designed to examine predator–prey dynamics
beyond the level of the population, and how our conclusions
might relate to regional scales is uncertain. Indeed, ecolog-
ical phenomena are extremely scale sensitive (Bowyer and
Kie 2006). We believe that the processes and caveats we
describe related to PPRs should be applicable to individual
populations, but how they might scale up to explain regional
patterns requires further study.

Use of PPRs to determine the degree of top-down forcing
by large carnivores on their ungulate prey is a much differ-
ent process than using a predator–prey model to predict the
dynamics of these large mammals over time. That one
modeling approach is superior to another (sensu Abrams
and Ginzburg 2000; Vucetich et al. 2002) is meaningless,
unless the model produces highly predictive outcomes over
a range of prey densities, and is sensitive to both simple
predator–prey systems and those with multiple predators
and multiple prey. Even when one predator–prey model is
superior to others, predictive power of that model may not be
sufficient to use for management purposes (sensu Vucetich et
al. 2011). Moreover, the time necessary to assess whether a
particular predator–prey model was producing reliable predic-
tions may be decadal or longer, and issues related to the
conservation and management of large mammals would have
been resolved (for good or ill) long before outcomes of pred-
ator–prey models could be evaluated adequately (Bowyer et
al. 2005). The time-sensitive nature of management policy
(sensu Starfield and Bleloch 1986) for large mammals
typically precludes developing elaborate models of pred-
ator–prey dynamics from empirical data when pressing
conservation and management issues need to be re-
solved — hence, the lure of PPRs.

Theberge (1990) questioned the reliability of using PPRs
to make inference about the effect of a predator on its
primary prey. One reservation included that there might be
variation of the functional response of a predator to chang-
ing prey density. Effects of the functional response on the
number of predators supported by prey are not as important,
however, as the proximity of the prey population to K,
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except at very low densities of prey (Person et al. 2001).
Another concern expressed by Theberge (1990) was that
alternative prey might be used or that prey switching may
occur. Indeed, the predation rate per predator likely depends
upon the density and demographics of a particular prey and
the availability of alternate prey (Dale et al. 1994; Sand et al.
2012). In a model of wolf–ungulate systems, Garrott et al.
(2007) noted that wolf diets shifted with relative abundance
of two prey species, even where switching to additional prey
did not occur. Moreover, ungulate prey with higher intrinsic
rates of increase (r) will support more predators than ones
with a lower r (Person et al. 2001). This outcome means that
attempts to use the ratio of total ungulate biomass to pred-
ator numbers or density (a modification of PPRs) as an
index to effects of predation in multiple-prey systems is
similarly flawed (Person et al. 2001).

Our simulations of PPRs for 50 years after reaching
stable conditions, under different scenarios of top-down
and bottom-up forcing (Figs. 3, 4 and 5), indicate that they
are not well suited to discriminate relative effects of preda-
tors (top-down) or nutrition (bottom-up) on prey popula-
tions. Only under strong top-down forcing resulting in
regulation by predation did PPRs reflect the influence of
predators on their primary prey (Fig. 5). Indeed, Vucetich et
al. (2011) reported that PPRs could be a relatively good
predictor of prey growth in some wolf–ungulate systems.
These ratios performed best (56 % of variation explained) in
a simple wolf–moose system (Isle Royale National Park,
Michigan, USA), but less well (23 % and 12 %, respective-
ly) in more complex systems with multiple predators and
multiple prey (Yellowstone National Park, central Rocky
Mountains, USA; Banff National Park, Alberta, Canada).
Vucetich et al. (2011) concluded that PPRs were not suffi-
ciently predictive for reliably projecting declines in prey
populations. Multiple-predator, multiple-prey systems are
where predator pits (Gasaway et al. 1992; Dale et al. 1994;
Bowyer et al. 2005) are most likely to occur (e.g., top-down

regulation), yet PPRs performed inadequately in such sys-
tems (Vucetich et al. 2011).

Our models demonstrated that PPRs were not reliable for
inferring the degree of top-down or bottom-up forcing when
the regulatory mechanism for the prey population was un-
known. Adding stochastic variation or other fine tuning of
the model would not change that fundamental conclusion.
Indeed, our knowledge of wolves, moose, and their dynam-
ics support outcomes from our simulations — PPRs are not
a viable tool to assess predator–prey relationships for pur-
poses of conservation or management. Although parameter-
ized for wolves and moose, we believe our modeling
approach was sufficient to discount the use of PPRs for
inferring the dynamics of other species of large carnivores
and their ungulate prey. The temptation to use PPRs often is
irresistible, because they usually can be collected during the
course of other sampling, and are far less costly to obtain
than other measures of predation, such as kill rates (Dale et
al. 1994). Despite these seeming advantageous character-
istics, PPRs seldom will provide the information necessary
for the wise management of large carnivores and their
ungulate prey.

We recommend moving away from the use of PPRs and
other metrics of predation and adopting a method of assess-
ing whether forcing is primarily top-down or bottom-up
based on the physical condition and life-history character-
istics of prey. Ungulates that are regulated by large carni-
vores will have populations held well below K, whereas
those regulated by density-dependent feedbacks from nutri-
tion will tend to have populations closer to K (Kie et al.
2003; Bowyer et al. 2005; Pierce et al. 2012). In strongly
density-dependent species, those changes in population
numbers will result in marked differences in nutritional
condition of prey, which in turn will have profound effects
on a number of their life-history characteristics (Table 1;
Bowyer et al. 2005; Stewart et al. 2005; Pierce et al. 2012).
Changes in those life-history characteristics (Table 1) should

Table 1 Life-history character-
istics of ungulates that reflect the
relative differences in a popula-
tion regulated by top-down ver-
sus bottom-up processes (from
Bowyer et al. 2005)

aSome species of ungulates may
show limited variability in par-
ticular characteristics

Life-history characteristic Top-down regulated Bottom-up regulated

Physical condition of adult females Better Poorer

Pregnancy rate of adult females Higher Lower

Pause in annual reproduction by adult females Less likely More likely

Yearlings pregnanta Usually Seldom

Corpora lutea counts of adult femalesa Higher Lower

Litter sizea Higher Lower

Age at first reproduction for females Younger Older

Weight of neonates Heavier Lighter

Mortality of young Additive Compensatory

Age at extensive tooth wear Older Younger

Diet quality Higher Lower
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be helpful in judging the relationship of prey populations to
K (Kie et al. 2003; Stewart et al. 2005), and consequently,
the role of predators in influencing the dynamics of ungulate
populations. Indeed, life-history characteristics (Table 1)
may be more reliable for detecting top-down and bottom-
up forcing than changes in the annual growth rate (1) of
prey or other metrics of predation (Pierce et al. 2012).
Directional predictions in life-history traits (Table 1), espe-
cially if considered within a weight-of-evidence approach
(sensu Bowyer et al. 2003; Pierce et al. 2012), form a
powerful framework with which to assess top-down and
bottom-up processes (Kie et al. 2003; Bowyer et al. 2005;
Stewart et al. 2005). Moreover, many of those characteristics
could be determined from samples of harvested ungulates.
Observations related to those life-history characteristic of
prey might be coupled with measures of range condition,
such as indices of browsing, to further understand the rela-
tionship of the population to K, while recognizing that
changes in vegetation from herbivory may lag behind the
physical condition of animals (Kie et al. 2003). We offer one
caution related to interpreting weights of adult female ungu-
lates in relation to K. Comparatively small-bodied females at
or near K lack the capacity to increase body weights, and
initially may give birth to relatively small young that exhibit
poor growth throughout life, and may be more susceptible to
predation, even following improved nutrition when popula-
tions have been held well below K (Monteith et al. 2009).
These maternal effects may persist for multiple generations
before increases in the size of young occur (Monteith et al.
2009), although changes in physical condition and reproduc-
tive rates follow expected patterns (Table 1). This limitation
is small, however, compared with the multitude of disadvan-
tages associated with interpreting PPRs. We believe our
approach of using animal condition and resulting life-history
characteristics to parameterize whether predators are strong-
ly affecting their ungulate prey (Table 1) has major advan-
tages over PPRs and other metrics of predation, and should
replace their use for purposes of conserving or managing
predators and their ungulate prey.

Conclusions

1. Increasing populations of large carnivores in the west-
ern United States and in Europe has renewed interest in
simple metrics that can reflect dynamics of these pred-
ators and their ungulate prey.

2. The ratio of predators to their prey (the PPR) has been
used to index the population dynamics of large mam-
mals to infer whether top-down or bottom-up regulation
was occurring.

3. We implemented a unique approach using program
Stella® to assess the validity of PPRs in reflecting top-

down or bottom-up processes — PPRs were notably
unsuccessful in doing so.

4. If PPRs are presented, they should be accompanied by
their sample sizes and 95 % CIs. Despite the seemingly
advantageous characteristics of PPRs, they seldom will
provide the information necessary for the sound or wise
management of large mammalian predators and their
ungulate prey.

5. Developing complex wolf–moose models from empiri-
cal data will seldom provide the information necessary
for the management of populations of these large mam-
mals—conservation issues would be resolved for good
or ill long before such models could be parameterized.

6. We propose replacing PPRs, as well as other metrics of
predation, with measures of physical condition and life-
history characteristics of ungulates to determine whether
their populations are regulated by top-down forcing
(predation) or bottom-up processes (carrying capacity,K).
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