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We evaluated how climate change and variable rates of moose browsing intensity,
as they relate to wolf predation, might affect the forests of Isle Royale National
Park, Michigan, United States by conducting a modeling experiment. The experiment
consisted of contrasting three different scenarios of wolf management and with a static
(current conditions) and changing climate (high emissions). Our results indicate that
the interactive effects of wolf predation and climate change are likely to be temporally
variable and dependent on biogeographic and forest successional processes. During
the first 50 years of 120-year simulations, when the effects of climate change were less
impactful, higher simulated rates of predation by wolves reduced moose population
densities, resulting in greater forest biomass and higher carrying capacities for moose.
However, over the longer term, early successional and highly palatable aspen and birch
forests transitioned to late successional spruce and fir forests, regardless of climate or
predation intensity. After 50 years, the effects of climate change and predation were
driven by effects on balsam fir, a late successional conifer species that is fed on by
moose. High-intensity predation of moose allowed balsam fir to persist over the long
term but only under the static climate scenario. The climate change scenario caused a
reduction in balsam fir and the other boreal species that moose currently feed on, and
the few temperate species found on this isolated island were unable to compensate for
such reductions, causing strong declines in total forest biomass. The direct effects of
moose population management via reintroduction of wolves may become increasingly
ineffective as the climate continues to warm because the productivity of boreal plant
species may not be sufficient to support a moose population, and the isolation of the
island from mainland temperate tree species may reduce the likelihood of compensatory
species migrations.
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INTRODUCTION

Today’s natural resource management agencies are tasked with
anticipating how the effects of their decisions are likely to play
out over the long term in the face of climate change. Near-
term solutions to some environmental problems could range
from counterproductive to ineffective to critically important
as time passes and the climate warms. For example, most
large mammalian herbivore populations (e.g., moose, elk,
and deer) experience some form of population management
given their iconic stature and/or importance for recreational
and subsistence hunting (Danell et al., 2006). These animals
can also alter the structure and function of ecosystems by
preferentially foraging on some plant species and avoiding
others (Hobbs, 1996; Pastor and Danell, 2003). Consequently,
management agencies often use a variety of techniques to locally
reduce herbivore populations (e.g., re-introducing predators or
conducting controlled harvests) when their populations grow
large enough to affect forest resources in ways that cause conflicts
with other land management objectives (Demarais et al., 2012).
While such actions can have important effects on the plant
communities that these animal populations rely on (Terborgh
et al., 1999; Ripple and Beschta, 2012), so too can climate
change (Iverson et al., 2008). Will population management
actions continue to be effective as the climate warms? Will
population management actions become increasingly important?
More generally, will the ecosystems that currently support large
mammalian herbivore populations continue to do so in the
future, with or without population management?

These are some of the questions facing the U.S. National Park
Service (NPS) as they begin to manage the moose population of
Isle Royale National Park via the reintroduction of wolves. Moose
and wolves have co-existed at Isle Royale since at least the 1940s
(Murie, 1934; Allen, 1993; Peterson and Page, 1988). For about
the past 50 years, the moose population has generally fluctuated
between 1 and 2 per square kilometers (km2) (500–1200
individuals) while the wolf population has fluctuated between 25
and 50 per 1000 km2 (15–30 individuals) (Peterson et al., 2014).
However, inbreeding depression among wolves began to take its
toll on the wolf population beginning in the early 2000s (Vucetich
et al., 2012), reducing the population to just a lone pair by 2017.
Following several years of increasing moose population density
and a multi-year environmental impact assessment (National
Park Service [NPS], 2017), the NPS began re-introducing wolves
during the winter of 2018–2019. There are currently 17 wolves
on the island and the goal of the project is to bring the population
up to a total of 20–30 animals. The primary purpose of wolf re-
introduction was to reduce the growing moose population and
its effects to the forest ecosystem (National Park Service [NPS],
2017). Although the decision to re-introduce wolves to Isle
Royale was made with some consideration of the effects of climate
change (Fisichelli et al., 2013), there have been no systematic
studies of the projected effects of climate change on the vegetation
of Isle Royale, or how climate change might interact with moose
browsing to alter forest dynamics. This is despite recognition that
the island is already being exposed to significant climate changes
(Monahan and Fisichelli, 2014). It is therefore unclear what the

long-term effects of wolf re-introduction might be as the climate
warms and the vegetation of Isle Royale responds to it.

Most of the forested area of Isle Royale is in boreal hardwood
(∼35%) and boreal conifer (∼40%) cover (Figure 1; The Nature
Conservancy [TNC], 1999). Moose browsing has been shown
to accelerate forest succession from the shade intolerant and
rapidly growing hardwood species such as paper birch (Betula
papyrifera) and quaking aspen (Populus tremuloides) to the
more shade tolerant and slower growing conifer species such as
white and black spruce (Picea glauca and P. mariana) because
moose preferentially feed on the former and avoid the latter
(Snyder and Janke, 1976; McInnes et al., 1992). In most North
American boreal forests, balsam fir (Abies balsamea) is also
associated with later successional spruce-fir forests (Bergeron,
2000). But at Isle Royale, moose heavily feed on balsam fir during
the winter, reducing its abundance in boreal conifer forests
(Brandner et al., 1990). In areas that have received very high
annual rates of moose browsing, moose-spruce-savannahs have
emerged following the loss of nearly all woody plant species,
except for unbrowsed spruce (Rotter and Rebertus, 2015). The
remaining forest cover of Isle Royale is composed of species more
frequently associated with temperate forests. Northern hardwood
species such as sugar maple (Acer saccharum) and yellow birch
(B. alleghaniensis) are locally abundant on the western end of
Isle Royale but make up only 10% of the total forest area of
the island, while northern conifer forests (northern white-cedar
(Thuja occidentalis) make up the remaining 15% or so of total
forest area (Figure 1; The Nature Conservancy [TNC], 1999).
These communities are dominated by long-lived species, often
typical of late-successional old-growth temperate forests, but
moose feed on all of them. As a result, heavy browsing may slow
the rate of forest succession to these communities depending on
browsing intensity (Sell, 2007).

Isle Royale National Park is situated in the North American
temperate – boreal forest transition zone (Goldblum and Rigg,
2010) and is therefore thought to be highly susceptible to
effects of climate change (Fisichelli et al., 2013). Both the boreal
and temperate tree communities found there are growing near
their southern and northern range limits, respectively, and are
therefore considered to be sensitive to changes in temperature
and/or precipitation (Fritts, 1976; Reich and Oleksyn, 2008). The
upper Midwest region has shown an upward trend in mean
minimum, mean maximum, and mean temperature in all seasons
from 1901–2011 (Handler et al., 2013. Future projections for
the twenty-first century indicate upward trends in temperature
for the Midwest between 2.8 and 4.9 degrees Celsius (◦C)
by the end of the century, depending on emissions scenario
(Intergovernmental Panel on Climate Change [IPCC], 2007;
Gonzalez et al., 2010; Kunkel et al., 2013). Further, a recent
examination of temperature trends at Isle Royale National Park
showed similar trends in both annual mean temperature and
mean temperature during the warmest quarter (summer months)
as found for mainland areas (Monahan and Fisichelli, 2014).
While projected changes in precipitation are more variable, a
general decrease in precipitation is projected for high emissions
scenarios in the upper Midwestern U.S. summer months after
2050 (Stoner et al., 2012). Current measurements of greenhouse
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FIGURE 1 | Forest community types and soil water holding capacity representing initial conditions (c. 2006) at Isle Royale National Park. Percentage of total forest
cover is provided for forest communities making up greater than 3% total forest cover. Forest plot data were imputed into the areas of similar forest community types
to create the initial age and species distribution maps for modeling. Soil water holding capacity was used to delineate ecoregions, which influence rates of species
establishment and growth.

gas emissions have been near the highest projected emissions
scenario (A1FI) (Intergovernmental Panel on Climate Change
[IPCC], 2007; Peters et al., 2012) and recent modeling studies
indicate that the associated projected changes in temperature and
precipitation for nearby northeastern Minnesota are sufficient
to cause reductions in the establishment and growth rates of
boreal tree species (e.g., spruce, fir, aspen, and birch), with
less negative effects and some positive effects of climate change
on a suite of temperate deciduous species [e.g., sugar maple,
yellow birch, red maple (Acer rubrum), and red oak (Quercus
rubra)] (Duveneck et al., 2014a). These results indicate that
northern hardwood forests could begin to replace the boreal
forests across Isle Royale. However, other studies also conducted
in nearby northern Minnesota have shown that the negative
effects of herbivory on the growth of temperate forest species
could offset any positive effects of increasing temperatures,
limiting the ability of temperate species to replace boreal species
(Fisichelli et al., 2012). Furthermore, temperate species currently
have a limited distribution at Isle Royale, and it is possible
that the negative effects of climate change on boreal forests
will outpace rates of dispersal by temperate species (Sanders
and Grochowski, 2013). In either case, rather than simply
experiencing a shift in the distribution of forest community
types, Isle Royale could experience significant reductions in
both forest productivity and biodiversity, and/or develop novel

plant communities, with potentially significant implications for
the ability of the landscape to support a moose population
over the long term.

This study builds from earlier modeling studies to better
understand and project the future forests of Isle Royale National
Park under different scenarios of wolf management (De Jager
et al., 2017b) and with projected effects of climate change on
tree species establishment and growth rates (Duveneck et al.,
2014a,b; Duveneck and Scheller, 2015a,b). While these previous
modeling studies have examined effects of moose browsing and
climate change independent of each other, the present study is
the first to examine how they may interact with each other. Our
objectives were to evaluate how climate change and variable rates
of moose browsing intensity, as they relate to wolf predation, may
affect the forests of Isle Royale National Park. We specifically
addressed the following questions: (1) How does predation by
wolves influence moose population dynamics and the effect of
moose browsing on patterns of forest succession and productivity
with and without climate change? (2) Are northern hardwood
forests able to replace boreal forests as the climate warms and
does this phenomenon depend on rates of wolf predation? (3)
In general, can Isle Royale support both a healthy forest and
a moose population over the long-term in the face of climate
change, and how much does the answer depend on the rate of
predation by wolves?
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MATERIALS AND METHODS

Study Area
Isle Royale is an archipelago in the northwestern part of
Lake Superior (Figure 1). The main island is ∼24 kilometers
(km) from the shore of northeastern Minnesota, USA and
southern Ontario, Canada, and is ∼534 km2. The island has
a distinct ridge and valley topography that reflects the angle
of the most recent glacial stage [∼11,000 years before present
(bp)]. De Jager et al. (2017a) recently characterized major
differences in soils across the island, important for structuring
vegetation communities. These differences were represented
by calculating soil water holding capacity (SWHC) in units
of centimeters per meter (cm/m) within 1 meter (m) of soil
depth (Web Soil Survey, 2011). The data were then grouped
into three zones of relatively homogeneous SWHC: thin soils
over bedrock with low SWHC (mean of 7.2 cm/m), deeper
soils (mean SWHC of 13.5 cm/m), and alluvial soils with high
SWHC (mean of 35.1 cm/m). The climate of Isle Royale is
similar to that of northeastern Minnesota, with mean daily
high temperatures in summer (June, July, and August) of ∼20–
21◦C and mean daily high temperatures in winter (December,
January, February) near -3◦C. A recent assessment of climate
change exposure for the U.S. National Parks found upward
trends in mean annual temperature and mean temperature
during summer for Isle Royale and other midwestern National
Parks (Monahan and Fisichelli, 2014). Thus, Isle Royale, like
the nearby mainland, is already experiencing significant climate
change. Local observations indicate that there may be a gradient
in temperature from the interior of the island to the shore of
Lake Superior during summer. However, gridded climate data
(PRISM, Daly and Gibson, 2002) described very little spatial
variability in temperature or precipitation across the island. We
therefore considered the entire island to be a single climate zone
and developed an ecoregional geographic information system
(GIS) coverage (50-m cell size) based on SWHC alone (Figure 1).
This ecoregional coverage influences the potential establishment
and growth rates of different tree species as described below (see
“Landscape Simulation Modeling”).

The vegetation of Isle Royale is characteristic of the temperate-
boreal forest transition zone (Goldblum and Rigg, 2010; Sanders
and Grochowski, 2013). For this study, we used a map of
the vegetation communities developed in the late 1990s (The
Nature Conservancy [TNC], 1999), which included 18 different
plant community assemblages (Figure 1). The most abundant
communities across the main island were Aspen-birch/boreal
conifer forests (21%), spruce-fir-aspen forest (16%), spruce-
fir/feathermoss forest 15%, white cedar- (mixed conifer)/alder
swamp (13%), maple – yellow birch -northern hardwoods
forest (7%). Although some communities were relatively rare
(e.g., red oak – sugar maple forest, < 1%) we included them
given their potential to expand under climate change. The
species composition of forest inventory plots was then used
to match each mapped forest community type with multiple
forest inventory plots collected for the U.S. Forest Service Forest
Inventory and Analysis (FIA) (Woudenberg et al., 2010) and the
inventory plots were randomly imputed within each matched

forest community type to develop a GIS coverage (50-m cell size)
as described in previous modeling studies (e.g., De Jager et al.,
2017a). Ages of each tree in the inventory dataset were then
estimated using site index curves following the methods outlined
in De Jager et al. (2017a,b). Finally, each tree was grouped into
cohorts at 25-year age intervals, with all seedlings and any age 10
or younger tree assigned an age of 5 years. Although the current
study used a similar methodology to develop this initial plant
community dataset as that described in De Jager et al. (2017a,b),
the present study included several additional rare temperate
species and community types. Thus, results of this study may not
be directly comparable to the previously published studies.

Landscape Simulation Modeling
We used the LANDIS-II forest simulation modeling platform
(Scheller et al., 2007). LANDIS-II simulates successional
processes, disturbances, seed dispersal, growth and mortality
across a series of grid cells (i.e., the landscape). Such processes
are represented with different extensions that allow users to
determine the degree of complexity needed to represent different
systems. We used the Biomass Succession Extension (version
3.2; Scheller and Mladenoff, 2004) to simulate establishment,
growth, and competition across the landscape as these properties
affect and are affected by the biomass of species-age-cohorts.
Biomass Succession requires input parameters for potential
species establishment probabilities (Pest), which represent the
likelihood of establishment of a new cohort given a seed source
and adequate light, and maximum growth rate (ANPPmax) and
maximum aboveground biomass (AGBmax), which determine the
potential aboveground growth of a cohort. These parameters
can vary spatially and temporally as they relate to annual
temperature and precipitation patterns and the underlying soil
characteristics. We used previously published establishment and
growth parameters for the species listed in Table 1 developed by
Duveneck et al. (2014a) in northeastern Minnesota for ecoregions
of similar climate and soil conditions as that found at Isle
Royale, and for two climate scenarios (current climate and
high emissions, see below). Thus, the effect of climate change
in this study was represented as a temporal change in the
potential establishment and growth rates of the species growing
on different soils at Isle Royale and in response to variable
temperature and precipitation patterns. Duveneck et al. (2014a)
used the PnET-II ecophysiology model (Xu et al., 2009) to
estimate Pest, ANPPmax, and AGBmax using input climate data
for current climate conditions and that of the high emissions
scenario (A1FI) for northeastern Minnesota and based on
several species-specific physiological characteristics. These input
parameters are provided in Figure A1, and provide some insights
into potential species-specific effects of climate change. However,
within the Biomass Succession extension, the actual growth
of a cohort incorporates a species-specific growth parameter
to determine how fast the actual growth rate (ANPP) reaches
ANPPmax. Further, growth is also modified by competition and
age. Competition is represented by the available growing space,
and age-related mortality is represented by an increasing decline
in growth as cohorts near longevity. Finally, actual species
establishment rates are strongly affected by seed supply and
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TABLE 1 | Tree species life history parameters used in forest simulation modeling for the species modeled at Isle Royale National Park.

Species Longevity
(year)

Maturity
(year)

Tolerance Seed Dispersal (m) Vegetative
reproduction

(Prob)

Sprout age Postfire
regeneration

Shade Fire Effective Maximum Minimum Maximum

A. balsamea 205 20 50 1 30 160 0 0 0 None

A. rubrum 150 10 4 1 100 200 0.1 0 60 Resprout

A. saccharum 300 40 5 1 100 200 0.1 0 60 None

B. alleghaniensis 300 40 4 2 100 400 0.1 0 180 None

B. papyrifera 165 25 2 2 200 5000 0.5 0 70 Resprout

F. nigra 150 35 2 1 100 200 0.1 0 75 Resprout

P. banksiana 205 17 1 4 20 275 0 0 0 None

P. glauca 225 40 3 2 30 200 0 0 0 None

P. mariana 200 22 3 3 80 200 0.1 0 100 Resprout

P. strobus 450 15 3 3 60 210 0.5 25 300 None

P. tremuloides 140 25 1 1 1000 5000 0.9 0 100 Resprout

Q. rubra 250 25 2 4 30 3000 0.5 25 180 Resprtout

Shrub 100 25 3 1 45 60 0.5 0 60 Resprout

T. occidentalis 300 35 5 1 45 60 0.5 50 300 None

light conditions. Thus, model outcomes depend on both the
potential establishment and growth rates (Figure A1) and how
local and landscape scale factors modify them over the course of
model simulations.

We simulated the effects of predation on moose population
density and dynamics and resulting feedbacks with browsing
patterns and forest succession using the Dynamic Ungulate
Browse Extension (Version 0.8). Readers are directed to De
Jager et al. (2017a,b) for complete details of the browse
extension as it is only briefly and generally discussed here.
The browse extension simulates reciprocal interactions, at an
annual time step, between an ungulate population and forest
succession through annual estimates of available forage biomass.
Available forage biomass is a fraction of the total species-
cohort biomass considered to be available to a foraging ungulate
across an entire year. These calculations take into account
how long tree species remain within the height reach of a
foraging animal and the fraction of total aboveground biomass
in edible leaves (summer) and twigs (winter). In previous
applications of the browse extension, total annual available
forage biomass was generally near 0.1–0.2% of total forest
biomass (De Jager et al., 2017b). The ungulate population is
temporally dynamic and governed by a discrete-time quadratic
model, with a carrying capacity term that is derived at
each time step (year) based on how many animals could
be supported by the total available forage biomass for all
species-cohorts across the landscape. Thus, the carrying capacity
of the landscape is an emergent property, rather than a
pre-defined parameter estimate. This means that the animal
populations density is also an emergent property, rather than
being predefined. Other factors that can influence the annual
moose population density include: (1) the intrinsic population
growth rate, which was randomly selected each annual time
step between 0.15 and 0.25, (2) random population mortality
rate (0 to 0.1), (3) animal harvest rate (0), and (4) predation
rate (see scenarios below). These parameter settings reflect

empirical estimates derived from a long-term moose-wolf
study conducted at Isle Royale National Park (Peterson et al.,
2014 and references within). The initial population density
was set to 1 moose per km2, reflecting the long-term mean
population density.

Within each year, the local ungulate population density (and
hence how much forage biomass is removed from a site) is
determined by downscaling and distributing the total population
to each grid cell. This process is done using moving window
calculations of site preference (forage quality and quantity) at
each time step. Thus, the ungulate population can fluctuate from
year to year and place to place based on how any factor influences
the availability and quality of forage biomass over time and space,
including the ungulate population itself. We derived estimates of
forge preference (quality) based on previously published studies
conducted at Isle Royle (Table 2). For estimates of annual
forage preference, we relied heavily on Hodgson (2010) because
that study utilized data collected annually (summer and winter
foraging preferences). These parameter estimates represent the
fraction of available forage biomass that the ungulate population
would be expected to remove from each species present at a site,
based on the literature identified in Table 2.

At each time step, the total available forage biomass removed
from each grid cell (a site) is the amount needed to satisfy
the requirements of the local ungulate population. How much
biomass is removed from each species at a site depends on
the preference of the population for each species (given in
Table 2) at each site. Effects of removed biomass on the growth
and survival of tree cohorts were simulated using threshold
equations, whereby a user-specified proportion of biomass lost
due to browsing triggers a negative growth response in the next
time step, up to user-defined maximum negative effect at 100%
removal of available forage biomass. We used the same parameter
estimates for species preferences and effects of moose browsing
on growth and survival as published in De Jager et al. (2017b)
(see Table 2).
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TABLE 2 | Species-specific model parameters for moose browsing preference
and effects of browsing on growth and mortality.

Species Preference Growth reduction Mortality

Threshold Max Threshold Max

A. balsamea1,2,4,6 0.15 0.2 0.6 0.8 0.1

A. rubrum 0.30 0.2 0.6 0.8 0.1

A. saccharum2,3,6 0.15 0.2 0.6 0.8 0.1

B. alleghaniensis2,3,6 0.15 0.2 0.6 0.8 0.1

B. papyrifera2,5,6 0.25 0.5 0.4 0.9 0.1

F. nigra1,2,6 0 0 1 0.8 0.1

P. banksiana1,2,6 0 0 1 0.8 0.1

P. glauca1,2,6 0 0 1 0.8 0.1

P. mariana1,2,6 0 0 1 0.8 0.1

P. strobus 0.05 0.2 0.6 0.8 0.1

P. tremuloides1,2,3,6 0.30 0.5 0.4 0.9 0.1

Q. rubra 0.05 0.2 0.6 0.8 0.1

shrub1,2,6 0.25 0.5 0.4 0.9 0.1

T. occidentalis1,2,6,7 0.05 0.2 0.6 0.8 0.1

The threshold parameters represent the proportion of available forage biomass,
that once removed trigger growth reduction or an increase in the probability of
mortality. Growth reduction or mortality increase linearly to a maximum (Max) at
100% browse removal. 1Hodgson (2010). 2Risenhoover (1987). 3Sell (2007). 4De
Jager et al. (2009). 5De Jager and Pastor (2008). 6Murie (1934). 7Parikh (2015).

Climate and Predation Scenarios
We contrasted two climate scenarios: static or current climate,
and a high emissions scenario as described in Duveneck
et al. (2014a). Static climate was simulated by randomly
selecting simulation years from 30 (1969–1999) past observed
climate years (Daly and Gibson, 2002). We represented
climate change using the A1FI high emissions scenario of the
Intergovernmental Panel on Climate Change [IPCC] (2007)
coupled to the Geophysical Fluid Dynamics Laboratory (GFDL)
Global Circulation Model (GCM) given its sensitivity to
emissions (Delworth et al., 2006). Our climate change scenario
reflected an accurate representation of observed global emissions
at the time it was developed (Raupach et al., 2007). Since
then, additional climate change scenarios have been developed
by the IPCC. Importantly, the high emissions scenario used
here (A1FI) is similar to the more recent Coupled Model
Intercomparison Projects (CMIP) scenarios CMIP5 (RCP8.5)
and CMIP6 (SSP5-8.5), with similar end of century radiative
forcing and global mean temperature projection (O’Neill et al.,
2016). Briefly, the high emissions scenario indicates increased
temperature in the Midwest in all seasons for the next 100 years
with most of the increase in temperature after 2050. Likewise,
the high emission scenario indicates variable but decreasing
precipitation in summer months after 2050 (Stoner et al., 2012).
We simulated climate (temperature and precipitation patterns)
across the entire island using results from Duveneck et al. (2014a)
for the coldest and northern-most climate region (climate region
1) in nearby NE Minnesota from 2006–2116. Thus, we compared
a high emissions (climate change) scenario with a static (current
climate) scenario. For a graphical representation of how projected
temperature and precipitation patterns differ between our static

and high emissions scenarios, see Duveneck et al. (2014a). It is
important to note that within our modeling framework, climate
change does not directly impact moose population density. Thus,
impacts of climate change on carrying capacity or the moose
population come about via indirect effects on plant growth.

We evaluated the effects of predation by varying the predation
rates within the ungulate browsing extension. We contrasted a
no predation scenario (P = 0) with a weak predation scenario
(P = 0.03–0.10), reflecting long-term mean predation rates
(Peterson et al., 2014), and finally a strong predation scenario
(P = 0.07–0.15), reflecting above-mean long-term predation rates
(Peterson et al., 2014). At each annual time step, a random
predation rate between the above intervals was selected to
represent stochastic variation in predation rates within a scenario
replicate. Unlike the effects of climate change, simulated effects of
predation directly reduce moose population density. Such effects
can further feedback to alter plant growth and carrying capacity
by reducing browsing effects. We simulated a total of 6 scenarios
(3 predation X 2 climate scenarios) for 120 years (2006–2126,
∼100 years from today). For each scenario, we ran three replicates
given the stochastic nature of the model.

Data Analysis
We evaluated moose population dynamics by estimating the
island-wide population density, carrying capacity, and a habitat
suitability index for each annual time-step. Population density
and carrying capacity were calculated as the number of animals
per island area (#/km2). We calculated habitat suitability as the
normalized sum of area-weighted total forage biomass (quantity)
and site preference (quality) on a 0–100 scale. We evaluated forest
successional patterns by calculating the total aboveground live
biomass of different groups of indicator species. Black and white
spruce were grouped into a single category (spruce); northern
conifers included northern white cedar, white and jack pine;
boreal hardwoods included aspen and paper birch; northern
hardwoods included yellow birch, sugar maple, red maple, red
oak, and black ash. For all outputs we calculated the mean
and 2 standard deviations to evaluate statistical overlap among
scenarios over time. These standard deviations were included in
all figures, but in some cases were very small and not noticeable.
For scenarios with standard deviations that appeared to be larger
than others (e.g., strong predation under current climate), we
ran additional replicate simulations to verify results were not
driven by a single outlier replicate. We constructed maps for
initial conditions (year 2006) and ending conditions (year 2126)
for the scenarios that consisted of: (1) no climate change and
no predation, (2) no climate change and strong predation, (3)
climate change and no predation, and (4) climate change and
strong predation. These maps can be found in Figure A2.

RESULTS

Moose Population Dynamics
Moose population densities were greatest at 3–4 moose per
km2 for the “no predation” scenarios. Indeed, moose population
densities were largest for scenarios that did not include predation
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FIGURE 2 | Moose population density, carrying capacity, and the difference between the two for current climate (left) and high emissions scenarios (right) and three
wolf predation scenarios. Data are area-weighted means ± 2 standard deviations from three replicate simulations within each scenario (climate × predation).

by wolves during the first 30 years of model simulations,
regardless of the climate change scenario (Figure 2). Weak
predation yielded peak moose population densities between 1.5
and 2.5 per km2, while strong predation kept moose population
densities below 2 per km2 for the duration of model simulations.

In contrast to the near-term direct effects of predation on
moose population density, climate change had almost no effect
on population density in the near term, but had a minor
effect on population density over the long term as it began to
influence plant growth and establishment (forage production and
carrying capacity) after 30 to 50 years. Late in the simulations
(i.e., after 2060), moose population densities decreased for all
three predation scenarios under the climate change scenario, in
contrast to more stable moose population densities under the
current climate scenario (Figure 2). These declines were due to
reduced growth and establishment of boreal tree species in the
diet of moose (Figure A1) and an apparent lack of compensatory
growth by temperate species.

Differences in peak population density among scenarios had
important consequences for longer-term estimates of carrying
capacity, given the long-term effects of moose browsing on plant
growth and available forage biomass. The lower peak population
densities in the strong predation scenarios kept more forage
biomass on the landscape and allowed for larger estimates of
carrying capacity, especially under static climate conditions, but
there were also more marginal effects under climate change
(Figure 2). In these scenarios, predation continued to limit moose
population density despite relatively higher carrying capacities,
which in turn contributed to larger differences between carrying
capacity and population density under both static and changing
climate (Figure 2). The difference between carrying capacity and
population density for the strong predation scenario was larger
under current climate conditions than under the climate change
scenario (Figure 2), reflecting a landscape much more suitable
for moose (Figure 3). In contrast to the results for the strong
predation scenarios, the higher initial peak population densities
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FIGURE 3 | Mapped distributions of habitat suitability for moose based on forage quantity and quality for initial model conditions (simulation year 2006) and after
120 years of current climate and no predation (CC_P0), current climate and strong predation (CC_P2), high emissions and no predation (A1FI_P0), and high
emissions and strong predation (A1FI_P2). Inset graph shows the mean habitat suitability for each 10 years for all scenarios (CC_P1 is current climate with weak
predation, A1FI_P1 is high emissions with weak predation).
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in the weak and no predation scenarios contributed to lower
long-term carrying capacities. This in turn limited long-term
population density and kept the moose population much closer
to the carrying capacity of the landscape. Thus, in the long-term,
predation interacted with climate change to alter available forage
biomass and the carrying capacity of the landscape. The largest
estimates of carrying capacity and the largest difference between
carrying capacity and population density was found for the strong
predation scenario under current climate.

Interactive effects of simulated predation and climate also
affected moose habitat suitability, which incorporated both the
total available forage across the landscape and the quality of
that forage (Figure 3). All three predation scenarios coupled
to climate change resulted in lower habitat suitability than the
current climate scenarios by simulation year 2126. The only
scenario that produced significantly higher (non-overlapping
CI’s) and temporally stable estimates of habitat suitability was
the strong predation scenario under current climate conditions.
Thus, in our simulations, predation only contributed to a more
suitable and sustainable landscape for moose under current
climate conditions.

Finally, biomass removed from different species groups
differed among predation scenarios early in simulations, during
the period of time that predation was influencing population
density (Figure 4). Later in simulations, when moose population
density was similar across predation scenarios there were no
differences in biomass removed among predation scenarios.
However, late in the simulations (i.e., after year 2060) the amount
of balsam fir removed from the landscape differed among climate
change scenarios. Under current climate, the amount of balsam
fir removed from the landscape tended to be greater than that
removed in the climate change scenarios.

Forest Succession
The effects of climate change, predation, and forest successional
processes also altered species biomass within different forest
communities (Figure 5). Across the entire island, aspen and
birch forests (boreal hardwoods) and spruce (white and black)
forests had the highest initial mean estimates of forest biomass
[∼4000 grams per square meter (g/m2)] representing current
conditions. Under all scenarios, these two species groups
diverged immediately, with aspen and birch declining and spruce
forests increasing in biomass. The simulated decline in more
palatable aspen and birch biomass and increase in unpalatable
spruce biomass contributed to the initial declines in both carrying
capacity and habitat suitability that also occurred for all scenarios
(Figure 2), indicating that forest successional changes had a large
effect on moose population dynamics, regardless of the effects of
climate change or predation. Though the decline in aspen and
birch biomass occurred similarly for all scenarios, the increase in
spruce biomass was only similar across scenarios until the year
2070, at which point it began to decrease in response to climate
change. The change in spruce biomass drove overall declines in
total forest biomass in response to climate change (Figure 5).

The other groups of species made up a much smaller
proportion of total forest biomass, but tended to be much more
sensitive to the interactive effects of predation and climate change

and less dependent on forest successional processes. For example,
strong predation aided the biomass of northern hardwood
species under both climate scenarios, with the highest estimates
of biomass found for current climate conditions, followed by
the scenario that included strong predation and effects of
climate change. For balsam fir, climate change caused a decline
in aboveground biomass, regardless of predation. However,
predation maintained a much higher above ground biomass of
balsam fir under current climate conditions (Figures 5, 6). The
temporal trends in balsam fir biomass were similar to those
observed for habitat suitability, indicating that the effects of
climate change and predation on this species played a role in both
forest succession and moose population dynamics. Yet, balsam
fir and northern hardwood species made up just 5% or less of
total forest biomass and thus these changes had no effect on this
response variable.

DISCUSSION

Effects of Predation in a Warming
Climate
Isle Royale National Park has long provided insights into the
nature of predator-prey relationships in a forest ecosystem
(Peterson et al., 2014). Past research has indicated that wolf
predation can play a significant role in reducing and/or
redistributing the intensity of moose browsing across the island
(Vucetich et al., 2011; Peterson et al., 2014) and that reductions
to moose browsing intensity would be expected to change rates
of forest succession (Pastor and Naimen, 1992; Pastor et al., 1993;
Pastor and Danell, 2003). However, in the absence of a coupled
moose browsing-forest successional model, it is not possible
to fully evaluate the potential long-term feedbacks between
browsing and forest successional changes. In combination
with previous modeling results (De Jager et al., 2017a,b), our
simulations reveal the importance of the plant life history
characteristics that influence rates and trajectories of forest
succession, the foraging preferences of moose, and physiological
responses to anticipated climate changes. In general, our results
demonstrate that predation by wolves can alter how moose
interact with forage resources and thereby alter rates and
trajectories of forest succession. Such changes can have significant
effects on the carrying capacity of the landscape for moose and
thus on future moose population density in a dynamical system.
However, our simulations also show that such interactions are
likely to play out very differently as the forests of Isle Royale
continue to shift toward late successional conifer species and
especially as the climate continues to warm.

The primary effects of wolf predation were to lower peak
moose population densities and maintain a higher abundance
of high-quality forage. These effects were primarily found over
the first 30–50 years of model simulations, before major changes
in succession and before the effects of climate change had
yet to significantly affect forest growth and development (see
Figure A1). In these earlier simulation years, high rates of
predation maintained a landscape with relatively high suitability
for moose, even as forest successional changes were shifting
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FIGURE 4 | Biomass removed due to browsing and browsing related cohort mortality for different predation and climate change scenarios. Data are area-weighted
means ± 2 standard deviations for three replicate simulations for each scenario.

the landscape away from the shade intolerant and fast growing
early successional species that moose highly prefer (e.g., aspen
and birch) and toward the shade tolerant and slower growing
species that they do not eat (spruce). These effects have also been
shown in previous modeling studies (De Jager et al., 2017a,b)
and exclosure studies (McInnes et al., 1992). However, our model
draws attention to the only late successional conifer species that
moose feed on, balsam fir. This species benefited most from
wolf predation under current climate conditions and appeared
to support the moose population over the long-term. Without
predation, the successional changes and heavy browsing by
moose decreased the carrying capacity of the landscape because

browsing and successional changes negatively affected the growth
of highly palatable early successional species (e.g., birch and
aspen). Climate change further reduced the carrying capacity
and suitability of the landscape for moose after 50 years by
negatively influencing the growth of balsam fir. These effects
were due to increased temperatures later in model simulations
as shown in Duveneck et al. (2014a).

Effects of Climate Change and Herbivory
in an Island Setting
Just as Isle Royale has served as a model predator-prey system,
it also has characteristics (e.g., it is relatively small, isolated, and
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FIGURE 5 | Mean (± 2 standard deviations) total aboveground live biomass of three replicate simulations at 10-year intervals for 120 years of current climate and no
predation (CC_P0), current climate and weak predation (CC_P1), high emissions and no predation (A1FI_P0), high emissions and weak predation (A1FI_P1) current
climate and strong predation (CC_P2), and high emissions and strong predation (A1FI_P2). See methods for species included in each grouping. In some cases some
scenarios overlap each other and are therefore not visible (e.g., total biomass outputs).

has a simplified flora) that can provide insights into the effects
of island biogeographic processes on adaptations to climate
change. Larger and more well-connected landscapes generally
support higher levels of biodiversity, which would be expected
to improve the odds of successful species migrations under
changing environmental conditions (Cabral et al., 2014). Isle
Royale is farther from the mainland than the estimated dispersal
distances of several tree species that have been suggested to
perform well in a warmer climate (Frelich and Reich, 2009;
Sanders and Grochowski, 2013). Thus, without some form of
assisted migration of additional temperate species or to expand
the distribution of those already present, the vegetation of Isle
Royale could begin to shift toward novel plant communities,
with implications that extend to the moose population. In our
simulations the biomass of temperate forest species, which may
be favored with climate change, was not able to fully compensate
for the declines in boreal communities as the climate warmed,
and predation only marginally influenced this outcome. It is
important to note that some of these species (e.g., yellow birch
and sugar maple) are relatively shade tolerant and have long
lifespans, increasing their importance as forage for moose in late
successional forests. Previous studies have indicated that heavy
moose browsing may reduce rates of expansion of such northern
hardwood forests at Isle Royale National Park (Sell, 2007; De Jager
et al., 2017b). Even when aided by potentially positive effects of
climate change, browsing by white-tailed deer has been shown

to limit the ability of temperate species to replace boreal species
(Fisichelli et al., 2012). While our results support the idea that
predation by wolves could reduce effects of moose browsing
on northern hardwood forests, such effects were insufficient to
allow for the expansion of these communities from their initial
distributions in the high emissions scenario (Figure A2). Moose
may also feed on some of the temperate conifer species that we
simulated, such as white and jack pine. However, all temperate
species currently have a very limited spatial distribution at Isle
Royale, and the rate of climate change may have simply outpaced
their ability to disperse as found in other systems (Vanderwel
and Purves, 2013; Liang et al., 2017). Furthermore, the simulated
effects of climate change on the potential establishment and
growth rates of the two most abundant temperate species at
Isle Royale (yellow birch and sugar maple) were not uniformly
positive (Figure A1). Both species showed initial increases in
potential establishment, followed by later declines, and either
neutral or negative effects of climate change on potential growth
rates. While these effects were less negative than found for boreal
species, they did not allow them to compensate for the declines in
the biomass of boreal species.

Management Implications
Our results are not meant to provide precise predictions
of the future. Large inherent uncertainty encompasses the
processes that we simulated. We cannot predict precise future
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FIGURE 6 | Mapped distributions of balsam fir biomass for initial model conditions (simulation year 2006) and after 120 years of current climate and no predation
(CC_P0), current climate and strong predation (CC_P2), high emissions and no predation (A1FI_P0), and high emissions and strong predation (A1FI_P2).
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climate in general (Intergovernmental Panel on Climate Change
[IPCC], 2013) or for Isle Royale National Park, and we cannot
represent every individual species interaction. Additionally, our
simulations are based on models and model parameterization
that introduce additional uncertainty. In general, our predictions
regarding near-term dynamics (< 50 years) are probably more
robust than those for the longer term (after 100 years). Our near-
term projections reflect an initial landscape with a mix of boreal
conifer and hardwood species with a relatively high suitability for
moose. Although our process for imputing forest plot data into
cells across the landscape introduces some uncertainty, the degree
of uncertainty is likely much less than for model projections of
plant communities 100 years into the future. In addition, the
uncertainty in the magnitude of climate changes and their effects
on plant growth and establishment increase with time. Thus, our
insights into the way management agencies might think about the
roles of predation, ungulate population, and forest management
in a changing climate could be interpreted considering the
assumptions and uncertainty inherent to our methods.

Our primary finding is that the direct effects of moose
population management via reintroduction of wolves is likely to
be effective while wolf-moose interactions play out on the current
mixed boreal forest landscape of Isle Royale and under a climate
suitable for boreal plant species. However, in the longer term,
and perhaps considered with a greater degree of uncertainty,
the effects of predator reintroduction may become increasingly
ineffective as the forest shifts toward late successional conifers
and as the climate continues to warm because forest composition
and productivity may not be sufficient to support a moose
population at all. On the other hand, the marginal effects of
predation under the climate change scenario could be viewed as
essential to maintaining a small moose population and prevent
that population from exhausting the few forage resources that
remain. Even so, our projections imply that Isle Royale is likely
to undergo changes in composition and productivity that make
the island increasingly unsuitable for moose.

Our modeling efforts assume that the National Park Service
will continue to allow the forests of Isle Royale to undergo
forest successional changes in absence of major stand replacing
disturbances such as fire or timber harvesting. This is a feature
of Isle Royale that makes it different from most other boreal
forests that support large moose populations (e.g., Alaska,
Sweden). At the start of our model simulations, a mixed
landscape of boreal hardwood and conifer forests supported a
relatively large carrying capacity for moose and moose were
removing biomass from the landscape in accordance with
published foraging preferences (boreal hardwoods > balsam
fir > northern hardwoods > northern conifers). But the boreal
hardwood and conifer communities diverged within the first 30
to 50 years of our simulations, regardless of the effects of climate
change or predation. As these successional changes occurred,
the carrying capacity of the landscape for moose declined
significantly and moose began to rely increasingly heavily on later
successional balsam fir.

The abundance and initial age structure of the early
successional aspen and birch forests may reflect a history of
small-scale timber harvests and forest fires that were coincident

with copper mining and tourism on the island during the
early 1900s (Krefting, 1974). Then, in 1936 a large fire reset
the forest successional sequence over a large central portion of
the island and may have been responsible for sustaining the
moose population (Scarpino, 2011), as there were reports that
the population had exhausted its food supply (Krefting, 1974).
Since that time period there have been no large-scale stand
replacing disturbances on the island and the current aspen-
birch forests are approaching their longevity. We did simulate
smaller-scale wind patch disturbance events reflecting the low
intensity and high frequency wind blowdown events on the island
(Kirschbaum and Gafvert, 2012). These simulated wind events
created local increases in forage availability of select species
(Figure A2) but did not alter the landscape as dramatically as a
much larger disturbance, such as the 1936 fire would, for example.
The absence of larger scale forest disturbances or management
actions to regenerate these early successional forests resulted in
significant declines in both the quantity and quality of forage
for moose across the island and changes in foraging behavior
that do not correspond with published observations from earlier
successional forests. Finally, it has been suggested that the
frequency and/or intensity of large scale fires could increase at
Isle Royale under a changing climate (Fisichelli et al., 2013). In
the near-term, while climate change impacts on the establishment
and growth of early successional boreal species such as aspen and
birch are projected to be more minor, stand replacing fires would
be expected to increase the suitability of Isle Royale for moose.
However, it is less clear how such disturbances would impact
the suitability of this landscape for moose late in time, when the
effects of climate change on these species is stronger.

Finally, in this study, we focused our attention on the effects
of climate change on plant growth and establishment rates,
and how such effects may interact with variable rates of moose
browsing to alter forest dynamics in space and time. However,
it has been suggested that climate change may directly impact
moose survival, especially in areas near their summer range limit
(Thompson et al., 1998; Murray et al., 2006; Lenarz et al., 2010).
Within our modeling framework, increased moose mortality due
to the direct effects of heat stress would result in lower moose
population densities and weaker effects on forest resources than
we simulated in the strong predation/high emissions scenario.
A recent global analysis by Timmermann and Rogers (2017)
found that 10 of 15 moose populations near their summer
range limit were stable or increasing, including the Isle Royale
population, and indicated that climate change may pose no
immediate threat to moose populations. However, the projected
changes in climate that we simulated here are larger than what
has been observed during the recent past and could become
physiologically unsuitable for moose over the next 100 years.
More generally, our approach to modeling moose population
dynamics relies on estimates of carrying capacity, which are
derived from annual estimates of the total available forage across
the landscape and the estimated yearly forage requirements for an
average moose. As a result, our estimates of carrying capacity are
likely an over-estimation of the population density expected to
be supported by forage resources. A more physiologically based
approach would allow for an evaluation of the direct effects of
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climate change on the moose population or any other factor that
may cause moose mortality long before the population reaches
carrying capacity based on forage quantity alone.
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