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Abstract

Human-introduced disease and climatic change ate increasingly perturbing natural
ecosystems wotldwide, but scientists know very little about how they interact to affect
ecological dynamics. An outbreak of canine parvovirus (CPV) in the wolf population on
Isle Royale allowed us to test the transient effects of an introduced pathogen and global
climatic variation on the dynamics of a three-level food chain. Following the
introduction of CPV, wolf numbers plummeted, precipitating a switch from top-down
to bottom-up regulation of the moose population; consequently, the influence of climate
on moose population growth rate doubled. This demonstrates that synergistic
interactions between pathogens and climate can lead to shifts in trophic control, and
suggests that predators in this system may play an important role in dampening the
effects of climate change on the dynamics of their prey.
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INTRODUCTION

Understanding the synergistic effects of pathogens and
climate on population dynamics accrues added importance
as anthropogenic epizootics and climate change exert
increasing influence on natural ecosystems. Previous work
linking climate and disease has focused primarily on the
effects of climate on host susceptibility (Kiesecker ef al.
2001) and disease transmission (Harvell ef a/. 2002; Rodo
et al. 2002). These studies reveal that warming temperatures
can increase pathogen development, survival rates and
disease spread, with deleterious effects on host populations.
Furthermore, when weather conditions are correlated over
the spatial distribution of a disease and its host, climatic
events can drive synchrony in host population dynamics by
mediating the density-dependent transmission of parasites
between individuals (Cattadori ez o/ 2005). While many
studies have thus focused on the impacts of climate on
disease abundance and impacts on host populations,
knowledge of how disease may influence the effects of

climate on community dynamics is limited. Here, we
consider how the introduction of an epizootic may influence
the effects of large-scale climate on a three-level food chain
by modulating the relative influence of top-down and
bottom-up effects.

Isle Royale, USA, is a US National Park and federally
designated wilderness area that has been the focus of the
longest-running study of a three-trophic level system
including gray wolves (Canis lupus), moose (Alces alces) and
their primary winter food resource, balsam fir (Abies
balsamea). Our previous work has shown that increases in
winter snow related to the North Atlantic Oscillation
(NAO) influence wolf kill rates on moose, with cascading
effects on balsam fir growth (Post e a/ 1999). Canine
parvovirus (CPV) was introduced accidentally by humans in
1980 or 1981, and resulted in a dramatic crash of the wolf
population from 1980 to 1982 (Peterson ef al. 1998)
(Fig. 1). Even though CPV exposure was no longer
detectable in wolf blood samples from 1990 onwards,
average wolf abundance and the ratio of wolves to moose
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Figure 1 Wolf (solid line) and moose (dotted line) population
dynamics, 1959-1998. Canine parvovirus (CPV), introduced
inadvertently to the island in 1980-1981, causes a crash in the
wolf population. From this point onwards the average number of
moose per wolf was substantially higher (39.6 for 1959—-1980; 79.8
for 1981-1998; P < 0.01).

since 1980 have been substantially lower than prior to the
introduction of CPV (Vucetich & Peterson 2004a) (Fig. 1).
Disease and inbreeding may have both contributed to the
altered dynamics (Peterson ¢z a/. 1998; Vucetich & Peterson
2004a). Building upon our previous work, we set out to
understand how the introduction of CPV influenced the
relative strength of top-down, bottom-up and climatic
effects on moose population dynamics. Specifically we
tested the hypotheses that: (i) the relative influence of top-
down vs. bottom-up factors on moose population dynamics
changed after the outbreak of CPV; and (ii) climatic
influences on moose dynamics would be altered if moose
were relieved from limitation by an adjacent trophic level.

MATERIALS AND METHODS
Moose dynamics

To assess the influence of the CPV outbreak and
subsequent crash of the Isle Royale wolves on moose
population dynamics, we constructed several multiple linear
regression models. We then used a number of diagnostics to
test the hypotheses laid out in the previous section. The
response variable for each model was the log-transformed
moose population growth rate 7, = #,4 — m,, where m, is
the natural logarithm of the moose population in year £
Explanatory variables for each model were the NAO and
log-transformed moose m, wolf w and balsam fir f
abundances. In 1996, the moose population experienced a
dramatic and rapid die off. The 3-week census of moose in
that year took place in the middle of this die off. As such,
population counts for 2 years, 1996 and 1997, reflect this
die off even though most of the mortality occurred in
<6 months. In order to avoid spurious correlations in our
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model, therefore, we exclude estimates of r, for 1995
(because it is a large underestimate) and 1996 (because it is a
large overestimate) from our analysis.

The wolf population crashed in 1980 due to an outbreak
of CPV and has not yet returned to its previous range in
densities due to either the disease, inbreeding, an interaction
between disease and inbreeding or some as of yet
undetermined factor (Peterson ef al. 1998; Vucetich &
Peterson 2004a). Our aim in this study was not to
determine why the wolf population has not recovered to
its pre-disease carrying capacity, but rather to use the fact
that it appears to have attained a new equilibrium to
investigate how the relative effects of top-down, bottom-up
and climatic effects on moose may have changed. To
determine whether the trophic and climatic influences on
moose population dynamics differed before and after the
introduction of CPV, we developed the following
regression model using an indicator variable /, that equals
0 for <1980 and 1 for 7> 1980 and a measure of
predation pressure p,

r="by+aly + (by + a1 L)p; + (b + ax ) my
+ (b5 + as;)NAO, 1 + (bs + ag;,)NAO, 5. (1)

Terms with 7, represent hypotheses that population
dynamics prior to 1980 were different from those after
1980. We conducted two independent analyses of the
model, one with p, = w, and the other with p, = w,/m;, as
our measures of predation pressure. We used backwards
elimination and Akaike’s Information Criterion (AIC) scores
to determine which interaction terms to keep (Table 1).

To quantify the relative effects of trophic interactions and
climate on moose population dynamics, we built tri-trophic
models with and without climate terms for the period before
and after the outbreak of CPV given by,

1y = [9() + 19111/; + bzm; + 17’5],: + 174NAO,« + bSNAO;,1
+ bNAO,_, (2)

for # = 1959-1980 and 7 = 1980-1998. The model was first
fitted without the NAO terms. We then selected the most
parsimonious climate terms by selecting the model with the
lowest AIC (Table 2). For each model, we calculated the
coefficient of partial determination of each of the inde-
pendent variables (£2) which determines the relative con-
tribution of each variable to that model’s total R* (Neter
et al. 1996). Note that in this analysis we use only ; as our
measure of predation pressure because w,/7, is highly cot-
related with 7, which would obscure any differences in
bottom-up and top-down effects on 7.

We tested for nonlinearity in our independent variables
on response vatiables using generalized additive models
(GAMs) applying the back-fitting algorithm of smoothing
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Table 1 Performance of models* predicting

moose population growth rate 7, (1959— AAICY
1998) Equations for 7, br=w,  pr=w/my R
by + apl, + (b + ayl)p; + (b + axlym, + (bs + asl))f; 8.43 9.25 0.70
+ (by + a,L)NAO, + (b5 + as[)NAO,_;
+ (bs + asl)NAO,_,
by + aol, + (by + arl)p, + (b + axlym, + (bs + asl))f; 2.94 3.76 0.68
+ (b + as[)NAO,,
bo + aol, + (by + ay)p; + (b + axlym, + bf; 0.95 1.77 0.68
+ (b + agl)NAO,
bo + apl; + (b1 + ai)ps + bomy + (b3 + a31)f; 1.93 1.99 0.67
+ (bs + asl)NAO,»
by + apl, + bip, + (bo + axl)m, + (b + a31)f; 3.61 4.43 0.65
+ (b + as[)NAO,,
bo + apl, + (by + ai)p; + bom, + bafy + (bs + agl)NAO,_, 0 0 0.67
bo + aol, + bip, + bomy + byfs + (bg + agl)NAO,_, 1.82 2.63 0.63
bo + bip, + by, + bsfs + bBGNAO,_, 20.74 21.55 0.29

Terms with /, reptesent hypotheses that determinants of moose population dynamics priot to

the introduction of canine parvovirus in 1980 differ from those after 1980. We conducted

separate analyses using both w, and w,/», as measures of predation pressure (see Materials

and methods).

*We display the fully parameterized model, the six models with lowest AIC scores and the
model with no indicator terms.

TAAIC values are differences in AIC between the given model and the best model.

1R (i.e. coefficient of determination; Neter e7 a/. 1996) values did not differ between models

using different measures of predation pressure.

splines (Venables & Ripley 1994). If the use of a GAM,
compared with our linear model, failed to significantly
reduce the model’s sum of squares, we used the linear
model. All models were additionally checked for multicol-
linearity and normality assumptions.

Data

We used yearly abundance data of moose, wolves and
balsam fir from 1959 to 1998 on Isle Royale in our analysis.
The entire wolf population is censused annually and the
total abundance of moose is estimated by a random-
stratified aerial survey technique (Peterson & Page 1993).
Balsam fir abundance is represented by a unit-less index
based on analysis of annual growth increments of tree rings.
Details on the methodology of data collection have been
reported elsewhere (McLaren & Peterson 1994; Peterson
et al. 1998; Vucetich & Peterson 2004b). We used balsam fir
data from the east side of the Island, which have been
shown to have the largest effect on moose population
dynamics (correlation between moose growth rate and fir
growth is — 0.01 for the west end and 0.39 for the east end
of the island respectively) (Vucetich & Peterson 2004b).
This is presumably due in large patt to the fact that most of
the moose reside on the east end of the island, and that the
east end of the island is a healthy balsam fir forest with

abundant browse-age trees whereas the west side of the
island has very few fir trees of browsing height.

The NAO is a large-scale fluctuation in mass balance
between air pressure centres over the Azores and Iceland
that affects winter weather patterns over large portions of
the northern hemisphere (Hurrell 1995). We obtained values
of the winter NAO index from http://www.cgd.ucar.edu/
cas/catalog/climind/ which has previously been linked to
ungulate population dynamics in Isle Royale and elsewhere
(Post & Stenseth 1998; Post efal 1999; Post &
Forchhammer 2002; Vucetich & Peterson 2004b).

RESULTS AND DISCUSSION

Our best-fit model (AAIC = 0, Table 1) using indicator
variables reveals an interaction between wolves and period
(before and after), and between climate and period,
indicating that the effects of these two variables on 7
differed before and after the outbreak of CPV on the island.
This model also explained 67% of the variation in 7, which
was substantially more parsimonious than previous models
using the entire time series have been able to explain despite
including more biological variables (B> of 0.67 vs. 0.57 and
AAIC = 8.1) (Vucetich & Peterson 2004b). When con-
ducting an information theoretic analysis, models with a
AAIC < 2 cannot be discounted (Burnham & Anderson
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Table 2 Tri-trophic models of moose population dynamics before
and after introduction of canine patvovirus (CPV) to wolf
population in 1980 with 1 and 2 year lagged North Atlantic
Oscillation (NAO)

Individual vatiable Lag Standardized Partial
(n) (years) coefficient R
(a) Before (1959—1980), without climate
Wolves () 0 -0.59 0.38
Moose (2,) 0 -0.28 0.11
Fir (f) 0 0.16 0.02
Total 0.51
(b) After (1980-1998), without climate
Wolves 0 —0.11 0.01
Moose 0 —-0.37 0.08
Fir 0 0.48 0.20
Total 0.29
(c) Before (1959-1980), with climate
Wolves 0 —-0.51 0.33
Moose 0 —0.23 0.08
Fir 0 0.22 0.02
NAO 1 —-0.30 0.14
Total 0.57
(d) After (1980-1998) with climate
Wolves 0 —0.13 0.01
Moose 0 —0.30 0.06
Fir 0 0.53 0.22
NAO 1 -0.17 0.01
Total 0.30
(e) Before (1959-1980), with climate
Wolves 0 —0.52 0.34
Moose 0 -0.29 0.11
Fir 0 0.19 0.02
NAO 2 —0.24 0.09
Total 0.56
(f) After (1980-1998), with climate
Wolves 0 —0.16 0.01
Moose 0 -0.49 0.11
Fir 0 0.24 0.10
NAO 2 0.61 0.37
Total 0.59

Significant coefficients at P < 0.05 level are in bold whereas those
at P < 0.07 level are in italics and bold. Models (c) and (f) were the
most patsimonious (AAIC = 0) fit models before and after CPV
introduction respectively.

2002). Therefore, it is plausible that the effects of moose or
balsam fir abundance on moose population growth rate also
changed after the introduction CPV (see Table 1). Of the
seven models with a AAIC < 2 (four for p, = w, and three
for p, = w,/m,), however, six revealed interactions between
both period and wolves, and period and NAO. This gives us
additional confidence that changes in the influence of these
two variables underlie the change in moose population
dynamics before and after 1980.
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Deconstructing the full time series into before and after
periods reveals that, prior to the outbreak of CPV, wolves
exerted a strong regulatory influence on moose population
dynamics while climate was a substantially weaker factor
(Fig. 2a,b). After the CPV outbreak, which triggered a shift
in the wolf population to lower densities (Peterson ef al.
1998), wolf regulation of moose dynamics ceased, and
climate exerted a strong influence on moose population
growth rate 7, (Fig. 2a,b).

After the CPV-induced crash in the wolf population,
biotic mechanisms controlling the moose population shifted
from top-down (wolf abundance) to bottom-up (moose
abundance and fir production) factors. Our tri-trophic
model both with and without NAO terms reveals a strong
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Figure 2 Progression of canine parvovirus (CPV) effects on
moose population dynamics on Isle Royale. (a) Wolves have
significant negative effect on moose population dynamics before
(open circles) CPV outbreak and no effect after (closed circles)
outbreak. (b) Climate, as measuted by the North Atantic
Oscillation (NAO), has an insignificant effect on moose population
dynamics before the crash in the wolf population and a highly
significant influence after the crash.
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significant (P < 0.05) negative influence of wolves on 7,
before the CPV outbreak, and a weak insignificant influence
afterwards (Table 2a—f). Top-down effects explained 38%
of the variation in 7, compared with only 13% by bottom-up
factors prior to 1980 (Table 2a, Fig. 3a). After 1980, top-
down effects accounted for only 1% of the variation in 7,
while bottom-up factors explained 28% (Table 2b, Fig. 3a).
Additionally, variance in moose population abundance was
greater after 1980 than before [SD(#) = 456 vs. 323]. Fir
growth was an insignificant factor prior to 1980 but became
a significant positive factor after the CPV outbreak
(Table 2a—b).

Adding NAO terms to the model reveals the interaction
between climate and predation on moose population
dynamics. Before the switch from top-down to bottom-up
dynamics in 1980, the NAO exerted a weak, 1 year lagged
effect on moose population growth rate (Table 2c—f,
Fig. 3b). However, after 1980 the NAO had a much more
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pronounced 2 year lagged effect on 7, (Table 2c—f, Fig. 3b).
A GAM including the NAO did not reveal any nonlinea-
rities. In addition, adding nonlinear NAO terms to the
model did not improve the model’s fit.

The increase in the NAO lag from 1 to 2 years with
the switch from top-down to bottom-up control is
consistent with a recent analysis of a theoretical model
suggesting that indirect effects of climate on herbivore
population dynamics should elicit a 1 year lagged effect
when cascading through predators and a 2 year lagged
effect when cascading through plants (Post & Forchha-
mer 2001). When winter climate mediates predation
success, this is reflected in the number of moose counted
the next year. However, when winter climate mediates
plant growth this is reflected in the amount of browse
availability the subsequent winter and thus affects the
number of moose counted in the year after. However,
this line of reasoning is speculative. Large-scale climate
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Figure 4 Observed (solid line) and predicted (dashed line)
population and population growth rates for moose, 1959—1998,
using the most parsimonious (AAIC = 0) model from Table 1
with wolves, moose, fir and NAO (# — 2) as predictor variables.
The 1 year forward prediction is a tun of the model where the
value of moose at each time step is updated from the data in order
to predict moose abundance and growth rate the next year. The full
model prediction is a tun of the model using data for moose
abundance from 1959 only and predicting each subsequent value
from the model. The years 1995 and 1996 were excluded from the
model because of census issues in 1996 (see Materials and
methods).

phenomena such as the NAO often tend to predict local
dynamics better than local weather variables because they
are integrative measures that encompass many different
aspects of climatic variability (Post & Stenseth 1999;
Hallett ¢f a/. 2004). Thus, while the use of NAO increases
our predictive ability it may obscure a mechanistic
understanding of how climate is influencing the system.

While our best model explained a substantial amount of
the variation in moose population growth rate, 33% of the
variation in 7; remains unexplained. Additional biotic factors
such as outbreaks of winter ticks may also play an important
role in regulating moose dynamics (Delgiudice e o/ 1997),
but long-term data are not yet available to assess these
effects. Various forms of competition between moose may
also contribute to the unexplained variation in the model.
While our technique does incorporate some competition by
including a moose density term as an independent variable,
there may be competition between moose for such things as
enemy-free space that increase nonlinearly with density and
are hence not captured by the model. Despite the
unexplained variation in 7, our model expands our previous
efforts to understand the dynamics of this system, and
performs well in explaining the past dynamics of this moose
population (Fig. 4).
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Because they exert biotic control over ecosystem proces-
ses, consumers may play an important role in dampening
climate-induced fluctuations in natural systems. Recent
analyses of multispecies data from Yellowstone National
Park, for instance, have revealed that wolves buffer the
effects of climate change on carrion availability to scaven-
gers in that system (Wilmers & Getz 2005; Wilmers & Post
2000). In the Caribbean, sea urchins (Diadema antillarum) and
hetbivorous fish graze back invading macro algae after
severe storms clear large areas of coral reef substrate. After
an unidentified disease decimated urchin populations in
1983, coral reefs lost much of their resilience to large storms
such that large areas of reef are now dominated by algae
(McManus & Polsenberg 2004). Our study reveals that the
release of moose from top-down control by wolves
strengthens the contribution of climate to moose population
dynamics on Isle Royale. The reduction in control of moose
by biotic factors and the corresponding increase in abiotic
climatic factors may erode the stability of this community
(Post & Forchhamer 2001). Moose population dynamics
prior to the outbreak of CPV in 1980, for instance, were
characterized by a relatively slow and steady increase and
decrease in the population (Fig. 1). Since 1980, however,
the moose population has displayed irruptive dynamics
characterized by a steep increase in a population relatively
free from significant predatory pressure, and dramatic
declines in numbers when winters are severe.

The effects of introduced CPV are not unlike the
introduction of top predators to other ecosystems. In
western Alaska, prey switching by killer whales from seals
to sea otters caused a dramatic decline in otter popula-
tions, which led to an increase in sea urchins and a
decline in kelp (Estes ef al. 1998). In this prototypical
example of a trophic cascade, each level in the food chain
was reset to a new equilibrium density. While the
introduction of CPV to Isle Royale has led to a reduction
in the wolf population, the cascading effect of wolves on
moose is most strongly felt in the population dynamics of
moose, rather than in their equilibrium density. Prior to
the appearance of CPV moose growth rate was regulated,
in part, by wolves leading the moose population to
fluctuate with low wvariance. Since CPV decimated the
wolf population in 1980, moose growth rate has been
regulated primarily by bottom-up factors and climate,
which have led to relatively high variance fluctuations in
the population.

While CPV disappeared from the wolf population of Isle
Royale in the late 1980s (Peterson e/ /. 1998), wolf numbers
have still not recovered to pre-1980 levels. Genetic studies
of wolves on Isle Royale have revealed that they are highly
inbred, having all descended from a single maternal ancestor
(Wayne e al. 1991). The CPV-induced population crash in
1980 may have further eroded the genetic variability of the
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wolf population, potentially causing recruitment difficulties.
Alternative explanations, such as demographic stochasticity
associated with so few breeding adults, however, cannot be
discounted. Continued monitoring of the population into
the future will reveal whether we are witnessing a permanent
shift in the dynamics of the system, or simply a long-term
perturbation from historical dynamics.

The synergistic effects of disease and climate may have
long-term effects on community dynamics. Our analysis
shows how a disease outbreak, acting as a pulse perturba-
tion, has led to a shift from top-down to bottom-up control
of moose population dynamics. As a result, the effects of
large-scale climatic forcing are much stronger on this
population than they had been previously. Whether the
system returns to top-down control when and if wolf
population densities return to the higher values they once
exhibited would be conjecture, but results from experimen-
tal studies suggest that perturbations from top-down to
bottom-up control can be persistent even with the
resumption of predation (Schmitz 2004). CPV no longer
pertsists in the wolf population on Isle Royale, yet its impact
on community dynamics is still felt over 2 decades after its
appearance in 1980-1981.
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