Weather-driven change in primary
productivity explains variation in the
amplitude of two herbivore population
cycles in a boreal system

Joshua H. Schmidt, Eric A. Rexstad, Carl
A. Roland, Carol L. McIntyre, Margaret
C. MacCluskie & Melanie J. Flamme

Oecologia
ISSN 0029-8549

Oecologia
DOI 10.1007/500442-017-4004-3

Oe‘cologia

@ S};riﬁgér

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag GmbH Germany, part of Springer
Nature (outside the USA). This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Oecologia
https://doi.org/10.1007/s00442-017-4004-3

POPULATION ECOLOGY - ORIGINAL RESEARCH

@ CrossMark

Weather-driven change in primary productivity explains variation
in the amplitude of two herbivore population cycles in a boreal system

Joshua H. Schmidt'® - Eric A. Rexstad? - Carl A. Roland' - Carol L. McIntyre3 -
Margaret C. MacCluskie' - Melanie J. Flamme*

Received: 10 May 2017 / Accepted: 6 November 2017
© Springer-Verlag GmbH Germany, part of Springer Nature (outside the USA) 2017

Abstract

Vertebrate populations throughout the circumpolar north often exhibit cyclic dynamics, and predation is generally consid-
ered to be a primary driver of these cycles in a variety of herbivore species. However, weather and climate play a role in
entraining cycles over broad landscapes and may alter cyclic dynamics, although the mechanism by which these processes
operate is uncertain. Experimental and observational work has suggested that weather influences primary productivity over
multi-year time periods, suggesting a pathway through which weather and climate may influence cyclic herbivore dynam-
ics. Using long-term monitoring data, we investigated the relationships among multi-year weather conditions, measures of
primary productivity, and the abundance of two cyclic herbivore species: snowshoe hare and northern red-backed vole. We
found that precipitation (rain and snow) and growing season temperatures were strongly associated with variation in primary
productivity over multi-year time horizons. In turn, fourfold variation in the amplitude of both the hare and vole cycles
observed in our study area corresponded to long-term changes in primary productivity. The congruence of our results for
these two species suggests a general mechanism by which weather and climate might influence cyclic herbivore population
dynamics. Our findings also suggested that the association between climate warming and the disappearance of cycles might
be initiated by changes in primary productivity. This work provides an explanation for observed influences of weather and
climate on primary productivity and population cycles and will help our collective understanding of how future climate
warming may influence these ecological phenomena in the future.

Keywords Alaska - Bottom-up - Denali National Park - Growing degree days - Population dynamics - Precipitation -
Primary productivity - Red-backed vole - Snowshoe hare
Introduction

Extensive effort has been directed towards understanding the
mechanisms responsible for initiating and driving the cyclic
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Krebs 2012; Krebs 2013). Populations of microtine rodents
are also regulated in part by finite food resources (Boon-
stra et al. 2001; Huitu et al. 2003, 2007; Krebs et al. 2010;
Johnson et al. 2017) and grazing-induced changes in food
plants (Seldal et al. 1994; Reynolds et al. 2012; Wieczorek
et al. 2014), though food limitation alone may be insufficient
to cause the observed cycles (Krebs et al. 1995; Hodges
et al. 2001; Krebs et al. 2001b; Krebs 2013; Prevedello et al.
2013). Similar to the case of snowshoe hares, top-down con-
trol through predation is generally thought to play a domi-
nant role in microtine cycles (Hanski et al. 1993; Korpimaki
and Krebs 1996; Korpimaki et al. 2002, 2004; Therrien et al.
2014; Fauteux et al. 2015b; Ginzburg and Krebs 2015).

In addition to the effects of food resources and preda-
tion, weather and climate patterns are implicated in cyclic
dynamics. Seasonality and severe winter conditions may
be necessary for the existence of cycles in general (Hansen
et al. 1999; Yoccoz and Ims 1999; Stenseth et al. 2003; Bier-
man et al. 2006), and microtine rodents in particular are reli-
ant on the insulative properties of snow for survival during
extended winter periods (Reid and Krebs 1996; Korslund
and Steen 2006; Bilodeau et al. 2013; Terraube et al. 2015).
Additionally, climate processes influence cycle synchro-
nicity across broad landscapes (Stenseth et al. 1999, 2002;
Krebs et al. 2001b, 2002, 2013; Kausrud et al. 2008; Hone
et al. 2011; Yan et al. 2013), and recent changes in climate
have been linked to the collapse of cycles in some areas
(Hornfeldt 2004; Hornfeldt et al. 2005; Ims and Fuglei 2005;
Ims et al. 2008; Cornulier et al. 2013). There is also some
evidence that the impacts of weather and climate conditions
on cycles may accrue over multiple years, possibly through
changes in predator efficiency (Yan et al. 2013); however,
the mechanisms by which weather and climate influence
cycles remain uncertain. One possible mechanistic pathway
is through weather or climate-induced changes in vegetation
quantity and/or quality, and hence forage for herbivores.

The role of weather conditions in altering primary pro-
duction has received comparatively little attention in the
population cycles literature, although research in other
areas suggests a strong link. Experimental work in high lati-
tude systems has shown that early snow-melt and warmer
and wetter conditions during the growing season result in
increased plant productivity through time, in part through
increased soil nutrient turnover (Wipf and Rixen 2010;
Natali et al. 2012; Schaeffer et al. 2013; Sistla et al. 2013).
The role of multi-annual weather patterns on plant produc-
tivity in the boreal forest has also been demonstrated empiri-
cally through long-term observational studies (Krebs et al.
2009; Roland et al. 2014; Nicklen et al. 2016). While annual
variation in primary productivity might not be expected to
induce cycles, climate-driven changes in primary production
may provide a mechanistic explanation for lagged relation-
ships between population cycles and climate (e.g., Yan et al.
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2013). There has been some exploration of the direct effects
of weather on cycle amplitude (e.g., Krebs et al. 2014a),
but we are not aware of a direct assessment of multi-annual
changes in weather and climate as drivers of variation in
herbivore population cycles through the influence on pri-
mary productivity.

We used long-term monitoring data to investigate the
effects of weather-induced variation in primary productiv-
ity on the cyclic dynamics of 2 herbivore species occurring
in Denali National Park and Preserve (hereafter Denali):
northern red-backed voles [Myodes rutilus], and snowshoe
hares (hereafter voles and hares, respectively). We hypoth-
esized that multi-year weather conditions may drive varia-
tion in primary productivity, in turn, influencing the vole and
hare cycles observed in our study area. Our primary objec-
tives were to: (1) assess the relationship between multi-year
weather conditions and corresponding indices of primary
productivity, and (2) assess the relationship between meas-
ures of primary productivity and variation in cyclic dynam-
ics in voles and hares. If a sequential link between weather,
primary productivity, and herbivore cycles were established,
it would provide a common mechanism by which climate
factors could drive variation in two cyclic herbivore popula-
tions in North America.

Materials and methods
Study area

Our study area encompassed 2522 km? in the northern foot-
hills of the Alaska Range within Denali in interior Alaska,
USA (see Mclntyre and Schmidt 2012; Fig. 1). The study
area encompassed boreal-montane ecosystems includ-
ing conifer and mixed conifer and deciduous forests in the
lowlands ranging upwards into subalpine shrublands then
through an alpine tundra zone into barren rock and ice in
the highest elevations (Roland et al. 2013). The topography
ranged from rugged mountainous terrain to broad glacial
valleys and floodplains, as well as rolling upland areas. Ele-
vations ranged from ~ 400 to 1400 m. The area experienced
long, cold, dry winters and short, warm summers. Histori-
cally, the average annual temperature was — 3 °C, with an
average high of 20 °C and an average low of — 22 °C (Shul-
ski and Wendler 2007). Average annual precipitation was
38.1 cm (Shulski and Wendler 2007). Annual snowfall aver-
aged 206 cm, which is usually concentrated in the months of
November and December (Sousanes 2008).

Field methods

We summarized weather data from the climate station
located at Denali headquarters within our study area



Oecologia

r,__-_ -

B

Fig. 1 The location of Denali National Park and Preserve within the
state of Alaska (inset), the general location of the vole survey plots,
and the location of the climate station within our study area are

(Fig. 1). We used temperature records to calculate the
number of growing degree days (GDD; base temperature
5 °C) accumulated between April and August for each year
of our study. We also obtained the total recorded precipi-
tation for the same period (PPT) and calculated the aver-
age snow depth over the previous winter (Oct 15—April
1) as an index of winter snow conditions (SNOW). We
selected these measures because they broadly represent
weather factors associated with major sources of varia-
tion in plant productivity and nutrient turnover (e.g., Wipf
and Rixen 2010; Natali et al. 2012; Schaeffer et al. 2013;
Sistla et al. 2013; Roland et al. 2014). We also developed a
binary early winter severity index to represent potentially
thermally stressful conditions for voles that could cause
increased early winter mortality (i.e., Reid and Krebs
1996), possibly lowering their abundance in the subse-
quent year. The early winter severity index (freeze) was
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Vole study area (4 plots, 100 points each)
(®  Weather station

Park road

shown. The dashed line indicates the area from which the average
maximum NDVI values were calculated and the snowshoe hare index
data were collected

a binary variable indicating years with > 5 days in early
winter (October—-December) with snow depths < 15 cm
and daily minimum temperatures < — 17.8 °C. To pro-
vide an annual measure of primary productivity, we cal-
culated the average annual maximum Normalized Differ-
ence Vegetation Index (NDVI), based on satellite imagery
(AVHRR; 1 km? pixels), across the study area from 1990
to 2013 (values were not available prior to 1990). Due to
the small size of the vole study site relative to the spatial
grain of the satellite imagery, we used measures of NDVI
based on the larger snowshoe hare study area for the vole
analysis. We assumed that measures of NDVI over this
larger scale would reflect conditions at the local scale of
the vole study site and expected that the results based on
measures of NDVI at a larger scale would be more con-
servative (i.e., less likely to detect an effect) due to local
scale variation in productivity that would be averaged over
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the larger area. These weather and primary productivity
variables were then used as covariates for analysis.

We sampled the vole population on 4 plots at a site in
Denali centered on (63°43'47"N, longitude 148°58'52"W)
during August from 1992 to 2014 (Fig. 1). Each plot con-
sisted of a 10 X 10 grid of Sherman live traps spaced 10 m
apart over 0.81 ha. Two plots were located along the Rock
Creek riparian zone (riparian plots) and 2 were located
approximately 500 m away on a forested ridge (forest plots).
One forest plot and one riparian plot were sampled annually,
a second forest plot was sampled 1997-2014 (except 2004),
and a second riparian plot was sampled during 1992-1993
and 1997-2014. Each trap contained bedding material and
was baited with sterilized sunflower seeds. Trapping ses-
sions were 4-5 days long with 3 trap checks per day, result-
ing in 10-15 sampling occasions per plot per year. Captured
individuals were identified to species, scanned with a passive
integrated transponder (PIT) tag reader to identify previ-
ously captured individuals, injected with a uniquely iden-
tifiable PIT tag if unmarked, and then released. The final
dataset consisted of 2277 capture histories over the 23 years
period.

We indexed annual hare abundance from 1988 to 2014
as the average number of adults observed per day during
routine fieldwork from mid-April to late June as part of a
larger project (see MclIntyre and Adams 1999; Mclntyre and
Schmidt 2012). All observations were made and recorded
by the same individual (C. Mclntyre) using a standard-
ized approach for the entire period (MclIntyre and Schmidt
2012). While the annual indices could not be converted to
true abundance, we were confident that this measure accu-
rately represented relative abundance between years and the
frequency and relative amplitude of the hare cycle in Denali
(Mclntyre and Schmidt 2012; Krebs et al. 2013). Our hare
index was in general agreement with an assessment of the
hare cycle in nearby areas (Arthur and Prugh 2010; Krebs
et al. 2013), further supporting our assertion that our data
accurately represented the relative abundance and phase of
the hare cycle in Denali.

Statistical analysis
Primary productivity

Measures of NDVI provide a meaningful annual index of
primary productivity at large scales (Kerr and Ostrovsky
2003); however, we wanted to explore the relationship
between weather conditions and changes in primary pro-
ductivity over multi-year windows. We hypothesized that
primary productivity may be a function of weather patterns
that influenced growing conditions over time (e.g., Wipf and
Rixen 2010; Natali et al. 2012; Schaeffer et al. 2013; Sistla
et al. 2013), presuming plant growth may increase when the
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weather is warmer, wetter, and less snowy. Therefore, we
fit a series of models to running averages of NDVI over the
previous 1-5 years using corresponding running averages
of GDD, PPT, and SNOW as covariates. All variables were
standardized to have a mean = 0 and SD = 1 to improve con-
vergence and allow direct comparisons of effect sizes among
covariates. The general model can be written as:

NDVI, = ,GDD, + f,PPT; + f;SNOW, (1

where i represents the running average i in 1...5 years. We
used the adjusted R? value as a measure of model fit and
selected the most appropriate value of i based on the vole
and hare analyses (see below).

Voles

To estimate vole abundance and density, we used spatially-
explicit capture-recapture models (Royle and Dorazio 2008;
Efford et al. 2009; Borchers 2012; Efford and Fewster 2013)
fit in a Bayesian hierarchical framework (e.g., Royle and
Young 2008; Gardner et al. 2009, 2010; Royle et al. 2009).
Spatially-explicit capture-recapture approaches utilize the
locations of recaptures to estimate the activity center of each
individual, while also addressing the decline in detection
probability with distance of the activity center from each
trap (Royle and Young 2008; Gardner et al. 2009; Efford
and Fewster 2013). This straightforward combination of the
process and detection models allows the direct estimation
of abundance or density within the sampling area without
requiring the concept of the somewhat ambiguous effective
trapping area (Efford and Fewster 2013). Data augmentation
(Royle et al. 2007) was employed to address the problem of
an unknown number of activity centers within the sample
area (Gardner et al. 2010).

We used the spatial mark-recapture model presented by
Gardner et al. (2009) to estimate the number of individuals,
N, with activity centers within the sampling area, S. Density
was defined as N/S. We investigated the importance of multi-
ple covariates by formulating a model for the inclusion prob-
ability, y. This is the probability that an individual from the
augmented data list is a member of the population (Gardner
et al. 2009). This allowed us to assess the influence of covar-
iates on population size. We allowed capture probability to
vary by year, and included an individual random effect to
account for heterogeneity in capture probability among indi-
viduals in addition to variation due to the locations of each
activity center. We included a plot by year random effect in
the model for y to account for differences between plots and
years that were not explained by the covariates.

Prior to conducting the Bayesian analysis, we used an
exploratory analysis of the raw capture data to identify
potentially useful covariates. We used this approach due to
the prohibitively long run times that would be required for
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model selection in a Bayesian framework. We fit generalized
linear models to the average number of unique captures in
each year to (i.e., raw data) using sine and cosine terms with
2, 3, or 4 years periodicity to address cyclic patterns in abun-
dance. This range of values was selected after an inspection
of the auto-correlation function. Although we could have
used other time series approaches to address cycle periodic-
ity (e.g., threshold autoregressive modeling; Stenseth et al.
1998), we chose to employ a fixed cyclic pattern for simplic-
ity and because our primary questions were related to varia-
tion in cycle amplitude. Our approach to modeling the basic
cyclic pattern was expected to have no impact on our assess-
ment of the factors affecting cycle amplitude. After using
AIC to select the best model describing the basic cycle,
we explored the potential relationship between vole abun-
dance and the early winter severity index (freeze) and the
range of running averages (i.e., 1-5 years) for NDVI for our
study area. Based on this exploratory analysis, we selected
NDVI; as the most informative predictor of variation in vole
abundance for final model fitting (see results). We then fit
the model to the data in a Bayesian framework to assess
whether the apparent relationships from the exploratory step
held under formal analysis. The most general model for the
probability of a potential individual being included in the
population, y, can be written as:

logit(y) = int + ﬂﬁin((%) * t,») + f, cos ((ZT”) * tl-)
+ A3NDVIs + pfreeze + ¢ 2)

where int is the intercept, the f, are parameters, L is the
cycle period length (i.e., 2, 3, or 4 years), ¢; is the annual
time step (years 1-23), and ¢;; is a random effect adjust-
ment term for each year, i, and site, j. For the 1992—-1994
period, when NDVIy values were not available, we used
the longest running average possible (i.e., 2, 3, and 4 years,
respectively). Post-hoc analysis using only data from 1995
to 2014 produced nearly identical results, suggesting the use
of slightly shorter NDVI averages for the first 3 years of our
series did not materially affect our results. Therefore, we
only present results based on the full 1992-2014 dataset.
Models were fit using program R (v. 2.14.2, R Development
Core Team 2012) and OpenBUGS (Thomas et al. 2006).

Hares

We log-transformed the annual hare index and used linear
models to describe the cycle and select among covariates.
We first inspected the autocorrelation function based on the
time series data to assess the period length of the cycle.
Based on these findings, we then fit models containing sine
and cosine terms with a 9, 10, or 11 years period to assess
whether cyclic terms were supported and to identify the

appropriate period length. After selecting the best approxi-
mating model describing the basic cycle, we considered the
covariates GDD,, PPT;, and SNOW, as proxies for NDVI,.
We used the weather data in this case because the hare
dataset began 7 years prior to the availability of NDVI for
our study area. Our objective was to assess whether these
proxies for NDVI would predict variation in hare numbers.
We did not consider the winter severity term as we did not
expect hares to be as dependent as voles on snow cover for
thermal protection during early winter. The most general
model describing each index of abundance, index, can be
written as:

log (index) = int + ﬂﬁin((%) * tj> + f, cos ((27”) * tj)
+ p,GDD, + B,PPT; + fsSNOW, 3)

where int is the intercept, are parameters, L is the period
length (9, 10, or 11 years), and 7 is the annual time step
(i.e., 1-27 years). We first used AIC to select the appropri-
ate terms describing the cycle (i.e., sine and cosine terms)
and period length. We then used AIC to identify whether the
weather covariates improved model fit. We also conducted
a post hoc exploratory analysis using only the 1995-2014
data, replacing the three weather covariates with NDVI,, to
confirm that any relationships were consistent and increase
our confidence in the results.

Results
Primary productivity

NDVI,; was highest in multi-year periods that were warmer,
wetter, and less snowy, corresponding to conditions in the
mid-2000’s (Fig. 2). Model fit improved as the length of the
moving average increased, and the three weather variables
(GDDs, PPT5, SNOW5) explained nearly all of the variation
in NDVI; between 1995 and 2014 (R*> = 0.94; Fig. 2). This
result indicated a direct link between average weather condi-
tions over the previous 5 years and average NDVI over the
same time period. We present the results for NDVI; because
this variable was the best predictor for variation in vole cycle
amplitude.

Voles

The average annual number of unique captures per plot var-
ied from 6 to 81. We found strong support for the inclusion
of both sine and cosine terms with period length = 3, indi-
cating the vole population in our study area cycled regu-
larly every 3 years (Table 1, Figs. 3, 4b). As predicted, in
years following those with severe early winter conditions,
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Fig.2 Plots of the 5 years running average of NDVI (NDVIj;
black), growing degree days (GDDs; solid gray), summer precipita-
tion (PPTs; dashed gray), and average snow depth in the prior winter
(SNOWj; dotted gray) in Denali National Park and Preserve, Alaska,
from 1988 to 2014. Values have been scaled to have a mean = 0 and
aSD=1

Tablel Parameter estimates from the Bayesian model (Eq. 2) describ-
ing variation in the density of voles in Denali National Park and Pre-
serve, Alaska, from 1992 to 2014

Covariate Mean Lower 95% Crl ~ Upper 95% Crl
Intercept 0.26 0.06 0.41
Sine -0.83 -1.10 - 0.58
Cosine -044 -0.73 -0.14
NDVI, 0.35 0.13 0.57
Early winter severity  —0.61 —1.01 -0.22

abundance was reduced, suggesting a reduction in survival
in early winter in those years (Table 1, Fig. 4b). Model
selection results indicated that the model containing NDVI,
fit better than versions containing NDVI, (AAIC = 2.6)
or NDVI; (AAIC = 4.7), and there was little support for
NDVI averaged over shorter time periods (i.e., AAIC > 15).
The best approximating model indicated that cycle ampli-
tude varied fourfold in direct relation to NDVIs (Fig. 4).
Estimated densities based on the Bayesian model ranged
from 2.2/ha during the 1994 low to 36.6/ha during the 2008
peak. The strong relationship between NDVIs and vole
cycle amplitude suggests that variation in vole densities
was directly related to primary productivity throughout the
3 years cycle. The period length of the cycle remained con-
sistent through time despite variation in both winter severity
and primary productivity.

Hares

Our index of hare abundance ranged from 0.3 to 40.6 during
our 27 years study. The hare cycle was best represented by
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Fig.3 Autocorrelation function (ACF) plots for vole density from
1992 to 2012 (a) and the hare abundance index from 1988 to 2012
(b) in Denali National Park and Preserve, Alaska. Vertical lines in the
ACEF plots that extend above the horizontal dashed lines indicate sta-
tistically significant autocorrelations

sine and cosine terms with a period length of 10 (Table 2,
Fig. 3). Models containing 4 and 5 years running averages
of the three weather variables received equal support and
outperformed averages over shorter intervals. For consist-
ency with the vole results, we present estimates from the
model containing 5 years running averages of GDDs, PPTs,
SNOWS. Although the period of the hare cycle (10 years)
was longer than that of voles (3 years), the population-
level response to these predictors of primary productivity
was similar (Fig. 4c). Although NDVI; values did not exist
for the early years of the hare dataset, the model contain-
ing weather conditions identified as the primary drivers of
NDVI; predicted variation in the amplitude of the hare cycle
well (R?> = 0.82). An exploratory analysis using a subset
of the data for the period when NDVIs was available pro-
duced very similar results, supporting these conclusions
(results not shown). There was little support for a model
lacking the weather variables (AAIC = 20.7) and the fit
of the reduced (i.e., cyclic terms only) model was lower
(adjusted R? = 0.44), indicating strong support for a link
between long-term weather and hare abundance. The third
hare peak was fourfold higher than the previous two and was
synchronous with a peak in vole densities of similar magni-
tude (Fig. 4). Both peaks also corresponded with the period
of highest NDVIs. Thus, although hares and voles cycled at
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Fig.4 Plots showing the temporal relationship between NDVI; (a)
and the northern red-backed vole (b) and snowshoe hare (c¢) cycles
in Denali National Park and Preserve, Alaska, from 1988 to 2014.
Plots of observed (solid lines) and predicted (dashed lines) values
are included as a visual assessment of model fit. Fine dotted lines on
panel (b) indicate years with severe early winter conditions. Values
have been scaled to have a mean =0 and a SD =1

much different rates and exhibit different life history char-
acteristics, they shared a contemporaneous relationship with
primary productivity.

Discussion

Our results demonstrate that multi-year weather patterns
were directly related to variation in measures of primary pro-
ductivity at the landscape-scale in our boreal study system,
which were in turn positively related to the dynamics of two

Table 2 Parameter estimates

Covariate Hares
from the top model (Eq. 3)
describing variation in the hare Intercept 139 (0.12)
population index over time .
in Denali National Park and Smé 0.90 (0.13)
Preserve, Alaska, from 1988 Cosine 0.18 (0.15)
to 2014 GDDj 0.56 (0.09)
PPT; 0.32(0.12)
SNOW; —0.50 (0.15)

The sine and cosine terms
assume a 10 years’ periodicity,
GDDs represents the 5 years
running average of growing
degree  days  April-August,
PPT; represents the 5 years run-
ning average of precipitation
April-August, and SNOWj rep-
resents the 5 years running aver-
age of average snow depth in
the previous winters. Estimates
are presented as means with
standard errors in parentheses

widely distributed cyclic herbivore species, hares and voles.
These findings establish sequential relationships between
long-term weather patterns, primary productivity, and cyclic
dynamics, thereby increasing our collective understanding
of the processes underlying these important phenomena.
Weather and climate patterns have been identified as impor-
tant factors in the dynamics of many cyclic species, but the
mechanism through which they influence these populations
had heretofore been elusive (Stenseth et al. 1999; Watson
et al. 2000; Cattadori et al. 2005; Kausrud et al. 2008; Hone
et al. 2011; Yan et al. 2013). The establishment of these
linkages provides a potential mechanistic explanation for
the observed diminution of some cycles (Hornfeldt 2004;
Hornfeldt et al. 2005; Ims and Fuglei 2005; Ims et al. 2008;
Cornulier et al. 2013) through climate-induced changes in
primary productivity.

Weather and primary production

Our results suggest that primary productivity in Denali var-
ies at the landscape-scale in response to annual precipitation
(both rain and snow) and summer temperatures, and that
these responses operate over multi-year time spans. That is,
annual time-steps may not always be the appropriate tempo-
ral window for considering the relationships among weather
variables and primary productivity in this region. The posi-
tive influence of warmer, wetter, and less snowy conditions
we found were not surprising given other studies that have
demonstrated similar links between annual metrics of broad-
scale productivity (as measured by NDVI) and annual cli-
mate in high latitude regions (e.g. Goetz et al. 2005; Verbyla
2008; Berner et al. 2013). Specifically, shrub tundra areas
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(that occur over a large portion of our study area) showed
increasing NDVI trends in response to increasing summer
warmth (Verbyla 2008; Berner et al. 2013), some interior
lowland boreal forest areas showed decreasing NDVI trends
at least in part in response to drought (Goetz et al. 2005;
Beck et al. 2011), and delayed green-up has been related to
deep snows in spring (Pettorelli et al. 2005; Wipf and Rixen
2010).

Although the specific climate-productivity relationships
we found in Denali are not necessarily surprising, it is note-
worthy that our data suggest that some weather-vegetation
interactions governing NDVI accrue over multi-year win-
dows. Possible explanations for the strong association
between multi-year weather conditions and NDVI include
a variety of processes including increased rates of nutrient
turnover in response to warm and/or wet periods (e.g. Hob-
bie 1996; Natali et al. 2012; Schaeffer et al. 2013; Sistla
et al. 2013) that may stimulate increased plant growth over
multiple years, and the possibility that the deepening of
active layer depths over a series of years may induce pro-
ductivity effects that manifest over multi-year time scales
(e.g. Beck et al. 2015). For example, tree ring studies in
interior Alaska (including Denali) routinely showed signifi-
cant responses to previous years’ weather (Lloyd et al. 2013;
Walker and Johnstone 2014; Girardin et al. 2016; Nicklen
et al. 2016). Further, a recent investigation into white spruce
reproduction in Alaska revealed significant weather effects
on seed production over a 4-year period (Roland et al. 2014).
Additionally, the impacts of extreme weather events showed
delayed responses that may occur even 2 years later (Zona
et al. 2014). Such relationships will not be apparent when
using strictly annual metrics without utilizing lagged effects
due to high interannual variability and the unquantified influ-
ence from previous annual time steps. While our current
data cannot confirm the mechanisms behind the conspicuous
association, a fertile area for future work may be the role of
multi-year weather patterns in regulating long-term trends
in primary productivity.

Hare and vole cycles

Extended winter periods, such as those experienced in
Denali, are often considered necessary for the existence
of population cycles at high latitudes (Hansson and Hent-
tonen 1985; Yoccoz and Ims 1999; Aars and Ims 2002;
Stenseth et al. 2003; Hornfeldt et al. 2005; Bierman et al.
2006). While it is unlikely that food resources are limit-
ing for either hares or voles during the growing season, our
results suggest that primary production might play a role in
limiting populations during the subsequent winter months
(e.g., Huitu et al. 2003, 2007). The link between weather and
primary productivity also suggests a mechanism by which
changes in season length and productivity may result in the
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dampening or elimination of population cycles in some areas
in association with climate change (Ims et al. 2008; Cor-
nulier et al. 2013; Korpela et al. 2013). Although we did
not observe a dampening of cycles in Denali, we speculate
that the diminution or elimination of cycles in other areas
might occur through a reduction in the limiting effects of
winter through increased food resources, or alternatively,
a general amelioration of the winter period (i.e., length or
severity) sufficient to avoid population limitation. However,
the specific causal variables and the sign of the relationships
will likely vary among ecosystems, climatic regions, and/
or geographic locations, and we expect future work in other
areas may reveal additional relationships between climate
and primary production.

The 3 years’ vole cycle we documented was unique for
this species in North America (Boonstra and Krebs 2012,
Boonstra et al. 2016), although the basic cyclic pattern was
similar to that of populations in Fennoscandia and elsewhere
in Eurasia (Stenseth et al. 1996, Stenseth 1999). Existing
studies in Alaska have provided limited information on long-
term dynamics or evidence of cycles, although long-term
datasets are uncommon (e.g., Whitney 1976; West 1982;
Whitney and Feist 1984). We expect that cyclic dynamics
may exist in other vole species (e.g., Fauteux et al. 2015a),
or in other portions of North America; however, an assess-
ment of the scale and breadth of such cycles is dependent
on the implementation of additional monitoring programs
and further analysis of any existing datasets. Our results are
consistent with past findings that microtine rodent popu-
lations at high latitudes are generally dependent on snow
cover to mitigate the effects of extreme cold (Reid and Krebs
1996; Boonstra and Krebs 2006; Korslund and Steen 2006;
Bilodeau et al. 2013; Fauteux et al. 2015b). Interestingly,
severe winter conditions influenced vole cycle amplitude
but had no apparent effect on periodicity, suggesting winter
severity itself does not cause cycles directly. Instead, the link
between primary productivity and amplitude throughout the
cycle suggests food might be implicated as a limiting factor
(Boonstra et al. 2001; Huitu et al. 2003, 2007, Previtali et al.
2009; Krebs et al. 2010), presumably during the extended
winter period when individuals are dependent on finite food
resources.

A critical finding of our study was the discovery of an
apparent relationship between long-term measures of pri-
mary productivity and abundance throughout both the
10 years hare and 3 years vole cycles. Although only three
hare peaks were observed during our study period, the nearly
identical pattern of increased amplitude in the vole cycle
during the same time frame strengthens our conclusion that
primary productivity may limit cycle amplitude in both spe-
cies. The importance of large-scale weather patterns on hare
cycles has previously been identified (Stenseth et al. 1999;
Yan et al. 2013), although the causal link remained unclear.
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The direct relationship between weather and primary pro-
ductivity establishes a potential mechanism through which
weather and climate could influence population cycles. We
argue that the most parsimonious explanation for the four-
fold variation in cycle amplitude is that multi-year levels of
primary productivity placed an upper limit on both the hare
and vole cycles. This is consistent with the theory of bottom-
up control which has been demonstrated in similar species
(Flowerdew et al. 2017; Johnson et al. 2017). Our results
suggest that variation in amplitude was driven by limited
resources, with higher peak densities occurring during peri-
ods of high primary productivity when food resources are
presumably more abundant. The congruency of our results,
despite considerable differences in the spatial and temporal
scales captured in each dataset, supports our conclusions.

There are two important mathematical properties that
warrant further discussion in the context of interpreting
our results. First, variation in cycle amplitude has an equal
and opposite effect on opposing phases of the cycle (all else
being equal), therefore, as amplitude increases, both the
high and low phases become more extreme. This behavior
resulted in a potentially counterintuitive finding that low-
phase densities were lower when NDVI was higher. How-
ever, rather than being incongruent with our bottom-up
hypothesis, these reduced low-phase densities were a direct
consequence of increased cycle amplitude during periods
of high NDVI. Second, population cycles differ from basic
cyclic patterns (e.g., a sine wave) in that the low phase of
population cycles is constrained to be > 0 while the high
phase has no upper bound. Due to this constraint, there is
less potential for variation among low-phase densities as
compared to peak densities. Together these explanations
help clarify that our findings are consistent with our bot-
tom-up hypothesis throughout both the hare and vole cycles,
despite a few potentially unintuitive patterns.

Long-term, comprehensive monitoring programs (e.g.,
the Kluane project; Krebs et al. 2001a), are responsible for
much of what we know about population cycles in the boreal
forest. One of the primary strengths of long-term studies
across taxa and trophic levels is the ability to consider cyclic
dynamics in the context of the larger system. The largest
contributions of our work to the overall understanding of
population cycles in the north are: (1) the establishment of
a direct link between weather conditions and primary pro-
ductivity at the landscape-scale across multi-year time-steps,
and (2) the potential role of weather-induced variation in
primary productivity in controlling cycle amplitude in two
disparate cyclic taxa. By extension, we hypothesize that
the apparent role of primary productivity in limiting cycle
amplitude in hares and voles suggests that bottom-up forces
play a larger role in cycle dynamics than is currently thought
(e.g., Krebs et al. 2013, 2014a, b; Therrien et al. 2014; Gin-
zburg and Krebs 2015). We suspect the primary reason for

our novel findings is that the multi-year nature of the links
between weather, primary productivity, and cycle ampli-
tude were heretofore unidentified. In light of our results, we
suggest the reanalysis of existing datasets using indices of
primary productivity over multiple years to investigate the
extent to which our findings might be generalized to other
systems. Such work should be relatively easy to conduct
because NDVI data are widely available for the last two
decades, and weather data generally exist over long time
periods. Such work would directly assess the applicability
of our findings to other areas and would expand our under-
standing of the role of primary productivity in population
cycles in the north.
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