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As climate change accelerates in northern latitudes, there is an increasing need to
understand the role of climate in influencing predator-prey systems. We investigated
wolf population dynamics and numerical response in Denali National Park and Preserve
in Alaska, United States from 1986 to 2016 under a long-term range of varying
climatic conditions and in the context of prey vulnerability, abundance, and population
structure using an integrated population modeling approach. We found that wolf natality,
or the number of wolves added to packs, increased with higher caribou population
size, calf:cow ratio, and hare numbers, responding to a 1-year lag. Apparent survival
increased in years with higher calf:cow ratios and cumulative snowfall in the prior winter,
indicators of a vulnerable prey base. Thus, indices of prey abundance and vulnerability
led to responses in wolf demographics, but we did not find that the wolf population
responded numerically. During recent caribou and moose population increases wolf
natality increased yet wolf population size declined. The decline in wolf population size
is attributed to fewer packs in recent years with a few very large packs as opposed to
several packs of comparable size. Our results suggest that territoriality can play a vital
role in our study area on regulating population growth. These results provide a baseline
comparison of wolf responses to climatic and prey variability in an area with relatively
low levels of human disturbance, a rare feature in wolf habitat worldwide.

Keywords: Alaska, Canis lupus, demography, natality, population dynamics, predator prey, survival, wolf

INTRODUCTION

Considerable attention has been given to the role of predators, particularly large carnivores, in
driving ecosystem dynamics. In a top-down role, predators can limit herbivore abundance and
activity, reducing herbivory and subsequently allowing more plant diversity and biomass which
in turn supports biodiversity in other biota (Hairston et al., 1960; Terborgh, 1988; Estes, 2005;
Schmitz, 2006). Through these top-down forces, predators can be seen as important components
of ecological health, providing ecosystem benefits via top-down trophic cascades (Berger et al.,
2001; Miller et al., 2001; Ripple and Beschta, 2004; Terborgh et al., 2006). Through opposing
bottom-up forces, primary productivity can regulate consumer population abundance and in turn,
their predators (Caughley, 1976; Sinclair, 1977; Houston, 1982). Evidence of trophic cascades
following predator reintroductions has fostered support for conservation of large carnivores as
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agents improving biodiversity (Miller et al., 2001; Ripple and
Beschta, 2004, 2012; Estes, 2005; Schmitz, 2006; Ripple et al.,
2014, 2016). Conversely, predators’ top-down effects on ungulate
populations are used as support for controversial predator
control activities (Boertje et al., 1996; Titus, 2007).

Perhaps no large carnivore’s role in driving prey populations
has fostered more controversy than that of gray wolves (Canis
lupus). Across their extensive range, wolf density appears to be
linearly related to prey biomass, supporting the theory that wolf
populations exist at densities limited by food supply (Fuller, 1989;
Fuller and Murray, 1998; but see Vucetich et al., 2002; Fuller
et al., 2003). This relationship suggests that at a global scale, wolf
populations are limited by bottom-up forces driven by primary
productivity and herbivore densities (Oksanen and Oksanen,
2000). However, there is substantial evidence suggesting that
wolves exert top-down control of prey populations, as wolves can
depress prey abundance over large spatial and temporal scales
(Gasaway et al., 1983, 1992; Adams et al., 1995; Boertje et al., 1996,
2010; Créte, 1999; Mech and Peterson, 2006). The influence of
top-down controls are difficult to tease apart from bottom up and
climatic influences, even in manipulative experiments (Gasaway
et al., 1983; Boertje et al., 1996; Vucetich et al., 2005; Keech et al.,
2011; Valkenburg et al., 2016; Allen et al., 2017).

There is ample evidence that the role of top-down control
of ungulates by wolves is nuanced, and factors such as weather
conditions and prey age structure alter vulnerability of prey
(McRoberts et al., 1995; Mech et al,, 1998; Vucetich et al.,
2005; Valkenburg et al, 2016). Ultimately, it is vulnerability
to predation that determines which and how much prey is
availability to wolves. Climatic factors play an important role
in prey availability, as wolves tend to be more successful
when winters are severe in terms of heavy snowfall and cold
temperatures (Peterson and Allen, 1974; Peterson and Page,
1988; Mech et al., 1998). Snowpack affects the vulnerability of
prey directly by covering possible food sources and restricting
prey movement. Indeed, snow depth has been considered the
most important landscape attribute affecting ungulate movement
and mobility (Wallmo and Gill, 1971; Hugie, 1973; Telfer,
1978). Snowpack can also affect prey indirectly; for example, in
years following severe winters, caribou are more susceptible to
predation, in part because of poor nutrition during the natal
period affecting the susceptibility of yearling caribou (Peterson,
1977; Mech, 1991). Ungulate availability can also fluctuate from
a variety of factors in addition to snowpack such as disease, other
climatic variables, available forage, and ungulate age structure
(Klein, 1991; Valkenburg et al., 2016). When ungulates are in poor
condition or exhibiting density dependent limitations, wolves
may be the proximate but not necessarily the ultimate cause of
ungulate mortality (Murie, 1944; Vucetich et al., 2005; Mech and
Peterson, 2006). Therefore, the role that wolves play in exerting
top-down controls and limiting ungulate populations is context
dependent or may be compensatory.

Although wolves are considered obligate consumers of
ungulates (Peterson and Ciucci, 2006), they are opportunistic
predators and subsidies from alternate prey may play a role
in wolf density and wolf-prey dynamics (Adams et al.,, 2010;
Gable et al, 2018). Where available, hares (Lepus spp.) may

be a particularly important prey for wolves during summer
months (Mech, 2004; Haber and Holleman, 2013; Newsome et al.,
2016). While pups are too young to travel with the pack in
the summer, adult pack member range away from homesites
(dens and rendezvous) to hunt for food and return to feed pups.
Pack cohesion is lower in the summer (Benson and Patterson,
2015), perhaps because traveling separately increases efficiency
in hunting smaller prey that is available in summer (Mech
et al, 1998). In the High Arctic, wolves rely heavily on hares
where the only other prey are muskox (Mech, 2004) and near
100% of pup survival variation is due to availability of small
prey (Mech, 1995). Other studies have postulated about the role
of hares in providing nutritional subsidy for wolves in a sub-
arctic population, but the effect of hare abundance on wolf
demographics has not been quantified (Murie, 1944; Mech et al.,
1998; Haber and Holleman, 2013).

Much of what we know about wolf population dynamics
and relationships between wolves and prey comes from long
term studies (Mech, 1966, 1986; Mech et al., 1998; Smith
and Bangs, 2009; Nelson et al, 2011). Long term studies
are particularly important because the conclusions regarding
predator-prey dynamics can drastically change based on the time-
period studied (Nelson et al., 2011). Large terrestrial mammals
can be difficult and expensive to study especially when they exist
at low densities and are wide ranging (Estes, 1996) and these
long-term studies represent a significant investment and body of
work. The wolf population in and around Denali National Park
and Preserve (hereafter, Denali) has a long history of research
and relative protection from harvest (Murie, 1944; Mech et al,,
1998). This makes the Denali wolf population unique worldwide
and valuable as a conservation baseline (Borg and Burch, 2014;
Borg et al,, 2015).

We explored wolf population dynamics in Denali from 1986 to
2016 in the context of prey vulnerability and population structure
using the powerful integrated population modeling approach
developed by Schmidt et al. (2015, 2017). The overall goal of this
study was to identify prey population characteristics associated
with variation in wolf vital rates to better understand the relative
roles of wolves and their prey as system drivers. A prior analysis
of wolves in Denali documented a period with above average
snowfall, high wolf populations and major changes in wolf and
caribou numbers (Mech et al., 1998). In contrast, subsequent
decades have been characterized by mild winters, a decreasing
wolf population and increasing prey base. Here, we examine
30 years of variation in weather and prey populations to identify
underlying decadal trends in these factors and their impacts on
wolf demographics.

Our primary objectives were to: (1) estimate wolf vital
rates for the study population, (2) quantify the effects of prey
population size, productivity, and indices of vulnerability (i.e.,
winter weather) on wolf demographic rates, and (3) quantify
the potential role of secondary non-ungulate prey resources (i.e.,
snowshoe hares) on wolf vital rates. We hypothesized that prey
productivity and weather-driven prey vulnerability, rather than
raw abundance, were the ultimate drivers of wolf population
dynamics in the Denali ecosystem. Finally, we expected that
snowshoe hares might play an important role in subsidizing
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wolf populations during cyclic population highs due to the
large increase in available biomass during cyclic peaks. We
expected that the overall numbers of hares and caribou in the
current year would be representative of prey abundance, while
snow depth and caribou fall calf:cow ratio in the previous year,
would serve as indices of prey vulnerability. We based these
assumptions on findings that young ungulates often comprise a
large proportion of wolf diets (Murie, 1944) and that heavy snows
increase the vulnerability of ungulates to predation by wolves
(Mech et al., 1998, 2001).

MATERIALS AND METHODS

Study Area

The study area encompassed approximately 17,270 km? of wolf
habitat primarily north and west of the Alaska Range in and
adjacent to Denali National Park and Preserve (Figure 1) and
ranged in elevation from 150 to 3,000 m. The eastern region of
Denali contains habitat patches of boreal forest, high alpine, open
gravel river bars, and willow-lined creeks. The western region
of the park is more homogenous, dominated by relatively flat,
lowland black spruce (Picea mariana) forest and long meandering
rivers and wetlands.

The climate in Denali is sub-arctic and subject to wide
variations in temperature and precipitation. On the north side of

the Alaska Range, a snow-shadow effect predominates, resulting
in low amounts of precipitation year-round and continental
interior climate patterns generated by the High Arctic prevail
in this region (Sousanes, 2006). At Denali headquarters (within
the study area) temperature extremes range from 33 to —48°C.
Daylight varies throughout the year with more than 20 h in June
to 4 hin December. Summers are short and warm, and winters are
long and cold with snow cover generally present October through
early May. The average high temperature in July is 19°C, and
the average low temperature in January is —21°C. Total annual
precipitation is relatively low and averages ~ 38.2 cm. Most
of the precipitation (20.5 cm) falls as rain during the summer
months (Sousanes and Hill, 2017). Cumulative winter snowfall
on the north side of the mountain ranged from 21 to 394 cm
from 1986 to 2016 (Table 1; NOAA Regional Climate Centers,
2021).

Prey Numbers and Distribution

The diversity of habitat types in the eastern region of Denali
supports resident populations of caribou (Rangifer tarandus),
Dall’s sheep (Ovis dalli), and moose (Alces alces) which constitute
the main prey base for wolves in the region (Murie, 1944; Mech
et al, 1998). High winds in the Outer Range (northwest of
the Alaska Range) in winter months tend to result in wind-
scoured ridges, leaving areas with relatively low snowpack and
exposed vegetation. These conditions provide favorable wintering

Denali
National
Park
(New Park Additions)

Denali
National
Preserve

Former Mt McKinley
National Park Boundary

Denali
National
Park

(New Park Additions)

0 510 20 Kilometers

shaded area.

FIGURE 1 | Wolf project study area includes all areas north of the Alaska Range within Denali National Park and Preserve, Alaska, United States. The new park
additions are north and south of the original park boundary (tan) and the Preserves are in the northwest and southwest (orange). The study area is denoted by
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TABLE 1 | Cumulative year snowfall and average winter temperature in Denali
National Park and Preserve, Alaska, United States.

Year Cumulative snowfall Average winter temp °C
1986 128.3 —7.4
1987 120.7 -7.3
1988 246.4 —-11.7
1989 225.8 -9.9
1990 394 —10.1
1991 322.6 -9.7
1992 394.2 —9.1
1993 280.2 -8.1
1994 177 -9.0
1995 165.9 —9.1
1996 181.9 -10.3
1997 169 -7.6
1998 110.3 —10.4
1999 296.2 -9.1
2000 150.1 -5.5
2001 190.5 -8.8
2002 78.7 -3.3
2003 175 -8.3
2004 235.7 -6.8
2005 146.8 -11.8
2006 97 -8.8
2007 161 -8.6
2008 178.1 -11.0
2009 119.4 -8.0
2010 205 -7.8
2011 27.4 -8.3
2012 31.5 -9.4
2013 21.4 -5.6
2014 113.3 -5.0
2015 211.8 —4.1
2016 181.1 -7.5

Data obtained from McKinley Park National Weather Service Cooperative Observer
site near Denali National Park Headquarters. Cumulative snowfall from June of
Year to July of Year+1, average winter temperature is from September (Year) to
April (Year +1).

grounds for caribou, Dall’s sheep, and moose (320 moose-
equivalents/1,000 km?, Adams et al., 2010). The western lowlands
support lower densities of ungulates (primarily moose at 70
moose-equivalents/1,000 km?, Adams et al., 2010), and salmon
are an important food source for wolves in this region (Mech
et al,, 1998; Adams and Roffler, 2009; Owen and Meier, 2009;
Adams et al., 2010). Throughout the study area, small mammals
such as snowshoe hares and arctic ground squirrels are locally
abundant and can represent a large amount of available biomass
available to the predator community (Boonstra et al., 2001).
Wolves in the study area are known to prey on snowshoe
hares (Lepus americanus), Arctic ground squirrels (Spermophilus
parryii), hoary marmots (Marmota caligata), beaver (Castor
canadensis) and various birds (Murie, 1944; Mech et al., 1998).
We used prey population data collected by concurrent studies in
Denali (specified below) as covariates in our analyses to explain
variation in wolf demographic rates.

Caribou

The caribou population in Denali is predominantly composed of
members of the Denali Caribou Herd (DCH). The DCH exhibits
a local seasonal migration of about 80 Km from summering and
winter ranges. Calving season begins in late April and early May,
with peak calving typically occurring synchronously in mid-May.
Calving grounds are generally located in high elevations near
glaciers and snowfields near the foothills of the Alaska Range, and
winter range includes a large area of typically wind-swept slopes
near the northeast corner of Denali (Figure 2).

The DCH has been monitored since 1984 and current
protocols for monitoring the caribou population have been in
place since 1986. Each year, caribou were captured by helicopter
darting and radio-marked to monitor their survival, productivity
and movements, and to aid in conducting composition surveys
and herd counts (Adams and Roffler, 2009). Population estimates
were derived annually from aerial composition and count
surveys. For detailed methods on capture, radio collaring,
composition, and population estimation see Adams and Meier
(2018). Denali Caribou Herd size estimates from 1986 to 2016
ranged from 1,760 to 3,210 animals, with an average of 2,269
(SE 68.7) from 1986 to 2016. Calf:cow ratios ranged from 6.4
to 38 calves: 100 cows and averaged 19.6 calves:100 cows (SE
1.5, Adams, 2017).

Dall’s Sheep and Moose

The Dall’s sheep population in Denali occurred in alpine areas
within the Alaska Range (Figure 2), and abundance estimates
ranged from 1,374 to 2,288 during the course of our study. Sheep
population estimates were obtained from aerial census in 1996
(Putera and Keay, 1998) and aerial distance sampling surveys in
2011 and 2013 (Schmidt and Rattenbury, 2013). Moose occurred
in relatively low density throughout the study area, with greater
density occurring in the north eastern region of the Denali (Owen
and Meier, 2009; Figure 2). From 1986 to 2004, moose abundance
estimates were obtained from aerial censuses using a stratified
random sampling technique (Gasaway et al., 1986; Meier, 1986;
Meier et al., 1991; Belant and Stahlnecker, 1997; Fox, 1997; Belant
et al., 2000). Moose population estimates ranged from 1,104 to
2,168, averaging 1,677 (SE 121.0). Moose density estimates in
the northern study area averaged 0.175 moose/km? (range: 0.13-
0.24) and calf: cow ratios averaged 26 calves:100 cows (range:
0.22-0.39) (P. Owen, unpublished data).

Moose and sheep abundance data were too sparse for use
as covariates in our analysis, although the available moose
population estimates at least suggested a population trajectory
similar to that of the caribou population (Figure 3). Salmon as
a food source was assumed to be a relatively consistent seasonal
subsidy (Adams and Roffler, 2010).

Snowshoe Hare

Snowshoe hares occurred throughout the study area, although
relative abundance fluctuated wildly among years reflecting
the regular 9-11 year population cycle of this species (Krebs
et al., 2013). Relative abundance was indexed using the average
number of adults observed per day during routine field work
(McIntyre and Adams, 1999; McIntyre and Schmidt, 2012;
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FIGURE 2 | Approximate distribution for three ungulate species that compose the main prey base for wolves within the Denali National Park and Preserve, Alaska,
United States. Denali Caribou Herd range was derived from caribou distribution data from 1986 to 2007 (Adams and Roffler, 2010), calving distribution and winter
range isopleths were derived from caribou location data from 1986 to 1996 (Schirokauer and Adams, unpublished data). Dall's sheep range is represented by the
aerial survey area designed to cover a majority of sheep habitat. Moose distribution is indicated by the locations of moose groups located during aerial surveys
conducted in November 2008 and 2011 (Owen and Meier, 2009; Meier and Owen, 2011). Corresponding photos show wolves feeding on each of the three
ungulate species. Top two photos NPS Photos.
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FIGURE 3 | The annual minimum number of wolves known to exist (solid black lines) and (A) Estimates of caribou (dashed line) and moose (green dots) abundance
and (B) Mean natality (solid gray line), scaled mean apparent survival (dotted gray line, scaled apparent survival = mean apparent survival multiplied by a constant [8])
and (C) number of packs (solid gray line) and mean pack size (dotted gray line) in Denali National Park and Preserve, Alaska, United States from 1986 to 2016.

Schmidt et al., 2018a). There was considerable variation in the
amplitude of the cycle peaks, with the third hare peak observed
during our study period (2006-2009) being approximately
fourfold larger than the previous two peaks (Schmidt et al.,
2018b).

Data Collection

There is a long history of wolf research and monitoring in Denali,
with research beginning in 1939 (Murie, 1944). The use of radio-
telemetry for tracking and monitoring packs began in 1986 (Mech
et al., 1998), and the wolf population has been continuously

monitored since that time. While the wolf population within
Denali represents a wolf population with relatively little human
exploitation (Mech et al., 1998; Adams et al., 2010), all areas
outside of the Denali boundary were open to hunting and
trapping (collectively called “harvest”) under state regulation.
Beginning in 1986, we attempted to maintain collars on two
or more wolves in each pack whose home range was mostly
within Denali boundaries. Wolves were immobilized by darting
from helicopters and collared following protocols described
in Meier et al. (2009). From 1986 to 2016, 421 individual
wolves were captured and radio-collared (radio-marked) with
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very high frequency (VHF) collars. From 2003 to 2016, 86 of
the VHF collars were equipped with GPS (Telonics, Mesa, CA,
United States) which provided daily locations uploaded through
the Argos or Iridium satellite system (Meier et al., 2009).

We noted estimated age and breeding status during capture
and collaring operations (for details see Meier et al, 2009;
Schmidt et al., 2017). Additional monitoring of collared wolves
and pack mates during radio tracking flights through denning,
pup-rearing and subsequent seasons allowed for additional
confirmation of breeding status. In instances where breeding
status was not noted (in early capture records), we identified
breeders following the methods in Borg et al. (2015). Some
packs were monitored during the course of the study after
being captured in or near the study area but were ultimately
determined to not reside within the study area. These packs
were generally poorly monitored, due to lack of radio-tracking
flights in their vicinity and were censored from our analyses. New
and establishing packs were located during aerial tracking and
efforts were made to radio collar members from each pack once
considered to be a resident pack within the study area. A small
number of wolves may reside in newly establishing packs at any
given time prior to marking.

We located radio-marked wolves by VHF signal from fixed-
wing aircraft roughly twice a month and recorded location,
number of pack members, pelt colors, estimated age classes (if
distinguishable), and any data on prey killed or eaten. We also
recorded detailed information on mortality, den site location/use,
and pack affiliation (Mech et al., 1998; Meier et al., 2009). Radio-
marked wolves were lost from our study either due to mortality
(e.g., natural, harvest, capture related, or unknown) or dispersal.
We noted mortalities of collared wolves during aerial tracking
and observation and (from 2003 to 2016) through weekly GPS
data checks. Cause of death was determined through a field
necropsy or by wildlife veterinary staff at the University of
Alaska Fairbanks (UAF) or the Alaska Department of Fish and
Game (ADF&G). Natural causes of death primarily included
being killed by other wolves or starvation, but also included
avalanches, drowning, or unknown causes. When carcasses were
too decomposed to determine cause of death or both lab and field
evidence were inconclusive, and there was no evidence of human
interference, we recorded cause of death as “unknown natural”
and fate was categorized as natural. Hunting and trapping
were a primary source of human-caused mortality. A small
number (n = 10) mortalities were attributed to capture events,
either directly (e.g., dart injury) or indirectly (e.g., harvested
or killed by other wolves while still sedated, or died from
infection related to heart valve defect). We classified wolf fate
to the unknown category when a fate could not be determined,
either due to loss of contact or carcass recovery long after the
mortality event.

The dispersal category included known dispersals of radio-
marked wolves and instances where an entire pack “shifted” out
of the study area. Pack shifts occurred when all known members
of a pack moved from a previously held territory within the study
area to new territory outside of the study area (n = 4). Packs
outside of the study area were difficult to monitor due to logistical
constraints, typically resulting in loss of contact with the pack.

These members were censored from the time of dispersal or pack
shift from the study population for the purpose of our apparent
survival analyses.

Data Analysis

We estimated survival and natality rates using an integrated
population modeling approach incorporating known-fate
information from collared individuals and repeated counts of
unmarked pack mates (Schmidt et al., 2015, 2017). We used
the model structure presented by Schmidt et al. (2017) which
combined cause-specific known-fate (Royle and Dorazio, 2008;
Schmidt et al., 2010) and open N-mixture (Dail and Madsen,
2011) sub-models for the collar and count data, respectively.

Use of this integrated framework allowed us to make direct
inference to the entire population of wolves in our study area,
without relying on the assumption of a representatively marked
subsample (Schmidt et al., 2017). This was important because
suspected breeders were targeted for marking when possible
and tended to accrue in the marked population over time due
to higher survival and lower rates of dispersal. Most of the
wolves in the population were unmarked, therefore formally
including them in the analysis increased our power to assess
annual variation in population parameters in the context of
explanatory covariates. Finally, the integrated approach also
accounted for temporal variation in resighting effort. This was
important because variable weather conditions, funding, or other
logistical challenges resulted in fluctuating sighting effort over
time. Together these features provided much stronger inference
than would be possible using simple known-fate data and
unadjusted counts (Schmidt et al., 2015, 2017).

We estimated the probability of mortality and dispersal based
on the collared subset of the population. We present estimates
of true survival and dispersal as overall means because cause-
specific losses were only available from our relatively small
sample of collared wolves. Because the cause of loss (i.e., mortality
vs. dispersal) was unknown for the much larger unmarked subset
of wolves, we also estimated apparent survival, the probability
of surviving and not dispersing, for the unmarked sample. We
considered dispersal to be equivalent to mortality in terms of
apparent survival because the individual was effectively lost
from the population. We were primarily interested in the
relationship between wolf population dynamics and a suite of
covariates, which in the absence of cause specific mortality for
the much larger unmarked subset of the population limited us to
assessments of apparent survival.

Local dispersal events (i.e., an individual switching from
one monitored pack to another or forming new packs) were
observed in the marked sample throughout the study (n = 34)
potentially affecting parameter estimates. We expect that these
local dispersers would cause some upward bias in natality rates,
and possibly limited negative bias in apparent survival rates. This
is because while the local disperser was lost from the original
pack, it was not lost from the study population. Some portion
of the potentially negative pressure on estimates of apparent
survival was likely mitigated by concurrent losses in the accepting
pack during the interval between observations. Overall, local
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dispersals represented <10% of all losses of collared individuals,
suggesting any bias would be limited (see section “Results”).

In instances where contact with a radio-marked wolf was lost,
the period after loss of contact was right censored. If there was
a lapse in time between the interval in which the wolf was last
seen alive and the interval when the mortality was detected, the
timing of mortality was estimated (Royle and Dorazio, 2008).
With the advent of GPS collars, determining the exact date of
death was more accurate and therefore estimation of date of death
was less frequent after 2003. For wolves that were collared and
died in the same interval (month), we assumed they were alive
on the first of the month prior to the collaring and died over
the interval in which collaring occurred. Radio-marked wolves
that were not a member of a pack, as indicated by one or more
visual confirmations of the wolf alone and without evidence of
affiliation with known packs or other individual wolves were
censored from the survival analyses.

As in Schmidt et al. (2017), we formulated our model based
on the biological year (BY) starting in May of the current year
t through April of the following year t+1. Packs were open
to additions over the May-August interval, reflecting primarily
pups born in May and recruited over the 3 month interval
(i.e., natality). While we assume that most of these additions
were of pups, some additions may have resulted from dispersing
adults being accepted into existing packs. We estimated monthly
apparent survival throughout the BY as well.

Our model structure directly followed that of Schmidt et al.
(2017). For collared individuals, the observed state, Yy, is
modeled as:

Yt ~ Bern (Yi—167,_;)

where the state for individual i at time ¢ depends on the state at
t-1 and apparent survival probability, d)ft_l. The models for the
probabilities of surviving, ¢it_1, and not dispersing, ¢?t_1, can
be written as:

logit(07,1) = ;1B

logit(d)ft,I) = x;,t—lﬁ

A S D
i1 = i1 X Diy

where x; ; are covariates and p are coefficients. For the counts of
unmarked pack-mates, the surviving number of individuals, Sj, t,
within each pack, j, as:

‘ A
Sj.t ~ Bin (Nj—1 — Ris—1, 077 1)

where R;;—1 indicates the number of individuals newly marked
and then transferred to the known-fate sample. As above, we
modeled (I)?;"_l in 2 parts as

logit(q)fj_l) =x;, B
10git(¢ft’11) =x;, p*

Ax 4 Sx Dsx
it—1 = $it—1 X iy

where x;; is a vector of covariates and B* represents the
coeflicients. Note that components of f and B* were shared (i.e.,
data integration). The additions, Bj 1, to each pack, j, during the
May-August interval can be written as:

Bj,l ~ POiS(Yj)

where y; represents the number of individuals recruited into
each pack. To include covariate information, wj, natality can be
parameterized as:

log (v) = w;p

where p represents the coefficients. The counts can be modeled
as:
njt ~ Bin(l\fj,t — Rjtypjt)

where the observed number of individuals, 7, is a function of
true abundance, Nj;, minus any individuals transferred to the
known-fate sample, Rjs, and detection probability, p. For packs
and months when counts were not certain, we modeled p as a
random effect allowed to vary by month. Please see Schmidt et al.
(2015, 2017) for additional details on model structure and fitting.
JAGS code for this implementation is available on FigShare (see
section “Data Availability Statement”).

We considered a suite of covariates that we expected to explain
variation in apparent survival and natality rates. We began by
assuming that the components of apparent survival would vary by
month and that individuals identified as breeders would remain
in packs at higher rates than other wolves (i.e., Schmidt et al.,
2017). Breeder status was assigned to radio-marked individuals
on a yearly basis. If an individual wolf was identified as a known
breeder in year ¢, and died before whelping in year t+1, it was
assigned as a breeder in year t+1. This was intended to apply the
covariate of breeding status to an individual wolf’s survival risk,
regardless if it had the opportunity to breed in the given season.

We also included covariates related to prey abundance and
availability: hares;, herd size, calf ratio;—, and snow depth,_;.
Because pups are generally born in May, we considered hares;_1,
herd size;—;, calf ratio;_;, and snow depth;_; as potential
covariates on natality, assuming that conditions prior to whelping
would be related to natality. We also assumed that the loss of
a breeder in BY;_; would negatively affect natality rates (Borg
et al., 2015; Schmidt et al., 2017).

RESULTS

We monitored 8-19 wolf packs annually (Table 2) and analyzed
data from 379 radio-marked wolves from 73 packs monitored
between BY1986 -2016. Our sample included 194 (51%) females
and 185 (49%) male wolves. Marked wolves remained in the
sample an average of 1.5 years for a total of 1,151 collared wolf-
years in the sample. All age classes were represented in the sample
(Table 3) although older age classes were more frequent in the
sample because collaring efforts targeted older individuals as they
were more likely to stay within the study area. We identified 182
wolves as suspected or confirmed breeding members of the pack.
On average, wolves were breeders in their pack for 2.8 years, with
a maximum of 10 years.
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TABLE 2 | Numbers of packs monitored and wolves marked with radio-collars for biological year (May—April) in Denali National Park and Preserve, Alaska, United States.

Biological Year Packs Collared wolves Initial number Mean Pack size distribution
pack size
1986 8 8 58 7.3 ——
1987 12 14 102 8.5 ]
1988 15 19 168 1.2 R
1989 12 22 170 142 —
1990 12 21 198 16.5 il
1991 14 25 186 13.3 ]
1992 15 29 154 10.3 —
1993 12 31 17 9.7 —1
1994 14 20 108 7.7 —
1995 14 22 128 8.8 ]
1996 12 29 136 1.3 I
1997 13 28 110 8.4 —
1998 14 23 97 6.9 ——
1999 18 25 118 6.5 |
2000 19 34 145 7.6 |
2001 16 26 108 6.8 — el
2002 14 24 106 7.6 — s—
2003 18 20 138 7.7 — —
2004 16 26 119 7.5 ———n
2005 15 20 133 8.8 "
2006 17 26 151 8.9 "
2007 18 30 173 9.6 el
2008 16 19 123 7.7 el
2009 13 19 106 8.1 — —eum
2010 10 16 111 114 —
2011 10 20 17 m7 ]
2012 10 20 85 8.5 —
2013 10 13 78 7.8 |
2014 11 15 81 7.3 —
2015 11 19 79 7.2 —
2016 12 19 120 10.0 —

Initial number is the estimated number of wolves (model-based) in all monitored packs in August, and mean pack size = initial number/packs. Pack size distribution shows
fall pack counts for packs monitored in the study area, with a vertical bar for each pack and vertical height portraying relative pack size (vertical scale O to 33).

TABLE 3 | Number of wolves by estimated age at first capture in Denali National
Park and Preserve, Alaska, United States between biological years 1986 to 2016.

Age class at first capture Number collared

Pup (<12 months) 72
Yearling (12 — 24 months) 83
Adult (2 - 8 years) 212
Old (>8 years) 12
Total 379

In the collared sample, more wolves were lost to death by
natural causes (i.e., intraspecific strife, starvation, drowning) than
any other fate (52% natural causes, Supplementary Figure 1).
Harvest-related mortalities, unknown cause of death, and losses
from packs due to dispersal occurred at similar rates in the
collared sample (harvest 15%, dispersal, 16%, Supplementary
Figure 1). Capture-related mortalities were rare, only occurring
in 10 out of 421 capture events. After accounting for unknown

fates of dispersing wolves, the majority were ultimately harvested
(49%, Supplementary Figure 1).

The probability of detecting unmarked wolves during pack
counts was lower during the late summer/early fall months (May-
September), corresponding to periods with little or no snow
cover and the presence of obscuring vegetation (Supplementary
Figure 2A). Probability of detection was consistently high in
winter months, peaking in March when increased daylight
hours, snow cover, and increased flight efforts related to capture
operations improved detection. Monthly survival probabilities
were high and relatively consistent throughout the year
(Supplementary Figure 2B). Dispersal was more likely to
occur in the summer (May-August) or late winter [February,
corresponding to the pre-breeding season (Borg et al., 2015)]
and was less likely during the early to mid-winter months
(Supplementary Figure 2C).

Based on the basic integrated model with no covariates and no
random effects, mean annual apparent survival probability was
0.65 (0.61, 0.68) for known breeders and 0.48 (0.45, 0.51) for
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other wolves (Supplementary Figure 3). Mean annual survival
probability (dispersal excluded) for known breeders (0.68 [0.65,
0.72]) was slightly higher than estimates for other wolves (0.63
[0.59, 0.67]) and mean estimated annual dispersal probability was
much lower for known breeders (0.05 [0.03, 0.07]) than for other
wolves (0.24 [0.21, 0.29], Supplementary Figure 3).

Several covariates explained variation in wolf apparent
survival. Cumulative snowfall in the preceding winter and higher
calf:cow ratios in the DCH were associated with higher apparent
survival in wolf packs (Figures 4, 5). In contrast, the size of
the DCH and the index of hare abundance were negatively
related to apparent survival although the confidence interval
for the effect of hare abundance slightly overlaps 0 (Table 4
and Figures 4, 5).

Metrics of prey abundance and availability also influenced
wolf natality. Cumulative winter snowfall in the winter preceding
was positively related to wolf natality (Table 4) with peak natality
occurring following a winter of severe snowfall in winter 1989-
90 (Figures 6, 7). The DCH calf:cow ratio and herd size in
the previous year were positively associated with the number of
wolves added to packs in the spring. The index of hare abundance
was also positively associated with wolf natality (Table 4 and
Figure 7). Conversely, the loss of a breeder in the preceding year
decreased natality rates for wolf packs (Table 4).

Spring population estimates derived from the model ranged
from 58 wolves at the start of the study in 1986 to a high of
198 wolves in 1990 following a dramatic increase in caribou
herd numbers (Figures 3A, 8). There was an interaction between
mean pack size and the number of packs observed. In years with
high prey availability, mean pack size increased, as seen following
during a period of high snowfall in the late 1980s and early 1990s
and again during the peak hare index around 2010 (Figure 3C).
From the early 1990s to 2000s, the number of packs was high
and variable, with relatively low variability in mean pack size
(Figure 3C and Table 2).

DISCUSSION

We found a strong influence of climatic conditions in the
form of cumulative snowfall on wolf survival, natality, and
population size. Wolves experienced greater apparent survival
and natality and population size increased during periods
with more cumulative snow fall. We also found that survival,
dispersal, and population size all declined as the caribou
population grew, in direct contrast to the expectation that
increased prey biomass should result in higher wolf population
size (reviewed in Fuller et al, 2003). In addition, our findings
provide evidence that non-ungulate prey can impact wolf
population dynamics, subsidizing ungulate resources when
abundant. Together these results clarify the nature of bottom-
up effects in wolf -ungulate systems, indicating that the
influence is not simply a density-dependent relationship
between large ungulate prey and predator populations.
Our work provides insights into the role of weather and
secondary prey resources in driving wolf populations, and
our results offer important context for wolf management and

conservation, particularly in Alaska where wolf control is
implemented widely.

One of the most important questions in the field of ecology,
particularly wolf ecology, is how populations of predators affect
those of their prey. Our findings are consistent with those
from other components of the Denali ecosystem (Schmidt et al.,
2018a,b) and previous work (Murie, 1944; Mech et al., 1998)
suggesting that bottom-up forces play a large role in predator-
prey dynamics in this system. While bottom-up drivers in food
webs are linked to primary productivity, whereby increased
primary productivity leads to increases in herbivores which
leads to increases in predators (Paine, 1980), a more intricate
food web paradigm may better explain the wolf-prey dynamics
(Eisenberg et al., 2013).

We found that prey vulnerability affected wolf demographics
in ways that were distinct from effects of prey abundance.
Although measuring vulnerable prey biomass can be challenging
(Fuller et al., 2003), in several systems key factors influencing
vulnerability are so dominant that they provide relatively reliable
indices of prey vulnerability. For example, in Isle Royale the
number of moose 10 years and older has been shown to be
a strong predictor of wolf population trends (Peterson, 1977;
Peterson and Page, 1988) and evidence for bottom-up control
(Sand et al., 2012). Previous work determined prey availability
and corresponding trends in wolf populations in Denali were
driven largely by snow depth (Mech et al., 1998), and indeed
we found that greater snowfall in the preceding year increased
survival and natality in the Denali wolf population (Figures 5, 7).
Additionally, we saw that increasing vulnerable prey as seen
through higher calf ratios increased wolf survival and natality.
This evidence supports the effect of prey base, moderated by
factors that influence vulnerability, are strong drivers of the wolf
demographic rates. Because ungulate prey face similar nutritional
and mobility stressors with increased snow depth, snow depth is
likely to be broadly applicable as an index of vulnerability across
prey species in regions with seasonal snow cover.

While winter conditions can have immediate effects on prey
vulnerability, our findings indicate that cumulate impacts over
time may also be important. Prenatal nutrition can impact fetuses
during severe winters and persist across additional generations
(Zamenhof and Van Marthens, 1978; Mech et al., 1991; Messier,
1995), and consecutive winters with deep snowpack pose a
cumulative effect on prey vulnerability (Mech et al., 1987;
McRoberts et al., 1995; Messier, 1995). In general, weather
conditions in the Denali study are have been mild since 1992,
with several consecutive winters with low cumulative snowfall
and very low number of days with snow on ground over 53 cm,
and a consistent decrease in snow depth over time (Table 1).
In conjunction, plant biomass (as measured by running NDVT)
increased almost linearly through 2008 (Schmidt et al., 2018b).
Recent increases in caribou and moose numbers (Figure 3)
and the effect of improved nutrition coupled with decreased
energetic costs in winter may be evidence that ungulates are
in good condition, and thus harder for wolves to catch. Thus,
reductions in ungulate vulnerability mediated through changing
environmental conditions can release prey from low density, even
in the presence of unregulated wolf numbers, as also seen in a
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FIGURE 4 | Estimated annual apparent survival of wolves (a proportional combination of known breeders and wolves of unknown status) in Denali National Park and
Preserve, Alaska, United States for biological years 1986-2016. Annual estimated apparent survival (solid lines) is plotted in relation to (A) total annual snowfall (in
cm), (B) caribou (dashed line) and moose (green dots) abundance, (C) caribou cow:calf ratios (dashed line), and (D) the snowshoe hare abundance index (dashed
line).
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FIGURE 5 | Comparison of covariate values on estimated survival for wolves
in Denali National Park and Preserve, Alaska, United States. Conditions
included are: high caribou calf:cow ratio in the preceding year (S.calf.high),
low caribou calf:cow ration in the preceding year (S.calf.low), high hare index
in the current year (S.hares.high), low hare index in the current year
(S.hares.low), high caribou herd size in the current year (S.herd.high), low
caribou herd size in the current year (S.herd.low), high snowfall in the previous
winter (S.snow.high), and low snowfall in the previous winter (S.snow.low).
Values used represent the range of values observed during our study. Error
bars represent 95% credible intervals. For each scenario all other covariates
are held at mean values.

weather-related increase in the Forty-Mile Caribou Herd prior to
implementation of wolf control actions (Boertje et al., 2017).

We found that when conditions allow for the increase in a
resident caribou herd, as seen in the latter part of our study, wolf
natality increased, yet contrary to expectations wolf population
size declined (Figures 3A,B). Intrinsic social characteristics
and territoriality may moderate wolf population response to
growing prey populations (Fuller et al., 2003), and we speculate
that territoriality in our study area may play a restricting role
on population growth. The decline in wolf population size is
attributed to fewer packs in recent years, rather than a decrease
in mean pack size (Figure 2C and Table 2). As prey becomes
harder to catch, wolf packs respond by increasing search distance

for vulnerable prey, requiring increased territory sizes (Johnson
et al., 2013). As growing ungulate populations are evidence of
reduced ungulate vulnerability, this can result in increased wolf
territory sizes and fewer packs within same area. The upper limit
on the number of territories that can be supported effectively
caps breeding by a cooperatively breeding social carnivore,
limiting the influence of increased natality on population growth
(Fuller et al., 2003). This limitation may be evidence of how
territoriality can be a self-regulating mechanism for a population
(Wallach et al., 2015).

Mean pack size has been proposed as an alternate to wolf
density measures for tracking changes within a study area as
density estimates alone are problematic (Schmidt et al., 2017).
However, mean pack size and pack territory size or the number of
territories that a given area can support must also be considered.
As wolf natality and apparent survival increase in response to
prey vulnerability, we expect mean pack sizes to increase, as seen
following the increase in caribou vulnerability of the late 1980s
and early 1990s and during the high hare peak around 2010
(Table 2). While mean pack size increases can lead to increases in
population during these periods of increased prey vulnerability,
during periods without dramatic shifts in prey vulnerability,
the number of packs in the study area drives more interannual
variation in the population (Figure 2C). The interaction between
group size and number of groups, as mediated by food availability
and environmental conditions is likely to be important for
determining density for many social, territorial species.

The concurrent long-term studies on caribou and wolves in
the Denali ecosystem allowed for a unique long-term analysis
of predator-prey dynamics. The effects of other large ungulates
and carnivores in this system were less clear due to lack of
consistent data (see section “Materials and Methods”). Despite
this limitation, wolf natality responded strongly to caribou
numbers but was insensitive to an apparent moose increase in the
mid-1990s (Figure 6). Although DCH abundance measures may
reflect a relatively coarse metric of ungulate biomass (caribou
comprised 39% of kills from 1986 to 1993, Adams and Rofler,
2010), it does provide a valuable index of change in the abundance
of a key ungulate prey species for wolves in this system.

TABLE 4 | Parameter estimates for models evaluating the effect of covariates on wolf natality (number of wolves added to the population) and survival (number of wolves
lost from the population) over three decades in Denali National Park and Preserve, Alaska, United States.

Parameter B £ SE 2.5% Cl 97.5% CI
Natality Model

Cumulative Snow Fall 0.075 + 0.0355 0.008 0.146
Hare abundance 0.065 + 0.0316 0.090 0.237
Calf:Cow ratio in Denali Caribou Herd 0.164 £+ 0.0371 0.002 0.126
Denali Caribou Herd Size 0.106 + 0.0380 0.030 0.178
Breeder Loss —0.315 £ 0.0774 —0.471 —0.166
Survival Model

Cumulative Snow Fall 0.0719 + 0.0336 0.005 0.137
Hare abundance —0.063 + 0.0336 —0.128 0.004
Calf:Cow ratio in Denali Caribou Herd 0.174 £ 0.0467 0.082 0.266
Denali Caribou Herd Size —0.108 £+ 0.0426 —0.190 —0.022

All parameters are estimated for covariates measured in year t-1 for natality.
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FIGURE 6 | Estimated mean number of individuals added to each pack annually (mean natality; solid line) in Denali National Park and Preserve, Alaska,
United States for biological years 1986-2016. Natality (mean natality, solid line) is plotted in relation to (A) observed total snowfall (dashed line) in the winter

immediately preceding each biological year, (B) caribou (dashed line) and moose (green dots) abundance, (C) caribou cow:calf ratio (dashed line), and (D) the
snowshoe hare abundance index (dashed line).

We found evidence for the influence of secondary prey work posited that high pup survival rate estimated in Denali
on metrics of wolf demographics as hare abundance prior to may have be in part due to the presence of small prey such as
whelping had a strong effect on wolf natality rates. Previous ground squirrels, marmots, beavers, and hares during summer
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FIGURE 7 | Comparison of covariate values on estimated average number of
individuals added to each wolf pack in Denali National Park and Preserve,
Alaska, United States. Conditions included are: no breeder lost (R.B), loss of a
breeder (R.B.loss), high caribou calf:cow ratio in the preceding year
(R.calf.high), low caribou calf:cow ration in the preceding year (R.calf.low),
high hare index in the preceding year (R.hares.high), low hare index in the
preceding year (R.hares.low), high caribou herd size in the preceding year
(R.herd.high), low caribou herd size in the preceding year (R.herd.low), high
snowfall in the previous winter (R.snow.high), and low snowfall in the previous
winter (R.snow.low). Values used represent the range of values observed
during our study. Error bars represent 95% credible intervals. For each
scenario all other covariates are held at mean values.

months (Mech et al., 1998; Haber and Holleman, 2013). Biologist
Adoph Murie documented the use of hares by wolves in
the 1940’s and suggested that hares may play a significant
role in subsidizing wolves (Murie, 1944). Nutritional condition
of females at breeding and pregnancy determines litter size
(Sadleir, 1969) and this principle applies to wolves (Boertje and
Stephenson, 1992). Thus, hare abundance during this time period
may result in improved prenatal condition of breeding females
and increased litter size and early survival of pups (Sadleir, 1969;
Boertje and Stephenson, 1992).

The influence of a secondary prey source such as hares
on wolf natality further supports our findings implying that
wolf productivity is otherwise limited by prey availability. The
influence of primary productivity on subsequent hare abundance
further supports the prevalence of bottom up processes (Schmidt
et al, 2017, 2018a,b). Interestingly, apparent wolf survival
decreased with increased hare numbers. It is possible that
presence of hares may increase time individuals spend traveling
alone during summer months as they take advantage of abundant
small prey (Benson and Patterson, 2015) and time spent away
from packs may increase mortality risk or dispersal. Alternatively,
increased natality may put more pressure for provisioning on
packs during the winter months leading to decreased survival or
increased dispersal (Mech et al., 1998).

Comparing vital rates and predator-prey associations from
our study in Denali to those in other areas with different
management regimes (e.g., predator control) and prey population
characteristics (e.g., migratory prey) can allow managers to
make more informed and effective decisions regarding the
conservation and management of both wolves and their ungulate
prey in a variety of systems. Overall, annual apparent survival
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FIGURE 8 | Estimated number of wolves in study area population in Denali
National Park and Preserve, Alaska, United States derived from model for
spring (solid line) and fall (dashed line). Dotted lines around estimates indicate
95% credible intervals.

rates in Denali were relatively consistent (Figure 5). We found
that apparent survival of breeding wolves was lower in Denali
(0.68) than for breeding wolves in Yukon-Charley (~0.8) or
all wolves in Brooks Range (~0.8), whereas survival for non-
breeding wolves in Denali (0.63) was higher than that in Yukon-
Charley (Adams et al., 2008; Schmidt et al., 2017). Models based
on Yukon-Charley data suggested that apparent survival should
be approximately 0.9 for breeding wolves and 0.6 for non-
breeding wolves in interior Alaska (Schmidt et al., 2017). The
finding that survival rates in the lightly harvested population of
wolves in Denali was lower than expected for breeding wolves
is intriguing. Intraspecific strife is the leading cause of natural
mortality for wolves in Denali (Mech et al., 1998, this paper) and
breeders may be at greater risk for mortality in these conflicts
(Cassidy, 2013; Cubaynes et al., 2014; Cassidy et al., 2017)
although more recent work suggests that breeders are associated
with increased risk of attack but not necessarily mortality (K.
Cassidy, pers. comm.). Prey base may also be implicated in the
reduced survival of wolves in Denali, because when caribou are
less vulnerable and wolves switch to sheep and moose (Murdoch,
1969; Mech et al., 1998), they may have greater risk of injury or
mortality in hunting (Mech et al.,, 2015), especially as breeders
take a leadership role in hunting (Mech, 2000; Peterson et al.,
2002; MacNulty et al., 2011).

We found an inverse relationship between wolf natality and
apparent survival. Because apparent survival is a composite of
mortality and dispersal from the population, it was difficult
to clearly determine if mortality or dispersal was increasing
in response to increased natality. Interpack competition may
act to increase both sources of loss from the population
(Messier, 1985; Ballard et al., 1987; Peterson and Page, 1988; Gese
and Mech, 1991; Boyd and Pletscher, 1999). However, dispersal
and survival rates from the known fate collared sample indicates
that dispersal, rather than survival was inversely correlated
with natality rates. One hypothesis for this is that large litters
increase interpack competition by putting more pressure on
other pack members to leave or travel more, leading to higher
dispersal and reducing apparent survival (Mech et al., 1998;
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Adams et al., 2008; Smith et al.,, 2010). However, the timing of
dispersal in our study coincided with the pre-breeding and
breeding season, showing similarity with studies in the Brooks
Range and Yukon-Charley (Adams et al., 2008; Schmidt et al.,
2017) and suggesting that pressures due to breeding may pre-
dominate as precursors to dispersal.

Our results contribute to a growing body of evidence
that environmental conditions may ultimately determine prey
vulnerability and predator dynamics. Leveraging data from two
concurrent, long-term studies allowed us to view predator-prey
dynamics over a time scale commensurate with a changing
climate. Global climate change is occurring more rapidly
at northern latitudes (Intergovernmental Panel on Climate
Change [IPCC] et al., 2013), underscoring the importance of
understanding the mediating role environmental conditions play
in a predator-prey-climate system.
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