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Abstract

Snow conditions are changing rapidly across our planet, which
has important implications for wildlife managers. In Alaska,
USA, the later arrival of snow is challenging wildlife managers'
ability to conduct aerial fall (autumn) moose (Alces alces) sur-
veys. Complete snow cover is required to reliably detect and
count moose using visual observation from an aircraft. With
inadequate snow to help generate high-quality moose survey
data, it is difficult for managers to determine if they are
effectively meeting population goals and optimizing hunting
opportunities. We quantified past relationships and projected
future trends between snow conditions and moose survey
success across 7 different moose management areas in Alaska
using 32 years (1987-2019) of moose survey data and mod-
eled snow data. We found that modeled mean snow depth was
15 cm (SD = 11) when moose surveys were initiated, and snow
depths were greater in years when surveys were completed
compared to years when surveys were canceled. Further, we
found that mean snow depth toward the beginning of the
survey season (1 November) was the best predictor of whether
a survey was completed in any given year. Based on modeled
conditions, the trend in mean snow depth on 1 November
declined from 1980 to 2020 in 5 out of 7 survey areas. These
findings, coupled with future projections, indicated that by

2055, the delayed onset of adequate snow accumulation in the
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fall will prevent the completion of moose surveys over roughly
60% of Alaska's managed moose areas at this time of the
year. Our findings can be used by wildlife managers to guide
decisions related to the future reliability of aerial fall moose
surveys and help to identify timelines for development of

alternate measurement and monitoring methods.
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INTRODUCTION

As a result of climate change, snow conditions are changing rapidly throughout the Circumpolar North (Bokhorst
et al. 2016). In general, the spatial extent, temporal duration, and thickness of snow have declined over the last 50
years (Bokhorst et al. 2016, Pulliainen et al. 2020, Mudryk et al. 2021). Snow conditions are likely to continue to
decline over the next century based on climate projections (Intergovernmental Panel on Climate Change 2023). The
effects of snow changes on wildlife and their habitat are poorly understood (Berteaux et al. 2016, Niittynen
et al. 2018, Boelman et al. 2019, Reinking et al. 2022), and even less is known about the impacts of altered snow
patterns on wildlife management programs. This is concerning because many wildlife research and monitoring
techniques (e.g., snow-track surveys, E-DNA collection, animal capture by helicopter, density estimates) require
certain snow conditions for successful implementation (Jacques et al. 2009, Squires et al. 2012, Franklin
et al. 2019). As an example, management programs relying on visual detection using aerial wildlife surveys during
winter may be particularly vulnerable to reduced snow because of the role snow cover plays in improving animal
detection (Kellie et al. 2019, Delisle et al. 2023). An understanding of the relationships between snow and the
success of research and monitoring techniques is therefore critical, because it may help wildlife managers prepare
for and adapt monitoring programs in response to changing snow conditions.

In Alaska, changes in the onset and persistence of accumulated snow are already hindering well-established
monitoring techniques for estimating moose (Alces alces) population density and demographics. This is particularly
true of fall (autumn) aerial surveys that depend on snow to provide a white backdrop that improves visual detection
of these dark-colored ungulates when viewed from above. Increasingly unpredictable snow conditions in the fall are
challenging managers' ability to conduct surveys aimed at estimating population density and composition (i.e., age
and sex). In a recent poll of Alaska moose managers, inadequate snow cover was identified as the primary reason
that surveys were canceled (Kellie et al. 2019). Incomplete snow coverage (i.e., typically deep enough snow to cover
the ground or vegetative surface) reduces the visual contrast between the ground and the moose, reducing an
observer's ability to detect the animals, thereby inflating uncertainty in population-level estimates (Christ 2011,
Kellie et al. 2019). Historically, moose surveys were initiated in mid-October of each year because adequate snow
accumulation was uncommon before then (Olsson et al. 2003), and to avoid aircraft disturbance during both the
regulated hunting season (typically in September; Alaska Department of Fish and Game 2023) and the peak of
moose breeding season (late September-early October). Surveys end in mid-December because, in more northerly
locations, the duration of daylight becomes too short (<5 hours; Kellie and DeLong 2006) to complete moose survey
protocols, and moose begin shedding their antlers (~15 December), which prevents visual collection of critical data
on sex and the age of male moose because antler width is used as an index of age (Young and Boertje 2018). In
Alaska, distinguishing sex using secondary characteristics (e.g., body size and vulva patch) can be challenging

because aerial surveys are conducted from fast-moving (129-145 kph), fixed-wing aircraft that are flying at
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altitudes ranging 90-215 m above the ground (Kellie and DeLong 2006). The vulva patch can be relatively small on
some female moose, difficult to see when the moose is bedded, and obscured when snow accumulates on the fur
(Oswald 1998). However, moose survey protocols outside of Alaska have reliably used the vulva patch on female
moose to identify sex (Alberta Sustainable Resource Development Fish and Wildlife Division 2010).

Without adequate estimates of moose density and demography, it is difficult for managers to determine if they
are effectively meeting population goals while also optimizing hunting opportunities. For example, high uncertainty
in moose density estimates may force managers to err on the side of caution by restricting hunting opportunities to
avoid the risk of overharvest (Boyce et al. 2012). Although moose managers in Alaska recognize that dynamics in
snow conditions strongly influence their ability to conduct fall surveys (Kellie et al. 2019), the quantitative asso-
ciation between snow conditions and moose survey success has not been assessed. Such information can facilitate
planning for future monitoring efforts, which is especially important in Alaska and northern Canada where tem-
peratures are increasing 2-3 times faster than the global average, and the onset of winter conditions is increasingly
delayed (Box et al. 2019).

The overarching goal of our study is to gain quantitative understanding of how past and future dynamics in fall
snow conditions have and will influence(d) the feasibility of aerial moose population surveys in Alaska. To achieve
this goal, we have 2 objectives: 1) estimate and describe past relationships between modeled snow conditions and
successful completion of moose surveys in the fall; and 2) make spatially and temporally explicit projections of the
future probability of successful aerial moose surveys as fall snow conditions continue to deteriorate. In addition to
the direct implications of our study on moose population management, by having snow scientists and wildlife
managers working closely together we demonstrate a novel collaborative approach that can be applied to other
wildlife species and monitoring programs in ecosystems where snow plays an important role (Magoun et al. 2007,
Pedersen et al. 2021, O'Donoghue et al. 2022, Reinking et al. 2022).

STUDY AREA

We assessed the relationships between modeled snow conditions and completion of fall aerial moose surveys in
7 survey areas across 6 Game Management Unit (GMU) subunits in Alaska, USA: 14A, 15A, 18, 20A, 20D South,
and 25D East and 25D West (Figure 1). We selected survey areas based on the following criteria: 1) opportunity to
capture spatial variation in fall snow conditions across moose survey areas; 2) availability of consistent and long-
term moose survey data; and 3) interest in project participation from local area biologists. There are 9 major climate
divisions within the moose range of Alaska (Bieniek et al. 2012) and our 7 survey areas capture 5 of those divisions.
The 5 climate divisions captured encompass the vast majority (=<80-90%) of area where long-term data on moose
aerial surveys exists. Our survey areas do not adequately represent the North Slope division (area north of Brooks
Mountain Range), the coastal areas along the gulf of southern Alaska, and the Bristol Bay division (southwest Alaska
including northern part of the Aleutian chain; see Bieniek et al. [2012] for specific locations). Therefore, our survey
areas are representative of climatic regions in the core area of moose range where surveys are most common, but
do not adequately represent areas where moose have expanded into in recent decades (Tape et al. 2016). However,
snow onset and accumulation in moose habitat (elevations <750 m) in these underrepresented areas are similar to
our study sites (Lader et al. 2020).

Our survey areas covered 64,432 km? and were located primarily in boreal forest. This ecotype is a mix of
coniferous (white spruce [Picea glauca] and black spruce [P. mariana]) and deciduous (birch [Betula papyrifera], aspen
[Populus spp.], and willow [Salix spp.]) forest with low-lying lakes, wetlands, scrub bogs, and herbaceous meadows
(Chapin et al. 2006). Other dominant large mammals within survey areas include grizzly bears (Ursus arctos), black
bears (U. americanus), and wolves (Canis lupus), with some overlap with caribou (Rangifer tarandus) populations.
Mean daily high temperatures (1981-2010) at the beginning (mid-October) and end (mid-December) of moose
surveys were 5.8°C and -3.5°C, respectively, in our most southern area (15A), and -3.4°C and -17.8°C,
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FIGURE 1 Seven moose management areas in Alaska, USA, where we assessed the associations between snow
conditions and completion of fall moose surveys, from 1987 to 2019.

respectively in our most northern areas (25D East and West; Western Regional Climate Center 2023). Duration of
daylight at the end of the moose survey season (15 December) was 5 hrs 45 min at our most southern area (15A)

and 2 hrs 21 min at our most northern areas (25D East and West).

METHODS
Moose surveys

Moose surveys were conducted from an aerial platform, such as a fixed-wing Piper Super Cub or Bellanca Scout,
and survey protocols were implemented after complete snow cover. Survey techniques changed throughout our
study period as computers and navigation systems became more sophisticated. Until the late 1980s, biologists
conducted complete census of large units (i.e., trend count areas) using topographic maps for navigation. Later, in
the early 1990s, surveys encompassed trend count areas by larger survey areas, divided the entire area into
similarly-sized units, and adopted a stratified random sampling design (Gasaway et al. 1986). Finally, in the early

2000s, when global positioning system (GPS) units became common in small aircraft, a survey technique was
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adopted that allowed navigation of randomly-sampled, rectangular units along lines of latitude and longitude (Kellie
and Delong 2006). Survey units excluded areas that are not commonly used by moose (e.g., elevations >750 m).
Usually, the goal of a moose survey was to estimate moose density and composition (i.e., age, sex). However,
biologists sometimes only attempted to collect composition data for a variety of reasons, including short weather
windows, pilot availability, marginal snow conditions, or budgetary constraints. When these conditions could not be
surmounted, biologists sometimes canceled surveys altogether. Agency reports usually provided a qualitative
assessment of survey conditions and an explanation of the reasoning for incomplete or canceled surveys.

Most moose surveys require 5-10 flying days per survey area and time varies with weather conditions, length
of daylight, and distance of area from takeoff location (Kellie and DeLong 2006). Each aircraft carries a single pilot-
observer pair and the number of aircraft (1-5) depends on survey area size. Aircraft fly at an altitude of 90-215m
and maintain an average airspeed of approximately 129-154 kph to efficiently cover survey units. Survey areas
contain multiple units and each pilot-observer team can survey 5-6 units per day at the recommended search
intensity of 3-4 min/km?. The pilot-observer team documented moose detections on a standardized moose census
form (Kellie and DeLong 2006) that distinguishes moose sex, age, and if cows are accompanied by calves. The form
also requires the pilot-observer team to record who the observers were (accounts for observer experience), rate the
quality of the survey (excellent, good, fair, poor), and characterize search conditions (e.g., snow conditions, light
intensity, habitat type). Direct observations of moose are recorded and density estimates include a sightability

correction factor established by Gasaway et al. (1986).

Moose survey areas

We referenced agency reports and worked with biologists in 7 different moose survey areas throughout Alaska
(Figure 1) to compile annual information detailing if and when fall moose surveys were conducted between 1987
and 2019. If aerial surveys were scheduled but canceled, we used agency reports to determine if the cancellation
was explicitly tied to poor snow conditions. Only snow-specific cancellations explicitly mentioned in reports were
included as canceled samples in our dataset. We censored area-years where surveys were not conducted and the
reason unspecified, or where reasons were unrelated to snow conditions, such as cancellations because of limited
pilot availability or budget constraints. In our dataset, we recorded the following information: year, whether a
moose survey was completed or canceled in the fall, start and end date of completed survey, survey type (e.g.,
population estimate, trend count, composition), comments on snow conditions in report, and citation of where data
were found. After we compiled publicly available information, we shared the dataset with the biologists currently
managing each survey area. Area biologists provided a careful review of summarized data and cancellation/survey
information for recent surveys not yet available in reports. We considered the dataset finalized after receiving

confirmation of accuracy of moose survey years and approval from biologists within each survey area.

Modeling snow conditions

We used SnowModel (Liston and Elder 2006) to generate daily snow information for the survey season
(15 October-15 December) for each year (1987-2019) that moose surveys were planned in each survey area.
SnowModel consists of a suite of modeling tools that can be used to produce fit-for-purpose environmental and
snow-related datasets at user-defined spatial and temporal scales (Liston et al. 2020). SnowModel applications have
used spatial resolutions ranging from 1 m x 1 m to 25 km x 25 km, over spatial domains ranging from single points to
continental, and over temporal periods ranging from hours to decades. The SnowModel system combines mete-
orological (i.e., weather) data with topographic and land cover inputs to simulate, in realistic and physics-based

ways, snow distribution and evolution processes, such as surface energy exchanges and snowmelt, or snow
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redistribution by wind (Liston et al. 2007). SnowModel inputs included the following: 1) meteorological information
via National Aeronautics and Space Administration (NASA) Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2; Gelaro et al. 2017), which included air temperature, precipitation, relative
humidity, wind speed, and wind direction forcing data; 2) topographic information from United States Geological
Survey (USGS) 3D Elevation program (3DEP; Stoker and Miller 2022) digital elevation model products; and 3) land
cover data from the North American Land Change Monitoring System (NALCMS; Commission for Environmental
Cooperation 2010) land cover classification data. To ensure that SnowModel outputs were representative of
observed snow conditions, we assimilated (i.e., synthesized using SnowAssim sub-model; Liston and Hiemstra 2008)
Natural Resources Conservation Service (NRCS) Snow Telemetry (SNOTEL) snow water equivalent (SWE)
and temperature observations (Serreze et al. 1999). These data allowed us to more accurately quantify the
precipitation inputs contributing to simulated snowfall and more closely match the spatial distribution of observed
snow onset dates in resulting model outputs. A thorough discussion of the 174 equations meant to numerically
represent real-world processes controlling snow property distributions and evolutions, as well as a detailed review
of SnowModel limitations and uncertainties, are provided by Liston et al. (2020).

We produced daily snow variables during 1980-2020 at a 180 m x 180 m spatial resolution within moose
survey GMUs. This spatial scale was selected to balance the goal of an accurate representation of snow conditions
with the spatial scale at which these snow processes are likely to be relevant for moose (Reinking et al. 2022). The
snow variables produced included snow depth and snow-covered fraction; these were selected because of their
likely role in contributing to the effective whiteness of the landscape. To calculate the snow-covered fraction, we
determined the proportion of each 30 m x 30 m sub-grid cell within each 180 m x 180 m simulation cell (i.e., n = 36)
for which snow depth was greater than the height of vegetation. The canopy heights assigned to each NALCMS
land cover class (used in SnowModel to represent snow-holding depths) were used as the vegetation height values;
these assigned canopy heights are based on typical heights for each land cover classification (Liston and
Elder 2006).

For our analysis, we averaged daily snow variables within the moose survey boundary. Because these
boundaries changed over time, we clipped SnowModel raster layers to a year-specific mask defined by the
boundary of surveyed areas for whole-area surveys (e.g., trend counts and composition surveys) or a dissolved
outer boundary of all units if a random sampling design was used. To mask SnowModel raster layers during years
where surveys were canceled, we used the intended survey boundary, which was derived from a combination of
report descriptions and prior and subsequent surveys.

Similar to our moose survey dataset, initial SnowModel outputs were shared with participating biologists in
each survey area. Consultation with these biologists helped us qualitatively assess the accuracy and utility of the
model outputs, and to improve SnowModel products in iterative, subsequent simulations. For example, discussions
with local biologists about initial SnowModel outputs revealed that because the time period of interest was the
early snow accumulation season, it was crucial to ensure correct modeling of early season snow evolution. This
focus on earlier snow accumulation periods guided the assimilation methods used to integrate observational data
with the model. To accurately simulate snow onset date and ensure that precipitation was beginning to fall as snow
instead of rain at the correct time of year, we adjusted air temperature inputs based on SNOTEL station obser-
vations. The result was improved correlation with both ground station data and the biologists' documented

experiences.
Statistical analysis
All statistical analyses were performed in the computer program R (R Core Team 2023). For the years that moose

surveys were completed, we used a one-way ANOVA to determine whether survey initiation date differed among

survey areas (Chambers et al. 1992). We then used a mixed linear regression model with survey area as a random
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effect to understand whether there was a trend in the start date of moose surveys over time (Imer function of Ime4
package, v. 4.3.1; Bates et al. 2015). We used effect sizes (eta-squared [n?]; Cohen 1988) from a Mann-Whitney U
Test to estimate whether snow variables differed between canceled and completed survey years on 2-week
intervals (e.g., 15 Oct, 1 Nov, 15 Nov) throughout the survey season. We assumed negligible, small, moderate, and
large effect sizes (eta-squared [n?]) to be <0.01, >0.01-<0.06, >0.06-<0.14, and >0.14, respectively (Cohen 1988).

We examined whether SnowModel variables could explain the probability of completing or canceling a survey
by formulating logistic regression models for mixed effects fit by maximum likelihood using the Laplace approxi-
mation (glmer function of Ime4 package; Agresti 2013). The canceled/completed survey outcome was the 0/1
binary response, and the snow variable on the analysis date was the fixed effect. Survey initiation dates were
absent for canceled surveys, so we analyzed dates every 2 weeks throughout the survey season (15 October-15
December). Survey type was excluded from models because this variable was absent for canceled surveys. We
determined whether survey area should be included as a random effect in the model using a Kruskal-Wallis
approach (Kruskal and Wallis 1952) to test for differences in snow variables among survey areas. We used Pear-
son's method to assess correlation between snow variables and among analysis dates to determine which variables
could be combined in models. We selected the model that best described the data using the Akaike's Information
Criterion corrected for small sample size (AIC;; Burnham and Anderson 2002). We used the Conditional R? to
describe the proportion of variance explained by both the fixed and random effects (Johnson 2014). We predicted
separate survey probability curves for each random effect group, and the average change in probability across all
groups relative to the snow variable, using a multilevel bootstrapping approach and 1,000 samples with replace-
ment for each group level (Agresti 2013). Our data were too sparse to split into training and testing data, so we
assessed the accuracy of our top model using a bootstrapping approach with k-fold cross-validation with 5 folds
and 1,000 bootstrap samples (k = 5 folds, n = 1,000 bootstrap samples; performance package; Lidecke et al. 2021).

Past and future trends of fall survey conditions

We examined past trends in snow variables from 1980 to 2020 using the survey season date from the model that
best explained survey outcome. We clipped snow raster layers in each area to the most recent survey boundary for
each year from 1980 to 2020 and calculated the mean pixel value. For each study area, we examined trends in snow
over time using a Mann-Kendall test (a = 0.05), modified by Hamed and Rao (1998) to correct for serial correlation
(modifiedmk package) and calculated the magnitude of trend using a Thiel-Sen estimate of slope (Sen 1968; zyp
package). The Mann-Kendall trend test (Mann 1945, Kendall 1975) is a nonparametric, rank-based approach widely
used to test for significant trends in meteorological data such as precipitation (Kliengchuay et al. 2024) and snow
depth (Sadeqi et al. 2024).

We forecasted the near-future (30-year; 2025-2055) trends in completing a moose survey across the entire
state of Alaska at a 4-km x 4-km spatial resolution. We assumed that the recent (past 15-year; 2005-2020)
trajectory in the trend in modeled mean snow depth on the initiation date of completed surveys would continue
into the future at a consistent slope. We used our modeled trends to produce future projections, rather than
running predictive SnowModel simulations driven with global climate model data, run under different greenhouse
gas scenarios (though see Greaves et al. 2023 for an example of using SnowModel with climate projections for an
Alaska application). This method was selected because of its grounding in local, recent observation history.
Moreover, using observed trends over our time frame avoided many of the issues inherent in projected climate
data, including coarse spatial or temporal resolution (e.g., 20 km x 20 km grid cells or monthly wind speeds) or
uncertainty values that are larger than the projected changes (Walsh et al. 2018). For a survey to be completed in
the future, we assumed 2 survey conditions needed to be met each year by the end (15 December) of the fall
survey season. First, the forecasted snow depth needed to reach the overall mean modeled snow depth estimated

across our 7 study sites at the initiation date of past completed surveys. Second, there needed to be enough (i.e.,
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>5) daylight hours in the specific area (pixel location) to ensure adequate light to complete a survey. In addition, we
imposed the requirement that the grid cell had an elevation <750 m (therefore considered possible moose habitat
under current conditions). We assumed that if the required snow depth and daylight conditions were not met by 15
December in a grid cell during a future year, then fall surveys would no longer be feasible in that location. If these
conditions were met in a grid cell by 15 December for every future year, we assumed that fall moose surveys would
be a viable option in that location, at least through 2055. Within each raster cell, we estimated the number of years

until fall moose surveys will no longer be feasible (i.e., year when required conditions are no longer met).

RESULTS
SnowModel data

To evaluate SnowModel output uncertainty relative to observational snow data, we compared SnowModel-
produced snow onset dates and daily snow depths (cm) to observed values in the 6 study areas containing a
SNOTEL station (all areas excluding GMU 18). For all years and those 6 study areas, the average observed snow
onset date was 17 October (x day of year = 291.7; SE + 1.19), and the average modeled snow onset date was 18
October (x day of year = 292.7; SE + 1.23). The correlation (r) between observed and modeled snow onset date was
0.99, with an R? value of 0.97. Similar performance was observed in our assessment of daily snow depths. Across
years and study areas, the average SNOTEL-measured daily snow depth was 11.44 cm (SE £ 0.07) and the average
SnowModel-produced daily snow depth was 11.32cm (SE £0.06). The correlation (r) between observed and
modeled snow depths was 0.88, with an R? value of 0.78 (Figure 2).

Moose surveys

We assessed 170 moose survey years (129 completed, 41 canceled) across 7 survey areas between 1987 and 2019
(Table 1). The mean start date for all completed surveys was 12 November (SD = 12) and differed by 20 days among
survey areas from 1 November (SD = 8) in GMU 25D East to 20 November in GMU 18 (SD = 12; Table 1). Mean
start date was significantly different among survey areas (one-way ANOVA, F¢ 105 = 6.961, P < 0.001), but there was
no significant trend in the survey start date over the study period (slope = 0.2, Marginal R%/Conditional R? = 0.021/
0.268, P=0.064). Across all survey areas, mean modeled snow depth was 15cm (SD =11) and snow-covered
fraction was 33% (SD = 19%) on survey start date (Table 1).

Snow-covered fractions were similar (n? effect size = <0.01 to 0.02) between completed and canceled surveys
during 2-week interval dates from the beginning (15 October) to end (15 December) of the season (Figure 3).
Therefore, snow-covered fractions were not included in further analysis. Snow depths were greater on each 2-week
interval date (n? effect size = 0.05 to 0.08) during completed surveys as compared to canceled (Figure 3). Snow
depths were highly correlated across 2-week interval dates (r=0.41 to 0.98), so univariate logistic models were
performed for each interval date. We found differences among survey areas for snow depth (x2¢ = 71 P < 0.001), so
we included survey area as a random effect in all models. Our top 3 models included snow depth during the earliest
analysis dates (Table 2). Our model including snow depth on 1 November best explained survey outcome, with the
odds of completing a survey increasing by a factor of 1.21 (Cl = 1.08-1.37) for every 1-cm increase in snow depth
on that date. Although the initial probability of conducting a moose survey varied among survey areas from 28% to
62%, all models displayed a probability of >90% when modeled snow depth on 1 November is >20 cm (Figure 4A).
When the probability of surveying is averaged over all survey areas, the lower confidence interval of survey
probability (a = 0.05) crosses the 90% threshold when snow depth is >15 cm on 1 November (Figure 4B). This model
had a 68.7% estimated accuracy (a = 0.05, Cl = 61.5%-80.2%).
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FIGURE 2 The relationships between observed snow depths and estimated snow depth using SnowModel for
one moose management area in Interior Alaska. (A) The upper 20 small panels display the daily snow onset and
snow depth progression (green = observations, purple = SnowModel) for the entirety of Game Management
Unit 25D (this includes 2 of our 7 study areas: 25D East and 25D West), for the 20 most recent simulation years
(2001-2020). The x-axis (date) in each panel spans from 1 September through 16 December, and the y-axis (snow
depth) in each panel spans from 0 cm to 50 cm. (B) Observed and simulated snow onset date (2 of the 41 simulation
years did not have snow-onset observations, thus n =39 years). (C) Observed and simulated snow depth (cm),
averaged over all years and all observations for each day from 1 September through 16 December (107 days
each year).
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TABLE 1 Sample sizes of completed and canceled fall moose surveys and mean survey start date (SD in days),
mean modeled snow-covered fraction percent, and mean modeled snow depths in cm in 7 survey areas across
Alaska, USA, 1987-2019.

Survey start Snow-covered Snow
Survey area  Canceled (n) Completed (n) Total (h) date (SD) fraction (SD) depth (SD)
14A 6 19 25 17 Nov (13) 62.0 (20.5) 31 (15)
15A 6 24 30 18 Nov (11) 15.5 (4.2) 7 (3)
18 4 10 14 20 Nov (12) 43.0 (26.9) 20 (11)
20A 6 22 28 11 Nov (11) 23.9 (14.0) 15 (5)
20D South 3 24 27 07 Nov (8) 41.2 (4.4) 17 (8)
25D East 6 16 22 01 Nov (8) 28.1(8.8) 7 (4)
25D West 10 14 24 10 Nov (10) 26.1 (6.6) 10 (3)
All 41 129 170 12 Nov (12) 33.4 (19.7) 15 (11)

< 0.4+

0.0+ '|_l——| I . Canceled

D Completed

o
N
N

Snow fraction (%

N
o
1

Snow depth (cm)
o

il

150ct 01Nov 15Nov 01Dec 15 Dec

FIGURE 3 Mean modeled (A) snow-covered fraction (%) and (B) snow depth (cm) during 2-week interval dates from
beginning (15 October) to end (15 December) of fall moose surveys in Alaska, USA. Figure data include all survey areas
(n=7) and years (1987-2019) where survey outcomes (completed n = 129, or canceled n = 41) were recorded.

Past and future trends in fall survey conditions

The snow depth on 1 November decreased significantly (i.e., P<0.05, a=0.05) from 1980 to 2020 in 5 of
7 study areas, and the magnitude of change differed greatly among these 5 areas (Figure 5). The largest decrease
(slope = -0.75) was in GMU 14A, where modeled snow depth on 1 November decreased ~30 cm over the 41-year
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TABLE 2 A comparison of performance among univariate logistic regression models explaining survey
outcome (canceled versus completed) using snow depth (SD) on 2-week interval dates throughout the fall moose
survey season (15 October-15 December) in Alaska, USA, 1987-2019. Survey data were collected in 7 different
survey areas and survey area was included in all models as a random effect. We used the Conditional R? estimates,
Akaike Information Criterion corrected for small sample size (AIC.), change in AIC., model weight (w;), and variable
effects (odds ratio) to compare model fit.

Model variable R? AIC. AAIC, w; Odds ratio SE P
SD (1 Nov) 0.423 173.8 0 0.943 1.21 0.07 0.001
SD (15 Nov) 0.285 179.6 5.8 0.051 1.11 0.04 0.004
SD (15 Oct) 0.146 184.7 10.9 0.004 1.14 0.06 0.013
SD (1 Dec) 0.092 188.3 14.5 <0.001 1.04 0.02 0.04
SD (15 Dec) 0.051 190.4 16.6 <0.001 1.03 0.02 0.086
100%1 (A)
90%
80%
70%
609
4 Study Area
> 14A
g 50% — 15A
3 208
g 0% 20D South
2 — 25D East
'-o(_-)- 30% 25D West
=)
o : : :
S 0 10 20 30 40 50 60
o
—
S 100%1 (B
g (B)
8 9%
Qo
[
o 80%
70%
60%
50%
40%
0 10 20 30 40

Modeled snow depth (cm) on 1 November

FIGURE 4 Predicted probability of completing a fall moose survey in Alaska, USA, at different modeled snow
depths on 15 November, displayed as (A) differences in survey probability among moose survey areas (i.e., random
effect groups), and (B) the average change in survey probability across all survey areas, with 25% and 75% quantiles
depicted in gray.
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FIGURE 5 Trends in modeled mean snow depth on 1 Nov during 1980-2020 for 7 moose survey areas across
Alaska, USA. Raw mean snow depths are plotted as points and overlayed with Sen's Slope lines to illustrate the
magnitude of change. Data were analyzed using modified Mann-Kendall tests.

period (Figure 5). In contrast, 15A experienced a relatively small decrease in snow depth (slope = -0.09; Figure 5)

during the same period.
Recent trends (2005-2020) indicated that the date at which snow depths reach 15 cm is arriving up to 14 days later

(nearly one day later each year) in some of our study sites (Figure 6). We used the overall mean modeled snow depth
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FIGURE 6 Trends (converted to days per decade) in onset date of 15-cm snow depth (redder color shades represent
delayed snow onset, bluer color shades represent earlier snow onset) over 15 years (2005-2020) obtained by modeling
snow conditions in moose range across Alaska, USA. Positive numbers indicate a delayed onset. The colored circles
surrounded by black rings are the corresponding trends calculated from Natural Resource Conservation Service Snow
Telemetry (SNOTEL) observations. The gray areas are elevations >750 m that are assumed to be habitat unused by moose.

(15 cm) on the first day of completed moose surveys as our estimate of the snow depth needed to initiate fall moose
surveys in the future (Table 1). Across the study area, 15cm of snow depth was reached an average of
13 days (SD =7 days) after the initial snow onset date. We predicted that snow depths of 15 cm by December 15 will
become increasingly less likely over the next four decades (Figure 7). Snow depths across western and southcentral Alaska
may be insufficient for initiating population estimate surveys in the next 10-20 years (Figure 7). Over the next 30 years,
our simulations suggested that the delayed onset of adequate snow accumulation in the fall will prevent completion of fall
moose surveys during this time of the year for over 62% of Alaska's managed moose management areas (a reduction of
surveyable area from 953,000 km? to 361,000 km?), with surveys becoming infeasible over 74% of moose management

areas within the next 40 years (Figure 7).

DISCUSSION

Adequate accumulation of snow is a requirement and good predictor of fall moose survey completion in Alaska. We
found that in a given year, whether or not modeled snow depths have reached 15 cm by 1 November was a strong

determinant of survey completion. In boreal ecosystems, snow depths of 15 cm cover most understory and ground
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Years

FIGURE 7 Projection of when fall aerial moose survey techniques will likely no longer be possible (years from
present) in Alaska, based on the need for a 15-cm snow depth before December 15. Color shades above the black
line (61.3° N latitude) are the number of years until the 15-cm snow depth onset date will overlap with insufficient
daylight (<5 hours), and color shades below the 61.3° latitude line are the number of years until the 15-cm snow
depth threshold will likely not be met before the 15 December fall survey deadline. Blank (gray) areas represent one
of 3 situations: (1) south of the 61.3° N latitude line, where some areas never reach 15-cm snow depth by 15
December (dark grey); (2) north of the 61.3° N latitude line, where the 15-cm snow depth onset date at some
locations is becoming earlier in the year (medium gray); or (3) the location has an elevation >750 m, which is
assumed to be habitat unused by moose (light gray).

vegetation (Thompson et al. 2004). This creates a white background that assists surveyors with effective moose
detection. Although mean grass and sedge heights can reach 44 cm in Interior Alaska (Thompson et al. 2004), these
nonwoody understory plants easily succumb to the weight of snow accumulation, thereby getting buried well
before snow depths reach plant height (White et al. 2010).

Snow depths during the first half of the season were the best predictors of survey completion. We speculate
that early-season snow depths were stronger predictors of survey outcome because biologists begin assessing
snow conditions early in the season and usually survey as soon as snow conditions allow adequate sightability of
moose. Also, early season snow depths are highly correlated with mid- and late-season depths, giving biologist
some insight into survey completion probability as the season progresses. Additionally, by mid-season, some survey
pilots may have committed to other survey areas with adequate snow accumulation, limiting availability of aircraft

to conduct surveys: another major limitation to survey completion (Kellie et al. 2019).
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Declining trends across 41 years (1980-2020) of modeled snow depths illustrated how changing snow con-
ditions are becoming increasingly challenging for fall moose surveys, especially in southern and western Alaska,
where the onset of winter occurs later in the year. Although snow depth on 1 November decreased for most survey
areas, the initiation date of completed surveys did not become later. Stability in survey initiation over our docu-
mented study period (1987-2019), despite later arrival of adequate snow conditions, was likely because of im-
proved weather forecasts, modern navigation equipment in aircraft, and more flexible sampling designs. During
recent decades, these advances have allowed biologists to initiate surveys more quickly after, or in synchrony with,
the arrival adequate snow conditions. These nuances introduced bias into our estimates of change in survey
initiation, based on empirical survey start dates. Eventually, advances in equipment and modifications in sampling
design are unlikely to sustain fall surveys as a reliable technique for monitoring moose and informing moose
management decisions.

Our spatial approach to the examination of snow conditions for surveying during 1980-2020 allowed us to
examine the relative impact of changing snow conditions on a monitoring technique used across a vast and varied
landscape. Variation in snow depth and the magnitude of decline provided an illustration of differing impacts to
moose survey programs across Alaska. Quantification of these regional differences provides context for discussion
of priorities at state and regional management levels and may help to justify differences in priority when discussing
the relative urgency of implementing alternatives to fall moose surveys (e.g., Kellie et al. 2019).

Our model projections indicated that future snow conditions may not support fall moose surveys; 3 to 4
decades from now, snow conditions in the majority of Alaska's moose habitat may be insufficient to successfully
conduct fall moose surveys for estimation of population density and demography. We found that if later snow onset
date trends do indeed continue, moose surveys in many locations of central and northern (>61.3°N) Alaska may be
hindered because the modeled 15-cm snow depth threshold required to conduct surveys is unlikely to be achieved
by the date on which aerial surveys are limited by either the number of daylight hours or male moose having
dropped their antlers.

The spatially- and temporally-explicit modeling tool (SnowModel) that we applied to quantify snow conditions
can help state and federal wildlife agencies to proactively adapt to rapidly changing northern environments. In this
application, SnowModel provided novel and useful snow information that was tightly correlated with past real-
world management decisions and can be used to guide future decisions across Alaska. Our spatially comprehensive
snow data can be used to estimate the feasibility of monitoring moose in a new management area, including setting
an expectation of survey frequency, which is an important component of modeling population trends and providing
timely harvest recommendations. In addition, snow data can provide wildlife managers with insights that can be
used to directly evaluate the suitability of specific locations for surveying, identify survey timelines, and even
consider alternative survey approaches. For example, we found that snow depths when surveys were initiated
differed across survey areas. Moose managers can use area-specific snow depths to inform when snow conditions
are adequate to conduct surveys in their area. Different snow-depth needs may shorten or extend survey timelines
in certain areas, as compared to our projections. Moose researchers working at lower latitudes of North America
already apply alternative methods. For example, researchers at lower latitudes have shown that aircrafts equipped
with Forward Looking Infrared (FLIR) technology can be an effective tool for detecting moose in heavily-forested
landscapes (McMahon et al. 2021). Managers also may consider conducting population surveys in the spring (i.e.,
February or March) when snow conditions and daylight are more likely to be sufficient. However, with male moose
not having antlers at this time, other methods (e.g., cameras, DNA, hunter observations, identification of vulva
patch; Oswald 1998, Boyce and Corrigan 2017, Furnas et al. 2018, Moll et al. 2022) would be required to estimate
age and sex composition, because this information is critical to the management of moose hunting. Managers need
to be aware that bias can be introduced from merging moose population composition data with population
estimates collected at different times (Paragi et al. 2017).

The comprehensive snow map produced by this study could also be used to inform stratification of surveys. For

example, in low-snow years managers may want to have a different stratification than in high-snow years where

5UBD17 SLUOWILLIOD dAIIR.1D) 3o |dde sy Aq peutanoh ale sapiJe YO ‘@sn Jo SaINJ J0) Akelq 1 auluQ A3|IAA UO (SUO I IPUOD-pUE-SWBY WO A3 | IM" Afeiq | U1 |UO//SdNY) SUORIPUOD PUe SWS | 8L} 39S *[G202/TO/T] Uo AriqiTauluQ AS|IM ‘SSST GSM/Z00T OT/I0P/W0D A 1M Aleq 1pUI U041 [P [IM//:SdNY WOI4 papeoumoq v '¥202 ‘0vSS8ZEZ



16 of 19 BRINKMAN ET AL

moose are more concentrated. This may help managers anticipate how many units they will need to survey to
achieve desirable statistical variance (i.e., more units needed for low-density, dispersed distributions than in highly
stratified distributions). Our map shows variation in timing of 15 cm of snow accumulation within individual survey
areas, suggesting that managers could use snow depth information to prioritize surveying units where snow depth is
adequate and postpone low-snow areas until after additional snow fall. This would require near-real-time snow
modeling, which would benefit from installation of more meteorological and snow-measurement field stations in

remote areas (Boelman et al. 2019).

MANAGEMENT IMPLICATIONS

Quantifying the current and future relationships between the successful implementation of moose surveys and
modeled snow conditions may help managers adapt to an increasingly dynamic environment with increasingly
delayed snow onset. Detailed information on spatial and temporal snow variability may provide moose managers
with the information needed to directly evaluate local monitoring options and timelines, understand regional
differences, and to proactively prepare and plan for a different climatic future. Assuming predicted snow trends
continue, using fall aerial surveys that rely on visual observation to estimate moose density will no longer be

feasible across roughly 60% of moose management areas in Alaska within 3 to 4 decades.
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