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fire-mediated landscape
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and Susanne U. Rodman4
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Game, Homer, AK, United States, 4Alaska Department of Fish and Game, Anchorage, AK, United
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Wildlife contend with seasonal fluctuations in resource availability and have

adapted survival and reproductive strategies to overcome resource limitations.

Many northern ungulates are adapted to a dynamic nutritional landscape and rely

on somatic reserves accumulated during the short growing season. Moose (Alces

alces) populations in the boreal forest respond to variation in their nutritional

landscapes that quickly change after wildland fires. We tested associations

between somatic energy reserves of female moose and a suite of factors

relevant to energy demands and nutrient availability after landscape scale

wildland fires on the Kenai Peninsula, Alaska. From 2015–2022, we

immobilized 97 individual, adult moose (n=163 early winter; n=98 late winter)

and collected over 223,000 GPS locations. We evaluated if somatic energy

reserves of cow moose were influenced by endogenous or exogenous energy

demands, or access to moose forage to accumulate energy reserves. Cows that

gave birth and lost their neonate(s) early in the summer had more early winter

body fat (14.39% ± 0.24SE) compared with cows that gave birth and the neonate

survived to 4-months-old (10.59% ± 0.34SE). Body fat measured in early winter

was positively correlated with home ranges of cows during summer with a higher

percent cover of aspen forage. Late winter body fat of cowmoose was negatively

correlated with home ranges with higher percent cover of aspen forage, but

positively correlated with home ranges with higher percent cover of willows and

shoulder season forages. Our results highlight that a suite of plant species and

seral states is needed across the landscape for moose to accumulate and

moderate the loss of somatic energy reserves over the year. Furthermore, our

results emphasize the importance of shoulder season forages for moose when
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snow depth is low. Managing the nutritional landscape of the boreal forest

through interagency wildland fire management could create a mosaic of seral

states that enhances moose forage, while reducing wildland fire hazards along

the wildland urban interface and providing ecosystem services.
KEYWORDS

Alaska, Alces alces, body condition, moose, nutritional landscape, reproduction,
somatic reserves, wildland fire
Introduction

Wildlife contend with trade-offs across the landscape to meet

daily and seasonal requirements for energy and protein (Robbins,

2001; Barboza et al., 2009) to maximize fitness. In mammals, adult

females have high energy and protein requirements for

reproduction, which can be split between in utero requirements

during gestation and post-parturition requirements during lactation

(Robbins, 2001; Barboza et al., 2009). Income and capital breeding

describe two dichotomous categories that typify life history

strategies to fulfill reproductive requirements in wildlife; however,

it is understood that there is a continuum of life history strategies

for reproduction between these two categories (Jönsson, 1997;

Stephens et al., 2009). For ungulates in northern ecosystems, life

history strategies generally fall on the capital breeder side of the

continuum, requiring these animals to accumulate somatic energy

and protein reserves during the short growing season and use these

somatic reserves for survival and reproductive expenses during

unpredictable winter conditions and into the following spring

(Worden and Pekins, 1995; Cook et al., 2013, 2021a, Monteith

et al., 2014). Additionally, some ungulate species give birth before

adequate summer forage is available, requiring use of somatic

reserves to meet early lactational demands (Barboza and Parker,

2008; Taillon et al., 2013). The rate at which ungulates accumulate

or deplete these somatic reserves is influenced by daily and seasonal

energy and protein demands, and the availability and quality of

forage on the landscape (Mautz, 1978; Parker et al., 2009).

Exogenous and endogenous demands for energy and protein

vary by reproductive status and additional demands of

thermoregulation, immune responses, and locomotion. In

northern ungulates, gestation increases demands for somatic

reserves but demands of both energy and protein during lactation

far exceed those during gestation (Pekins et al., 1998; Robbins, 2001;

Barboza and Parker, 2008; Barboza et al., 2009; Taillon et al., 2013).

Ambient temperature conditions can also increase energy demands

for thermoregulation, with increased metabolic rates as animals

respond to either cold or hot temperatures (Mitchell et al., 2018).

During summer, biting insects also incur energetic costs to ungulate

hosts, and can transmit parasites and diseases to hosts, resulting in

increased somatic energy costs for immune responses (Kutz et al.,

2009; Grunenwald et al., 2016; Benedict and Barboza, 2022;
02
Benedict et al., 2023). Furthermore, during winter, ungulates may

incur additional energy demands for traveling and foraging as snow

depth increases (Parker et al., 1984; Fancy and White, 1985;

Miquelle et al., 1992). As a conservation strategy, ungulates with

lower somatic reserves may alter daily movement rates to decrease

energy expended on locomotion (Long et al., 2014). For ungulates

to meet these daily energy and protein demands, they need access to

high quality forage, or must mobilize somatic reserves.

The ability of ungulates to accumulate somatic energy reserves

during the growing season relies on their ability to consume enough

forage to exceed daily demands for energy and protein. Lactating

ungulates increase intake rates, through increased time foraging, to

meet the demands of lactation (Hamel and Côté, 2008, 2009,

Barboza et al., 2024). However, lactating females may also select

habitats with varying nutritional qualities depending on predation

risk avoidance strategies (Bergerud et al., 1984, Hamel and Côté,

2007, Blum et al., 2023). Some ungulates migrate to maximize

access to high quality forage by following the emergence of spring

vegetation and senescence of autumn vegetation prior to snow

accumulation (Merkle et al., 2016; Aikens et al., 2017; Middleton

et al., 2018). Ungulates must also contend with other aspects of the

landscape that can limit daily energy and protein intake. For

example, warm ambient temperatures during summer can result

in lost foraging time through behavioral thermoregulatory

responses and insect avoidance (Mörschel and Klein, 1997;

Ditmer et al., 2018; Benedict and Barboza, 2022; Trondrud et al.,

2023). The presence of predators across the landscape can also alter

ungulate habitat selection to areas with lower quality forage (Creel

et al., 2005; Dwinnell et al., 2019; Cain et al., 2024). Even if northern

ungulates can alter their behavior to overcome these energetic

challenges on the landscape to access sufficient forage, they still

must contend with variability in forage availability and quality.

The quality and quantity of forage available to northern

ungulates during the short growing season is dynamic and varies

annually. Forage quality varies during the growing season as

vegetation grows and senesces, with fiber and plant secondary

metabolites increasing and digestible energy and protein declining

(McArt et al., 2009; Thompson and Barboza, 2014; Johnson et al.,

2021; Denryter et al., 2022). Furthermore, the availability of energy

or protein from the same plant species can vary across the landscape

and there can be inter-annual variation (McArt et al., 2009; Proffitt
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et al., 2016; Merems et al., 2020; Denryter et al., 2022). Seasonal and

annual climatic variability can positively or negatively influence

plant productivity and growing season length, altering the

availability and quality of forage on the landscape for ungulates

(Aanes et al., 2002; Hurley et al., 2014; Johnson et al., 2022;

Monzingo et al., 2023). Disturbances to vegetative communities,

including forest management and wildland fires, can alter the

nutritional landscape for ungulates by increasing biomass and/or

nutritional quality of preferred forage (Lord and Kielland, 2015;

Proffitt et al., 2019; Ulappa et al., 2020; Snobl et al., 2022). Increased

forage quality and quantity has been shown to increase somatic

reserves in northern ungulates (Hurley et al., 2014; Proffitt et al.,

2016; Merems et al., 2020), emphasizing the importance of the

nutritional landscape to ungulate populations.

Moose (Alces alces), a northern capital breeder, accumulate

somatic energy reserves during the relatively short growing season,

and the level of reserves influences both adult cow survival and

reproduction (Testa and Adams, 1998; Keech et al., 2000; Ruprecht

et al., 2016; Cook et al., 2021b; Jesmer et al., 2021; Oates et al., 2021).

Additionally, somatic reserves of gestating moose influence

subsequent calf birth-mass and calf survival during the following

spring and summer (Testa and Adams, 1998; Keech et al., 2000).

Accordingly, moose population fitness may respond positively to

landscape disturbances, such as wildland fires, that can increase

moose forage quality and quantity (Lord and Kielland, 2015; Brown

et al., 2018; Fredriksson et al., 2023; Mumma et al., 2024). The

objective of our study was to examine some potential influences on

the accumulation or depletion of somatic energy reserves in adult,

female moose during early and late winter in a fire-mediated

landscape on the Kenai Peninsula, Alaska. We predicted that

individual female moose that have lower energetic costs during

summer (e.g., lactation, activity, parasite loads), and whose summer

home range had higher nutritional value (e.g., forage cover, length

of growing season) would accumulate more somatic energy reserves

going into winter. Furthermore, we predicted that individual female

moose that had lower energetic costs (e.g., gestation, activity,

locomotion in snow) and whose home range had higher

nutritional value (e.g., moose forage cover) during the winter

would have greater somatic energy reserves remaining in

late winter.
Materials and methods

Study area

We studied adult female moose within Alaska Department of

Fish and Game, Game Management Units 15A and 15B on the

Kenai Peninsula, Alaska, USA (60°36′ N, 150°40′ W) from 2014–

2022 (Figure 1). The study area (6,300 km2) encompasses a large

portion of the Kenai Peninsula lowlands (<200m elevation), is

flanked on the east by the Kenai Mountains (2,000m highest

elevation), and sits within the Kenai River, Kasilof River, Swanson

River, and Chickaloon River watersheds (Figure 1). The Kenai

Peninsula lowlands were comprised of a mixed seral stage boreal
Frontiers in Ecology and Evolution 03
forest (black spruce [Picea mariana], white spruce [Picea glauca],

Alaska birch [Betula neoalaskana], quaking aspen [Populus

tremuloides], Scouler’s willow [Salix scouleriana]), interspersed

with numerous wetlands and lakes. As elevation increases into the

Kenai Mountains, white spruce dominated stands of the boreal

forest transition into mountain hemlock (Tsuga mertensiana) and

alder (Alnus viridis) before seceding to tree line. Landscape scale

wildland fires (Figure 1) occurred within the study area in 2014

(Funny River Fire; ~795 km2), 2015 (Card Street Fire; ~35 km2),

and 2019 (Swan Lake Fire; ~675 km2), creating early seral stage

mixed boreal forest. The remainder of the study area was comprised

of mid to late seral stage boreal forest as a result of landscape scale

wildland fires in 1947 and 1969, with some areas undisturbed for

>120 years (Miner, 2000).
Animal handling

All procedures for care, handling, and experimentation

followed guidelines of the American Society of Mammalogists

(Sikes and The Animal Care and Use Committee of the American

Society of Mammalogists, 2016) and were approved by the Alaska

Department of Fish and Game Division of Wildlife Conservation

Animal Care and Use Committee (protocols 2014-17, 2015-29,

2016-40 and 0046 [2017–2022]).

We chemically immobilized female moose (≥ 3 years old) using

aerial darting methods with a combination of opioid and alpha2
adrenoceptor agonists administered in a 2 or 3-cc dart delivered

from a projector (Palmer Cap‐Chur™, Douglasville, GA, USA;

Pneudart Inc., Williamsport, PA, USA) out of a helicopter

(Robinson-44, Robinson Helicopter Company, Torrance, CA,

USA; Hughes-500, McDonnell Douglas Helicopter Systems, Mesa,

AZ, USA). We used either carfentanil citrate (2014–2016; 0.01 mg •

kg-1 estimated body mass; 3mg • mL-1; ZooPharm, Windsor, CO,

USA) or thiafentanil oxolate (2017–2022; 0.03 mg • kg-1 estimated

body mass; 10mg • mL-1; ZooPharm LLC, Laramie, WY, USA)

mixed with xylazine HCl (0.20–0.26 mg • kg-1 estimated body mass;

100mg • mL-1; Lloyd Laboratories, Shenandoah, IA, USA) to

chemically immobilize adult female moose. We antagonized

opioids with naltrexone HCl (100 mg • mg-1 carfentanil; 10 mg •

mg-1 thiafentanil; intramuscular; 50 mg • mL-1; ZooPharm). We

antagonized xylazine HCl with either 400 mg tolazoline HCl (2014–

2015; 0.88 mg • kg-1 estimated body mass; ¼ dose intravenous, ¾

intramuscular; 200 mg • mL-1; ZooPharm) or atipamezole HCl

(2016 – 2022; 0.02 – 0.04 mg • kg-1 estimated body mass; ¼ dose

intravenous, ¾ intramuscular; 25 mg •mL-1; Zoetis, Parsippany, NJ,

USA). If moose showed signs of respiratory depression (i.e.,

respiration rates <6 breaths • min-1 or capillary refill in the gums

not instantaneous), we administered either 100–200mg doxapram

HCl (2014–2015; intravenous; 20mg • mL-1; Henry Schein, Dublin,

OH, USA), or the antagonist dose of atipamezole HCl (2016–2022).

From November 2014 to March 2022, we conducted repeated

captures of female moose during early winter (November–

December) and late winter (February–March). We determined

the age of each moose by either extracting an incisor canine and
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analyzing for cementum annuli (Matson’s Lab, Miltown, MT, USA;

Sergeant and Pimlott 1959; Gasaway et al., 1978), catching known

aged individuals (e.g., first captured as 10-month-old calf), or by

estimating age based on tooth wear. We estimated percent body fat

of moose from measurements of maximum rump fat thickness

(MAXFAT; cm) by ultrasonography (Bantam II, Ibex® Pro, E.I.

Medical Imaging, Loveland, CO, USA; Stephenson et al., 1998),

which we then converted to percent ingesta-free body fat for

analysis (IFBFAT; Stephenson et al., 1998). One moose did not

have measurable rump fat during late winter captures and we

estimated body fat from body condition score assigned to that

individual following palpation (Levine et al., 2022). Because the

number of days between repeated captures of individuals varied up

to 27 days, we calculated the rate of change in percent body fat for

each individual during the summer or winter, respectively. During

summer, we calculated the daily rate of change in percent body fat

by subtracting the percent body fat in early winter from percent
Frontiers in Ecology and Evolution 04
body fat in the preceding late winter, and then divided by the

number of days between each body fat estimate. We used the same

calculation to determine the daily rate of change in body fat during

winter using the difference in early and late winter percent body fat.

We then converted all daily rate of change in percent body fat values

to monthly rate of change in percent body fat by multiplying by 30.

We collected blood samples using 10ml glass serum tubes (BD

Vacutainer® PN#366430; Becton, Dickinson and Company, Franklin

Lakes, NJ, USA) and 6ml plastic trace element whole blood tubes (K2

EDTA; BD Vacutainer® PN#368381; Becton, Dickinson and

Company) by jugular venipuncture. To determine pregnancy

status, we analyzed serum for pregnancy-specific protein B

(BioTracking Inc., Moscow, ID, USA; Herd Health Diagnostics,

Pullman, WA, USA; Sasser et al., 1986; Huang et al., 2000). We

also analyzed frozen whole blood samples collected in early winter for

parasite load (filaria nematodes) with a modified Knotts technique

(Texas A&MVeterinary Diagnostics Laboratory, College Station, TX,
FIGURE 1

Study area located on the Kenai Peninsula, Alaska, USA. The Alaska Department of Fish and Game defines two Game Management Units (GMU)
within the study area. Recent fire history depicts the 2 large landscape scale wildfires that occurred in 2014 and 2019.
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USA; Laaksonen et al., 2009). We fitted each moose with a global

positioning system (GPS) collar (2014–2016: model TGW‐4700‐3;

2017–2022: model TGW-4677-4; Telonics Inc., Mesa AZ, USA) that

recorded GPS locations at 0.5-hour (2014–2016) and 4-hour (2017–

2022) intervals. Each GPS collar also collected 5-minute activity (3-

axis accelerometer; number of active seconds on any axis) and collar

temperature (°C). To create a variable that considers the energetic

costs associated with movement, we established a relationship

between daily movement rates estimated with 0.5-hour GPS fixes

and total daily activity counts from 5-minute accelerometer values

(Supplementary Data Sheet 1). We then applied this relationship to

activity values collected for all study animals, which provided a proxy

for movement rates for GPS collars that collected courser scale GPS

locations (i.e., 4-hour interval).

Given the spatial variation and elevation gradient within our study

area (e.g., rolling coastal hills at sea level, mountainous terrain; Figure 1),

we expected moose to be exposed to different growing season lengths

and snow depths throughout the year. We established a relationship

between the temperature recorded on the GPS collar and ambient air

temperature (Supplementary Data Sheet 2), and then estimated ambient

air temperature for each recorded temperature from the GPS collars.

Growing degree days can be used as a predictor of plant growth in arctic

environments (Chapin, 1983, Kelsey et al., 2021). We generated a

variable for growing degree days >5°C for each moose and for each

growing season by calculating the number of degrees that the mean

estimated daily ambient air temperature was >5°C, summed across all

days for the period between the spring and autumn equinox (Bowyer

et al., 1998; Stewart et al., 2005).

The relative increase in net cost of locomotion can be estimated

using snow depth and brisket height for moose (Miquelle et al., 1992;

Supplementary Data Sheet 3). We used the daily centroid GPS

locations for each study animal to extract daily snow water

equivalent (kg • m-2) values from Daymet (Thornton et al., 2024).

To establish a relationship between snow water equivalent and snow

depth, we used a paired dataset with Daymet and Natural Resources

Conservation Service Snowpack Telemetry Network data at the Kenai

Moose Research Center (Natural Resources Conservation Service,

2024; SNOTEL; Kenai Moose Pens 366; Supplementary Data Sheet

3). We then estimated the daily relative increase in net cost of

locomotion for each study animal during winter (Supplementary

Data Sheet 3).

Given the remoteness of our study area, it was not feasible to

conduct large-scale vegetation biomass and subsequent nutritional

analysis of moose forage. However, vegetation cover can be used as

a proxy for vegetation biomass (Monzingo et al., 2022) and we used

3 vegetation classification efforts within the study area to generate a

moose forage index based on percent cover of forage species

preferred by moose (Supplementary Data Sheet 4). First, we used

field-based vegetation cover data collected at 605 sites within 28

dominance types in 2017, which was the basis for the 2019 Kenai

Peninsula Existing Vegetation Map Project (Bellante et al., 2020).

We determined mean percent cover of each forage species for

moose in each dominance type for summer and winter

(Supplementary Data Sheet 4). The 2014 Funny River Fire, 2015

Card Street Fire, and 2019 Swan Lake Fire, created early seral

habitats within our study area. In 2020, the Alaska Department of
Frontiers in Ecology and Evolution 05
Fish and Game completed a vegetation survey within the Funny

River Fire footprint (Beattie et al., 2024), and percent cover of

moose forage during summer and winter from this effort was then

used to redefine the dominance types within the Funny River Fire

and Card Street Fire footprints (Supplementary Data Sheet 4).

During 2020–2021, using the same vegetation survey protocol

(Beattie et al., 2024), we conducted vegetation surveys within the

2019 Swan Lake Fire footprint (D.P. Thompson, unpublished data),

and redefining the percent cover of moose forage during summer

and winter in map group within the Swan Lake Fire footprint

(Supplementary Data Sheet 4). We then calculated cumulative

percent cover for each map group and dominance type (2019

Kenai Peninsula Existing Vegetation Map Project; Bellante et al.,

2020), redefined dominance type (Funny River and Card Street Fire

footprints; Beattie et al., 2024), or redefined map group (Swan Lake

Fire footprint, Supplementary Data Sheet 4).

Using GPS locations for each moose, we generated home ranges

for each moose using the BBMM Brownian bridge movement

model in R (Nielson et al., 2013; R Core Team, 2023). We

aggregated GPS data from 2014–2016 to 4-hour intervals to

create home ranges with a similar dataset as GPS locations

collected from 2017–2022. We created 95% isopleths home ranges

for each moose for each year (moose-year), during two periods:

lactation (15 May – 15 September) and gestation (16 September –

15 March). We limited the gestation period to March 15 because a

large portion of deployed GPS collars were removed during

captures in March. For each moose-year and period, we then

calculated home range size, and the proportion of the home range

within each dominance type or map group. For each moose-year

and period, we then multiplied the proportion of their home range

that was within a given dominance type or map group by the

cumulative percent cover of moose forage for the same dominance

type or map group (Supplementary Data Sheet 4). We then summed

the values (proportion home range multiplied by cumulative

percent cover moose forage) for all dominance type or map group

for each moose-year and period into a new variable, moose

forage index.

We used vaginal implant transmitters (VITs) and aerial

radiotracking to determine parturition dates and twinning rates

for radio collared moose. During 2014–2018 captures, we deployed

vaginal implant transmitters (Model M3970; Advanced Telemetry

Systems, Isanti, MN, USA) to aid in parturition detection and for

thermoregulation studies (Thompson et al., 2018; McDonough

et al., 2022). Deployment of VITs in moose followed procedures

developed at the Kenai Moose Research Center (McDonough et al.,

2022) and outlined in Patterson et al. (2013). From 12 May through

7 June each year, female moose were aerially radio tracked and

observed every 24–48 hours using fixed-wing aircraft to determine

parturition date and twinning status (McDonough et al., 2022).

After 7 June, non-parturient moose were flown weekly through 30

June to determine parturition status. Monthly aerial radiotracking

was conducted after parturition to determine calf-at-heel status for

each moose. We estimated calf mortality dates, using the midpoint

between the last known observation date and the first missing

observation date and we assumed that a calf not observed with the

radio collared cow was dead.
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Data analysis

We analyzed data using program in R (R Core Team, 2023). We

used linear mixed effect regression models “lmer” in the lme4 package

(Bates et al., 2015) to evaluate what influenced body condition of adult

female moose during lactation (15 May – 15 September) and gestation

(16 Sept – 15 March). We scaled continuous predictor variables to

allow for direct comparisons between predictor variables and we

included individual as a random effect. For early winter body

condition, we evaluated the response variable percent body fat of

adult cow moose in November (n = 163) against several variables that

could have influenced energy accumulation and depletion during

lactation: the categorical variable summer lactation status (no birth,

birth but neonate did not survive to 4-months-old, birth and neonate

survived to 4-months-old), and the continuous variables summer

growing degree days, mean daily activity count, parasite load,

summer moose forage index, age and year. We evaluated the

response variable monthly rate of change in percent body fat during

the growing season from late winter to early winter (i.e., March to

November; n = 55) against the same 5 predictor variables during

lactation and late winter body fat preceding the growing season. To

examine late winter body condition, we evaluated the response variable

percent body fat of adult cow moose in March (n = 98) against

variables that could have influenced energy accumulation and

depletion during gestation: the categorical variable gestation status

(non-pregnant, pregnant with singleton, pregnant with twins), and the

continuous variables mean daily activity count, mean daily relative

increase in net cost of locomotion in snow, interaction between daily

activity count and daily relative increase in net cost of locomotion in

snow, winter moose forage index, age and year. Similarly, we also

evaluated the monthly rate of change in percent body fat over winter

(November to March; n = 61) for the same variables during gestation

and early winter body fat preceding the winter. We evaluated model fit

using Akaike’s information criterion adjusted for small sample sizes

(AICc; Burnham and Anderson, 2002). Using the packageMuMIn in R

(Bartoń, 2023), we selected the simplest model within 2 AICc of the top

model (Burnham and Anderson, 2002), and estimated model variance

(R2) for fixed effects (marginal variance) and for fixed and random

effects (conditional variance). If the selected model contained the

variable moose forage index, we then ran the selected model and

split out themoose forage index variable to evaluate if the percent cover

of the 5 predominate moose forages was influencing the model, and

then ran AICcmodel selection. We split the moose forage index into 5

variables for summer percent cover: forb cover, willow cover, aspen

cover, Alaska birch cover, and shrub cover (Supplementary Data Sheet

4). Similarly, 5 moose forage variables were evaluated for winter

percent cover: willow cover, aspen cover, Alaska birch cover, shrub

cover, and shoulder season forage cover (Supplementary Data Sheet 4).
Results

During our 8-year study, we collected over 223,000 GPS

locations from 97 individual adult female moose, which we

immobilized a total of 261 times (n = 163 early winter; n = 98

late winter). The average age of moose captured was 8.7 years old ±
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0.2 SE (range 3–18 years old). During winter, 94% of female moose

were pregnant (n = 92). During spring, 88% of female moose (n =

144) were parturient but, only 31% of parturient females

successfully retained a calf-at-heel through lactation (n = 44).

Mean parturition date was May 19th (± 5.5 days SE). During the

growing season, daily activity counts (mean = 4684.9; range 1721.0–

9291.0) were similar among years (Supplementary Data Sheet 5,

Supplementary Figure 5.1A) but sum of daily growing degree days

(mean = 1559.8; range 1167.0–2030.0) was higher in 2016 and 2019

compared with other years (Supplementary Data Sheet 5,

Supplementary Figure 5.1B). We detected filaria nematode

densities in blood in 38% of female moose sampled during early

winter (n = 62; mean = 424.2 filaria • ml-1 blood; range 2.0–3622.0

filaria • ml-1) and early winter nematode densities were similar

among years (Supplementary Data Sheet 5, Supplementary

Figure 5.1C). During winter, daily activity counts (mean = 4123.2;

range 1374.0–6430.0) were similar among years (Supplementary

Data Sheet 5, Supplementary Figure 5.2A) but the daily relative

increase in locomotion from moving in snow (mean = 93.5%; range

4.5–345.7%) was lowest in 2015 and highest in 2020 and 2021

(Supplementary Data Sheet 5, Supplementary Figure 5.2B). Home

ranges for adult moose (95% isopleth) were 16.2 km2 ± 1.19 SE

during lactation, and 21.6 km2 ± 4.6 SE during gestation.

The percent cover of the 5 predominate moose forages in home

ranges of moose differed by wildland fire history. The percent cover

of forbs in summer home ranges of moose decreased with time since

wildland fire (Figure 2A). A higher percent cover of aspen forage in

summer home ranges of moose was found in the Funny River Fire

footprint (6 years post burn), while the percent cover of Alaska

birch forage was higher in summer home ranges of moose

containing older seral stands (Figure 2A). The percent cover of

forage for willows and shrubs were similar in summer home ranges

of moose in the Funny River Fire footprint and older seral stands,

but lower in the recently burned footprint of the Swan Lake Fire

(Figure 2A). Similar relationships between percent cover of forage

in home ranges of moose during winter were observed for aspen,

willows, Alaska birch, and shrubs (Figure 2B). The percent cover of

shoulder season forage during winter was considerably higher in

home ranges of moose within the Funny River Fire footprint

compared with older seral stands and recently burned areas

within the Swan Lake Fire footprint (Figure 2B).

The best model predicting body fat in early winter of adult

female moose included lactation status and moose forage index

(Supplementary Data Sheet 6; Supplementary Table 6.1, 6.2).

Because the selected model included moose forage index, we then

ran the selected model and split moose forage index into 5 summer

forage variables and reanalyzed the model. Lactation status and

aspen forage index were the only variables in the selected model

(Table 1; Supplementary Data Sheet 6, Supplementary Table 6.3).

Female moose that gave birth and lost their neonate during the

summer, had more body far in early winter (14.39% ± 0.24 SE)

compared with female moose that, either did not give birth (11.53%

± 0.52 SE), or that gave birth and the neonate survived to 4-months-

old (10.59% ± 0.34 SE). Post hoc pairwise comparison with

Bonferroni method of body fat in early winter of moose who

incurred a full lactational demand showed no difference between
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FIGURE 2

The percent cover of moose forage species in moose (A) summer and (B) winter home ranges by recent fire history collected from adult female
moose on the Kenai Peninsula, Alaska, USA from 2015 – 2022.
TABLE 1 Parameter estimates from linear mixed-effect model regression models that influence early winter body fat and the rate of change in body
fat during the summer of adult, female moose on the Kenai Peninsula, Alaska, USA from 2015 – 2021.

Early winter body fat; (n = 163); mR2 = 0.42; cR2 = 0.59

Fixed effects Level Scaled estimate
± SE

df t value P value

(intercept) 11.02 ± 0.53 150.80 21.12 <0.001

Lactation status No birth (n = 19) base

Birth, calf lost (n = 100) 2.85 ± 0.57 156.97 5.01 <0.001

Birth, calf lived (n = 44) -0.93 ± 0.61 161.41 -1.54 0.125

Aspen forage cover 2.66 ± 0.81 117.87 3.28 0.001

Random effects Variance Standard Deviation

Individual 1.38 1.18

residual 3.32 1.82

Rate of change in body fat during summer (n = 55); mR2 = 0.40; cR2 = 0.88

Fixed effects Level Scaled estimate
± SE

df t value P value

(intercept) 0.37 ± 0.11 54.42 5.90 <0.001

Lactation status No birth (n = 9) base

Birth, calf lost (n = 36) 0.28 ± 0.11 47.56 2.46 0.017

Birth, calf lived (n = 10) -0.13 ± 0.13 54.65 -1.02 0.313

Late winter body condition -0.86 ± 0.17 44.64 -4.95 <0.001

Random effects Variance Standard Deviation

Individual 0.07 0.27

residual 0.02 0.13
F
rontiers in Ecology and Ev
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All continuous model predictor variables are scaled between 0 and 1 to allow for direct comparison between predictor variables from the model. Model variance: marginal variance (mR2;
fixed

factors); conditional variance (cR2;
fixed and random factors).
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retaining a singleton (n = 37) or twin (n = 7) neonates through 4-

months-old (z = -0.83; P = 1.00). Body fat in early winter was

positively correlated to summer home ranges of moose with higher

percent cover of aspen forage (Table 1; Figure 3A). The selected

model for the monthly rate of change in body fat over the summer

included the variable lactation status and prior body condition

(Table 1; Supplementary Data Sheet 6, Supplementary Table 6.4).
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Female moose whose neonate survived through summer had a

lower monthly rate of change in body fat (0.24% • month -1 ± 0.08

SE) compared with moose that did not give birth (0.37% •month -1

± 0.10 SE) and moose that gave birth but lost their neonates before

the end of summer (0.65% • month -1 ± 0.05 SE). Furthermore,

moose with lower body fat in late winter accumulated body fat

faster during the subsequent growing season (Figure 4A).
FIGURE 4

The monthly change in body fat of adult female moose on the Kenai, Peninsula, Alaska, USA from 2015 – 2022, is influenced (A) during summer by
body fat in March (late winter) and (B) during winter by body fat in November (early winter).
FIGURE 3

The influence of percent cover of moose forage species in moose home ranges on (A) early winter and (B) late winter body fat collected from adult
female moose on the Kenai Peninsula, Alaska, USA from 2015 – 2022.
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The best model that influenced body fat in late winter of female

moose included the variables moose forage index and year

(Supplementary Data Sheet 6, Supplementary Tables 6.5, 6.6).

Similar to the body fat in early winter model, we reanalyzed the

selected model splitting out winter moose forage index into 5

variables. The model best predicting body fat in late winter body

of female moose included the variables year, aspen forage index,

willow forage index, and shoulder season forage index (Table 2;

Supplementary Data Sheet 6, Supplementary Table 6.7). Average

body fat in late winter was 8.3% ± 0.1 SE in 2016 and increased

annually by 0.17% to 9.3% in 2022. Body fat in late winter was

negatively correlated with home ranges of moose that had higher

percent cover of aspen forage (Table 2, Figure 3B) but positively

correlated with home ranges with higher percent cover of willows

and shoulder season forages (Table 2, Figure 3B). The monthly rate

of change in body fat over winter was influenced by body condition

going into winter and activity. (Table 2; Supplementary Data Sheet

6, Supplementary Table 6.8). Moose with higher levels of body fat in

early winter lost body fat at a higher rate during gestation than

moose with less body fat reserves (Figure 4B). Increased activity also

resulted in a higher rate of fat loss during gestation, accounting for

0.34% difference in the monthly rate of loss of body fat over the

range of activity recorded.
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Discussion

Northern ungulates, such as moose, have responded to seasonal

availability of nutrients and energetic costs by evolving mechanisms

and reproductive strategies that are buffered by somatic reserves.

Although we analyzed several factors that could contribute to the

accumulation or depletion of somatic energy reserves in female

moose during the growing season, our results found that only the

endogenous demands for lactation and aspects of the nutritional

landscape influenced somatic energy reserves during early winter.

Similar to other northern ungulates (Cook et al., 2013, 2021a,

Monteith et al., 2014; Proffitt et al., 2016), the energetic costs of

lactation were apparent in our study, with female moose having

~3.8% lower percent body fat in early winter compared with moose

that incurred only partial lactation energy demands. Furthermore,

moose whose home ranges had higher percentage of moose forage

cover during the growing season, a result of recent wildland fires, had

higher somatic energy reserves in early winter, which was consistent

with summer nutritional landscapes influencing somatic reserves in

other northern ungulates (Monteith et al., 2013, 2014, Proffitt et al.,

2016; Merems et al., 2020). During winter, we found that aspects of

the nutritional landscape and year influenced late winter somatic

energy reserves while reproductive status did not. Contrary to our
TABLE 2 Parameter estimates from linear mixed-effect model regression models that influence late winter body fat and the rate of change in body fat
of adult, female moose on the Kenai Peninsula, Alaska, USA from 2015 – 2022.

Late winter body fat, splitting out moose forage index: (n = 98); mR2 = 0.26; cR2 = 0.39

Fixed effects Scaled estimate
± SE

df t value P value

(intercept) 7.41 ± 0.29 68.70 25.73 <0.001

Year 1.06 ± 0.38 97.72 2.79 0.006

Aspen forage index -4.83 ± 1.59 92.17 -3.04 0.003

Shoulder season forage index 3.27 ± 1.02 81.24 3.20 0.002

Willow forage index 2.28 ± 0.82 73.68 2.78 0.007

Random effects Variance Standard Deviation

Individual 0.28 0.53

residual 1.27 1.13

Rate of change in body fat during winter (n = 63); mR2 = 0.77; cR2 = 0.77

Fixed effects Scaled estimate
± SE

df t value P value

(intercept) -0.05 ± 0.10 61.00 -0.53 0.60

Activity -0.34 ± 0.14 61.00 -2.48 0.016

Early winter body condition -2.06 ± 0.15 61.00 -13.92 <0.001

Random effects Variance Standard Deviation

Individual <0.01 <0.01

residual 0.05 0.23
All continuous model predictor variables are scaled between 0 and 1 to allow for direct comparison between predictor variables from the model. Model variance: marginal variance (mR2;
fixed

factors); conditional variance (cR2;
fixed and random factors).
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prediction, we did not find that gestating moose had similar somatic

energy reserves than non-pregnant moose. This result could be an

artifact of high pregnancy rates in our study, and our measurements

of somatic energy reserves occurred near the beginning of the third

trimester prior to the most costly period of gestation (Pekins et al.,

1998; Robbins, 2001). Percent cover of winter browse in home ranges

of moose also influenced somatic energy reserves of moose during

late winter; however, we documented trade-offs in somatic reserves

for moose whose home ranges included forage cover of aspen,

willows, and shoulder season forages (e.g., lowbush cranberry

[Vaccinium vitis-idaea], bunchberry dogwood [Cornus canadensis]);

Supplementary Data Sheet 4). Cumulatively, our results suggest that

both endogenous demands for lactation and local availability of

quality forage influence moose somatic reserves during early and

late winter.

Body condition measurements of Alaskan moose (A. a. gigas)

have been documented across their range. During early winter, our

body fat measurements were lower (10.6 – 14.4% body fat) than

earlier measurements on the Kenai Peninsula (2006: 13 – 17% body

fat; (Kraft, 2011); however, our captures occurred 3 to 4 weeks later

in early winter and could have accounted for some of this difference.

Although moose on the Kenai Peninsula in this study had

considerably lower accumulation rates of body fat during the

growing season (0.24 – 0.65% body fat • month -1) than moose

on the Gustavus Forelands of Southeast Alaska (0.88 – 1.25% body

fat • month -1), both studies exhibited a lower monthly rate of body

fat accumulation for female moose that retained its calf through the

summer (White et al., 2014). Our measurements of body condition

during late winter on the Kenai Peninsula (8.3 – 9.3% body fat) were

higher than those collected in the Gustavus Forelands (7.9%; White

et al., 2014), the Tanana and Yukon Flats of Interior Alaska (6.4 –

8.9% body fat; Keech et al., 2000; Bertram and Vivion, 2002; Boertje

et al., 2007), and earlier measurements on the Kenai Peninsula

(2007: 7.6% body fat; Kraft, 2011). Additionally, average body

condition during late winter of our moose increased annually;

this may be a result of increased winter browse availability within

recently burned areas (Schwartz and Franzmann, 1989; Weixelman

et al., 1998). Similar to other ungulates, moose in our study with

better body condition going into winter lost body fat at a higher rate

(Monteith et al., 2013; Cook et al., 2013, 2021a).

Ungulates using capital breeding strategies have high energy

and protein demands to produce milk for neonates (Robbins, 2001;

Barboza et al., 2009). To raise a single moose calf through weaning,

a cow moose would need ~33.4 kg fat for milk production (Reese

and Robbins, 1994; Shochat and Robbins, 1997; Thompson et al.,

2023), which is the equivalent to accumulating 7.4% body fat during

the same time period for a 450 kg moose. Both lactating and non-

lactating moose have high digestible energy intakes during the

growing season (Shively et al., 2019). Lactating moose in our

study, however, could not overcome the energetic costs of milk

production compared with those individuals with no or reduced

lactation cost, and subsequently entered winter with lower somatic

energy reserves. Additionally, some northern ungulates follow a risk

averse habitat selection during the growing season by selecting

habitats that provide more security for their offspring at the expense
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of nutritional quality of the available forage (Bergerud et al., 1984,

Hamel and Côté, 2007, Blum et al., 2023). Moose have been

documented to employ both risk-averse and risk-prone strategies

for birth site selection and summer habitat use during lactation

(Bowyer et al., 1999; Poole et al., 2007; Severud et al., 2019; Francis

et al., 2021). Pregnant moose with higher somatic reserves give birth

to larger calves that have higher survival rates (Testa and Adams,

1998; Keech et al., 2000) but incur the costs of lactation during

summer, while simultaneously attempting to accumulate somatic

reserves to survive the coming winter. Relatively low somatic

reserves among lactating female moose at the end of the growing

season (White et al., 2014; Ruprecht et al., 2016; Cook et al., 2021b)

may result in cow moose exhibiting a risk-sensitive reproductive

allocation by lowering their chance of becoming pregnant in

autumn or terminating a pregnancy in utero to maintain

sufficient somatic energy reserves for winter survival (Testa and

Adams, 1998; Keech et al., 2000; Boertje et al., 2019; Jesmer et al.,

2021; Oates et al., 2021). This risk-sensitive strategy among moose

may also hinder our ability to detect the effects of other energetic

expenses that could influence somatic reserves.

We investigated the influence of parasite loads, activity counts,

and environmental conditionals on somatic reserves in adult female

moose. Although we detected filarial nematodes (Setaria yehi,

Rumenfilaria andersoni) in 38% of female moose sampled during

early winter, nematode densities did not demonstrably influence early

winter somatic reserves. Body condition may also buffer the effects of

parasites with tradeoffs during the summer for foraging (Benedict

et al., 2024). Setaria spp. can cause peritonitis in Scandinavian

reindeer calves (Rangifer tarandus; Laaksonen et al., 2007) and

moose calves in Alaska (D.P. Thompson, Alaska Department of

Fish and Game, unpublished data) but adult animals may act as

asymptotic carriers (Laaksonen et al., 2007). Other parasite species

(e.g., Dermacentor albipictus; Parelaphostrongylus tenuis; Elaeophora

schneideri) can also have detrimental effects on moose populations

(Wünschmann et al., 2015; Grunenwald et al., 2018; Ellingwood et al.,

2020) but these parasites have not been documented in Alaska (Kutz

et al., 2012).

We did find a relationship between sum of daily activity counts

and the rate of change in somatic reserves in female moose during

winter. Late winter somatic reserves in elk (Cervus elaphus)

exhibited a positive relationship with energy expended on

movement for animals with < 8% body fat (Long et al., 2014). We

did not find a relationship with somatic energy reserves for moose

in late winter with the interaction between daily activity counts and

energy expended for locomotion in snow. Moose in Scandinavia

showed a decrease in movement rates until snow depths reached 40

cm at which time movement rates remained stable as snow

continued to increase (Melin et al., 2023). Additionally, we used

equations from Miquelle et al. (1992) that assume a static snow

density and that moose completely sink to the ground in each step

when estimating the relative increase in energy for locomotion in

snow. Snow density increases over winter (Fancy and White, 1985),

with the relative cost of locomotion also increasing (Parker et al.,

1984). However, there is a tradeoff with snow density and sinking

depth (Sullender et al., 2023), which we could not quantify with the
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remotely sensed data available to estimate snow depth (Thornton

et al., 2024). Furthermore, snow density, snow depth, and surface

hardness can increase the energetic costs for caribou to access

ground vegetation (Fancy and White, 1985), which would also

apply to moose cratering to access shoulder season vegetation

(LeResche and Davis, 1973) or in recently burned habitats

(Weixelman et al., 1998). Advances in animal borne biologging

that include heart rate sensors (Signer et al., 2010; Trondrud et al.,

2021; Kirchner, 2024) could be used to estimate the energetic costs

of locomotion in snow, which, paired with GPS and accelerometer

data could be used to determine the influence of snow conditions on

the rate of depletion of somatic reserves of northern ungulates

during winter.

During summer, we did not detect any influence of growing

degree days on somatic energy reserves among female moose in early

winter, even during years with relatively warm summer temperatures

(e.g., 2016, 2019). Moose in this study at lower elevations should have

experienced more growing degree days but could have also been

exposed to warmer daily temperatures. Warm summer temperatures

can decrease forage quality, forage intake, and alter behavior of moose

(Bowyer et al., 1998; Street et al., 2015; Montgomery et al., 2019;

Shively et al., 2019), which could have negated the effect of increased

growing degree days on accumulation of somatic energy reserves for

moose in this study. Warm summers can negatively impact the

accumulation rate of somatic reserves in mule deer (Odocoileus

hemionus) and reindeer (Monteith et al., 2013; Trondrud et al.,

2023). Conversely, warm summers did not influence somatic

reserve accumulation in elk (Cervus elaphus; Stewart et al., 2005).

Although snow depth and summer growing degree days were not

significant factors influencing accumulation of somatic reserves

among moose in our study, these factors could influence the

quality and quantity of summer forage through small changes to

the nutritional landscape and could influence accumulation of

somatic reserves at scales not detectable with our dataset through

multiplier effects (White, 1983).

The nutritional landscape plays a critical role in the accumulation

of somatic energy reserves among northern ungulates. During

summer, we found that moose with home ranges exhibiting a

higher percent cover of aspen within foraging height had

more somatic reserves during early winter. Aspen stands with the

highest percent cover were found in the early seral habitats associated

with the Funny River Fire footprint (Supplementary Data Sheet 4).

Aspen stands also had a higher diversity of other summer moose

forage species (Supplementary Data Sheet 4, Supplementary

Figure 4.1) including forbs (e.g., fireweed [Chamerion

angustifolium; Chamerion latifolium]) and shrubs (e.g., prickly rose

[Rosa acicularis]) compared with other habitat types (Supplementary

Data Sheet 4). Consumption of a mixed diet by moose may maximize

energy and protein consumption, while alleviating the negative effects

of plant secondary metabolites (Iason and Villalba, 2006; Estell, 2010;

Felton et al., 2021). Although we used percent cover as a proxy for

forage available to moose during the summer (Monzingo et al., 2022),

percent cover may not accurately reflect the actual biomass available

on the landscape, which could be quantified through traditional

methods (Oldemeyer and Regelin, 1987; Proffitt et al., 2016; Merems

et al., 2020; Snobl et al., 2022). Likewise, we classified winter moose
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browse based on summer canopy cover, which may not have

accurately reflected the actual density of available browse. We

found a negative relationship in late winter somatic energy reserves

amongmoose that had a higher percent of aspen cover in their winter

home range. Conversely, we found a positive relationship with moose

somatic reserves among individuals with a higher percent cover of

willows and shoulder season forage in their winter home range.

Previous studies on the Kenai Peninsula found greater willow

densities per hectare within 10 years after wildland fire compared

with aspen (Oldemeyer and Regelin, 1987) and reported that moose

winter browse was considerably higher on willows compared with

both aspen and Alaska birch (Weixelman et al., 1998; Miner, 2000).

Additionally, during winter, biomass per diameter is 1.7 times greater

per mm thickness for Barclay’s willow (Salix barclayi) compared with

aspen (Welch et al., 2015). Such differences in stem densities, biomass

per stem diameter, and moose preference, may account for the

contrary responses in somatic energy reserves for moose with

home ranges containing high percent cover of aspen or willows.

Our results also emphasize the importance of shoulder season forage

species that have been shown to influence late winter somatic reserves

in other ungulates (Hurley et al., 2014; Long et al., 2016). These

shoulder season forage species for moose (e.g., lowbush cranberry,

bunchberry dogwood) have been documented to be important forage

species for moose when snow depths are minimal (LeResche and

Davis, 1973; Oldemeyer and Regelin, 1987; Weixelman et al.,

1998). Our results reinforce the importance of a mosaic of

vegetation communities and seral states across the landscape for

moose populations (Joly et al., 2016; Brown et al., 2018; Mumma

et al., 2024). Other aspects that could influence moose somatic

reserves, such as the thermal landscape, also warrant further

investigation (Long et al., 2014, 2016, Thompson et al., 2021;

Verzuh et al., 2021).

Managing the nutritional landscape, either through habitat

enhancement, silviculture, or fuel reduction to mitigate wildland

fires, can increase the availability and quality of forage for northern

ungulates (Long et al., 2008; Bergman et al., 2014; Cook et al., 2016;

Ulappa et al., 2020), particularly for moose (Oldemeyer and Regelin,

1987; Collins and Schwartz, 1998; Paragi and Haggstrom, 2007;

Fredriksson et al., 2023). Incorporating nutrition as a component of

adaptable management plans is becoming more prevalent (Vales

et al., 2017; Rowland et al., 2018). However, one limitation to

managing the nutritional landscape is the uncertainty and severity

of wildland fires (Rowland et al., 2018). Indeed, the frequency of

wildland fires is increasing in temperate, boreal, and tundra

ecosystems (Kasischke and Turetsky, 2006; Dennison et al., 2014;

Masrur et al., 2022), with both positive and/or negative effects on

northern ungulate populations (DeMars et al., 2019; Proffitt et al.,

2019; Konkolics et al., 2021; Snobl et al., 2022; Mumma et al., 2024).

In boreal forests, wildland fires are the largest annual ecological

disturbance (Chapin et al., 2008; Kasischke et al., 2010) that provide

early seral stage habitats ideal for moose (Lord and Kielland, 2015;

Joly et al., 2016; Brown et al., 2018; DeMars et al., 2019). In recently

burned areas of the boreal forest, the emerging nutritional

landscape for moose is influenced by the plant communities prior

to wildland fire and the burn severity (Shenoy et al., 2011; Wan

et al., 2014; Johnstone et al., 2020). Vegetation in burned areas of the
frontiersin.org

https://doi.org/10.3389/fevo.2024.1433485
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Thompson et al. 10.3389/fevo.2024.1433485
boreal forest quickly regenerates with moose forage quantity and

quality typically peaking at 15–20 years after wildland fire (Schwartz

and Franzmann, 1989) including a concomitant response in moose

densities (Loranger et al., 1991). In Alaska, where state wildlife

managers are mandated in certain areas to manage for high moose

densities (Hundertmark and Schwartz, 1996; Young et al., 2006),

increasing the nutritional carrying capacity of the landscape

through interagency wildland fire management could help meet

these management objectives. Developing a strategic approach to

achieve this objective will require coordination between protecting

and jurisdictional agencies through the Alaska Interagency

Wildland Fire Management Plan. Interagency efforts to manage

wildland fires on the landscape can create a mosaic of seral states

beneficial to both sexes of moose (Bowyer, 2022), including

shoulder season forages, while decreasing wildland fire fuel loads

along the urban wildland interface and providing ecosystem

services (Kasischke et al., 2010).
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