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Abstract
Climate change represents a growing ecological challenge. The (sub) arctic and boreal regions of the world experience 
the most rapid warming, presenting an excellent model system for studying how climate change affects mammals. Moose 
(Alces alces) are a particularly relevant model species with their circumpolar range. Population declines across the southern 
edge of this range are linked to rising temperatures. Using a long-term dataset (1988–1997, 2017–2019), we examine the 
relative strength of direct (thermoregulatory costs) and indirect (food quality) pathways linking temperature, precipitation, 
and the quality of two important food items (birch and fireweed) to variation in moose calf mass in northern Sweden. The 
direct effects of temperature consistently showed stronger relationships to moose calf mass than did the indirect effects. 
The proportion of growing season days where the temperature exceeded a 20 °C threshold showed stronger direct negative 
relationships to moose calf mass than did mean temperature values. Finally, while annual forb (fireweed) quality was more 
strongly influenced by temperature and precipitation than were perennial (birch) leaves, this did not translate into a stronger 
relationship to moose calf weight. The only indirect path with supporting evidence suggested that mean growing season 
temperatures were positively associated with neutral detergent fiber, which was, in turn, negatively associated with calf mass. 
While indirect impacts of climate change deserve further investigation, it is important to recognize the large direct impacts 
of temperature on cold-adapted species.
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Introduction

Global climate change is a growing ecological challenge. By 
2020, global temperatures had increased by approximately 
1.09 °C over pre-industrial levels (IPCC 2021). Additionally, 

we are already experiencing more frequent and intense 
weather extremes (droughts, heavy precipitation events, 
hot days and nights), and variability in weather across years 
is predicted to increase with further climate change (IPCC 
2021). Such changes impact many species, with some shift-
ing poleward, and others experiencing increased risk of 
extinction (IPCC 2021). Temperature increases may affect 
animals directly by adding thermoregulatory costs. With 
temperatures more often above their thermal tolerances, 
individuals may be at risk of lethal hyperthermia or may 
incur direct energetic costs through physiological or behav-
ioural thermoregulation (Fuller et al. 2016; Hetem et al. 
2014; McKechnie and Wolf 2019). Increased temperatures 
may also affect animals indirectly via phenological mis-
matches between animal life history events and the phenol-
ogy of their food (Plard et al. 2014; Post and Forchhammer 
2008), and key interactions between co-occurring species 
(Beard et al. 2019; Cohen et al. 2018). Such mismatches may 
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lead to reduced energy intake for consumers, or even whole-
ecosystem consequences, for example, in nutrient cycling 
(Beard et al. 2019).

Climate change is increasingly seen as a major threat to 
global large mammal populations (Fuller et al. 2016; Ron-
dinini and Visconti 2015). Mammal species from the (sub) 
arctic and boreal regions of the world present an excellent 
model system for studies on climate warming and mammal 
fitness, because those regions experience the fastest warm-
ing. Of the (sub) arctic and boreal mammals, the moose 
(Alces alces) is a large circumpolar ungulate that shows 
signs of potential vulnerability to climate change. This spe-
cies is experiencing population declines at the southern 
edge of its range (Dou et al. 2013; Monteith et al. 2015; 
Murray et al. 2006; Schrempp et al. 2019). These declines 
are largely attributed to direct and indirect effects of rising 
temperatures, and are predicted to continue (Rempel 2011; 
Weiskopf et al. 2019), but the primary proximate factors 
vary across studies. These include endoparasites and infec-
tious disease (Murray et al. 2006), blood loss and anemia 
from winter tick (Dermacentor albipictus) infestation (Jones 
et al. 2019), availability of high-quality forage (Monteith 
et al. 2015; Schrempp et al. 2019), and thermoregulatory 
costs affecting energy balance (Dou et al. 2013; Monteith 
et al. 2015). Factors may vary across sites, or in some cases 
interact; for example poor nutrition or energy balance may 
leave individuals susceptible to parasites or disease (Murray 
et al. 2006).

In Sweden, declines in recruitment and calf mass, par-
ticularly in the southern counties, have been linked to hot, 
dry spring weather, suggesting a similar effect of climate 
change on these Eurasian moose as seen in earlier studies 
on the North American subspecies (Holmes et al. 2021). 
While European moose lack the negative impacts of the win-
ter tick, studies have indicated potentially substantial direct 
thermoregulatory costs, as well as indirect effects via the 
nutritional quality of forage.

Direct effects

Moose are cold adapted, with lower upper critical tempera-
ture and heat stress points than other northern ungulates 
(Parker and Robbins 1984; Renecker and Hudson 1986). 
Moose metabolic, respiration, and heart rates all increase 
around 14–20 °C, with open-mouthed panting beginning at 
temperatures above 20 °C (McCann et al. 2013; Renecker 
and Hudson 1986, 1990), though wind and shade may miti-
gate temperature effects, increasing upper critical tempera-
tures (McCann et al. 2013). Direct costs may extend beyond 
metabolic expenditure, however, as food intake is known 
to drop with higher ambient temperatures in many taxa 
(Youngentob et al. 2021). Reduced food intake decreases 
thermogenesis due to digestion (Youngentob et al. 2021). 

Moose have also been known to reduce travel (Thompson 
et al. 2021) and increase resting at high ambient tempera-
tures (Ditmer et al. 2018) and to increase use of thermal 
shelters (e.g., mature coniferous forest, wet areas; Verzuh 
et al. 2021; Verzuh et al. 2022). The selection of some of 
these thermal shelters, mature coniferous forest particularly, 
may reduce access to forage, particularly at temperatures 
over 20 °C (Van Beest et al. 2012; Verzuh et al. 2021, 2022). 
Despite the potential foraging costs of behavioral thermoreg-
ulation, adult females that optimize use of foraging habitats 
and thermal shelters, based on ambient temperature, tend 
to gain more summer mass (Van Beest and Milner 2013).

Indirect effects

Growing season length (green-up to freeze) and low soil 
nitrogen (N) availability tend to limit primary productivity in 
the boreal forest (Jarvis and Linder 2000; Price et al. 2013). 
Early spring marks both the highest quality vegetation and 
the energetically expensive lactation period for adult female 
moose (Neumann et al. 2020). Synchronizing lactation with 
peak vegetation quality is important for offspring survival 
and calf weight gain in ungulates (Parker et al. 2009; Plard 
et al. 2014). At higher spring/summer temperatures, green-
up occurs earlier and/or faster (Doi and Katano 2008; Dou-
hard et al. 2018; Pettorelli et al. 2005, 2007). This may mean 
that peak vegetation quality occurs earlier in spring (Doi and 
Katano 2008; Douhard et al. 2018; Pettorelli et al. 2005), 
before parturition and the lactation period when energy and 
nutrients are most needed (Neumann et al. 2020). This could 
have a negative effect on moose calf weight gain. Spring 
precipitation may interact with high temperatures to speed 
up plant phenology and increase productivity earlier in the 
season (Loison et al. 1999; Pettorelli et al. 2007; Wu et al. 
2011). However, such increased productivity associated with 
higher levels of plant-available moisture may also result in 
lower plant nutrient content (Olff et al. 2002). Conversely, 
higher temperatures in conjunction with low precipitation 
levels reduce plant productivity, likely due to water stress 
(Hoeppner and Dukes 2012; Wu et al. 2011). Climate change 
could, thus, lead to both an earlier peak in vegetation quality 
and/or reduced vegetation quality, both negatively affecting 
lactation and calf weight gain.

With food quality playing a potentially important role in 
the effects of climate change on moose performance, indica-
tors of food quality become important. Elemental N has been 
suggested as a useful food quality indicator, particularly for 
nitrogen-limited environments such as the boreal forest (Riz-
zuto et al. 2021), where consumers like moose may also 
select food on the basis of N concentration (Ball et al. 2000). 
Plant digestibility tends to increase with N concentration 
and decrease with higher concentrations of fiber and sec-
ondary metabolites (Forsyth et al. 2005; McArt et al. 2009; 
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Spalinger et al. 2010). For several common broadleaved 
moose forage species, N and crude protein peak rapidly in 
the spring and then decline as fiber and secondary com-
pounds start to increase (Capoani 2019; McArt et al. 2009; 
Shively et al. 2019). Therefore, earlier phenology is associ-
ated with earlier reduction in plant digestibility and pro-
tein (Albon and Langvatn 1992; Hebblewhite et al. 2008). 
Indeed, higher average temperatures in spring and summer 
have been associated with lower plant N but greater tannin or 
phenolic content (Bø and Hjeljord 1991; Lenart et al. 2002). 
Low water availability likewise results in lower plant protein 
content, in addition to lower biomass (Deléglise et al. 2015; 
White et al. 2014).

Both quantity and quality of forage can affect herbivore 
growth and survival. At low biomass levels, energy intake 
tends to be limited by forage quantity, but at intermediate 
biomass, it is more limited by digestible energy and pro-
tein content (Hebblewhite et al. 2008; Parker et al. 2009). 
Indeed, small increases in forage quality can have large con-
sequences for the mass and reproduction of ungulates (White 
1983). Elk (Cervus elaphus) show reduced mass loss in win-
ter with increased N intake (Christianson and Creel 2009), 
and a diet supplemented with N led to greater subcutaneous 
fat depth in muskoxen (Peltier and Barboza 2003). Moose 
appear to maximize N intake in their diet; they preferen-
tially use and browse more on N-fertilized trees, though it is 
important to note that N-fertilization also increased forage 
quantity (Ball et al. 2000; Månsson et al. 2009). Female 
moose intake follows N and fiber patterns, peaking in green-
up or late spring, and declining with increasing tempera-
tures and acid detergent fiber (Shively et al. 2019). Among 
ungulates, offspring weight is a good indicator of population 
fitness, as young are highly susceptible to environmental 
conditions and early growth has lasting repercussions for 
survival to adulthood as well as adult condition and repro-
ductive success (Albon et al. 1987; Festa-Bianchet et al. 
1997; Gaillard et al. 2003; Keech et al. 2011; Parker et al. 
2009). Rapid green-up has been associated with less growth 
and, in some cases, survival between lamb/kid and yearling 
stages in alpine ungulates, suggesting a greater impact of 
forage quality than availability on offspring growth and sur-
vival (Pettorelli et al. 2007). Similarly, climatic factors asso-
ciated with higher forage quality were also linked to greater 
body mass and calf growth in Norwegian moose (Herfindal 
et al. 2006).

Objectives

We combined three closely linked objectives to understand 
the consequences of climate change on moose. First, to 
determine the degree to which increasing temperatures and/
or changing precipitation patterns affect moose calf mass 
indirectly, through effects on forage quality, or directly (Q1), 

we compared the strength of direct and indirect pathways 
using piecewise structural equation modelling (SEM). How-
ever, not all aspects of temperature change at equal rates. 
With climate change, the frequency of weather extremes is 
expected to increase even faster than climatic averages (Ben-
iston et al. 2007; Meehl et al. 2000). As different aspects of 
temperature may influence moose differently (Holmes et al. 
2021), it is important to determine if direct and/or indirect 
effects vary if we look at changes in average temperature 
or changes in extreme temperature events. For our second 
objective, we, therefore, examined if the number of days 
with temperatures reaching or exceeding 20 °C has dif-
ferent indirect and direct relationships to moose calf mass 
than average temperature (Q2). Finally, temperature increase 
tends to have a larger effect on the advance of spring phenol-
ogy in annuals than in perennials (Stuble et al. 2021). Our 
third objective, therefore, asked if we, as expected, see a 
stronger impact of weather on the quality of annuals (forbs) 
than perennials (woody species), and if this variation in 
quality then better predicts calf mass variation (Q3).

Methods

Vegetation

Collection and sample preparation

We collected vegetation samples at 13 to 39 sites per year 
across Norrbotten and Västerbotten counties, northern 
Sweden, from 1988 to 1997 and 2017 to 2019 (Fig. 1). We 
visited sites between July 17 and 25 each year, collecting 
two important summer diet plants for moose: one annual 
forb, fireweed (Epilobium angustifolium, synonym Chame-
rion angustifolium), and one woody perennial, downy birch 
(Betula pubescens) (Cederlund et al. 1980; Sæther et al. 
1996). We sampled in the middle of the fireweed flowering 
period to detect variation in phenology better across sites 
and years. Each site consisted of a 1 ha sampling location 
in a moose-preferred foraging habitat (e.g., near a young 
forest, bypass or secondary road). We visited sites as close 
to the same date as possible across years. If site conditions 
changed significantly between sampling years (e.g., scari-
fied by forestry), we established a new site, as close to the 
original site as possible.

From each site, we collected stalks and/or leaves from 30 
individuals each of fireweed and birch, simulating moose 
summer browsing. We selected a representative sample with 
the same proportion of individuals budding or flowering as 
in the full 1 ha area, and sampling covered the full 1 ha 
area. Sampled birch trees were approximately 2–2.5 m tall, 
and we stripped leaves from the ends of branches at three 
locations per tree—at approximately 2–2.5 m, 1.5 m, and 
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1 m height. Samples were taken from different aspects of 
the tree to correct for potential sun effects on food quality. 
We clipped fireweed stalks at the base. We combined all 
samples of a given species into one paper bag at each site. 
If the total sample volume exceeded 1.5 L, we cut stalks 
into approximately 10 cm-long sections over a tray, mixed 
samples thoroughly together by hand, and selected a random 
1.5 L sample.

Within zero to 4 days of collection, we placed sample 
bags, open, in drying cabinets at 40 °C. We stirred samples 
at least once per day to encourage faster and more even dry-
ing. When samples were completely dry, we milled birch 
leaves on a  Cyclotec™ 1093 hammer mill (Foss Analyti-
cal AB). We pre-ground fireweed stalks on either a Kamas 
(Kamas, Malmö, Sweden; 1988–1997) or a Retsch SM 300 

cutting mill (Haan, Germany; 2017–2019), followed by a 
Cyclotec™ 1093 mill. We used a screen diameter of 1 mm 
for all milling.

NIRS data acquisition

Milled samples were scanned with a Specim SWIR 3 hyper-
spectral camera. Acquired hypercubes consisted of 384 pix-
els width and variable length images with a spatial reso-
lution of approximately 0.31 mm and 288 spectral bands 
ranging between 1000 and 2495 nm. The samples were illu-
minated using two rows of halogen lamps with an angle of 
approximately 45° relative to the nadir axis. For each sam-
ple, the reflected light was converted to reflectance using a 
Spectralon for the white reference and shutter closing for the 

Fig. 1  Map of study area in 
northern Sweden with vegeta-
tion sampling locations indi-
cated. Circle shading represents 
the number of years a data point 
is included in the final models 
(see Methods for more informa-
tion on restrictions). N ranges 
from 0 (white) to 13 (black)
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dark reference. Hyperspectral images were then processed to 
extract samples-related pixels for further analyses.

NIRS modeling

To reduce the costs linked to traditional wet chemistry 
analyses, a PCA-selected subset of samples (i.e., that were 
representative of the spectral variability of the complete 
dataset) was sent to Dairy One Forage Laboratory, USA, 
for dry matter, neutral detergent fiber (NDF), and nitrogen 
(N) contents analyses (n = 50). The pls function of the pls R 
library (Liland et al. 2021) was used to adjust partial least-
square regression models (hereinafter referred to as PLSR) 
based on a leave-one-out cross validation approach and 
using the spectral bands as the explanatory variables and 
the laboratory-measured traits as the variables to explain. 
Following the standard procedure of the pls library to avoid 
scale effects, data were mean centered before adjusting the 
models. Estimation performances of PLSR models were 
evaluated using the relative root mean square error ( RMSE ) 
and the coefficient of determination ( R2 ). Developed models 
were eventually used to estimate dry matter, neutral deter-
gent fiber, and nitrogen contents for the complete dataset.

Weather

We obtained daily weather records, including minimum, 
maximum, and mean temperature as well as total precipi-
tation, from the Swedish Meteorological and Hydrological 
Institute (SMHI, www. smhi. se/). Using ArcGIS (version 
10.5), we used the Point Distance tool to determine all 
weather stations within 50 km of each vegetation sampling 
location (site). This represented the shortest radius that 
allowed for all sites to have both temperature and precipita-
tion data for the full study period. On average, there were 
approximately 18 stations within 50 km of each site with a 
mean distance of 32 km. Stations varied in the years they 
were active and the weather metrics recorded.

We followed SMHI’s definition of the start of the grow-
ing season as the first day of the first four consecutive days 
each calendar year that each have a mean daily temperature 
greater than or equal to 5 °C. We did this separately for each 
station that measured temperature and then took the earliest 
growing season start date for all stations within 50 km of a 
site to represent the start of the growing season for that site. 
We calculated all weather variables between that date and 
July 17 each year.

For each weather station, we calculated the total precipi-
tation, mean temperature, and the proportion of days where 
the maximum temperature reached or exceeded 20 °C. We 
then averaged the temperature and precipitation variables 
across all weather stations within the 50 km radius of each 
site.

Moose calf weights

Data collection

We provided weighing scales to and sent data collection 
templates to hunting teams across Västerbotten and Norr-
botten counties and asked them to measure calf slaughter 
weight for moose calves shot from September to Decem-
ber yearly during 1988 to 1997 (supplementary Table 1S). 
For each moose calf shot, teams recorded the date, sex, and 
slaughter weight (kg; as per Langvatn 1977) of each calf, 
as well as the grid cell location on a map to indicate where 
the calf was shot. Slaughter weight represented total body 
mass minus skin, viscera, lower legs, head, and blood (as 
per Langvatn 1977). We then assigned each grid cell a GPS 
point, representing the center point of the cell. Sample size 
per year between 1988 and 1997 ranged from 991 to 1680 
(total n = 12,747 moose) with an overall sex ratio of approxi-
mately 1.07 males per female calf sampled.

For 2017–2020, we used publicly available data on moose 
slaughter weights (identical definition as above) voluntarily 
reported by hunters in the official management database, 
Älgdata (www. algda ta. se). This database is run by the 20 
Swedish County Administrative Boards managing moose. 
We extracted moose calf slaughter weights from Älgdata for 
the period from September 2017 to January 2020. Each year, 
moose calf weights would represent calves shot during the 
hunting season September–January. To obtain spatial data 
with sufficient precision to match vegetation and weather 
data, we used only moose for which GPS coordinates had 
been reported.

Growth slope adjustment

We matched moose calf weights to the vegetation and 
weather characteristics of the nearest vegetation sampling 
site up to a maximum distance of 50 km (matching the radius 
for weather variables). Of 3976 calf weights reported within 
50 km of vegetation plots in 2017–2019, the average dis-
tance from plots was approximately 26.8 km. We used a 
conservative cutoff for realistic calf weights, accounting for 
errors in reporting of weights, by omitting those less than 
10 kg or more than 120 kg. We then adjusted for Septem-
ber growth of moose calves (there was no evidence of gain 
or loss of weight after October 1, see Holmes et al. 2021) 
by adjusting all weights of September-shot calves to Octo-
ber 1 based on county-, year-, and sex-specific regression 
coefficients, as in Holmes et al. (2021). If the number of 
individuals per county, year, and sex grouping was below 
ten individuals, we omitted calves from further analyses to 
avoid biased weight adjustments due to low sample size. We 
then joined moose calf weights to the vegetation and weather 
data, omitting years and sites for which no vegetation was 

http://www.smhi.se/
http://www.algdata.se
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collected. The full dataset included 15,056 calf weights. 
We then calculated the mean calf weights per year and site, 
omitting year x site combinations with less than ten calves 
to reduce the risk of biasing model results due to extremely 
low sample sizes at some sites. This left a total of 236 site 
by year combinations.

Models

We used confirmatory path analysis to explore the relative 
strength of the direct and indirect relationships between 
weather, vegetation quality, and moose calf mass. Path anal-
ysis is a special form of structural equation modeling (SEM) 
which simultaneously calculates several regression models. 
Thereby, variables can act as dependent variables in one part 
of the model and as independent variables in others. This 
allows the calculation of indirect and direct effects between 
variables. Given the data structure, sample size, and distri-
bution of several variables, we chose piecewise SEM, as it 
allows for flexibility in model structure, permitting inclusion 
of hierarchical structure, interactions, random effects, and 
correlation structures (Lefcheck 2016; Shipley 2009).

We used four separate models to address our three main 
research questions. The four models varied across two fac-
tors: species (fireweed vs. birch) and temperature measure-
ment (average temperature vs. proportion of days with a 

maximum temperature ≥ 20 °C). These models allowed us 
to see the effect of the temperature metric used, and the type 
of food plant, on the relationship between weather and calf 
mass.

For each piecewise SEM, we used the function ‘psem’ 
from the R package ‘piecewiseSEM’ (Lefcheck 2016) in 
combination with ‘lme’ from the package ‘nlme’ (Pinheiro 
et al. 2022) to connect three separate linear mixed models 
(LMM). The first two models included total precipitation 
and a temperature measurement as predictors and NDF or N 
for either birch or fireweed as the response variable (Fig. 2, 
LMMs 1 and 2). The third model included total precipita-
tion, temperature, and NDF and N as predictor variables 
and mean moose calf mass as the response (Fig. 2, LMM 
3). All LMMs accounted for spatial and temporal autocor-
relation and differences in unmeasured factors across loca-
tions by including site as a random factor, along with a con-
tinuous AR(1) correlation structure. Given the previously 
recorded inverse pattern of N and NDF over the growing 
season (Shively et al. 2019), we also included a correlative 
relationship between NDF and N.

As we applied SEM in a confirmatory way to test our 
assumed theoretical model, no model modifications were 
carried out. We evaluated the model fit via the strength and 
significance of involved path coefficients and the retained 
 R2 values.

Fig. 2  Conceptual model of 
the three linear mixed models 
(LMM) that make up each of 
the structural equation models. 
Each LMM is encapsulated by a 
different colored box, and uses 
different colored arrows. Arrows 
lead from predictor variables 
to response variables. Random 
factors are shaded. Note that the 
temperature, precipitation, and 
random factors were the same 
for all three LMMs within each 
SEM
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Results

Changes in average summer temperature, 
proportion of days > 20 degrees, and calf mass

Despite some inter-annual variability, we detected no long-
term changes in mean summer temperature ( x = 10.7 °C 
SD = 1.28), proportion of days > 20 °C ( x = 0.2, SD = 0.1), 
and mean calf mass ( x = 70.0 kg, SD = 4.8) across the study 
sites for years included in the study (Fig. 1S).

Direct and indirect relationships between weather, 
vegetation quality, and moose calf mass

PLSR models showed acceptable to good prediction accura-
cies, with R2 of 0.63, 0.69, and 0.88 for dry matter, neutral 
detergent fiber, and nitrogen contents, respectively. In terms 
of RMSE , satisfactory performances were obtained for all 
three variables ( RMSE of 0.37, 2.67, and 0.16%, for DM, 
NDF, and N contents, respectively).

The sample size cutoffs imposed for the model limited 
our analyses to 32 sites (Fig. 1). The direct effects of tem-
perature consistently showed stronger relationships to moose 
calf mass than did the indirect effects (Q1; Figs. 3, 4, sup-
plementary materials Tables S3-S6)). When temperature 
was measured as the proportion of days with a maximum 
temperature of at least 20 °C, this direct relationship had 
a standardized estimate of greater magnitude than when 
temperature was measured as mean daily temperature (Q2). 
Temperature also had a stronger relationship with plant 
chemistry when measured as a proportion of days over 20 °C 
(Q2). However, while this temperature variable had the pre-
dicted negative relationship with N and positive relationship 
with NDF in fireweed (Fig. 3), in birch, both relationships 
were positive (Fig. 4). Precipitation showed a stronger rela-
tionship to plant chemistry for fireweed than for birch (Q3). 
The only indirect path with strong evidence to support it 
was between mean temperature, birch NDF, and calf mass. 
Higher mean growing season temperatures were associated 
with increased NDF, which was associated with lower calf 
mass (Q1; Fig. 4b).

Discussion

Direct vs. indirect effects

The direct effects of temperature consistently showed the 
strongest relationship to moose calf mass in our models 
(Q1; Figs.  3, 4). This suggests a direct impact of cli-
mate change on moose, through metabolic energy costs 

(McCann et al. 2013; Renecker and Hudson 1986, 1990), 
reduced feeding (Youngentob et al. 2021), and/or lost for-
aging opportunities while seeking thermal shelter (Van 
Beest et al. 2012). Adverse effects of high temperatures 
and the resulting heat stress have been reported for a num-
ber of other ruminant species. For example, Pérez-Barbe-
ría et al. (2020) found that heat stress reduced the growth 
rates of red deer (Cervus elaphus) calves and Semenzato 
et al. (2021) reported decreased activity and withdrawal 
into less suitable habitat for Alpine ibex (Capra ibex). 
Negative physiological effects of heat stress such as 
reduced fertility, declines in milk quantity and quality, and 
impairment of embryonic development have been well-
documented in small domestic ruminants such as sheep 
and goats (reviewed in Al-Dawood 2017) but also larger 
ones such as cows (Dahl et al. 2019). Temperature effects 
can also act indirectly. For example, disruptions of feed-
ing on warm days in reindeer (Rangifer tarandus) were 
found to be linked to insect harassment instead of thermal 
stress (Hagemoen and Reimers 2002). Models suggest that 
larger adult female moose are at greater risk of overheat-
ing more quickly than smaller individuals in less favorable 
environmental conditions (Verzuh et al. 2022), indicating 
that the impacts of direct heat stress may be greater for 
larger calves.

The only indirect path with moderate support suggests 
that higher mean temperatures are linked to increased NDF, 
which is, in turn, associated with lower calf mass (Q1; 
Fig. 4a). This supports the idea that with warmer spring/
summers, phenology is advanced (Doi and Katano 2008; 
Douhard et al. 2018; Pettorelli et al. 2005), leading to an 
earlier peak in vegetation quality and also an earlier increase 
in fiber, and lower gain per unit food consumed during late 
spring or early summer (Albon and Langvatn 1992; Heb-
blewhite et al. 2008). However, contrary to predictions, we 
saw no positive impact of vegetation N on moose calf mass.

This could indicate that vegetation quality is not as sin-
gularly important in this environment as has been suggested. 
For example, while Herfindal and colleagues (2006) found 
a large effect of spring/summer forage quality on moose 
mass throughout Norway, they also linked years with earlier 
growing seasons to heavier calves and juveniles. In northern 
Sweden, moose parturition generally occurs prior to vegeta-
tion onset; therefore, energy intake may be limited more by 
the length of the short growing season (forage quantity) in 
this region (Neumann et al. 2020). It is likely that southern 
moose populations, in which parturition occurs after the 
start of the much longer growing season (Neumann et al. 
2020), would show a stronger relationship between forage 
quality (in this case higher nitrogen, lower fiber) and moose 
calf mass. In this case, northern populations may be some-
what buffered against this potential indirect impact of rising 
temperatures. It is noteworthy that northern Sweden has not 
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shown a pattern of declining calf mass over time, unlike 
more southern regions (Holmes et al. 2021).

Alternatively or additionally, herbivores like moose may 
be limited by other nutrients or macromolecules, in addi-
tion to N (Rizzuto et al. 2021). Moose may, therefore, use 
a nutrient balancing strategy, rather than protein maximiza-
tion, as has been seen in winter studies (Felton et al. 2016; 

Felton et al. 2021; Spitzer et al. 2023). This could weaken 
the expected relationship between N concentration and 
moose calf mass.

Furthermore, maternal condition and maternal effects 
play an important role in calf mass (Cheynel et al. 2021). 
Thus, another important factor is that in capital breeders, 
like moose, a large proportion of the protein transferred 

Fig. 3  Results of the SEM comparing the direct relationship 
between weather, including a mean temperature and b proportion of 
days > 20  °C, and moose calf mass to the indirect relationship via 
nitrogen and neutral detergent fiber of fireweed stems, leaves, and 
flowers. Black lines represent positive relationships, red lines repre-

sent negative relationships. Line thickness is proportional to effect 
size. Transparent lines represent relationships with a p value more 
than the 0.05 significance level.  R2

c values represent the variance of 
each dependent variable that is explained by fixed and random factors 
within that LMM
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from mother to calf during pregnancy and lactation likely 
comes from maternal stores, reflecting N in the previous 
late summer or fall vegetation, rather than that of the cur-
rent year (Taillon et al. 2013). This means there could be a 
delayed impact of vegetation quality on calf mass, which we 
did not investigate here. Also, direct thermoregulatory costs 
to mothers could have indirect impacts on calves via milk 

nutrition or production during the lactation period. Sudden 
increases in summer temperature have been associated with 
a temporary drop in milk production in Murrah buffaloes, 
and were attributed to thermal stress (Upadhyay et al. 2007). 
Thus, direct effects of temperature on cows may influence 
calf mass indirectly via short- and long-term effects on 
females.

Fig. 4  Results of the SEM comparing the direct relationship 
between weather, including a mean temperature and b proportion 
of days > 20  °C, and moose calf mass to the indirect relationship 
via nitrogen and neutral detergent fiber of birch leaves. Black lines 
represent positive relationships, red lines represent negative relation-

ships. Line thickness is proportional to effect size. Transparent lines 
represent relationships with a p value more than the 0.05 significance 
level.  R2

c values represent the variance of each dependent variable 
that is explained by fixed and random factors within that LMM
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Population size may also influence calf mass as part of 
density-dependent population regulation, where one expects 
high population density to lead to reduced calf mass and 
vice versa for low population density (Taillon et al. 2012). 
The population density of moose has declined in Sweden 
from the early 1980s to the early 1990s, including in our 
study area, due to increased hunting pressure. The moose 
population in northern Sweden was then maintained at a 
relatively stable density until the new moose management 
was introduced in 2012, but has been reduced by 30% on 
average since then (Widemo et al. 2022; Älgdata, 2023). 
Declining calf mass, as in our study, could be explained by 
an increasing population size whereas we find the opposite 
during our study period. We, therefore, suggest that popula-
tion size did not play a major role in determining changes in 
calf mass in our study.

While we observed relationships between temperature 
and both fiber and nitrogen content of forage, as seen in 
earlier studies (Bø and Hjeljord 1991; Lenart et al. 2002), 
the relationships were inconsistent, and may be linked to 
the number of days where the temperature exceeded 20 °C 
(or a similar threshold) rather than temperature in general. 
Precipitation appeared to play a larger role in fireweed forage 
quality than temperature, supporting findings that low water 
availability leads to lower plant protein content (Deléglise 
et al. 2015; White et al. 2014). While precipitation is pre-
dicted to increase overall in Sweden, this is concentrated in 
winter temporally, and in northern Sweden spatially, with 
southern locations being more likely to suffer dry condi-
tions in summer, though there is variability across models 
(Belyazid and Zanchi 2019; IPCC 2021). This could have 
unpredictable impacts on moose forage in the future.

It is important to note that we only looked at two food 
species. While moose consume birch and fireweed heavily 
in some areas during the summer (Cederlund et al. 1980; 
Sæther et al. 1996), moose diets during the growing sea-
son are diverse and can vary over time (e.g., fireweed con-
sumption spikes in August; Cederlund et al. 1980), across 
habitat types (Spitzer et al. 2020), with availability of dif-
ferent forage species (Wam and Hjeljord 2010), and with 
deer densities (Spitzer et al. 2021). It is, therefore, important 
to determine if other woody browse and herbaceous forage 
species (particularly those that make up a large proportion 
of the moose summer diet) show similar nutritional rela-
tionships with temperature and precipitation as do birch 
and fireweed. A preliminary study comparing changes in 
nutrient content in 12 tree and shrub species over 2 grow-
ing seasons—a heat wave and drought year, and the follow-
ing year showed inconsistent results (Spitzer and Cromsigt 
2021). The predominant trend for deciduous leaves and 
shrubs was a stronger increase in NDF during the drought 
year, though the reverse pattern was seen in deciduous twigs 
(Spitzer and Cromsigt 2021). However, this study did not 

include herbaceous vegetation (Spitzer and Cromsigt 2021). 
If patterns differ across forage species, moose may be able 
to maximize N intake by switching to foods that provide a 
greater concentration of N at any given time. Indeed, moose 
have been shown to balance macronutrient intake in winter 
through food item choice in both captive and wild studies 
(Felton et al. 2016; Felton et al. 2021; Spitzer et al. 2023).

Average vs. extreme temperatures

The direct relationship between temperature and moose calf 
mass appeared to be more strongly linked to time above a 
biologically relevant threshold temperature (days with maxi-
mum temperature ≥ 20 °C; Q2) than to mean temperature. 
This further suggests that metabolic and/or behavioral ther-
moregulation costs are important for moose calves in their 
first summer. As heat extremes are predicted to become 
more frequent and intense over time (IPCC 2021), it may 
become even more important to monitor these thresholds 
when considering moose management in the future. This is 
particularly pertinent in these northern populations given 
the stronger direct relationship between temperature and 
calf mass compared to indirect paths. That said, fixed maxi-
mum temperature thresholds are more likely to be crossed 
in warmer regions, indicating the potential for even greater 
impact in southern Sweden. Temperature also had a stronger 
relationship with plant chemistry when measured as a pro-
portion of days over 20 °C (Q2), though this did not translate 
into stronger indirect impacts on calf mass.

Vegetation type

Precipitation showed a stronger relationship to plant chem-
istry for fireweed than for birch (Q3). This partially supports 
the hypothesis that weather is more relevant for annuals/
forbs. However, our results did not suggest a larger effect 
of temperature on the advance of spring phenology (at least 
with respect to the potential chemical indicators of N and 
NDF) in annuals than perennials, as has been suggested in 
other studies (Stuble et al. 2021). Additionally, fireweed 
quality did not appear to have as strong a relationship to 
calf mass as did birch.

Interactions

While the number of ≥ 20  °C  days had the predicted 
negative relationship with N and positive relationship 
with NDF in fireweed (Fig. 3), in birch, both relation-
ships were positive, and the correlation between N and 
NDF was also unexpectedly positive (Fig. 4). This could 
indicate an unexplored factor in our models, or possi-
bly an interaction between temperature and water avail-
ability, with trees or shrubs able to access deeper water 
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sources compared to herbaceous vegetation when water 
is scarce (e.g., Darrouzet-Nardi et al. 2006; Kulmatiski 
and Beard 2013). It would be important to investigate if 
these patterns hold across annual vs. perennial species 
more broadly.

There is an apparent interaction between temperature 
and precipitation in their relationship to moose calf mass 
in Sweden, with high temperatures associated with lighter 
calves when May/June precipitation is below average, but 
heavier calves with high levels of precipitation (Holmes 
et al. 2021). It is possible that this interaction will play a 
strong role in indirect effects of forage quantity, as plant 
growth and productivity have been shown to increase with 
both warming and heavy precipitation but decrease with 
warming and dry conditions (Hoeppner and Dukes 2012; 
Wu et al. 2011). Long-term monitoring of the impacts 
of temperature and precipitation on forage quantity and 
quality are, thus, recommended, particularly for northern 
regions where quantity may play a larger role in moose 
nutrition (see “Direct vs. indirect effects”, above).

Caveats

An additional potential explanation for the unexpected 
relationships between N and NDF and lack of strong 
indirect pathways found in this study could be linked to 
the way that NIRS-based models were built. There was 
a good to excellent relationship between predicted and 
observed for all three variables (dry matter, NDF, N; Sup-
plementary Figs. 2S and 3S). Ideally, however, this rela-
tionship should be tested on an independent dataset. This 
was not possible in this study due to a limited number of 
samples available for model calibration. Another caveat 
is that we measured variation in food quality for a long 
time period but only at a given time period during the 
middle of summer and not throughout the season. Moose 
calf weights would not be determined by the food quality 
at only that given time but by the quality throughout a 
longer period of spring and/or summer. In our study, we 
are, thus, using the snapshot of the forage quality during 
the middle of summer as a measure for the general trend 
in phenological progression that year (i.e., a low value 
during the middle of summer would indicate a year where 
quality had already started to decline and would unlikely 
increase substantially later on in the summer). We also 
sampled during the middle of summer as an important 
period during calf growth, when the quality and quantity 
of forage will have influenced calf mass indirectly both 
by limiting the cows’ ability to produce milk and through 
effects on forage consumed by calves. Future studies 
should look into the importance of long-term trends in 
within-season variation of food quality.

Conclusion

Environmental change can impact organisms in multiple 
ways, both direct and indirect, and these effects can be diffi-
cult to disentangle. However, by attempting to isolate differ-
ent causal pathways, we can learn which risks are strongest 
or most imminent and can better focus mitigation efforts. In 
this case, while indirect impacts of climate change on for-
age deserve further investigation, it is vital to recognize the 
large direct impacts of temperature on cold-adapted species, 
including moose. Likewise, rather than simply identifying 
broad trends with environmental averages, identifying which 
aspects of environmental change are most tightly linked to 
consequences can improve risk assessment precision, and 
help target ways to interrupt pathways to impact. Here, we 
show that it may be more relevant to monitor the occurrence 
of temperature extremes than mean trends when determining 
the potential impacts of climate change on moose. Finally, it 
is important to consider potential differences in the effects 
of climate on annual vs. perennial food plants, as well as 
the impacts of these plants on the organisms that consume 
them. Diet shifting, nutrient balancing, and other forms of 
behavioral flexibility may yet play a large role in alleviative 
responses to climate change.
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