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Rationale: Analysis of stable isotopes in tissue and excreta may provide information
about animal diets and their nutritional state. As body condition may have a major
influence on reproduction, linking stable isotope values to animal demographic rates
may help unravel the drivers behind animal population dynamics.

Methods: We performed sequential analysis of 62°N values in guard hair from
21 muskoxen (Ovibos moschatus) from Zackenberg in high arctic Greenland. We were
able to reconstruct the dietary history for the population over a 5-year period with
contrasting environmental conditions. We examined the linkage between guard hair
85N values in 12 three-month periods and muskox calf recruitment to detect critical
periods for muskox reproduction. Finally, we conducted similar analyses of the
correlation between environmental conditions (snow depth and air temperature) and
calf recruitment.

Results: 8'°N values exhibited a clear seasonal pattern with high levels in summer
and low levels in winter. However, large inter-annual variation was found in winter
values, suggesting varying levels of catabolism depending on snow conditions. In
particular 8*°N values during January-March were linked to muskox recruitment
rates, with higher values coinciding with lower calf recruitment. 8'°N values were a
better predictor of muskox recruitment rates than environmental conditions.
Conclusions: Although environmental conditions may ultimately determine the
dietary 6°N signal in muskox guard hairs, muskox calf recruitment was more
strongly correlated with 62°N values than ambient snow and temperature. The
period January-March, corresponding to late gestation, appears particularly critical

for muskox reproduction.

1 | INTRODUCTION

information about the nutritional state, and more specifically, the
nitrogen (N) balance of individuals®~¢: dietary proteins are depleted in

The use of stable isotope analysis in animal ecology has long been 15N compared to body proteins, and starving animals therefore show

recognized as a powerful tool to unravel animal diets from various increased nitrogen isotope ratios (6'°N) as body stores are being

tissues or excreta.l™® In addition, stable isotope ratios may provide catabolized.>* Starvation-induced increases in 8'°N values have been
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reported for a variety of taxa, including mammals, birds, fish, and
arthropods.®™** In mammals, sequential stable isotope analysis of
continuously growing hair allows for the creation of dietary
temporal

chronologies over extended

12,15,16

periods with high
resolutions, yielding detailed insights into seasonal and inter-
annual fluctuations in diets and the periods of scarcity that may affect
the fitness of individuals and ultimately the dynamics of populations.
In ungulates, the nutritional state strongly influences individual

17

fitness,”” and larger females generally live longer and have higher

reproductive success.'®72! Ungulate nutritional state is therefore also
tightly linked to vital population demographic rates.?-24

High-latitude ungulates face extreme seasonality in forage
accessibility and quality, with a short snow-free period with plenty of
nutritious forage followed by an extended period of resource
scarcity.?>2% In many northern ungulates the gestation period occurs
over winter, and females must balance maintenance of their own
body condition and reproduction.”?” This is also the case for the
muskox (Ovibos moschatus), the largest herbivore in the Arctic
inhabiting some of the world's most extreme environments, both in
terms of seasonality and with respect to climatic conditions. As in
other ungulates,*® muskox population dynamics is primarily governed
by recruitment.?®?? |t is therefore important to be able to determine
which factors and periods are the most influential for muskox
recruitment rates. In the present study we examine whether
sequential analysis of 6*°N in muskox hair can be used to map the
starvation history and to pinpoint periods of the year that are
particularly critical for successful reproduction. We have previously
reconstructed a dietary chronology for muskoxen in high arctic
Greenland covering approximately 2.5 years using sequential analysis
of stable N isotope ratios in guard hairs.?® Here we extent this
chronology to 5 vyears characterized by highly contrasting
environmental conditions. Specifically, we map the intra- and inter-
annual variation in muskox 8'°N and ask which periods of the year
are most closely linked to muskox calf recruitment rates, and thus

most critical for muskox population dynamics in the region.

2 | EXPERIMENTAL

2.1 | Study area and sample collection

Data for this study were collected at Zackenberg in Northeast
Greenland (74°28'N, 20°34'W). Zackenberg is located in the high
arctic, with a mean annual air temperature of —9°C and average
and with

considerable intra- and inter-annual variability.>* The Zackenberg area

annual precipitation of c. 260 mm, mainly falling as snow,*°

comprises wet, mesic, and dry tundra heaths, grasslands, and fens in
the valley lowland, surrounded by abrasion plateaus and rocky
outcrops at higher altitudes. The growing season typically extends
from early June to early September, but onset may vary by several
weeks from year to year according to the amount of snow
precipitation.3¥%2 The muskox population is monitored within an

approximately 47 km? census area every summer to obtain data on

muskox demographic parameters.?® In particular calf recruitment
varies markedly across years. 2832 Muskoxen stay in the area around
Zackenberg year-round.>*3°

In connection with a long-term GPS collaring project,®®> we
collected guard hair samples from 21 immobilized adult, female
muskoxen (10 and 11 in 2013 and 2015, respectively). Following

Mosbacher et al.,*¢

guard hairs were cut from the rump region at the
base of the skin using an electric hair clipper and placed in individual
ziplock polyethylene bags until further processing in the laboratory
(see below). Capture and handling of muskoxen was approved by the
Government of Greenland (permit numbers G13-029 and G15-019),
and all animals were immobilized with minimal pathophysiological

responses.>®

2.2 | Chemical analyses of hair samples

Guard hairs were processed following Mosbacher et al.'® Briefly,
giviut was removed from the hair samples, then guard hairs were
fixed in agarose gel, cut into 2 mm sections, and were washed in 96%
ethanol. After being air-dried for at least 24 h, hair segments were
then packed individually into tin capsules each holding between 0.3
and 1.0 mg and analyzed using an Isoprime isotope ratio mass
spectrometer (Isoprime Ltd, Cheadle Hulme, Stockport, UK) coupled
to a CN elemental analyzer (Eurovector, Milan, Italy) with continuous
flow. The natural abundance of °N was expressed as 8°N (%o)
= 1000 (Rsampie = Rstandard)/ Rstandard Where R = mass 29/mass 28, and
the standard had previously been calibrated against atmospheric N..
By definition, atmospheric N, 6N is 0%o. Samples were analyzed
with reference gas calibrated against standards from International
Atomic Energy Agency IAEA N1, N2 and US Geological Survey USGS
25, 26, and drift correlated using peach leaves (NIST 1547) from US
National Institute of Standards and Technology (NIST) as an internal
standard.®”

2.3 | Data analysis

All statistical analyses and graphics were conducted in R4.1.2.38
Before statistical analysis we filtered data for large outliers,
potentially caused by contamination or analytical errors during sample
preparation and stable isotope analysis. Of the 2205 segments
analyzed, we omitted 68 presumed erroneous measurements/
contamination (i.e., 3%). Remaining 8%°N data were then standardized
within individuals (mean = 0, standard deviation = 1). Each 2 mm hair
segment corresponds to 9 days,*® and the dietary chronology was
aligned with local time series of air temperature (°C) and snow depth
(m) with known time stamp.3’ Air temperature (°C) and mean snow
depth (m) were recorded hourly from an automatic weather station
located centrally in the Zackenberg valley.*° As the dietary
chronology for muskox individuals covered up to a little more than
2.5 years,'® there was a small temporal overlap between the

chronologies constructed based on the two capturing events.
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We analyzed the correlation between hair §°N signatures in all
hair segments and calf recruitment and environmental conditions (air
temperature and snow depths), using a random intercept linear mixed
effect models with Satterthwaite correction in the “Ime4” package.*°
“Muskox ID” and “Year” were included as random effects, whereas air
temperature and snow depth were fixed effects. As we expected
responses to environmental conditions to be nonlinear, air
temperature and snow depth were included as both linear and
quadratic terms. The most parsimonious model was selected based on
Akaike information criterion (AIC) using the “cAIC4” package.**

To examine the potential link between hair §*°N signatures and
demographic rates, we calculated the mean hair 8N in 3-month
sliding windows across all individuals as a measure of the population-
level 8'°N values and then correlated these with estimates of annual

calf recruitment rates. We also examined whether any carryover effects

Rapid 3of7
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could be detected by examining the correlation between previous

year's hair §1°N signature and present year's calf recruitment rate. Calf

recruitment rates (number of calves per 100 adult females) were

estimated annually in July and August within the approximately 47 km?
census area at Zackenberg as part of the ongoing monitoring there.?®

To evaluate whether environmental conditions were a better

predictor of muskox demographics than hair §1°N, we also correlated

the mean air temperature and snow depths against calf recruitment

for all sliding windows.

3 | RESULTS

The sequential isotopic analysis of muskox guard hair allowed us to

reconstruct the dietary history of muskoxen over a period of 5 years
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FIGURE 1 The monthly standardized
85N values across muskox individuals = @
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with a temporal resolution of approximately 9 days (Figure 1). The
standardized 8'°N mean monthly values varied from —1.00%. to
0.64%o0 and exhibited clear seasonal as well as inter-annual
fluctuations (Figure 1). Overall, the pattern in 6°N values followed
that of the environmental conditions, in particular temperature but
also snow depths. In addition to the random effects, the most
parsimonious model included the linear terms for both air
temperature and snow depth. Therefore, 8'°N values in guard hairs
were positively correlated with both air temperature
(F12127.6 = 76.719, P <0.001) and snow depth (F1 17913 = 6.968,
P <0.008). The monthly fluctuations in the unstandardized &6°N
values are given in Figure S1 (supporting information).

Examining the linkage between the various 3-month sliding
window and muskox demographics revealed that the §'°N values in
December-February and January-March were significantly negatively
correlated with calf recruitment (R2adj_ = 0.70, P = 0.049 and R2adj‘ =
0.83, P = 0.020, respectively; Figure 2). Remaining periods were not
significantly correlated with calf recruitment (Rzadj, <041,P>0.147;
Figure 2). Similarly, we found no indications of a carryover effect as
previous year's 61°N values and present year's calf recruitment rates

were not correlated in any of the time windows (Rzadj, < 0.05,

The correlations between environmental conditions (air
temperature and snow depth) and muskox calf recruitment were not
significant in any of the 3-month periods (Rzadj, < 0.53, P > 0.099 for
air temperature [January-March]; R2adj, < 0.63, P > 0.067 for snow
depth [March-May; Figure S2 ({supporting information}]). It is
noteworthy that snow depth and calf recruitment were negatively
correlated in three time windows, though only marginally significant
so (January-March: P = 0.083, February-April: P = 0.068, March-

May: P = 0.067).

4 | DISCUSSION

Understanding the drivers of animal demographics and population
size is essential in wildlife management and conservation. For
ungulates, including muskoxen, calf recruitment is one of the main
determinants of population dynamics?®#? By constructing a 5-year
dietary chronology for the muskox population at Zackenberg in high
arctic Greenland, we show that the nutritional condition in winter,
and in particular January through March, appears particularly critical

for calf recruitment and thus for the dynamics of the muskox

P > 0.349). population.
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The dietary signal in muskox guard hairs followed the seasonal
changes in environmental conditions, and in particular air temperature
closely. 8*°N values in muskox hair are generally higher in summer
compared to winter,'® reflecting the intake of *°N-rich nutritious
graminoid forage in summer season and*°N-depleted low-quality
forage in the snow-covered period.2>*® However, as snow depths
increase, so do the 8'°N values in guard hairs. This suggests that with
increasing snow, muskoxen to a greater extent must rely on
catabolism of body stores.>*'¢ Muskoxen are well adapted to such
seasonal variability in access to forage and build up large body stores
during summer and autumn for somatic maintenance and
reproduction.’®?’ However, winter severity (here in terms of snow
depths) differs between years, and so does access to forage in winter
and the concomitant degree to which muskoxen draw upon stored
resources. Muskoxen usually give birth from late March to mid-

4445 which also seems to be the case at Zackenberg.*® The

May
strong correlation between 8'°N values in January-March and calf
recruitment within the same year therefore suggests two things:
(a) that the period prior to birth (late gestation) is the most critical
period for muskox reproduction and (b) that starvation and
concomitant catabolism of stored resources in late gestation results in
lower recruitment of calves the following summer. We acknowledge
that we only have a limited number of years in our study and that our
measure of calf recruitment constitutes the end point of a series of
demographic steps from conception to calf weaning. Nonetheless,
previous research lends support to our findings: at Zackenberg most
adult muskoxen appear to be in good conditions at the time of the rut
and become pregnant irrespective of the environmental conditions.?’
However, as winter severity increases, and with that the likelihood of
starvation, the rate of fetal resorption and/or abortion goes up.?’
Moreover, in the cases where females do give birth, poor maternal
condition may also result in lower calf survival as lactation is
energetically very costly.*” That maternal condition over winter
appears to drive calf recruitment has also been observed in both other

muskox populations*® and reindeer (Rangifer tarandus) populations.*®

FIGURE 3 Conceptual overview of the
impacts of winter snow conditions on muskox
catabolism of reserves, calf recruitment, and guard
hair 8*°N values. Full lines indicate causal
relationships, whereas the dotted line indicates

Catabolism
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Specifically for muskoxen, the late gestation period seems to be key
for successful reproduction.®® As many other ungulates,?”!
muskoxen thus appear to be maximizing survival and future
reproduction rather than current reproduction. Non-pregnant females
may reduce metabolic costs in winter further by lowering their body
temperatures,*® thereby saving substantial amounts of stored
resources.>? This not only increases their chances of survival, but it
also makes them energetically better prepared for the next breeding
season.*® However, we did not detect any signals of carryover effects
in our analyses.

We have previously documented the linkage between muskox
calf recruitment and snow conditions,?® and in the present study we
also found marginally significant relationships between snow depth
and muskox calf recruitment. However, the signal obtained from the
analyses of hair appeared to be a better predictor of calf recruitment
than environmental conditions, as we recently also showed for
mineral levels in muskox giviut.>®> The muskox population at

d.>* Differences in

Zackenberg roams within the same area year-roun
access to forage induced by the amount of snow, rather than changes
in movement patterns per se, are therefore most likely causing the
inter-annual variations in 8N values in muskox hair. Therefore,
although environmental conditions are the ultimate cause of the
varying 8*°N values observed in muskox guard hairs, the §°N values
measured directly in hair with high time resolution seem to reflect the

energetic condition of the animals better.

5 | CONCLUSIONS

Using sequential stable isotope analysis of muskox guard hair, we
reconstructed the dietary history of the muskox population at
Zackenberg in high arctic Greenland and have shown that starvation
periods have negative consequences for muskox calf recruitment. In

snow-rich years, starvation and concomitant catabolism of reserves

seem to prevail (Figure 3), and late gestation emerged as particularly

Calf
recruitment

Catabolism

Guard hair

non-causal association. “+” indicates “increasing,”
whereas “-“indicates “decreasing”

5N
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critical for successful reproduction in muskoxen. Climate has shaped
muskox population dynamics and distribution for millennia,>* and
muskoxen are well adapted to life under arctic conditions. However,

the projected increases in arctic precipitation®® may severely

challenge muskox reproduction®® and ultimately population viability.

ACKNOWLEDGMENTS

The authors thank Greenland Ecosystem Monitoring Programme for
access to ecosystem data, and Aarhus University for providing access
to and logistics at Zackenberg. The authors are indebted to the
Carlsberg Foundation (CF17-0097), Brdr. Hartmann Foundation
(A32156), 15. Juni Fonden, the Danish National Research Foundation
for supporting CENPERM (DNRF 100), and the Danish Environmental
Protection Agency for their financial support. Without their help, this
project would not have been carried through. Finally, special thanks to
Rune B. Mosbacher for the idea about how to fasten guard hair in gel

to allow for the sequential cutting.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Niels Martin Schmidt " https://orcid.org/0000-0002-4166-6218

REFERENCES

1. Ben-David M, Flaherty EA. Stable isotopes in mammalian research: A
beginner's guide. J Mammal. 2012;93(2):312-328. doi:10.1644/11-
MAMM-S-166.1

2. West JB, Bowen GJ, Cerling TE, Ehleringer JR. Stable isotopes as one
of nature's ecological recorders. Trends Ecol Evol. 2006;21(7):408-
414. doi:10.1016/j.tree.2006.04.002

3. Gannes LZ, O'Brien DM, Del Rio CM. Stable isotopes in animal
ecology: Assumptions, caveats, and a call for more laboratory
experiments. Ecology. 1997;78(4):1271-1276. doi:10.1890/0012-
9658(1997)078[1271:siiaea]2.0.co;2

4. Gustine DD, Barboza PS, Adams LG, Farnell RG, Parker KL. An
isotopic approach to measuring nitrogen balance in caribou. J Wildl
Manag. 2011;75(1):178-188. doi:10.1002/jwmg.11

5. Gustine DD, Barboza PS, Lawler JP, et al. Diversity of nitrogen
isotopes and protein status in caribou: Implications for monitoring
northern ungulates. J Mammal. 2012;93(3):778-790. doi:10.1644/11-
MAMM-A-164.1

6. Gustine DD, Barboza PS, Lawler JP. Dynamics of body protein and
the implications for reproduction in captive muskoxen (Ovibos
moschatus) during winter. Physiol Biochem Zool. 2010;83(4):687-697.
doi:10.1086/652729

7. Gustine DD, Barboza PS, Adams LG, Wolf NB. Environmental and
physiological influences to isotopic ratios of N and protein status in a
montane ungulate in winter. PLoS ONE. 2014;9(8):e103471. doi:10.
1371/journal.pone.0103471

8. Mekota AM, Grupe G, Ufer S, Cuntz U. Serial analysis of stable
nitrogen and carbon isotopes in hair: Monitoring starvation and
recovery phases of patients suffering from anorexia nervosa. Rapid
Commun Mass Spectrom. 2006;20(10):1604-1610. doi:10.1002/rcm.
2477

9. Mekota AM, Grupe G, Ufer S, Cuntz U. ldentifying starvation
episodes using stable isotopes in hair. Dent Rec. 2009;19(6):431-440.
doi:10.1007/500194-009-0630-3

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

Oelbermann K, Scheu S. Stable isotope enrichment (6%°N and 6*3C) in
a generalist predator (Pardosa lugubris, Araneae: Lycosidae): Effects
of prey quality. Oecologia. 2002;130(3):337-344. doi:10.1007/
s004420100813

. Gaye-Siessegger J, Focken U, Abel H, Becker K. Individual protein

balance strongly influences §°N and &3C values in Nile tilapia,
Oreochromis niloticus. Naturwissenschaften. 2004;91(2):90-93. doi:10.
1007/s00114-003-0496-2

Rysava K, McGill RAR, Matthiopoulos J, Hopcraft JGC. Re-
constructing nutritional history of Serengeti wildebeest from stable
isotopes in tail hair: Seasonal starvation patterns in an obligate grazer.
Rapid Commun Mass Spectrom. 2016;30(13):1461-1468. doi:10.1002/
rcm.7572

Cherel Y, Hobson KA, Bailleul F, Groscolas R. Nutrition, physiology,
and stable isotopes: New information from fasting and molting
penguins. Ecology. 2005;86(11):2881-2888. doi:10.1890/05-0562
Hobson KA, Alisauskas RT, Clark RG. Stable-nitrogen isotope
enrichment in avian tissues due to fasting and nutritional stress:
Implications for isotopic analyses of diet. Condor. 1993;95(2):388-
394. doi:10.2307/1369361

Wittemyer G, Cerling TE, Douglas-Hamilton [I. Establishing
chronologies from isotopic profiles in serially collected animal tissues:
An example using tail hairs from African elephants. Chem Geol. 2009;
267(1):3-11. doi:10.1016/j.chemgeo.2008.08.010

Mosbacher JB, Michelsen A, Stelvig M, Hendrichsen DK,
Schmidt NM. Show me your rump hair and | will tell you what you ate
- the dietary history of muskoxen (Ovibos moschatus) revealed by
sequential stable isotope analysis of guard hairs. PLoS ONE. 2016;
11(4):e0152874. doi:10.1371/journal.pone.0152874

Parker KL, Barboza PS, Gillingham MP. Nutrition integrates
environmental responses of ungulates. Funct Ecol. 2009;23(1):57-69.
doi:10.1111/j.1365-2435.2008.01528.x

Gaillard JM, Festa-Bianchet M, Yoccoz NG, Loison A, Toigo C.
Temporal variation in fitness components and population dynamics of
large herbivores. Annu Rev Ecol Syst. 2000;31(1):367-393. doi:10.
1146/annurev.ecolsys.31.1.367

Adamczewski JZ, Fargey PJ, Laarveld B, Gunn A, Flood PF. The
influence of fatness on the likelihood of early-winter pregnancy in
muskoxen (Ovibos moschatus). Theriogenology. 1998;50(4):605-614.
doi:10.1016/50093-691X(98)00165-4

Adamczewski JZ, Flood PF, Gunn A. Seasonal patterns in body
composition and reproduction of female muskoxen (Ovibos
moschatus). J Zool. 1997;241(2):245-269. doi:10.1111/j.1469-7998.
1997.tb01956.x

Coté SD, Festa-Bianchet M. Reproductive success in female
mountain goats: The influence of age and social rank. Anim Behav.
2001;62(1):173-181. doi:10.1006/anbe.2001.1719

Tollefson TN, Shipley LA, Myers WL, Keisler DH, Dasgupta N.
Influence of summer and autumn nutrition on body condition and
reproduction in lactating mule deer. J Wildl Manag. 2010;74(5):974-
986. doi:10.2193/2008-529

FlajSman K, Borowik T, Pokorny B, Jedrzejewska B. Effects of
population density and female body mass on litter size in European
roe deer at a continental scale. Mammal Res. 2018;63(1):91-98. doi:
10.1007/s13364-017-0348-7

Keech MA, Bowyer RT, Hoef JMV, Boertje RD, Dale BW,
Stephenson TR. Life-history consequences of maternal condition in
Alaskan moose. J Wildl Manag. 2000;64(2):450. doi:10.2307/
3803243

Schmidt NM, Mosbacher JB, Vesterinen EJ, Roslin T, Michelsen A.
Limited dietary overlap amongst resident Arctic herbivores in winter:
Complementary insights from complementary methods. Oecologia.
2018;187(3):689-699. doi:10.1007/s00442-018-4147-x

Mosbacher JB, Kristensen DK, Michelsen A, Stelvig M, Schmidt NM.
Quantifying muskox plant biomass removal and spatial relocation of


https://orcid.org/0000-0002-4166-6218
https://orcid.org/0000-0002-4166-6218
info:doi/10.1644/11-MAMM-S-166.1
info:doi/10.1644/11-MAMM-S-166.1
info:doi/10.1016/j.tree.2006.04.002
info:doi/10.1890/0012-9658(1997)078[1271:siiaea]2.0.co;2
info:doi/10.1890/0012-9658(1997)078[1271:siiaea]2.0.co;2
info:doi/10.1002/jwmg.11
info:doi/10.1644/11-MAMM-A-164.1
info:doi/10.1644/11-MAMM-A-164.1
info:doi/10.1086/652729
info:doi/10.1371/journal.pone.0103471
info:doi/10.1371/journal.pone.0103471
info:doi/10.1002/rcm.2477
info:doi/10.1002/rcm.2477
info:doi/10.1007/s00194-009-0630-3
info:doi/10.1007/s004420100813
info:doi/10.1007/s004420100813
info:doi/10.1007/s00114-003-0496-2
info:doi/10.1007/s00114-003-0496-2
info:doi/10.1002/rcm.7572
info:doi/10.1002/rcm.7572
info:doi/10.1890/05-0562
info:doi/10.2307/1369361
info:doi/10.1016/j.chemgeo.2008.08.010
info:doi/10.1371/journal.pone.0152874
info:doi/10.1111/j.1365-2435.2008.01528.x
info:doi/10.1146/annurev.ecolsys.31.1.367
info:doi/10.1146/annurev.ecolsys.31.1.367
info:doi/10.1016/S0093-691X(98)00165-4
info:doi/10.1111/j.1469-7998.1997.tb01956.x
info:doi/10.1111/j.1469-7998.1997.tb01956.x
info:doi/10.1006/anbe.2001.1719
info:doi/10.2193/2008-529
info:doi/10.1007/s13364-017-0348-7
info:doi/10.2307/3803243
info:doi/10.2307/3803243
info:doi/10.1007/s00442-018-4147-x

SCHMIDT ET AL

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

nitrogen in a high Arctic tundra ecosystem. Arct Antarct Alp Res.
2016;48(2):229-240. doi:10.1657/AAAR0015-034

Therrien J-F, Coté SD, Festa-Bianchet M, Ouellet J-P. Conservative
maternal care in an iteroparous mammal: A resource allocation
experiment. Behav Ecol Sociobiol. 2007;62(2):193-199. doi:10.1007/
s00265-007-0453-8

Schmidt NM, Pedersen SH, Mosbacher JB, Hansen LH. Long-term
patterns of muskox (Ovibos moschatus) demographics in high arctic
Greenland. Polar Biol. 2015;38(10):1667-1675. doi:10.1007/s00300-
015-1733-9

Desforges JP, Marques GM, Beumer LT, et al. Environment and
physiology shape Arctic ungulate population dynamics. Glob Chang
Biol. 2021;27(9):1755-1771. doi:10.1111/gch.15484

Hansen BU, Sigsgaard C, Rasmussen L, et al. Present-day climate at
Zackenberg. Adv Ecol Res. 2008;40:111-149. doi:10.1016/S0065-
2504(07)00006-2

Pedersen SH, Tamstorf MP, Abermann J, et al. Spatiotemporal
characteristics of seasonal snow cover in Northeast Greenland from
in situ observations. Arct Antarct Alp Res. 2016;48(4):653-671. doi:10.
1657/AAAR0016-028

Kankaanpaa T, Skov K, Abrego N, Lund M, Schmidt NM, Roslin T.
Spatiotemporal snowmelt patterns within a high Arctic landscape,
with implications for flora and fauna. Arct Antarct Alp Res. 2018;50(1):
e1415624. doi:10.1080/15230430.2017.1415624

Schmidt NM, Reneerkens J, Christensen JH, Olesen M, Roslin T. An
ecosystem-wide reproductive failure with more snow in the Arctic.
PLoS Biol. 2019;17(10):e3000392. doi:10.1371/journal.pbio.3000392
Beumer LT, van Beest FM, Stelvig M, Schmidt NM. Spatiotemporal
dynamics in habitat suitability of a large Arctic herbivore:
Environmental heterogeneity is key to sedentary lifestyle. Global Ecol
Conserv. 2019;18:e00647. doi:10.1016/j.gecco.2019.e00647
Schmidt NM, van Beest FM, Mosbacher JB, Stelvig M, Hansen LH,
Grgndahl C. Ungulate movement in an extreme seasonal
environment: Year-round movement patterns of high-arctic
muskoxen. Wildl Biol. 2016;22(6):253-267. doi:10.2981/wlb.00219
Grgndahl C, Andersen-Ranberg EU, Mosbacher JB, Stelvig M,
Hansen LH, Schmidt NM. Immobilizing muskox (Ovibos moschatus)
under high Arctic conditions. J Zoo Wildl Med. 2018;49(4):856-862.
doi:10.1638/2016-0290.1

Mosbacher JB, Schmidt NM, Michelsen A. Impacts of eriophyoid gall
mites on Arctic willow in a rapidly changing Arctic. Polar Biol. 2013;
36(12):1735-1748. doi:10.1007/s00300-013-1393-6

R Core Team. R: A language and environment for statistical
computing. 2021; https://www.R-project.org/

Burnik Sturm M, Pukazhenthi B, Reed D, et al. A protocol to correct
for intra- and interspecific variation in tail hair growth to align isotope
signatures of segmentally cut tail hair to a common time line. Rapid
Commun Mass Spectrom. 2015;29(11):1047-1054. doi:10.1002/rcm.
7196

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects
models using Ime4. J Stat Softw. 2015;67(1):1-48. doi:10.18637/jss.
v067.i01

Safken B, Riigamer D, Kneib T, Greven S. Conditional model selection
in mixed-effects models with cAlC4. J Stat Softw. 2021;99(8):1-30.
doi:10.18637/jss.v099.i108

Gaillard J-M, Festa-Bianchet M, Yoccoz NG. Population dynamics of
large herbivores: Variable recruitment with constant adult survival.
Trends Ecol Evol. 1998;13(2):58-63. doi:10.1016/50169-5347(97)
01237-8

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Eapid % Wl LEY 7of 7

L4 Mass Spectrometry

Kristensen DK, Kristensen E, Forchhammer MC, Michelsen A,
Schmidt NM. Arctic herbivore diet can be inferred from stable carbon
and nitrogen isotopes in C-3 plants, faeces and wool. Can J Zool.
2011;89(10):892-899. doi:10.1139/211-073

Thing H, Klein DR, Jingfors K, Holt S. Ecology of muskoxen in
Jameson land, Northeast Greenland. Ecography. 1987;10(2):95-103.
doi:10.1111/j.1600-0587.1987.tb00744.x

Latour PB. Observations on demography, reproduction, and
morphology of muskoxen (Ovibos moschatus) on Banks Island,
Northwest Territories. Can J Zool. 1987;65(2):265-269. doi:10.1139/
z87-041

Schmidt NM, Grgndahl C, Evans AL, et al. On the interplay between
hypometabolism and reproduction in a high arctic ungulate. Sci Rep.
2020;10(1):1514. doi:10.1038/s41598-020-58298-8

Desforges J-P, Marques GM, Beumer LT, et al. Quantification of the
full lifecycle bioenergetics of a large mammal in the high Arctic. Ecol
Model. 2019;401:27-39. doi:10.1016/j.ecolmodel.2019.03.013
Barboza PS, Reynolds PE. Monitoring nutrition of a large grazer:
Muskoxen on the Arctic refuge. Int Congr Ser. 2004;1275:327-333.
doi:10.1016/j.ics.2004.09.040

Albon SD, Irvine RJ, Halvorsen O, et al. Contrasting effects of
summer and winter warming on body mass explain population
dynamics in a food-limited Arctic herbivore. Glob Chang Biol. 2017;
23(4):1374-1389. doi:10.1111/gcb.13435

Rombach EP, Barboza PS, Blake JE. Utilization of copper during
lactation and neonatal development in muskoxen. Can J Zool. 2002;
80(8):1460-1469. doi:10.1139/Z202-139

Festa-Bianchet M, Jorgenson JT. Selfish mothers: Reproductive
expenditure and resource availability in bighorn ewes. Behav Ecol.
1998;9(2):144-150. doi:10.1093/beheco/9.2.144

Desforges J-P, van Beest FM, Marques GM, et al. Quantifying
energetic and fitness consequences of seasonal heterothermy in an
Arctic ungulate. Ecol Evol. 2020;11(1):338-351. doi:10.1002/ece3.
7049

Mosbacher JB, Desforges J-P, Michelsen A, et al. Hair mineral levels
as indicator of wildlife demographics? - a pilot study of muskoxen.
Polar Res. 2022;41:8543. doi:10.33265/polar.v41.8543

Canteri E, Brown SC, Schmidt NM, Heller R, Nogues-Bravo D,
Fordham DA. Spatiotemporal influences of climate and humans on
muskox range dynamics over multiple millennia. Glob Chang Biol.
2022;28(22):6602-6617. doi:10.1111/gcb.16375

Bintanja R. The impact of Arctic warming on increased rainfall. Sci
Rep. 2018;8(1):16001. doi:10.1038/s41598-018-34450-3

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Schmidt NM, Michelsen A,

Hansen LH, et al. Sequential analysis of 61°N in guard hair
suggests late gestation is the most critical period for muskox
calf recruitment. Rapid Commun Mass Spectrom. 2023;37(6):
€9470. doi:10.1002/rcm.9470


info:doi/10.1657/AAAR0015-034
info:doi/10.1007/s00265-007-0453-8
info:doi/10.1007/s00265-007-0453-8
info:doi/10.1007/s00300-015-1733-9
info:doi/10.1007/s00300-015-1733-9
info:doi/10.1111/gcb.15484
info:doi/10.1016/S0065-2504(07)00006-2
info:doi/10.1016/S0065-2504(07)00006-2
info:doi/10.1657/AAAR0016-028
info:doi/10.1657/AAAR0016-028
info:doi/10.1080/15230430.2017.1415624
info:doi/10.1371/journal.pbio.3000392
info:doi/10.1016/j.gecco.2019.e00647
info:doi/10.2981/wlb.00219
info:doi/10.1638/2016-0290.1
info:doi/10.1007/s00300-013-1393-6
https://www.R-project.org/
info:doi/10.1002/rcm.7196
info:doi/10.1002/rcm.7196
info:doi/10.18637/jss.v067.i01
info:doi/10.18637/jss.v067.i01
info:doi/10.18637/jss.v099.i08
info:doi/10.1016/S0169-5347(97)01237-8
info:doi/10.1016/S0169-5347(97)01237-8
info:doi/10.1139/Z11-073
info:doi/10.1111/j.1600-0587.1987.tb00744.x
info:doi/10.1139/z87-041
info:doi/10.1139/z87-041
info:doi/10.1038/s41598-020-58298-8
info:doi/10.1016/j.ecolmodel.2019.03.013
info:doi/10.1016/j.ics.2004.09.040
info:doi/10.1111/gcb.13435
info:doi/10.1139/Z02-139
info:doi/10.1093/beheco/9.2.144
info:doi/10.1002/ece3.7049
info:doi/10.1002/ece3.7049
info:doi/10.33265/polar.v41.8543
info:doi/10.1111/gcb.16375
info:doi/10.1038/s41598-018-34450-3
info:doi/10.1002/rcm.9470

	Sequential analysis of δ15N in guard hair suggests late gestation is the most critical period for muskox calf recruitment
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Study area and sample collection
	2.2  Chemical analyses of hair samples
	2.3  Data analysis

	3  RESULTS
	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


