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Abstract

The tight linkage between mineral status and health and demographics in animals is well documented. Mineral deficiencies have been coupled to population declines in wildlife. Current practices typically rely on liver, kidney and/or serum samples to assess mineral levels. Such destructive sampling strategies are, however, not feasible for remote or endangered populations. Hair may constitute an alternative tissue, sampled through non-invasive means, to investigate mineral levels in wildlife. In the pilot study presented here, we examine whether mineral levels in hair samples from a well-studied muskox (Ovibos moschatus) population in High-Arctic Greenland are associated with a vital rate and may, therefore, serve as indicators of wildlife population demographics. We show that inter-annual variations in levels of three minerals—copper, selenium and molybdenum—are associated with fluctuations in annual calf recruitment, with poor recruitment in years of low mineral levels in hair. Local environmental conditions also varied with calf recruitment but appeared to be less robust predictors of calf recruitment than hair mineral levels. Our results suggest that hair mineral levels may serve as an indicator of vital demographic rates and, ultimately, of wildlife population trends.
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Introduction

Knowledge of abundances and population trends is at the core of animal conservation and management. In remote locations or among small or endangered populations, however, monitoring may be challenging. Various (bio)indicators offer practical alternatives, and indicators of animal health status are of particular interest as these may be closely linked to population demographics (Gaillard et al. 2000). In animals, levels of specific minerals are linked to health, survival and reproduction (Kincaid 2000; Underwood 2012), and mineral deficiencies have been associated with population declines (O’Hara et al. 2001; Flueck et al. 2012). Understanding how animal mineral levels and demographics are interlinked is, therefore, crucial for informing wildlife conservation and management strategies. Current management practices typically rely on assessing mineral levels in liver or serum samples (Kincaid 2000), which requires destructive sampling approaches or relies on hunted animals or found carcasses, all of which may be impractical for remote, endangered or declining populations. As a new approach to evaluate mineral status in wildlife, hair sampling and analysis represent a potential viable alternative that is increasingly being used in wildlife populations to assess element levels (e.g., O’Hara et al. 2001; Cygan-Szczegielniak et al. 2018). We, therefore, initiated a pilot study to examine whether mineral levels in hair can be used as an indicator of animal demographics.

Specifically, we investigated whether hair mineral levels are a better indicator of animal demographics than environmental conditions. We targeted a well-studied population of muskox (Ovibos moschatus) in north-east Greenland, from which we obtained hair samples collected over a 13-year period along with local data on calf recruitment (Schmidt et al. 2015) and environmental conditions. The muskox population has shown no clinical signs of mineral deficiency yet has experienced high inter-annual variability in calf recruitment (Supplementary Table S1), which, at least partly, has been attributed to winter conditions (Schmidt et al. 2015). Muskox wool grows from spring through summer and is shed in synchronized spring moults (Flood et al. 1989), making muskox wool a perfect candidate for the noninvasive examination of inter-annual fluctuations mineral levels in animals.

Materials and methods

We collected a total of 101 muskox wool samples from muskoxen from across 13 years over the period 2000–2017 (Supplementary Material) at Zackenberg in north-east Greenland (74°28’N, 20°34’W). The population is one of few well-studied muskox populations in the High Arctic, and, in the almost complete absence of predation, population dynamics is governed primarily by calf recruitment (Schmidt et al. 2015). Shed wool was collected opportunistically from individual clumps separated by a minimum 250 m (often many kilometres), and we assume they derived from different animals. We collected only freshly shed wool (based on consistency and colour) during the summer season (June–August) each year. Prior to chemical analysis, we removed guard hairs and vegetation and washed the wool twice in 96% ethanol and ultrapure water to remove external contamination. Wool samples were then oven-dried (50°C) for a minimum of 24 hr, acid digested and analysed using high-resolution inductively coupled plasma mass spectrometry. A full description of the procedures is given in the Supplementary Material.

To examine whether inter-annual variation in animal hair mineral levels could be linked to calf recruitment, we first split the muskox demography time series from Zackenberg (updated from Schmidt et al. [2015]) into high and low calf recruitment years (Supplementary Table S1). Calf recruitment rates, which are the number of calves per 100 adult females, expressed as a percent, which are above (below) 40% indicate increasing (declining) population size (Reynolds 1998; Schmidt et al. 2015). As wool samples originated from individuals of unknown sex and age, we averaged the mineral content across wool samples from a given year to arrive at an average estimate of the annual mineral level for the population. We focused on 10 essential minerals (Supplementary Table S1) that are known to affect ungulate physiology (Kincaid 2000).

We used a combination of univariate and multivariate approaches to examine whether variation in mineral levels could be linked to muskox recruitment. Because of the potential interaction between minerals (Underwood 2012), we first used PCA to test whether levels of the 10 minerals examined here could be used to separate calf recruitment years. We then used SIMPER analysis with the simper function with 99 permutations (vegan package; Oksanen et al. 2016) to determine the minerals contributing the most to the dissimilarity between the two recruitment groups. Dissimilarity analyses are commonly used in feeding ecology studies of wildlife to investigate differences between a priori selected groups of individuals (e.g., Oxtoby et al. 2017; Choy et al. 2020). To further improve our understanding of the importance of the various minerals, we then re-ran the PCA using only minerals that differed between recruitment groups (p < 0.10 because of the small sample size) to see if a reduced data set could differentiate recruitment groups (vegan package; Oksanen et al. 2016). Finally, to estimate thresholds in minerals levels of importance for muskox recruitment, we first used t-tests to compare the mineral levels between the two recruitment groups. For a more precise estimate of thresholds, we used linear regression to determine the mineral levels associated with a calf recruitment rate of 40% (see above). The number of wool samples in each year was included as a weighing factor, and we used robust variance estimation to relax assumptions of normal distribution.

As calf recruitment also may be linked directly to environmental conditions (Schmidt et al. 2015), we examined whether inter-annual variation in calf recruitment was associated with variations in local conditions related to snow conditions and forage availability (parameters given in the Supplementary Material), using the same approach as for the analyses of mineral levels described above.

Finally, we examined the correlation between the most influential minerals and environmental parameters.

All statistical analyses were conducted using the R software package, version 4.1.1 (R Core Team 2021).

Results and discussion

Muskox calf recruitment rates varied markedly from year to year, with approximately half the years in the study period classified as low calf recruitment years and half as high calf recruitment years (Supplementary Table S1). The PCA including all minerals was unable to separate high and low recruitment years (Fig. 1a), while the PCA including only the most influential minerals (Se, Mo and Cu; Supplementary Table S2) resulted in a clear separation between the two recruitment groups (Fig. 1b). Interestingly, Se and Mo alone were not able to fully separate the two recruitment groups in the PCA, and only by including Cu did the two groups completely separate. The PCA including all environmental parameters also failed to separate high and low calf recruitment years (Fig. 1c), as did the PCA with only the most influential environmental parameters, i.e., the onset of the snow season, the duration of the snow-free season and mean summer NDVI (Fig. 1d).

Fig. 1PCA of the scaled annual mean levels of (a) all minerals, (b) only the most influential minerals, and the scaled local environmental conditions of (c) all environmental parameters and (d) only the most influential environmental parameters. See the Supplementary Material for further details. Numbers in PCA plots are the annual calf recruitment rates, with high calf recruitment years (>40%) shown in red and low calf recruitment years (<40%) in blue (Supplementary Table S1). Ellipses are the 95% probability ellipses.
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Muskoxen at Zackenberg is not migratory and stays within the same area year-round (Beumer et al. 2019). It is, therefore, most likely inter-annual differences in access to forage and not differences in space use, which is the ultimate cause of the inter-annual variations in hair mineral levels. This was supported by the significant differences in environmental conditions between the two calf recruitment groups (Supplementary Table S2), but more importantly, our data suggested a positive association between hair Cu levels and the duration of the snow-free season (Supplementary Table S3). Nonetheless, compared to the environmental parameters, hair mineral levels appeared to be better predictors of demography than the environmental parameters examined here (Fig. 1), likely because of the integrative nature of hair: minerals are incorporated into hair during growth and remain metabolically inactive and chemically stable (Katz & Chatt 1994), thereby representing the conditions over the course of the entire period of growth. This is likely also why hair mineral levels are not always matched by levels in the liver, kidney or blood (Roug et al. 2015).

High calf recruitment years were associated with generally high levels of Se, Cu and Mo, and vice versa (Fig. 1b, Supplementary Tables S1, S2). Especially, Cu and Se are known to critically influence ungulate health and population dynamics (Kincaid 2000; Flueck et al. 2012). In muskoxen, Cu is particularly important for calf viability (Rombach et al. 2002b), and considerable amounts of Cu are transferred from the cow to the calf in the last trimester (Rombach et al. 2002a). Also, low calf recruitment has also been associated with low serum Cu in wild muskoxen (Barboza & Reynolds 2004). In our study, the inclusion of Cu was necessary for the complete separation between the two recruitment groups in the PCA. Hence, while animals may be influenced by single minerals, interactions between several minerals in imbalance may be important (Underwood 2012). At Zackenberg, Cu levels were high in 2010, but calf recruitment was low, likely because Se and Mo levels were low (Fig. 1b, Supplementary Table S1). Furthermore, years with very poor calf recruitment (less than 10%) were only observed when the levels of all three minerals were low, whereas poor and intermediate calf recruitment (10–40%) years were characterized by low levels of only two of these three minerals (Supplementary Table S1), indicating important interplay between individual minerals. Mineral levels in serum and liver of muskox are comparable to those of other ungulates (Blakley et al. 2000), but no prior information on hair mineral levels in muskoxen is available. Hence, we relied on other ungulate species for comparisons. The t-tests comparing mineral levels between recruitment groups yielded indications of thresholds for the same three minerals most influential in the SIMPER analysis (Supplementary Table S1). The linear regressions between muskox calf recruitment and the levels of Se, Mo and Cu were all significantly positive (Fig. 2), and we used these relationships to arrive at a more precise estimation of the thresholds in hair mineral levels associated with 40% calf recruitment: 5.30 μg g-1 for Cu (95% CI: 4.62–5.99), 0.34 μg g-1 for Se (95% CI: 0.28–0.41) and 0.07 μg g-1 for Mo (95% CI: 0.05–0.08). Similar thresholds in Cu and Se have been associated with detrimental effects on calf recruitment and survival in moose (Alces alces; O’Hara et al. 2001).

Fig. 2Linear relationships between muskox recruitment rates and hair levels of the three most influential minerals (see text for further details). Shaded areas are the standard errors based on robust variance estimation.
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The results of this pilot study suggest that the integrative nature of hair element levels can reveal inter-annual fluctuations in relative mineral levels, which, in turn, are associated with fluctuations in a vital demographic rate. Yet, we do not know the exact mechanism by which minerals levels may impact the various states of reproduction and calf survival in the Zackenberg muskox population. Still, the association between calf recruitment and mineral levels reported here point to the potential applicability of hair mineral levels as a practical bioindicator, obtained through non-invasive means, of wildlife demographics. Hair shows similar properties across mammal species, and our method may, therefore, be widely applicable in wildlife management and conservation. We do, however, also acknowledge that samples sizes in our study were limited, and the use of hair as a bioindicator for population demographics needs further examination, with respect to how minerals levels in various tissues are controlled, how mineral thresholds differ between species and how environmental conditions modulate the availability of plant minerals to herbivores.
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