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Polar bears rely upon sea ice to hunt, travel, and reproduce. Declining sea ice extent and duration has led polar bears to be designated as “threatened” (ESA). Population monitoring is vital to polar bear conservation; but recently, poor sea ice has made traditional aircraft-based methods less viable. These methods largely rely upon the capture and handling of polar bears, and have been criticized over animal welfare concerns. Monitoring polar bears via DNA sampling is a promising option. One common method utilizes biopsy darts delivered from a helicopter to collect DNA, a method that faces similar ice associated challenges to those described above. However, epidermal cells shed from the foot pads of a polar bear into its paw-prints in snow are a source of “environmental DNA” (e-DNA) that can be collected non-invasively on the sea ice or on land for potential use in population monitoring. Mitochondrial DNA (mt-DNA) is used to assess whether polar bear DNA is present within a snow sample, and nuclear DNA (n-DNA) can identify individuals and their sex. The goal of this investigation was to assess the viability of using e-DNA collected from paw-prints in the snow to identify individual polar bears and their sex. Snow was sampled from 13 polar bear trails (10 paw-prints per trail) on the sea ice in the Chukchi and Beaufort seas along the North Slope of Alaska. Species verification was based on a mt-DNA PCR fragment analysis test. Identification of individuals was accomplished by amplifying a multiplex of seven n-DNA microsatellite loci, and sex was determined by the amelogenin gene sex ID marker. Six of the 13 bear trails sampled (46%) yielded consensus genotypes for five unique males and one female. To our knowledge, this is the first time that polar bears have been individually identified by genotype and sex using e-DNA collected from snow. This method is non-invasive, could be integrated into genetic mark-recapture sampling designs, and addresses some of the current challenges arising from poor sea ice conditions. It also can involve, engage, and empower Indigenous communities in the Arctic, which are greatly affected by polar bear management decisions.
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Introduction

The polar bear (Ursus maritimus) is an iconic Arctic predator that relies upon sea ice as a platform on which to hunt, travel, and reproduce (Wiig et al., 2015). The loss of sea ice due to climate change in the Arctic (Rantanen et al., 2022) led to the listing of polar bears as “threatened” under the US Endangered Species Act (ESA) (US Fish and Wildlife Service, 2008). As sea ice continues to decline, polar bears are expected to spend more time on land (Rode et al., 2022), thereby increasing the potential for human/bear conflicts and negative impacts on cub survival due to human disturbance (Woodruff et al., 2022). The US shares two polar bear subpopulations (Chukchi Sea (CS) and Southern Beaufort Sea (SBS)) with Russia and Canada respectively (Figure 1), and Indigenous people legally hunt polar bears for subsistence from both subpopulations. Given the obligations of the ESA, international management agreements, and the need to ensure that subsistence harvest is sustainable, polar bear populations need to be monitored and managed. Because polar bears occupy remote and environmentally extreme habitats, population monitoring for conservation and management is challenging, costly, and becoming more difficult with rapidly changing environmental conditions.




Figure 1 | Locations of the two villages on Alaska’s North Slope where snow from polar bear paw-prints was collected in 2021 for DNA analysis (J. Crawford, ADFG).



Polar bear conservation and management efforts in the US have been informed by research related to their abundance and spatial ecology (Durner et al., 2009; Wilson et al., 2014; Regehr et al., 2018), which is reliant upon data from live-captured individuals. While live-capture studies provide a wealth of biological information (Rode et al., 2020), two factors have converged to negatively influence the viability of this approach for polar bear research. First, decreased sea ice cover (Stern and Laidre, 2016) has resulted in a less reliable and less stable platform over which to safely operate and land aircraft to handle captured bears. Such conditions can increase risks to bears and researchers (Ware, 2021), and lead to higher costs per capture (Woolston, 2021). Furthermore, having to cancel planned captures due to unanticipated decreases in sea ice cover with no viable alternatives has resulted in large and growing data gaps. Second, Indigenous groups and conservation organizations have expressed concerns over animal welfare issues, including the capture of bears, use of capture drugs, and the unreliability of satellite-collar release mechanisms (see Alaska Eskimo Whaling Commission (AEWC) Resolution 2019-03). Thus, there is a need to develop new approaches that complement existing methodologies, are non-invasive, can be implemented when other methods are limited, and are safe for polar bears and people.

One option that is a much less invasive approach to monitoring wildlife populations is to sample DNA from individuals and use it to identify them — the equivalent of “marking” them — so that genetic mark-recapture models can be used to estimate abundance (Lukacs and Burnham, 2005). Though genetic sampling methods, such as skin biopsy darting from helicopters, have been effective for polar bears (Jung et al., 2021), they also have logistical, economic, and safety considerations, are still reliant upon a stable sea ice platform, and require a helicopter to closely and rapidly approach bears; which is invasive and disturbing. Further, “no-fly zones” around subsistence communities on Alaska’s coasts have been established as part of conflict avoidance agreements to reduce noise disturbance in hunting areas. Such restrictions often exclude helicopters from accessing areas where animals — including polar bears — congregate (B. Adams, Pers. Comm.). Ground-based hair sampling (Herreman and Peacock, 2013) can partially offset lost aerial biopsy darting opportunities in productive zones near subsistence communities. However, hair sampling relies upon attracting polar bears to sampling sites, such as bone piles from subsistence harvested bowheads (Herreman and Peacock, 2013). Portable hair sampling stations have been used with some success, though operating and maintaining the stations is labor intensive, often does not yield enough hair to determine individual genotypes, and is difficult to sample opportunistically and to deploy across large areas (Quakenbush, 2019).

Methods for collecting and extracting environmental DNA (i.e., DNA that is shed into the environment; hereafter e-DNA), provide an option for genetic sampling that is non-invasive and poses no risk to the animal (Tréguier et al., 2014). Initial applications of e-DNA collection methods focused on detecting species from among mixed samples in aquatic systems (Skinner et al., 2020). The presence of aquatic mammals has also been identified (Padgett-Stewart et al., 2016; Székely et al., 2022). DNA has also been detected in paw-prints in snow (Dalén et al., 2007; Bellemain, 2017 unpublished report; Franklin et al., 2019; Hellström et al., 2019 unpublished report; Barber-Meyer et al., 2020; Barber-Meyer et al., 2022) and used to determine species presence. However, we are unaware of any published study that has gone beyond identifying species to identifying individuals and their sex. Given the availability of numerous polar bear trails (i.e., sets of paw-prints) on the shorefast ice and on land near coastal Arctic communities, there are many opportunities for genetic sampling at less expense and risk than other established methods (Evans et al., 2017). If individual identity and sex can be ascertained from these samples, then this method could offer wildlife managers an additional tool for collecting data to monitor polar bear populations that complements other existing methods and research programs, while also addressing many current challenges to Arctic research.

Until recently, the sampling and analysis of e-DNA obtained from snow has been based on mitochondrial DNA (mt-DNA) because it exists as hundreds to thousands of copies present within the many mitochondria in the cytoplasm of each eukaryotic cell sampled. Though valuable for identifying DNA to species (Dalén et al., 2007; Franklin et al., 2019; Kinoshita et al., 2019), mt-DNA cannot identify individuals or their sex. In contrast, nuclear DNA (n-DNA), if collected in sufficient concentrations, would allow for identification of individuals and their sex. Though conceptually simple, several factors complicate the efficient sampling and extraction of n-DNA from snow. Less genetic material is available within each sample because n-DNA exists as only two copies within the nucleus of a eukaryotic cell. The quantity of epidermal cells shed into the snow in a paw-print is likely a function of several factors relating to the physical characteristics of the snow and its ability to abrade cells from the foot pads on the bottom of the bear’s paw. Further, the effects of environmental factors, such as solar radiation, on the quality of e-DNA extracted from snow are poorly understood, but may have important effects on success.

Initial samples collected from wild polar bear trails by a team that included the North Slope Borough Department of Wildlife Management, World Wildlife Fund, SpyGen, and the US Fish and Wildlife Service did not contain sufficient concentrations of e-DNA to warrant n-DNA genotyping (Bellemain, 2017 unpublished report). An exception was one sample from a set of “artificial” paw-prints in snow, which were created using a paw from a legally harvested polar bear that was donated by an Alaska Native subsistence hunter. The e-DNA analyzed in this sample resulted in a consensus genotype based on 13 microsatellite loci, and, when compared to an associated hair sample, matched in genotype (Bellemain, 2017 unpublished report). Although the physical characteristics of the snow were more granular and abrasive than with the other samples, it is conceivable that more cells may have been sloughing from the dead bear’s paw in comparison to living polar bears. Nevertheless, the “artificial” paw-prints demonstrated, in concept, that polar bear DNA can be extracted from snow and genotyped. Numerous refinements to the field sampling and sample processing protocols were still needed to make this method more reliable.

Subsequent work with captive Eurasian lynx (Lynx lynx) documented the amplification of n-DNA from paw-prints—though this project did not pursue further analyses to generate individual genotypes, sex identification, or evaluate genotyping errors (Hellström et al., 2019 unpublished report). Concurrent work with wild polar bears in Alaska led to an assessment of several factors hypothesized to have an important influence upon DNA yield. This assessment suggested that paw-print quantity and quality were potentially important factors that influenced e-DNA concentration for use in determining individual genotype and sex (Von Duyke et al., 2019 unpublished report). Similar to the lynx work, no further analyses were pursued. A pilot study on wild wolf paw-prints in snow attempted individual identification using e-DNA but was unsuccessful (Barber-Meyer et al., 2020; Barber-Meyer et al., 2022).

Inspired by and building upon these findings, the objective of this investigation was to determine whether e-DNA, sampled from the snow in wild polar bear paw-prints along Alaska’s northern coast (Figure 1) could be used to identify individuals and their sex. If successful, and as greater numbers of individuals are genetically identified, these data, collected using a non-invasive method that is safe for polar bears and people, could be integrated with other data sources to address questions relating to population biology, spatial ecology, and other investigations relevant to the conservation and management of polar bears.





Materials and methods

Our field crew consisted of experienced wildlife-biologists and technicians who were trained in the sampling protocol to ensure consistent sample quality. A number of our team members reside in polar bear habitat, and we were also fortunate that several of our team members are Iñupiat hunters with a lifetime of experience around polar bears. As such, during our field activities, we were able to draw from both science and Indigenous Knowledge (IK) regarding polar bear movements and habitat-use within the sampling areas to maximize our chances of encountering active polar bear trails (B. Sarren, pers. comm.; Wong et al., 2011; Joint Secretariat, 2015).

All field work was conducted from snowmobiles, and snow was sampled opportunistically from polar bear trails encountered on land and shorefast sea ice near two coastal villages on the North Slope of Alaska (Figure 1). Upon locating a polar bear trail, the quality of the paw-prints was evaluated, again on the basis of IK, with “fresh” paw-prints – i.e., those with sharply delineated edges and showing little weathering (Figure 2A) – selected for sampling. Further assessments were made to ensure that the trail was from a single individual and that other bears (e.g., cubs) had not crossed over or walked upon the trail (Von Duyke et al., 2019 unpublished report).




Figure 2 | (A) Using a sterilized steel masonry trowel, snow is carefully scraped from the upper surfaces of wild polar bear paw-prints and deposited into plastic bags for eventual e-DNA analysis. Note the sharply delineated details in these prints, suggesting that they are relatively “fresh” and are likely to be high-quality candidates for sampling. (B) After allowing the snow samples to melt at room temperature, they are vacuum filtered to capture DNA contained within the epidermal cells shed from the polar bear’s foot pads. (C) Polar bear DNA presence in the filtrate is determined using mitochondrial DNA PCR amplification. Samples are screened for nuclear n-DNA via 2 PCR amplifications of a set of 7 microsatellite loci and sex locus. Those samples that amplified at ≥ 40% of the loci are further assessed by amplifying up to a total of 6 times in order to determine individual identity and sex.



Prior to sampling, all tools and containers were cleaned with a 25% bleach:water solution and rinsed in de-ionized water between sampling events to avoid genetic cross-contamination. Snow samples were collected using a modified steel masonry trowel, which was used to shave the uppermost 1-2 cm of snow from the surface of the paw-prints (Figure 2A). Individual samples consisted of the snow collected from a total of 10 polar bear paw-prints along a single trail. All snow samples were stored frozen at -20°C in plastic bags until they could be transported to the lab for processing and analysis.

Altogether, samples were collected from 13 separate polar bear trails. For simplicity, sample types are referred to as full, split, and control samples, where full samples (n = 2) consisted of snow from ten paw-prints combined into a single container, split samples (n = 11) consisted of two sub-samples, each with the snow from five paw-prints stored in two separate containers (see Table 1). Control samples (n = 2) consisted of an equivalent volume of snow as the other samples, and were collected using methods identical to those already described, except that the control samples came from a location with no evidence of polar bear presence. We used two field negative controls to establish that our sampling methods and sterilization of field sampling implements was sufficient to not cross contaminate samples. In addition, we used DNA extraction negatives and PCR negatives to establish that our laboratory methods did not result in the contamination of reagents. Finally, there should only ever be one or two alleles observed per individual at each microsatellite locus, which serves as another method for detecting contamination or mixed samples. For example, we detected one sample with more than two alleles at a locus, thereby indicating the presence of DNA from more than one bear; whereas only one or two alleles were confirmed at each locus for all of the other individuals, thus indicating the presence of one bear per sample (see Table 2). Throughout, the presence of negative controls was not disclosed to those responsible for sample processing and genetic analysis until after the results had been determined. Altogether, these control steps served as necessary checks to establish that contamination was not an issue in this study.


Table 1 | Polar bear paw-print samples collected in 2021 and analyzed for species confirmation and n-DNA amplification success.




Table 2 | Genotypes and sex identification based on 6 PCR amplifications of seven microsatellite loci and a sex marker.



Prior to sample processing, all work surfaces and tools were prepped by cleaning with a 10% bleach:water solution and rinsed with de-ionized water. Sample processing started by allowing a snow sample to thaw completely at room temperature (25°C). Next, the water from this sample was filtered through a vacuum filtration apparatus (Figure 2B) to collect skin cells shed from the polar bear’s foot pads. Vacuum pressure was kept ≤ 41 kPa (6 psi) to avoid damaging the filter membrane. We used a filter funnel (Sterlitech AF045W50 filters, Auburn, WA, USA) with a pore size of 0.45 µm. The inside surfaces of the plastic storage containers/bags and vacuum funnel were rinsed with de-ionized water into the vacuum filter to ensure that all remaining genetic materials were filtered. Filters were stored in a vial containing 95% molecular grade ethyl alcohol (EtOH) to preserve any genetic materials in the filtrate. All equipment and surfaces were cleaned between samples, or in the case of split samples, between each sub-sample. Full samples (see Table 1; PB21-01 and PB21-03) resulted in a single filter stored in a single vial. Split samples resulted in two filters, each stored in separate vials (i.e., each vial containing one of the two sub-samples). All vials with filters in EtOH were stored frozen at -20°C until DNA extraction — an interval of about seven months.

All genetic extractions (Figure 2C) were performed in a laboratory space specifically dedicated to the extraction of low quantity DNA samples. This particular lab space had never been used to process high quality DNA samples (i.e., from blood or tissue) or PCR products of any wildlife species. All DNA extractions were done using a Qiagen DNeasy Blood and Tissue Kit, which included an additional step that used a Qiagen Qiashredder and increased extraction buffer volumes to accommodate an increase in starting material (Goldberg et al., 2011). A negative extraction control was included in each extraction, and the DNA was eluted in 100 µL of AE buffer.

DNA was extracted from whole filters. No subsampling was done because our aim was to maximize the potential amount of DNA in each extraction and because we were only looking for polar bear DNA. However, species verification based on mt-DNA was conducted to confirm the presence of polar bear epidermal cells within a sample. This was determined by using a polymerase chain reaction (PCR) fragment analysis mitochondrial DNA test that distinguishes among most North American carnivores (Davidson et al., 2014; De Barba et al., 2014). A negative and positive control were included in each PCR to test for positive amplification and to monitor for possible contamination of reagents. PCR products were separated by size and visualized using a 3130xl DNA Sequencer (Applied Biosystems) and allele sizes were scored using Genemapper 5.0 (Applied Biosystems). Successful detection of polar bear mt-DNA required that a peak be observed in the lower polar bear bin at 145 base pairs and that it be ≥ 100 fluorescent intensity units (FIU; De Barba et al., 2014).

Upon verification that polar bear epidermal cells were present within a sample, we amplified a multiplex of seven n-DNA microsatellite loci (Taberlet et al., 1997; Paetkau et al., 1998; Paetkau et al., 1999; De Barba and Waits, 2010) and the amelogenin gene sex ID marker (Ennis and Gallagher, 1994) using the Qiagen Multiplex PCR Kit. The multiplexed reaction contained the following: 0.04 μM of G10B, G10C and SEY; 0.07 μM of G10X; 0.13 μM of G10P; 0.16 μM of G10M; 0.21 μM of G1A and G10H; 1X Qiagen Multiplex Kit Master Mix; 0.5X Q solution; and 2 μL of DNA extract in a 7 μL reaction volume. The thermal profile consisted of the following sequence of steps: initial denaturation at 94 °C for 15 minutes, 14 cycles at 94 °C for 30 seconds, 57 °C touchdown to 50 °C for 1.5 minutes, 72 °C for 1 minute, 30 cycles at 94 °C for 30 seconds, 50 °C for 1.5 minutes, 72 °C for 1 minute, followed by a final elongation at 60 °C for 30 minutes. PCR product was run on an Applied Biosystems 3130xl Genetic Analyzer and allele sizes were scored using GeneMapper v5 software.

For each sample or sub-sample, the percentage of amplification success was used to assess whether n-DNA was present at high enough concentrations to warrant further analyses. This assessment occurred after the first two PCR amplifications (%Amp, see Table 1), which was quantified as the sum of different loci that were successfully amplified divided by twice the total number of possible amplifications for all loci (2n = 16). Samples with ≥ 40% amplification of n-DNA were genotyped to obtain consensus genotypes by conducting 4 additional n-DNA PCRs per sample.

Genotyping required six PCR amplifications to obtain a consensus genotype at each locus. Consensus heterozygous results were accepted for each allele that was observed two or more times across the PCR amplifications; whereas consensus homozygous results were accepted for alleles observed across three positive PCR amplifications. For sex identification, we required observation of the Y chromosome PCR fragment in a minimum of 2 PCR amplifications to identify males and the X chromosome PCR product in a minimum of 3 PCR amplifications to identify females. Genotyping error rates, allelic dropout (ADO), and false alleles (FA), were calculated from the first two PCR amplifications of each sample with a completed individual ID by comparing the consensus genotype (Table 2). The ADO rate was calculated from heterozygous results only as the number of ADOs observed, divided by the total number of amplifications at which ADOs could be observed. The FA rate was calculated as the number of FAs observed, divided by the total number of positive amplifications at each locus (Broquet and Petit, 2004). To determine the number of individuals sampled, consensus genotypes were matched using GENALEX (Peakall and Smouse, 2006, Peakall and Smouse, 2012).





Results

In total, 15 snow samples were collected for genetic analysis. Screening for polar bear mt-DNA indicated that the two negative control samples (PB21-09 and PB21-10) contained no polar bear DNA (Table 1). Of the remaining 13 samples, 11 were positive for polar bear mt-DNA. Both full samples, each with 10 polar bear prints, were successfully genotyped to individual and sex. The nine split samples, consisting of two sub-samples of five polar bear prints each, had variable genotyping success. Specifically, seven were positive in both sub-samples and two were positive in only one of the two sub-samples. The average peak height for full samples was 7400 FIU (range: 5238 – 9561), and the average for split samples was 4595 FIU (range: 331 – 10997) (Table 1).

The n-DNA amplification success (%Amp) of those samples that tested positive for polar bear mt-DNA (n = 11) was assessed and, after two PCR amplifications, eight samples had %Amp ≥ 40% and were therefore considered to be sufficiently concentrated to warrant genotyping. The eight samples that reached this threshold consisted of the two full samples and six split samples (Table 1). For the split samples, there were instances where both sub-samples had %Amp ≥ 40% (Table 1). When this occurred, only the sub-sample with the highest %Amp was genotyped. One of the two sub-samples for PB21-06 failed the screening for mt-DNA (Table 1), but the second passed and had %Amp ≥ 40%, and was therefore genotyped.

Six of the eight candidate samples yielded consensus genotypes and sex (Table 2). Of the six genotypes generated, one was a female and five were unique males — i.e., no bears were re-sampled. One of the two samples that could not be confirmed (PB21-02; Table 2) was considered to be “mixed”, because it consistently amplified three and four alleles at four loci, which could indicate the presence of DNA from more than one bear. The other unconfirmed sample (PB21-06; Table 2) was considered to be “partial” because only two loci were confirmed as consensus genotypes. Allelic dropout rates per locus ranged from 0 – 0.50 and false allele error rates were lower ranging from 0 – 0.20 per locus (Table 2). The average multi-locus error rates were 0.29 (29%) for allelic dropout and 0.08 (8%) for false alleles.





Discussion

Our objective was to determine whether individual identity and sex could be identified in free-ranging wild polar bears using e-DNA collected from their paw-prints in the snow. To our knowledge, the results of this study are the first to demonstrate that this is possible and can be achieved for a reasonably high percentage of samples (~50%).

Most of the polar bear trails sampled yielded DNA with sufficient concentrations to amplify some n-DNA loci, but individual identity and sex were determined in roughly half of the samples. Our amplification success and genotyping error rates are comparable to other bear studies that have analyzed low quality sample types; e.g., hair, feces, or saliva from carcasses (Murphy et al., 2007; Wheat et al., 2016; Ruprecht et al., 2021). Meanwhile, the absence of polar bear DNA from the field negative control samples and limited evidence of mixed samples suggested that the sampling and storage protocols we employed were sufficient for avoiding genetic cross-contamination.

Most e-DNA surveys only identify species based on mt-DNA, which makes contamination much more likely, and has therefore led to the extensive collection of field negatives as part of the sampling protocol. In our study, we are identifying individuals of only one species based on n-DNA, and any sporadic contamination that may result in a complete individual ID genotype is much less likely because much more DNA is required for a positive result. More commonly referred to as “non-invasive genetic sampling”, our approach is similar to those in which researchers generate individual ID and sex from n-DNA in samples of saliva, hair, feces, urine, feathers, or (in our case) epidermal cells left behind in focused, observable locations in the environment (e.g., paw-prints in the snow). While field negatives are not a standard part of these field collection protocols, we chose to implement them in our study because our methods are a hybrid of e-DNA studies and more traditional non-invasive genetic sampling studies. Regardless, control samples collected in the field are an important way to monitor the integrity of our field sampling design, and so we will continue to collect them during sampling sessions (Goldberg et al., 2016).

Our overall sample size was too small to draw firm conclusions about factors that may be important to sample quality and amplification success. Still, the large number of trails available for sampling by snowmobile during a field season and the low cost per sample (relative to collecting samples by helicopter) mean that this method has strong potential for identifying enough individuals and their sex to meaningfully contribute to questions regarding polar bear population biology. Given the remote study location, there are logistical challenges associated with collecting, storing, processing, and shipping samples. As such, there is value in continuing to refine protocols to maximize the DNA amplification success.

If sampled in sufficient numbers, this method has the potential to greatly inform polar bear conservation and management. For example, e-DNA results can be incorporated into genetic mark-recapture abundance estimates (Lebreton and Pradel, 2002; McKelvey and Schwartz, 2004; Citta et al., 2018) using multiple sources to obtain an individual genotype (i.e., biopsy dart, hair, feces, paw-prints) thereby increasing sample-size. Repeated identification and location of individual polar bears over time would allow them to be assigned to a subpopulation (Chukchi or Southern Beaufort Sea in Alaska), which has only been possible for collared females in the past. Other important information includes movement patterns, habitat-use, site-fidelity, age class (determined by track size at sampling), survival, population structure, and female reproductive history. Combining e-DNA data with data from biopsied, captured, and subsistence harvested bears will lead to a longer time-series of movements and reproductive success. For example, long-term collection of biological information with e-DNA could assess reproductive success by re-sampling and identifying adult females in subsequent years and using the information of whether and how many cubs were present. Integrated population modeling methods (Regehr et al., 2018) can also be expanded to include e-DNA and information from other studies and methods (e.g., physical capture, subsistence harvest); with results that would be applicable to a variety of management questions including: sustainable harvest, habitat protection, and mitigation of potential disturbance from oil and gas exploration and development.

This method also addresses the challenge of monitoring bears that are traditionally difficult to study. Adult males are not radio-collared because the diameter of their neck is larger than their head, making it easy for the collar to be lost (Amstrup et al., 2001). Subadults and cubs also are not radio-collared due to their rapid growth and the risk of injury should a collar release mechanism fail. While alternatives to radio-collars exist (e.g., glue-on transmitters, ear tags), their reliability and longevity are not yet optimal. Thus, much of the current understanding of polar bear spatial ecology is based on radio-collared females (Amstrup et al., 2001). Though e-DNA methods cannot provide the same detail of movements provided by tracking radio-collars, this method can provide needed information over time safely and relatively inexpensively.

Several Alaska Native organizations — e.g., Alaska Nannut Co-management Council (ANCC), the Inuvialuit-Iñupiat Polar Bear Commission, and the AEWC — have called for the development and implementation of non-invasive polar bear monitoring methods (2021 Draft Strategic Plan; AEWC Resolution 2019-03). The Polar Bear Conservation Management Plan (US Fish and Wildlife, 2016) also includes a recommendation on the use of less invasive research methods for monitoring polar bear population status. Because e-DNA sampling is entirely non-invasive, this effort represents direct progress toward these recommendations.

With the help of community members from villages in polar bear habitat, it would be possible to broaden the spatial scale of polar bear e-DNA sampling. Residents of remote Native communities, which tend to have high unemployment, would benefit from such job opportunities (Goldsmith, 2007); and by hiring local community members, research and management efforts would benefit through the application of local and Indigenous knowledge (Gordon (Iñupiaq) et al., 2023). Such engagement would also facilitate direct and meaningful participation by local Native people in monitoring an important subsistence species; and conservation efforts could benefit when managers work with communities to collect needed wildlife management data. By working directly with co-management partners (e.g., ANCC) and local communities to monitor polar bears, more effective approaches and improved trust among stakeholders are possible. Evidence for this includes the successes of management proposals that use data collected by hunters and community members, because there is a better understanding of how and what data are being collected, along with how it is being used (Stern and Humphries, 2022).

This study analyzed microsatellite loci to identify individuals by genotype. However, other genetic analyses can also be applied using DNA collected from snow, such as microsatellite genotyping via high throughput sequencing (HTS, De Barba et al., 2016; Pimentel et al., 2018) and GT-seq (Campbell et al., 2015), which uses single nucleotide polymorphisms (SNPs) identified for polar bears (Malenfant et al., 2015; Viengkone et al., 2016; Hayward et al., 2020; Jensen et al., 2020). Genotypes from these methods, unlike those from traditional microsatellite loci genotyping, are directly comparable between labs without calibration, thereby facilitating data analysis across populations that can be more cost-effective and faster when analyzing large numbers of samples.

At a time when well established polar bear research methods have proven to be less viable due to deteriorating sea ice conditions, the need to develop complementary research methods has become more pressing. And while the collection and analysis of e-DNA is unlikely to completely replace the use of live-capture methods for polar bear research, it can augment sample sizes for certain investigations, and be particularly useful for application during times and in locations not available to aircraft-based methods due to poor sea ice conditions or subsistence hunting restrictions. Our results hold promise for noninvasive mark-recapture studies on polar bears and other species that occupy snow-covered habitats (Franklin et al., 2019). We recognize that this method will become more valuable as sea ice further declines, and may be a valuable tool for engaging with the numerous Inuit communities that are affected by polar bear management decisions. As such, we see this method as a major advance in polar bear conservation and management.
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Microsatellite Loci

Age Class Sex

G10C G10H G10M G10P
PB21-01 U E 45 151 99 105 251 251 124 132 158 160 137 | 147 185 189
PB21-02* SA M 135 147 99 101 7 241 122- 128 154- 1o2- 142 149 183- 187
239 124 156 164 185

PB21-03 SA M 135 147 99 99 237 237 122 128 154 156 42 153 187 187
PB21-067 SA M 147 139 99 101 241 0 128 128 154 0 147 149 189 191
PB21-07 A M 47 149 99 101 239 249 122 126 154 156 149 149 185 185
PB21-08 SA M 147 149 99 99 237 241 126 128 154 158 149 0 189 191
PB21-11 SA M 147 151 99 99 237 237 124 126 154 154 147 151 189 189
PB21-15 NR M 135 149 99 99 239 249 113 124 154 164 139 142 189 191
Error Rate: ADO/FA 0.50/0 0/0.17 0.20/0.10 0/0.20 0.43/0 0.38/0.09 0.50/0

“Sample was mixed - multiple alleles are confirmed at multiple loci.

"Genotype considered ‘partial’ - only two loci with confirmed consensus genotypes.

ADO, Allelic dropout rate.

FA, false allele rate.

Bold IDs indicate samples that provided a consensus genotype and sex, which can be used for individual identification. Underlined alleles were detected only once across six amplifications and are
therefore unconfirmed. Zeros represent genotypes where a homozygous result was seen twice but not confirmed with three positive amplifications. Age class was derived from field notes on the
size of the paw-prints when possible (A, adult; SA, subadul; U, unknown; NR, not recorded).
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mt-DNA

Sample Date Replicate
Species
i 10 polar bear 5238 78
PB21-01 12-Mar full
na na na na na
i 5 polar bear 9834 89
PB21-02 19-Mar split T
i 5! polar bear 7639 94
i 10 polar bear 9561 89
PB21-03 19-Mar full
na na na na na
i 5 . 0 0
PB21-04 19-Mar split i
i 5 polar bear 331 33
i 5 polar bear 574 28
PB21-05 22-Mar split
ii 5 polar bear 403 28
i 5 polar bear 533 61
PB21-06 22-Mar split
ii 5 polar bear 6271 44
i 5 polar bear 10997 89
PB21-07 22-Mar split
ii 5 polar bear 10388 100
i 5 polar bear 1481 0
PB21-08 24-Mar split
i 5 polar bear 3250 67
i 0 . 0 0
PB21-09 5-Apr control
ii 0 = 0 0
i 0 - 0 0
PB21-10 5-Apr control
ii 0 = 0 0
i 5 polar bear 1505 33
PB21-11 9-Apr split T
ii 5 polar bear 539 78
i 5 = 0 0
PB21-12 12-Apr split
i 5 = 0 0
i 5 polar bear 450 22
PB21-13 16-Apr split
ii 5 = 0 6
i 5 - 0 6
PB21-14 21-Apr split
i 5 = 0 0
i 5 polar bear 10668 94
PB21-15 5-Apr split
i 5 polar bear 4912 89

Full samples consisted of snow from 10 polar bear paw-prints collected from the same trail. Split samples consisted of two sub-samples from the same trail with 5 paw-prints in each. Control
samples consisted of snow sampled from an area with no evidence of polar bears. Species confirmation was based on the presence of polar bear mitochondrial (mt-DNA). Amplification success
(%Amp) was calculated based on the proportion of loci that produced a PCR product after two nuclear DNA (n-DNA) PCR amplifications. Within the split samples, only the sub-sample with the
highest %Amp >40% was genotyped. Bold IDs and replicates indicate samples with high enough concentrations of n-DNA present (%Amp > 40%) to warrant further analysis. #PP, the number
of paw-prints in each filter extracted. FIU, florescence intensity units. na, not applicable, - indicates failure of species ID PCR.





