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Caribou (Rangifer tarandus) have among the longest annual migrations of any terrestrial mammal as they move from winter ranges to spring calving grounds. Biomonitoring records indicate broad consistencies in calving geography across the last several decades, but how long have herds used particular calving grounds? Furthermore, how representative are modern patterns of calving geography to periods that pre-date recent climatic perturbations and increased anthropogenic stresses? While modern ecological datasets are not long enough to address these questions, bones from past generations of caribou lying on the tundra provide unique opportunities to study historical calving geography. This is possible because female caribou shed their antlers within days of giving birth, releasing a skeletal indicator of calving. Today, the Coastal Plain of the Arctic National Wildlife Refuge (Alaska) is a key calving ground for the Porcupine Caribou Herd (PCH). To test the duration across which caribou have used this area as a calving ground, we radiocarbon dated three highly weathered female antlers collected from tundra surfaces on the Coastal Plain. Calibrated radiocarbon dates indicate that these antlers were shed between ~1,600 and more than 3,000 calendar years ago. The antiquity of these shed antlers provides the first physical evidence of calving activity on the PCH calving grounds from previous millennia, substantiating the long ecological legacy of the Coastal Plain as a caribou calving ground. Comparisons to published lake core records also reveal that dates of two of the antlers correspond to periods with average summer temperatures that were warmer than has been typical during the last several decades of biomonitoring. This finding expands the range of climatic settings in which caribou are known to use the current PCH calving grounds and suggests that the Coastal Plain of the Arctic Refuge may remain an important caribou calving ground during at least portions of predicted future warming. Discarded skeletal materials provide opportunities to assess the historical states of living populations, including aspects of reproductive biology and migration. Particularly in high-latitude settings, these insights can extend across millennia and offer rare glimpses into the past that can inform current and future management policies.
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Introduction

For migratory populations of caribou (Rangifer tarandus), a key characteristic of their ecology and population biology is the annual journey to areas where they give birth in the spring: their calving grounds (Griffith et al., 2002; Nicholson et al., 2016; Cameron et al., 2020). Migrations to and from the calving grounds represent significant energy expenditures, but have multiple hypothesized benefits that increase calf survival and maintain the population. These include calving in areas with reduced predator pressure, abundant early-greening spring vegetation, and that are in close proximity to habitats used for insect avoidance later in the spring/summer (Griffith et al., 2002; Russell and Gunn, 2019). Thus, maintaining access to spring calving grounds and associated migration routes are top management and conservation priorities that are generally considered critical for maintaining herd viability (Griffith et al., 2002; Gunn et al., 2009; Russell and Gunn, 2019; Joly et al., 2021a). However, migratory patterns of caribou and their seasonal landscape use are sensitive to a variety of factors including annual weather patterns, larger-scale shifts in climate, changes in herd size, development of roads and industrial infrastructure, and a variety of other ecological and anthropogenic influences (Skoog, 1968; Russell et al., 1993; Cameron et al., 2005, 2020; Hinkes et al., 2005; Vistnes and Nellemann, 2008; Vors and Boyce, 2009; Joly et al., 2011). Over the last several decades of climatic and ecological changes across the Arctic, herds such as the Porcupine Caribou Herd (PCH) have demonstrated high annual variability in calving ground geography (Griffith et al., 2002; Cameron et al., 2005; Caikoski, 2020). As biologists and wildlife agencies establish conservation and management goals designed to insulate herds from future ecological stresses, several fundamental questions remain unanswered. How long have herds (or caribou more broadly) utilized particular calving grounds and how well do contemporary patterns of seasonal landscape use and caribou migration correspond to those under different regimes of climate and anthropogenic influences? While the timescales inherent to these questions far outstrip those available from traditional ecological datasets, antlers shed from female caribou provide useful proxies for assessing historical calving ground geography (Miller and Barry, 1992; Miller et al., 2013, 2021). This is possible because female caribou shed their antlers around the time they give birth (Espmark, 1971; Bubenik et al., 1997) and those antlers can persist for hundreds to thousands of years on Arctic landscapes (Sutcliffe and Blake, 2000; Stewart and England, 2008; Le Moullec et al., 2019; Miller and Simpson, 2022). Here, by radiocarbon dating antlers collected from tundra surfaces in Alaska, we test the long-term persistence of calving activity on the modern calving grounds of the PCH. In so doing, we document calving activity on the Coastal Plain of the Arctic National Wildlife Refuge across more than 3,000 years.

Shed female caribou antlers lying on landscape surfaces provide evidence of past calving activity. This is possible because female caribou, like their male counterparts, annually grow and shed antlers (Espmark, 1971; Bergerud, 1976). However, the schedules of antler growth and shedding are different between males and females (Bergerud, 1976; Bubenik et al., 1997). Females generally grow antlers in the spring/summer and maintain their antlers until shedding them within days of giving birth in the spring (Espmark, 1971; Bergerud, 1976; Whitten, 1995). Males, on the other hand, shed their antlers in the late fall and early winter (Bergerud, 1976). Because calving is highly synchronized among caribou and migratory caribou travel in large herds to the calving grounds (103 to 104 individuals), annual inputs of shed female caribou antlers can accumulate over time to produce large concentrations of shed antlers (~1,000 antlers/km2, Cameron and Whitten, 1979; Griffith et al., 2002; Joly et al., 2011; Miller et al., 2013). As antlers slowly decay across decades to centuries or more, they become increasingly weathered (Meldgaard, 1986; Sutcliffe and Blake, 2000; Miller et al., 2021; Miller and Simpson, 2022). Because progressive changes in weathering provide useful information about their time-since-shed, accumulations of shed antlers offer opportunities to evaluate changes in seasonal landscape use, including calving activity, across space and through time (Behrensmeyer, 1978; Miller, 2012; Miller et al., 2013, 2021).

Today, the Coastal Plain of the Arctic Refuge primarily serves as a calving ground for the PCH (Figure 1; Griffith et al., 2002). The Coastal Plain is a flat region of tundra between the north side of the Brooks Range and the coast of the Beaufort Sea (Griffith et al., 2002; Jorgenson et al., 2002). The PCH calve throughout most of the Coastal Plain of the Arctic Refuge and Ivvavik National Park, Canada, immediately east of the Arctic Refuge (Fancy and Whitten, 1991; Griffith et al., 2002). The PCH is currently one of the largest caribou herds in the world (~218,000 individuals in 2017; Caikoski, 2020) and has one of the longest annual migrations of any terrestrial mammal (~1,350 km straight-line round-trip distance; Teitelbaum et al., 2015; Joly et al., 2019), which takes them between their winter range and spring calving grounds. The PCH has been studied for decades by academic, state, territorial, and federal wildlife biologists and an important aspect of that work has been assessing variability in calving ground geography through time (Russell et al., 1993, 2005; Griffith et al., 2002; Russell and Gunn, 2019; Caikoski, 2020). Evaluating the drivers behind annual variation and/or long-term consistency in calving geography has been a research focus due, in part, to industry and political interests in developing portions of their calving ground for hydrocarbon extraction (Whitten, 1994; Griffith et al., 2002; Gunn et al., 2009; Russell and Gunn, 2019). Referred to as the “1002 Area,” this portion of Coastal Plain was set aside by the U.S. Congress in 1980 for potential development (Udall, 1980). Petroleum lease sales were eventually sold in 2020 following a congressional mandate (Brady, 2017), though as of 2022, infrastructure to support hydrocarbon extraction has not been developed.
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FIGURE 1
 Map of the calving grounds (Alaskan) and nearby environments for the Porcupine Caribou Herd (PCH). Demarcation of the PCH calving grounds (lightly shaded region) and concentrated calving grounds (darker shaded region) are based on monitoring records (Griffith et al., 2002; Caikoski, 2020). Boundary of the Arctic National Wildlife Refuge and the “1002 Area” identified by dotted and dashed lines, respectively. Blue lines identify rivers used as transportation corridors during antler surveys: Canning, Katakturuk, Hulahula, Jago, Aichilik, Kongakut, and Turner. Locations of radiocarbon dated antlers identified by a large open circle (UAMES 52866), a large filled circle (UAMES 52867), and a large filled square (UAMES 52865). Locations of additional antler surveys are shown as small open circles. Dark red arrows identify generalized major spring migration routes to the calving grounds (Fancy et al., 1989).


Calving ground geography for migratory caribou is a tale of two temporal scales. Survey data often show high annual variability in calving locations, with the centers of annual calving grounds differing from year to year across dozens to over 100 km (Griffith et al., 2002; Baltensperger and Joly, 2019; Cameron et al., 2020). At the same time, those annual shifts occur within a broader area that defines an overall “calving ground,” which is often stable across decadal timescales (Griffith et al., 2002; Cameron et al., 2020; Joly et al., 2021b). But what about longer timescales? The vast majority of data on calving grounds of migratory caribou are from the 1980s onward, with sparser data from the 1970s, 1960s, and earlier (Skoog, 1968; Whitten et al., 1984, 1992; Fancy et al., 1989; Fancy and Whitten, 1991; Bergerud, 1996; Griffith et al., 2002; Burch, 2012; Porcupine Caribou Management Board [PCMB], 2016; Benson, 2019). Consequently, these records overlap periods of increasing climate change and anthropogenic pressures. This issue is highlighted by the Central Arctic Herd, which mostly calves to the west of the Arctic Refuge. The Central Arctic Herd was recognized as a herd only in the mid-1970s, but its geographic range had been under development for petroleum resources (including the Trans-Alaska Pipeline) since the 1960s (Cameron and Whitten, 1979; Fancy, 1983; Cameron et al., 1992, 2005; Lenart, 2015; Nicholson et al., 2016; Johnson et al., 2020). Caribou ecology and seasonal landscape use are also influenced by shifts in climate and associated environmental changes, which have been particularly severe in the Arctic (Griffith et al., 2002; Arctic Climate Impact Assessment [ACIA], 2004; Joly et al., 2011; Pearson et al., 2013; Rantanen et al., 2022). Yet, again, observations of calving geography, particularly more standardized monitoring programs that started in the 1970s and 1980s, were initiated after Arctic climates had already started changing. In some cases, records from early European explorers and hunters provide glimpses into historical migrations and calving ground geographies, but such insights are generally based on limited observations with poor spatial resolution (Burch Jr., 2012; Benson, 2019). Oral histories and Traditional Knowledge of Native Alaskans and Canadians are another source of historical insight, though groups such as the Gwich’in traditionally stayed away from the calving grounds and so have restricted knowledge of their historical geographies (Benson, 2019). Although challenging to establish, expanding the timescales across which we study caribou calving geography and migration can help us evaluate the biological significance of modern calving grounds and test for changes associated with recent climatic and anthropogenic perturbations (Miller et al., 2021). Here, we use ancient antlers to expand the time series with which we assess calving ground geography for the PCH and to test how well contemporary patterns of seasonal landscape use are reflected in the deeper past.



Materials and methods

Antlers used for this study came from broader sampling efforts to study historical caribou landscape use (Miller et al., 2013, 2021; Miller and Simpson, 2022). Shed antlers reported here were found exposed on landscape surfaces on the Coastal Plain of the Arctic Refuge in the summers of 2011, 2012, and 2018. Two of the antlers were discovered during standardized surveys of well-drained, cobble-rich tundra habitats with abundant Dryas, a low-growing evergreen dwarf shrub (i.e., Dryas river terraces, sensu Jorgenson et al., 2002; Jorgenson and Walker, 2018). One of the antlers came from a gravel bar that was discovered while walking between surveys. To sample Dryas terraces across the Coastal Plain of the Arctic Refuge, we traveled along major river systems that bisect the Coastal Plain from south to north (Miller et al., 2013, 2021). Targeting Dryas terrace habitats, we conducted 50 antler surveys near the Canning, Katakturuk, Hulahula, Jago, Aichilik, Kongakut, and Turner Rivers (Figure 1). Using each river, we sampled from the northern foothills of the Brooks Range to as close to the Beaufort Sea as was logistically possible. Across the region, we sampled areas that are currently within the PCH calving grounds as well as areas not currently known to support calving. Survey sites were accessed by a combination of fixed-wing aircraft, helicopter, or by rafting down rivers to survey locations. Because vegetation on Dryas terraces is sparse and/or low-growing (with few tussocks, willows, or other vegetation that would be visually obstructive), surveyors had clear views of the ground and any antlers in the area (Miller et al., 2013, 2021). All antlers evaluated here were at least partially exposed on landscape surfaces. Surveys and collections were done with permission from, and in collaboration with, the Arctic National Wildlife Refuge (United States Fish and Wildlife Service). The antlers are accessioned into the University of Alaska Museum Earth Sciences Collection (UAMES) at the University of Alaska Fairbanks.

Shed antlers can be discriminated from antlers introduced due to death by the presence of an exposed antler-skull attachment surface (Miller, 2012; Miller et al., 2013). That “pedicle attachment surface” becomes smooth and rounded as the antler detaches from the skull during the cell death processes that lead to shedding (Lincoln and Tyler, 1994; Bubenik et al., 1997). To differentiate female antlers from male antlers, we took advantage of known differences in surface areas between the pedicle attachment surfaces of males and females (females are generally smaller, Miller et al., 2013, 2021). Previous work using museum specimens with known sex has shown that while there is some overlap between pedicle surface areas of older females and younger males, such overlap is limited. Thus, surface area of the pedicle attachment surface offers a useful method for differentiating antler sex for most caribou antlers found on the Coastal Plain (Miller et al., 2013, 2021). Pedicle attachments are approximately elliptical, thus we estimated surface area using the long axis (A1) and short axis (A2) of the pedicle attachment surface (measured using IP67 Absolute Mitutoyo digital calipers) and the standard formula for estimating surface area of an ellipse: π * (½ * A1) * (½ * A2).

Based on the known size frequency distributions of pedicle surface areas of male and female antlers, we used a previously developed Monte Carlo method to calculate the probability (mean and 95% confidence interval) that each antler evaluated here was female (Miller et al., 2013, 2021). The surface areas of all antler pedicle attachments in this study were quite small, indicating the antlers were definitively female. We measured the length of each specimen by following the curvature of the antler fragment using a flexible plastic measuring tape.

We used Accelerator Mass Spectrometry (AMS) radiocarbon dating to estimate when each antler was grown, which is roughly synchronous with when the antler was shed. Radiocarbon dating measures the amount of 14C in a sample relative to that of atmospheric radiocarbon in 1950 and can be used to estimate the ages when biological specimens formed across roughly the last 50,000 years (Hajdas et al., 2021). To radiocarbon date the antlers, we sampled bone from the proximal portion of the main antler beam. This region has dense cortical bone and should be most resistant to diagenetic processes and infiltration of younger carbon (Miller et al., 2021). Antlers were cut using a low-speed Dremel with a diamond cutting wheel. Samples were broken into small chips and sent to the Keck-Carbon Cycle AMS Facility at the University of California, Irvine or the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory for chemical pretreatment and AMS radiocarbon dating. Collagen was prepared using standard treatments for demineralization and humic acid removal (Beaumont et al., 2010; Crowley et al., 2010), ultrafiltered, and lyophilized. For the one sample sent to the Keck-Carbon Cycle AMS Facility (UAMES 52867), lipids were removed by sonicating antler chips in a 2:1 chloroform/methanol solution for 30 min prior to demineralization. This was repeated with a fresh chloroform/methanol solution until the solution was no longer cloudy. The sample was then sonicated for 30 min in methanol and 30 min in Milli-Q water. The sonicator bath was cooled to keep the temperature below 60°C. For the two antlers dated at Lawrence Livermore, lipids were not removed prior to dating. To account for isotopic fractionation, the δ13C of a sample must first be normalized to a standard prior to calculating its radiocarbon age (Stuiver and Polach, 1977; Hajdas et al., 2021). We previously reported no difference in δ13C values for antlers with or without lipid removal (p = 0.81, Miller et al., 2021), suggesting differences in preparation should be of negligible concern for specimen radiocarbon dates and their comparisons. To evaluate the quality of collagen preservation, and thus the reliability of the radiocarbon dates, we measured the atomic C:N ratios of each specimen, which are generally between 3.1 and 3.5 for well-preserved specimens (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999). We calibrated radiocarbon dates to calendar years using IntCal20 (Reimer et al., 2020) and the “rcarbon” package (version 1.4.2, Crema and Bevan, 2021) in R (version 4.1.1, R Core Team, 2021). Calibrated radiocarbon dates produce a probability distribution of possible ages. We summarized each antler’s calibrated age as the weighted-median of its age distribution along with the range (minimum and maximum ages) of the 2-sigma 95% confidence interval of that distribution (Telford et al., 2004; Crema and Bevan, 2021).



Results

Antler specimens described below came from near three rivers: Canning, Katakturuk, and Turner. Each specimen had pedicle attachment surfaces that were intact and calibrated radiocarbon dates older than 1,000 calendar years before present (BP; where “present” is standardized to 1950). C:N ratios (ranging from 3.18 to 3.27; Table 1) are all within the expected range for well-preserved collagen (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999). Each antler is described below.



TABLE 1 Antlers recovered from the Arctic National Wildlife Refuge.
[image: Table1]

UAMES 52867 (Figure 1, large filled circle; Figure 2A) was recovered during a standardized antler survey on a Dryas terrace in a slightly upland region near the Katakturuk River. The antler fragment extends approximately 151 mm from the pedicle attachment surface and includes part of the brow tine. The pedicle attachment surface is small and confidently female (93.2%; Table 1). The pedicle attachment surface is well defined and smooth, indicating that the antler was shed during the life of the animal. When discovered, it was more than half buried in mineral-rich soils that were adjacent to the mound of a ground squirrel (Urocitellus parryii). The antler’s exterior surfaces are well-weathered and have a fibrous texture (Figure 2A). Portions of the antler show signs of chemical maceration and dissolution. Lichen development on the antler is minimal, though moss was attached to the antler along many of the surfaces that were in contact with the soil. The weighted median calibrated date is 3,157 cal years BP (2-sigma range: 3,218–3,072 cal years BP; Table 2).
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FIGURE 2
 Plates of radiocarbon dated antlers. (A) UAMES 52867. (B) UAMES 52866; dashed line identifies well-delimited pedicle attachment surface; arrow identifies exposed attachment surface. (C) UAMES 52865. Scale bars are 5 cm.




TABLE 2 Antler radiocarbon dates and age calibration.
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UAMES 52866 (Figure 1, large open circle; Figure 2B) was found during a standardized antler survey on a Dryas terrace in an upland (near foothills) region near the Canning River. This antler fragment was discovered lying entirely exposed on the tundra. However, it was adjacent to a region that had been dug into (likely by a grizzly bear; Ursus arctos horribilis), so previous and perhaps relatively recent exhumation of the specimen cannot be excluded. Surfaces of the antler are acid etched with mm-scale curvilinear grooves consistent with damage by roots. No observable lichens were present. The antler fragment is 149 mm long and there is no indication of either brow or bez tines. UAMES 52866 has a small antler attachment surface and is confidently female (94.5%; Table 1). The antler includes a small portion of the cranial pedicle, indicating this antler was not shed during life. However, the pedicle attachment surface is well delineated (Figure 2B, dashed line) and portions of the pedicle are cleanly removed from the attachment surface (Figure 2B, arrow). Some areas at the pedicle attachment surface are not pristinely preserved and it is difficult to evaluate some of this specimen’s anatomy. The median calibrated date for UAMES 52866 is 2,581 cal years BP (2-sigma range: 2,714–2,494 cal years BP; Table 2).

UAMES 52865 (Figure 1, filled square; Figure 2C) was discovered while the team was walking between surveys along the Turner River. This specimen was found on a sand bar near the active portion of the channel. The antler fragment is 113 mm long and includes portions of a brow tine and the main antler beam. The antler is moderately rounded, indicating exposure to fluvial processes. The antler is also hollowed-out in some regions, which is also likely due to exposure to fluvial processes. Hollowing occurs along the main beam, brow tine, and into the base of the antler near the pedicle attachment surface. While the pedicle attachment surface is river-rounded, it is generally well-preserved and well-defined, indicating the antler was naturally shed. The pedicle attachment surface is small and confidently female (92.3%; Table 1). No observable lichens are present. While the original shedding location for this antler is unknown, the low gradient and sinuous nature of the Turner River suggests it was unlikely to have been transported over long distances. The Turner is also short (<20 km straight-line distance between its head waters and the Beaufort Sea) and the entire river courses through what are currently the calving grounds of the PCH. Thus, any degree of fluvial transportation is unlikely to substantially modify the spatial accuracy with which this specimen is used as a calving ground indicator. The calibrated radiocarbon date for this specimen is 1,629 cal years BP (2-sigma range: 1,704–1,549 cal years BP; Table 2).



Discussion


Ancient antlers highlight millennial-scale consistencies in calving ground geography

The antiquity (1,629 and 3,157 cal years BP) of the shed female caribou antlers recovered from the Coastal Plain of the Arctic Refuge, paired with the geography of the PCH calving grounds today (Figure 1; Griffith et al., 2002; Caikoski, 2020) indicates that caribou calves have been born in this region across at least several millennia. This historical contextualization provides a reference for the long-term importance of caribou calving habitats north of the Brooks Range. Additionally, the shed antlers were recovered from within what is currently recognized as the “concentrated calving grounds” in Alaska (Figure 1). The concentrated calving grounds, originally defined based on calving observations between 1983 and 2001, are portions of the overall calving grounds where females give birth in greater-than-average spatial concentrations (Griffith et al., 2002). Based on these higher frequencies of use, and data suggesting higher survivorship for calves born in portions of the concentrated calving grounds, preserving access to these high-quality calving habitats is a priority for PCH conservation and management (Griffith et al., 2002; Russell and Gunn, 2019). Our limited sample size prevents a detailed evaluation of the spatial distribution of ancient antlers, but recovering antlers from what are currently the concentrated calving grounds (and only from the concentrated calving grounds) that were shed by female caribou thousands of years ago bolsters the interpretation that the concentrated calving areas of the PCH delimit core caribou calving habitats.

Today, the foothills of the Brooks Range are used by caribou as gateways to the calving grounds, but they are not focal calving areas. This may be at least partially due to increased concentrations of mammalian predators in the highlands (Whitten et al., 1984, 1992; Fancy et al., 1989; Fancy and Whitten, 1991; Griffith et al., 2002). A lack of calving is particularly notable along the highlands near the western margin of the Arctic Refuge (Figure 1; near UAMES 52866). This behavioral pattern seems to be reflected by UAMES 52866, the skeletal remains of a female caribou that died in upland habitats near the Canning River over 2,500 years ago and preserves characteristics consistent with her traveling to the calving grounds. This antler fragment is still partially attached to a portion of the antler pedicle and is the only non-shed antler reported here. It is also the only antler found in the foothills of the Brooks Range (i.e., not from the lowland Coastal Plain). Apparent bone decalcification at the pedicle-antler attachment is consistent with death near the time she would have shed the antler. Thus, she was possibly within days to weeks of giving birth and was likely on her way to the calving grounds. While acknowledging our small sample size, it is notable that both shed antlers reported here were recovered from known calving grounds, while the single not-yet shed antler was recovered from an area that does not support calving today. Taken together, we find similarity between migration and calving ground patterns observed today (e.g., Griffith et al., 2002; Caikoski, 2020) and proxies of those behaviors from millennia ago. Our results are also consistent with oral histories of the Gwich’in people, which indicate that many patterns of landscape use observable today have historical roots, including calving grounds north of the Brooks Range (Benson, 2019).

Could the antlers (both shed and not-yet shed) have come from females that were not impregnated or experienced miscarriages prior to reaching the calving grounds? This seems unlikely, given their proximity to today’s calving grounds and the greater variability in when and where such nonparturient female caribou shed their antlers. Nonparturient females shed their antlers over a wide interval (across one or more months) in the late winter to earliest spring (Espmark, 1971; Bergerud, 1976; Bubenik et al., 1997). For the PCH, this would translate to antlers cast across nearly 100 km (perhaps more) of the migration on landscapes that could be more than 100 km farther south and/or east from the calving grounds sampled here (Fancy et al., 1989; Griffith et al., 2002). Some shifts in migratory patterns would not be unexpected across millennia. However, if the antlers dated here came from nonparturient caribou, this would suggest a dramatic reorganization of today’s migratory pathway, including either (1) arrival north of the Brooks Range up to several months earlier than observed today (and prior to green-up; Griffith et al., 2002) or (2) transition of the population to a non-migratory state. While additional work is required to understand the drivers of migration and changes in migratory dynamics among individuals or entire populations (Bergerud, 1996; Baltensperger and Joly, 2019; Joly et al., 2021b), invoking such a high level of migratory reorganization would be far less parsimonious than the more likely interpretation that these millennially-aged antlers were from parturient females that were on (UAMES 52867, UAMES 52865) or approaching (UAMES 52866) their calving grounds.

Beyond expanding the timescales across which calving behaviors can be inferred, millennially-aged antlers also provide insight into the diversity of climate settings in which the Arctic Refuge’s Coastal Plain has been used as a calving ground. Local climate records from the late Holocene are not available, but nearby lake cores from Hanging and Trout Lakes (Yukon, Canada; ~200 km from the Turner River) provide temperature reconstructions based on assemblages of fossil midges and floral community reconstructions based on pollen analyses (Cwynar, 1982; Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Starting with the oldest antler, ~3,000 cal years BP, both temperature records indicate mean July temperatures (summer temperatures) that were similar or slightly cooler than average modern summers (Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Both proxy records show an increase of ~1°C in summer temperatures by ~2,500 cal years BP (the age of the non-shed antler). By ~1,600 cal years BP, summer temperatures were similarly high, ranging between ~0.5 and > 1°C above the ~3,000 cal years BP starting point. While error bars on these estimates are large, the trajectories of temperature changes are consistent between cores (Kurek et al., 2009; Irvine et al., 2012; Kaufman et al., 2016). Neither records shows dramatic changes in floral community between 1,000 and 3,000 years ago, though these very recent portions of the records were not the main research foci. Antlers shed in the PCH calving grounds thousands of years ago indicate that the Coastal Plain can serve as a calving ground across a variety of climatic settings, including those with warmer summer temperatures than observed in recent decades. While the predicted trajectories of future climate change generally fall outside baselines established by climate records from the last several millennia (Arctic Climate Impact Assessment [ACIA], 2004; Kaufman et al., 2020; IPCC, 2022), it seems likely that the Coastal Plain of the Arctic Refuge will remain a viable calving ground for at least the next stages of the warming Arctic. But across how much warming may current patterns of caribou migration persist and what will ultimately drive future changes, if they occur? Pairing analyses of sediment cores at higher temporal resolutions with continued sampling of antler records may provide informative tests for how previous shifts in temperature and floral communities impacted the geographic distribution of caribou calving grounds and other aspects of caribou migration. In this way, historical proxies could provide more detailed guidance and expectations for how to manage caribou amidst future ecological change.



Inefficient recycling of antlers contributes to a redistribution of limiting nutrients across Arctic habitats

Vertebrates are important vectors of nutrient redistribution in a variety of biological systems (Doughty et al., 2013, 2016; Doughty, 2017), but the redistribution of nutrients driven by antler growth and shedding of migratory caribou is underappreciated. Antlers are composed of bone apatite and, as such, are rich in bioavailable calcium and phosphorous. Phosphorous, in particular, is a limiting nutrient in many settings, including Arctic ecosystems (Chapin et al., 1978; Weintraub, 2011). Due to distinct seasonal ranges, migratory caribou grow antlers in different areas from where they are shed (Miller et al., 2021). This is true for both male and female caribou, which grow and shed antlers according to different schedules (Espmark, 1971; Bergerud, 1976; Bubenik et al., 1997). Caribou in the PCH are in a near constant state of movement, which is broadly true for individuals in migratory herds (Fancy et al., 1989; Griffith et al., 2002; Joly et al., 2021a). An exception to this comes immediately following the birth of their calves (generally around June 1 for the PCH; Griffith et al., 2002), after which daily movement rates of female caribou are dramatically reduced. But daily travel increases quickly as calves gain strength (Fancy and Whitten, 1991; Griffith et al., 2002) and some calves are traveling as much as 90 km/day by the end of June and early July (Griffith et al., 2002). Overall, Porcupine Caribou stay on their calving grounds between ~1 to up to ~2 months. Due to their high mobility, females that successfully calved in the spring will start to grow new antlers at least 10s of kilometers away from those calving locations. Antlers will continue to grow for the next several months, peaking in growth rate during the summer and completing antler mineralization by the fall, when they are far (>100 km) from the calving grounds (Bergerud, 1976; Fancy et al., 1989; Griffith et al., 2002). Caribou also mobilize their own skeletal resources to help build antlers (Baksi and Newbrey, 1989; Baxter et al., 1999). Thus, mineral resources contributing to antlers come from a complex mixture of geographies that are largely or entirely allochthonous to the location where they are eventually shed.

A formal calculation of the impact of this nutrient redistribution is beyond the scope of this paper, but we can at least establish some basic expectations of this phosphorous conveyor belt. The size of the PCH continuously fluctuates, but it was last estimated at 218,000 individuals (Caikoski, 2020). While herd demographics change through time, ~82% of the herd are adults (Caikoski, 2020), ~52% of herd adults are female (Caikoski, 2020) and the vast majority (95%) of female caribou grow antlers each year (Cronin et al., 2003). Thus, in the last several years, we can expect ~176,615 female antlers introduced to the system each year. The size of female caribou antlers change with ontogeny, but if an average female caribou antler is ~300 grams (Thomas and Barry, 2010) and phosphorous accounts for approximately 84 mg/g of cervid antlers (Nowicka et al., 2006), that equates to ~4,451 kg of phosphorous redistributed annually in the form of antlers of PCH females. While the majority of these inputs will fall onto the calving grounds, the complete picture of mineral redistribution is more complex because females that do not become pregnant or miscarry their calves will shed their antlers earlier than pregnant females, when they are at different points along their migration (Bergerud, 1976).

What becomes of all the phosphorous and calcium introduced to the calving grounds by shed antlers? On the Coastal Plain, phosphorous availability fluctuates seasonally for both plants and the vertebrates that feed on them (Chapin et al., 1978; Weintraub, 2011; Oster et al., 2018). For example, during early spring, the daily calcium requirements for a lactating female caribou are not easily obtainable from available graminoid forage on the spring ranges of the PCH. By late spring and summer, available forage is essentially unable to accommodate the daily phosphorus requirements for a lactating female (Oster et al., 2018). Antlers and other bones provide an alternative source of both phosphorus and calcium and, as documented in other settings, are gnawed on by a variety of Arctic mammals, including caribou and rodents (McCabe, 1957; Gordon, 1976; Fernandez-Jalvo and Andrews, 2016). As bones weather and decay, they will also release calcium and phosphorous into nearby soils. More detailed analyses of antler loss rates due to weathering and consumption by local mammals will be critical to estimating the rates by which key nutrients are returned to the system. But high concentrations of antlers on Coastal Plain calving grounds (>1,000 antlers/km2, Miller et al., 2013) paired with the persistence of antlers on these same landscapes for up to thousands of years indicates that caribou calving grounds act as a sink for phosphorous, calcium, and other nutrients locked away in shed antlers.



Slow bone decomposition produces time-rich datasets for conservation paleobiological applications

Recovering millennially-aged antlers lying on the Coastal Plain of the Arctic Refuge highlights the slow weathering and recycling rates of bones and other biological materials in high-latitude, cold-weather environments. Bones and antlers of similar antiquity have been previously recovered from landscapes on Ellesmere Island, Svalbard, Greenland, and Antarctica, all of which have been used to explore the historical presence, geographic distribution, and population biology of caribou and other species (Olson and Broecker, 1961; Nichols, 1968; Meldgaard, 1986; Sutcliffe and Blake, 2000; Koch et al., 2019; Le Moullec et al., 2019). The consistency with which millennially-aged bones have been collected from the surfaces of Arctic and Antarctic landscapes is good news for those interested in assessing the historical states of large mammals in these settings. However, while Arctic and Antarctic settings consistently yield bones from deep antiquity, the rates of bone recycling in lower latitudes are faster and yield narrower temporal perspectives (Miller and Simpson, 2022).

Bone weathering and loss rates are controlled by a variety of factors, including soil moisture, temperature, UV-incidence, and cycles such as wet-dry and freeze–thaw (Behrensmeyer, 1978; Tappen, 1994; Fiorillo, 1995; Todisco and Monchot, 2008; Behrensmeyer and Miller, 2012; Pokines et al., 2016, 2018; Stokes et al., 2020). Damage to bones due to inadvertent modification and/or direct consumption by carnivores, rodents, and ungulates can also play important roles (Pobiner, 2008; Fernandez-Jalvo and Andrews, 2016; Pobiner et al., 2020). In temperate North America (Yellowstone National Park, United States), bones of large mammals (e.g., elk, horse; Cervus canadensis, Equus ferus caballus) may persist for hundreds of years on landscape surfaces (Miller, 2011; Miller and Simpson, 2022). But in Amboseli National Park (Kenya), bones of large mammals may persist for only several decades (Behrensmeyer, 1978; Behrensmeyer and Miller, 2012). Clearly the depth of historical insight available from accumulations of bones in Arctic, temperate, and tropical settings is very different, which means the conservation and management-related questions we ask of these accumulations must be temporally appropriate. Unfortunately, the number of ecosystems that may benefit from the historical ecological data available in bone accumulations is far larger than the number of sites for which we have estimated the duration of bone persistence. A recent study (Miller and Simpson, 2022), however, which included antler UAMES 52867, found that the duration of maximum bone persistence (logged) in different environments is closely linked to that environment’s mean annual temperature (p < 0.01, r2adjust = 0.95). Using this relationship, it is possible to estimate the likely depth of historical insight available from bones at a given locality. While estimating maximum bone persistence using a single variable may be an oversimplification, it can serve as a useful starting point for establishing initial expectations for the temporal richnesses of bone accumulations that are waiting to be studied on different landscapes.




Conclusion

Today, the PCH gives birth to their calves on the Coastal Plain of the Arctic National Wildlife Refuge (Alaska) and Ivvavik National Park (Yukon, Canada). While Traditional knowledge of the Gwich’in people and historical records of early European explorers and trappers indicate similarity in landscape use across at least hundreds of years (Burch Jr., 2012; Benson, 2019), the long-term continuity of contemporary PCH calving grounds remains unknown. Female caribou shed their antlers within days of giving birth and serve as a useful proxy for historical calving activity (Espmark, 1971; Whitten, 1995; Miller et al., 2021). Radiocarbon dates of antlers found on the PCH calving grounds reveal shed antlers as old as 1,629 and 3,157 cal years BP. The antiquity of these shed antlers provides the first physical evidence of calving activity from previous millennia and substantiates the long ecological legacy of the Coastal Plain as a caribou calving ground. Some of the ancient antlers evaluated here also come from periods when summer temperatures were higher than recent decades, indicating that the PCH calving ground may be viable for at least the next few stages of projected climate warming. Millennial-aged antlers have been recovered from multiple high latitude settings in the northern and southern hemispheres (Miller and Simpson, 2022), highlighting the extended ecological histories available from bone accumulations in cold-weather environments. Extended persistence of antlers on Arctic caribou calving grounds also indicates that recycling nutrients from caribou antlers (phosphorus, calcium) is highly inefficient. Paired with large annual inputs of antlers to the calving grounds (105 antlers per year), we also find that caribou calving grounds are an underappreciated sink for nutrients that are important to both plant and animal communities. Evaluating antlers (and other bones) on modern landscapes provides important opportunities to evaluate historical states of living populations and to gain new insight into the biological intricacies of even well-studied ecosystems.
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Specimen River Shed Length Major Axis  Minor Axis Area Probability

Region Status (mm) (mm) (mm) (mm?)  Female (95%
(e)}
UAMES 52867 Katakturuk Shed 151 2059 1623 26246 93.20% (89.8,96.9%)  Female
UAMES 52866 Canning Not shed 149 1574 1422 175.79 94.50% (89.6,98.7%)  Female
UAMES 52865 Turner Shed 13 2161 1651 28022 92.30% (88.9,96.2%)  Female

River Region identifes the closest major river to the specimen. Shed Status identifies whether the antler is  shed or not (see Materials and methods). Length s the measurement of the
specimen along its long axis. Major and Minor Axes refer to the longest and shortest axis of the antler’ pedicle attachment surface. Probability Female is the mean probability (expressed
15 percentage) that the antler s female, as calculated in Mill 3,2021). Sex (female or male) is determined based on the probability that the antler is female. UAMES,
University of Alaska Museum Earth Sciences Collection.
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Specimen Lab number 85C %o (SD)  C:N (atomic) Median (Cal 95% CI (Cal

years BP) years BP)
UAMES 52867 UCIAMS 227596 ~186(0.1) 321 2,980 (20) 3157 (3,218,3,072)
UAMES 52866 LLNL 157847 ~19.10.1) 327 2490 (15) 2581 (2,714,2,494)
UAMES 52865 LLNL 158235 -186(0.1) 318 1,740 (20) 1629 (1,704,1,549)

3°C values are used in the correction of the AMS radiocarbon date due to isotopic fractionation of the antler bone. SD s the standard deviation. Carbon:Nitrogen (C:N) ratios are
provided for the collagen of each antlr. 'C age is the AMS date in radiocarbon years. Cal years BP is the calibrated calendar years Before Present. Both the median calibrated date and the
range ofits 95% Confidence Interval (CI) are provided. UAMES, University of Alaska Museum Earth Sciences Collection; UCIAMS, University of California Irvine Accelerator Mass
Spectrometry; CAMS, Center for Accelerator Mass Spectrometry (Lawrence Livermore Laboratories).
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