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Accumulations of shed caribou antlers (Rangifer tarandus) are valuable resources for

expanding the temporal scope with which we evaluate seasonal landscape use of herds.

Female caribou shed their antlers within days of giving birth, thus marking calving ground

locations. Antler geochemistry (87Sr/86Sr) reflects the isotopic signature of regions used

during antler growth, thereby providing data on a second component of seasonal

landscape use. Here, we evaluate shed caribou antlers from the Coastal Plain of the

Arctic National Wildlife Refuge, Alaska. The Central and Eastern regions of the Coastal

Plain are calving grounds for the Porcupine Caribou Herd, while the Western Coastal

Plain supports calving by the Central Arctic Herd. We found that antler 87Sr/86Sr from

the Central and Eastern Coastal Plain were isotopically indistinguishable, while antler
87Sr/86Sr from the Western Coastal Plain was significantly smaller. For each region,

we compared isotopic data for “recent” antlers, which overlap the bulk of standardized

state and federal caribou monitoring (early 1980s and younger), with “historical” antlers

shed in years predating these records (from the 1300s to the 1970s). For Porcupine

Herd females calving in the Arctic Refuge, comparisons of antler 87Sr/86Sr through time

indicate that summer ranges have been consistent since at least the 1960s. However,

changes between historical and recent antler 87Sr/86Sr for the Central Arctic Herd

indicate a shift in summer landscape use after the late 1970s. The timing of this shift

is coincident with multiple factors including increased infrastructural development in their

range related to hydrocarbon extraction. Accumulations of shed caribou antlers and their

isotope geochemistry extend modern datasets by decades to centuries and provide

valuable baseline data for evaluating potential anthropogenic and other influences on

caribou migration and landscape use.

Keywords: conservation paleobiology, historical ecology, seasonal landscape use, strontium isotope ratios, ANWR

INTRODUCTION

Seasonal landscape use is a core component of animal ecology and population biology and is
influenced by a variety of factors including population size, climate, and anthropogenic impacts
(Fryxell and Sinclair, 1988; Dingle, 2006; Avgar et al., 2014). Many of these drivers operate
on decadal timescales or longer, but datasets rarely have the temporal depth to capture their
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underlying long-term variability, trends, or oscillations (Vors
and Boyce, 2009; Magurran et al., 2010; Mihoub et al., 2017).
Additionally, the scale of ecological changes due to natural
and anthropogenic influences is often masked because wildlife
monitoring programs generally start after populations had been
subjected to significant perturbations (Terry, 2009; Tomasovych
and Kidwell, 2017). The need for datasets that extend beyond
the temporal restrictions of available biomonitoring data is
particularly critical for species living in regions with high rates
of climate-related environmental change (e.g., the Arctic) or
dependent on ecological strategies, such as migration, that
are particularly threatened by anthropogenic impacts (Berger,
2004; Festa-Bianchet et al., 2011; Tucker et al., 2018). While
historical ecology remains mostly lost to time, an increasing
number of ecological proxies can help quantify the magnitude
and directions of otherwise cryptic biological changes, including
aspects of landscape use and migration (Morneau and Payette,
1998, 2000; Zalatan et al., 2006; Kidwell, 2007; Froyd and Willis,
2008; Behrensmeyer and Miller, 2012; Kidwell and Tomasovych,
2013; Miller et al., 2013; Dietl et al., 2015; Barnosky et al., 2017;
Grace et al., 2019).

Bones are one such proxy, as they can persist on landscape
surfaces for decades, centuries, or longer and can faithfully record
data on their source populations (Behrensmeyer, 1978; Andrews,
1995; Sutcliffe and Blake, 2000;Western and Behrensmeyer, 2009;
Miller, 2011; Behrensmeyer and Miller, 2012; Miller et al., 2013).
In addition to data on species presence and relative abundances
through time, some skeletal materials are capable of recording
patterns of seasonal landscape use. Antlers of deer (Cervidae)
are grown and shed following seasonal schedules (Espmark,
1971; Bergerud, 1976; Hall, 2005). After decades, shed antlers
can accumulate into measurable densities on landscape surfaces
(e.g., 102-103 antlers/km2), with regions of relatively high or low
antler densities faithfully recording the herd’s patterns of seasonal
landscape use (Miller and Barry, 1992; Miller, 2012; Miller et al.,
2013).

Caribou (Rangifer tarandus) are unique among cervids in that
both females and males can annually grow and shed antlers
(Espmark, 1971; Bergerud, 1976). Differences in antler size and
morphology enable sex determination (Høymork and Reimers,
1999; Miller et al., 2013), opening opportunities to evaluate
patterns of sex-specific landscape use. In caribou, timing of antler
shedding depends on maturity, sex, and other hormonal drivers.
Mature males, for example, shed antlers shortly after fall mating,
while immature males may keep them until spring (Bergerud,
1976; Blake et al., 1998). Females that do not become pregnant
either shed their antlers following the fall mating season or keep
them until early spring (several weeks or more before pregnant
caribou give birth; Espmark, 1971; Bubenik et al., 1997). Notably,
pregnant female caribou retain their antlers until the spring
calving season and only shed them within a few days before
or after giving birth (Espmark, 1971; Bergerud, 1976; Whitten,
1995). The calving period is highly conserved annually, with peak
calving date for individual herds varying on the scale of days
(Griffith et al., 2002). Tens-of-thousands of pregnant femalesmay
visit calving grounds each year, resulting in large accumulations
of shed female antlers (102-103 antlers/km2) that can be used as a

geographic proxy for mapping both recent and historical calving
grounds (Miller et al., 2013).

While locations of shed antlers document landscape use
during the shedding period, antler isotope geochemistry can
provide complementary ecological information on landscape use
during antler growth. Strontium isotope ratios (87Sr/86Sr) of
bone, tooth, hair, and antlers are a broadly used tool in forensic
science, ecology, archeology, and paleoecology to help track the
geographic origins of biological tissues (reviewed by Bentley,
2006; Hobson et al., 2009; Makarewicz and Sealy, 2015; Crowley
et al., 2017). This is possible because bioavailable 87Sr/86Sr
varies across landscapes primarily in response to changes in
surface geology (Capo et al., 1998; Crowley et al., 2017; Bataille
et al., 2020). As strontium ions can replace calcium during the
formation of biological tissues, 87Sr/86Sr can be sequestered in
bones, teeth, and other calcium-rich structures (Koch et al.,
1995; Capo et al., 1998; Hobson et al., 2009). Developing tissue
can record the isotopic signatures of the strontium source
because this replacement occurs with negligible, and correctable,
fractionation (Flockhart et al., 2015; Lewis et al., 2017). By first
establishing how strontium isotope ratios change across space,
the 87Sr/86Sr in biological materials (modern and fossil) can
provide geographic context to specimens including deciphering
patterns of landscape use and migration (Hoppe and Koch, 2007;
Britton et al., 2009; Gigleux et al., 2017;Widga et al., 2017; Bataille
et al., 2018, 2020).

In this study, we tested the capacity of antler 87Sr/86Sr to
discriminate between two caribou herds (Porcupine and Central
Arctic) that calve on different regions of the Coastal Plain within
the Arctic National Wildlife Refuge, Alaska (USA, Figure 1).
Alaskan caribou calve primarily in early June (Cameron et al.,
2002; Griffith et al., 2002; Nicholson et al., 2016), and subsequent
re-growth of female antlers occurs following calving and during
the summer (Bergerud, 1976; Bubenik et al., 1997). Thus, antler
87Sr/86Sr should primarily reflect bioavailable 87Sr/86Sr from
a caribou’s post-calving spring and summer ranges. Based on
mapped geological differences between summer ranges of the
Porcupine and Central Arctic Herds (Figure 1; Wilson et al.,
2015), we predict that antlers collected from the Central and
Eastern Coastal Plain (calving grounds of the Porcupine Herd)
will be isotopically distinct from antlers collected from the
Western Coastal Plain (Central Arctic Herd calving grounds).

We also used antler 87Sr/86Sr to test for changes in summer
landscape use for the Porcupine and Central Arctic Herds.
Because bone weathering is slow in arctic settings (Meldgaard,
1986; Sutcliffe and Blake, 2000), it is likely that some antlers
lying on the calving grounds were shed hundreds of years
ago. We used antler weathering characteristics and radiocarbon
dating to identify antlers from different time periods and test
for changes in landscape use (87Sr/86Sr) through time. Since
surveys of the Central Arctic Herd began in the 1970s, there
have been dramatic increases in petroleum-related infrastructure
in portions of their calving, summer, and winter ranges (Fancy,
1983; Fancy et al., 1989; Cameron et al., 1992; Nicholson et al.,
2016) as well as dramatic changes in herd size (Lenart, 2015;
Curl, 2020; Johnson et al., 2020). Both of these factors could
have impacted patterns of seasonal landscape use (Bergerud,

Frontiers in Ecology and Evolution | www.frontiersin.org 2 January 2021 | Volume 8 | Article 590837

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Miller et al. New Insights From Old Antlers

FIGURE 1 | Seasonal ranges for caribou of the Arctic National Wildlife Refuge,

AK. Ranges of the Central Arctic (red) and Porcupine Herds (blue) are distinct

during (A) calving periods, but there is greater spatial overlap across their (B)

summer ranges. Antler surveys were conducted along the Coastal Plain

calving grounds, accessed by major river systems; Canning River (Western

Coastal Plain), Hulahula River (Central Coastal Plain), and Turner River (Eastern

Coastal Plain). The Trans-Alaska Pipeline (cross-hatched line) was completed

in 1977. Herd range boundaries from Trammell et al. (2015).

1996; Boertje and Gardner, 2000; Hinkes et al., 2005; Vistnes
and Nellemann, 2008; Nicholson et al., 2016). Across a similar
time period, the Porcupine Herd experienced relatively limited
anthropogenic development of their range and comparatively
less dramatic changes in population size (Griffith et al., 2002;
Caikoski, 2020). We therefore expect that landscape use of the
Porcupine Herd has been more consistent through time.

MATERIALS AND METHODS

The Caribou Study System
The Arctic National Wildlife Refuge (Arctic Refuge) is ideally
suited to evaluate the geographic and seasonal data recorded in
antlers of migratory caribou. The Coastal Plain of the Arctic
Refuge is a broad, flat, tussock-tundra-rich landscape used as a
caribou calving ground by the Porcupine Herd and the Central
Arctic Herd (Figure 1; Cameron et al., 2002; Griffith et al.,
2002; Jorgenson et al., 2002; Jorgenson and Walker, 2018). Most
calving activity in the Arctic Refuge is by Porcupine Herd

females, which generally enter the Coastal Plain from the east
and south (Fancy et al., 1989; Griffith et al., 2002). Caribou that
calve along the western margin of the Arctic Refuge’s Coastal
Plain are mostly from the Central Arctic Herd, whose calving
grounds are predominately west of the Arctic Refuge (Figure 1;
Fancy et al., 1989; Cameron et al., 2002; Nicholson et al., 2016;
Prichard et al., 2020). While geographically separated during
calving, the current ranges of the Porcupine and Central Arctic
Herds partially overlap during summers (on the Coastal Plain)
and winters (generally south of the Brooke Range; Lenart, 2015;
Nicholson et al., 2016; Prichard et al., 2020). Yet even with this
overlap, the overall geology of summer ranges is distinct, which
is important for differentiating herds using antler 87Sr/86Sr. The
summer ranges of both herds overlay unconsolidated Quaternary
sediments, but the range of the Porcupine Herd extends east
and south into regions dominated by metasediments, mafic
rocks, and Neoproterozoic siliciclastic rocks (Wilson et al., 2015;
Colpron et al., 2016), while the range of the Central Arctic Herd
extends west into areas richer in Mesozoic carbonates as well as
Mesozoic and Cenozoic siliciclastic rocks (Wilson et al., 2015).

The Central Arctic and Porcupine Herds have been studied
for decades by state, territorial, and federal offices of the US
and Canada (Russell et al., 1993, 2005; Cameron et al., 2002;
Griffith et al., 2002; Russell and Gunn, 2019; Caikoski, 2020).
The long history of evaluation is due, in part, to Alaska’s
rich oil reserves and mandates to consider the consequences
of petroleum development on caribou ecology and herd sizes
across Alaska (USA-Canada, 1987; Whitten, 1994; Griffith et al.,
2002; Cameron et al., 2005; Russell and Gunn, 2019). Within
the Arctic Refuge, significant work has focused on a region
of the Coastal Plain referred to as the “1002 Area” (Figure 1),
which includes the majority of the Porcupine Herd’s Alaskan
Coastal Plain calving grounds (Griffith et al., 2002; Caikoski,
2020). In 1980, the United States Congress excluded this
region from many long-term protections bestowed on most
wildlife refuge lands and it was established as a region for
possible hydrocarbon development (Udall, 1980). Lease sales for
hydrocarbon development were mandated by the U.S. Congress
in 2017 (Brady, 2017). In this context, many management
questions related to the Arctic Refuge’s Coastal Plain have focused
on assessing the potential ecological consequences of developing
the 1002 Area (Cameron and Whitten, 1980; Cameron et al.,
1992, 2005; Griffith et al., 2002; Arthur and Del Vecchio, 2009;
Pearce et al., 2018; Russell and Gunn, 2019). Thus, a pertinent
question for this study is whether antler records provide new
information on how caribou use this region.

The size and location of caribou ranges are determined
by endogenous and exogenous drivers, including herd size
and anthropogenic stressors (Skoog, 1968; Russell et al., 1993;
Bergerud, 1996; Cameron et al., 2005; Hinkes et al., 2005).
Human infrastructural developments can produce clear and
sustained impacts on caribou landscape use (Vistnes and
Nellemann, 2008; Johnson and Russell, 2014). This is most
clearly seen as avoidance of developed areas such as tourist
lodging and infrastructure supporting petroleum exploration
(Klein, 1971; Helle and Särkelä, 1993; Vors et al., 2010; Wilson
et al., 2016). Roads, particularly when they run perpendicular
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to the direction of migration, can also represent significant
barriers to caribou movement and delay the arrival of females
to calving grounds (Bolger et al., 2008; Wilson et al., 2016).
Caribou may also shift or functionally abandon portions of
seasonal ranges due to development (Cameron et al., 1992,
2005; Joly et al., 2006). Population size and climate also impact
caribou landscape use, but do so more cyclically. For example,
caribou populations can fluctuate decadally by tens- to hundreds-
of-thousands of individuals (Vors and Boyce, 2009), often
influenced by hemispheric climate cycles (Griffith et al., 2002;
Joly et al., 2011). Large changes in population can lead to changes
in overall geographic range and even influence whether caribou
undergo annual migrations at all or become more sedentary
(Bergerud, 1996; Baltensperger and Joly, 2019).

The Central Arctic Herd was first identified in 1975, but the
herd’s range has been subjected to petroleum development since
the 1960s (Bergerud, 1996; Hinkes et al., 2005). This development
includes the Trans-Alaska Pipeline (completed in 1977), and
scores of subsequent drill sites and roadways connecting oil
fields across calving and summer ranges (Figure 1; Fancy et al.,
1989; Arthur and Del Vecchio, 2009). There has been widespread
interest in evaluating herd impacts from economic development,
including changes in landscape use in response to oil fields
and other developments, and reduced body weight for calves
in closer proximity to roads and drilling operations (Dau and
Cameron, 1986; Cameron et al., 1992; Lawhead and Prichard,
2003; Arthur and Del Vecchio, 2009; Nicholson et al., 2016).
The population of the Central Arctic Herd has also changed
dramatically across the available timeseries, increasing from ca.
5,000–6,000 to 28,000 individuals during the 1970s and 1990s,
before increasing again to 68,000 in 2010 and subsequently
falling to 23,000 in 2016 (Cameron and Whitten, 1979; Whitten
and Cameron, 1983; Cameron et al., 2005; Lenart, 2015; Curl,
2020; Johnson et al., 2020). In 2019, the herd was estimated at
30,000 individuals (Curl, 2020). The Central Arctic Herd calving
grounds are concentrated in two core regions on the Coastal
Plain, one of which overlaps the western margin of the Arctic
Refuge. The summer range of the herd incorporates a broad
section of the Coastal Plain and Brooks Range foothills within the
Arctic Refuge and extends to the west (Figure 1; Cameron et al.,
2002; Nicholson et al., 2016).

The Porcupine Herd has been monitored since the 1960s and
1970s, with particular emphasis on population size, patterns of
landscape use, the geographic covariates of calf survivorship,
and other core components of population biology (Skoog, 1968;
Whitten et al., 1984, 1992; Fancy et al., 1989; Fancy and
Whitten, 1991; Bergerud, 1996; Griffith et al., 2002; PCMB, 2016).
Population estimates show that the Porcupine Herd increased
from 100,000 to 178,000 individuals between the 1970s and
1989, before falling to 123,000 in 2001 (Caikoski, 2020). The
herd then increased from 168,000 to 218,000 between 2010
and 2017 (Caikoski, 2020). Unlike the Central Arctic Herd, the
annual range of the Porcupine Herd has been subjected to less
infrastructural and economic activity (Fancy et al., 1989; Griffith
et al., 2002; PCMB, 2016). For both herds, data on seasonal
landscape use and migration have become more robust with
increased numbers of radio-collared (and now GPS-collared)

caribou and the standardization of survey and data processing
protocols starting in the 1980s (Griffith et al., 2002; Caikoski,
2020). The calving grounds of the Porcupine Herd encompass
nearly the entire Coastal Plain of the Arctic Refuge and extend
into Yukon, Canada. The summer range extends from the Coastal
Plain to the Brooks Range in both Alaska and Yukon (Figure 1;
Fancy et al., 1989; Russell et al., 1993; Griffith et al., 2002).

Specimen Collection and Selection
Antlers for this study were selected from collections for a larger
study on arctic bone weathering and caribou landscape use (e.g.,
Miller et al., 2013). Shed caribou antlers were collected from
tundra surfaces along the Arctic Refuge Coastal Plain in the
summers of 2010–2012, 2014, and 2015 (Figure 1). We used
major river systems to collect antlers from three regions of the
Coastal Plain: Western (Canning River), Central (Hulahula and
Jago Rivers), and Eastern (Turner and Kongakut Rivers). From
west to east, this sampling extends across 100 km. The river
systems extend northward from the Brooks Range to the Arctic
Ocean, and thus provide opportunities to sample across the width
of the Coastal Plain (ca. 10–70 km; Figure 1).

Antlers were collected by walking across tundra surfaces
using standardized surveys of well-drained tundra habitats rich
in the low-growing evergreen flowering plant, Dryas (Dryas
river terraces, sensu Jorgenson et al., 2002; Jorgenson and
Walker, 2018). Dryas terraces are generally found within a few
kilometers of river channels. Survey sites were accessed by fixed-
wing aircraft or by rafting down rivers to survey locations.
On Dryas terraces, the ground is not visually obstructed by
tussocks, willows, or other vegetation that would hamper antler
observation; this makes antlers highly visible and readily sampled
(Miller et al., 2013). Surveys and collections were done with
permission from, and in collaboration with, the Arctic National
Wildlife Refuge (United States Fish and Wildlife Service).

While distinguishing female antlers from much larger
and more palmated adult male antlers is straightforward,
differentiating antlers of adult females from similarly sized and
shaped young males requires careful evaluation (Høymork and
Reimers, 1999; Miller et al., 2013). To categorize antlers by sex,
we used museum reference collections and measurements of the
major and minor axis of the roughly elliptical pedicle attachment
surface (Miller et al., 2013). For each specimen, calculations
provide a mean probability and 95% confidence interval that the
antler is female (Miller et al., 2013). Female antlers dominate
our dataset (n = 57), but to provide preliminary 87Sr/86Sr
comparisons between the sexes, we also included a small number
of males from the Central and Eastern Coastal Plain (n = 7).
One antler could not be confidently assigned to either sex and
is excluded from comparisons between males and females.

Shed antlers can be identified by the presence of an exposed
antler-skull attachment surface. All but two antlers reported here
were shed. The first exception (T01-20-14 09) is the proximal
portion of a female antler that is still attached to a fragment of the
cranium. This specimen shows clear bone resorption along the
antler attachment surface, which we interpret as strong evidence
that shedding was underway and that this individual died during
the calving season. The second antler (ANWR-120) is a male that
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includes a section of the antler pedicle and is also interpreted as a
mortality. Both specimens were included because they are heavily
weathered and likely predate available biomonitoring data by at
least several decades. While some antlers were partially obscured
in tundra or moss, all were at least partially exposed. One antler
(T01-14-12 14) was found fully exposed, but almost entirely
covered in root etching and was likely previously buried. This
specimen was also included for its likely antiquity.

To test for change in seasonal landscape use through time, we
selected antlers from our collection that spanned a potentially
wide range of ages; methods for discriminating antler age
categories are described below (“dating antlers”). Antlers were
categorized as “recent” or “historical” depending on whether
they were shed in years that overlapped the best-available
caribou management records and/or following infrastructure
development on herd ranges. This distinction is separately
evaluated for the Porcupine and Central Arctic Herds due to their
different management histories. For antlers from the Central and
Eastern Coastal Plain (calving grounds of the Porcupine Herd),
the dividing date between historical and recent was 1983. This
division corresponds to standardization of calving surveys for the
Porcupine Herd and when the numbers of radio-collared females
began to substantially increase (Griffith et al., 2002). For antlers
from the Western Coastal Plain (calving grounds of the Central
Arctic Herd), the dividing date between historical and recent was
1980 to coincide with the completion of many infrastructural
development projects and the onset of several others (Fancy et al.,
1989; Cameron et al., 1992). Results were consistent when using
the same cutoff for both regions (i.e., 1980 or 1983). We selected
equivalent samples of “recent” (n= 34) and “historical” (n= 31)
antlers from each of the three regions of the Coastal Plain (nmedian

= 10; nrange = [9, 13], female only: nmedian = 10, nrange = [8, 10]).

Dating Antlers
To assign antlers as either historical or recent, we estimated
growth year using a combination of antler weathering analysis
and Accelerator Mass Spectrometry (AMS) radiocarbon dating.
Historical antlers were first identified by their advanced
weathering and confirmed by AMS dates. To identify recent
antlers without needing to directly date all specimens, we
calibrated the progression of early weathering using a second
series of AMS dates.

Bones in many environments progress beyond initial stages
of weathering (weathering stages 0 and 1; sensu Behrensmeyer,
1978) within a few years (Behrensmeyer, 1978; Miller, 2009).
However, bone weathering rates are dramatically slowed in
arctic settings (results below; Meldgaard, 1986; Sutcliffe and
Blake, 2000). By observing antler weathering patterns, it became
apparent that the progressive loss of original bone textures was
a potential indicator of initial weathering duration. We defined
original bone textures as smooth, unmodified bone surfaces that
may or may not maintain a glossy shine. The simplicity of
the definition means antler surfaces can be readily assessed as
original or modified. This definition is also non-ambiguous and
highly restrictive as to which surfaces are considered original.
Small cracks, slight roughening of external cortical surfaces, and

FIGURE 2 | Examples of antlers in the four weathering categories of original

bone texture. (A) Bone texture score 0: preservation of more than two-thirds of

original bone texture. (B) Score 1: between one- and two-thirds original bone

texture preserved. (C) Score 2: less than one-third original bone texture

preserved. (D) Score 3: no original bone texture preserved. Dashed lines

outline regions of modified bone. In (C), unmodified bone is difficult to visually

differentiate due to discoloration, but these areas are smooth to the touch.

Region sampled for 87Sr/86Sr is visible as a light colored area in the upper half

of (C). After evaluating the skyward and groundward sides of each antler,

scores are added to create a Composite Score of bone texture ranging from 0

(supermajority of original bone texture preserved) to 6 (no original bone texture

preserved). Scale bars are 5 cm. Photographed specimens are (A)

ANWR-133, (B) T01-43-15 01, (C) T01-16-12 12, and (D) T01-32-14 15.

other subtle, yet easily identified deviations from original bone
textures are all recognized as modifications.

To evaluate initial weathering, we visually and tactilely
assessed the coverage of preserved original bone texture for
all antlers and scored them using four categories (Figure 2):
0 = more than two-thirds original bone texture preserved, 1
= between one- and two-thirds preserved, 2 = less than one-
third preserved, and 3 = no original bone texture remaining.
We also recorded whether lichens were present or absent.
Because lichens lead to pocked bone surfaces (Hospitaleche
et al., 2011), antler surfaces covered in lichens were scored as 3.
For each antler, we separately evaluated skyward and ground-
facing sides, because these surfaces can experience different
weathering microhabitats (Behrensmeyer, 1978; Andrews and
Whybrow, 2005). To standardize our assessments, we focused on
the proximal portion of the main beam (Figure 3, shaded area of
antler schematic). This region has fairly even thickness of dense
cortical bone, which is important for consistently estimating
bone weathering duration (Behrensmeyer, 1978). Focusing on
this anatomical region is also appropriate because it must be
at least partially preserved to identify the antler as shed. After
evaluating original bone texture, we added scores from the
skyward and groundward sides into a Composite Score of bone
texture, ranging from 0 (supermajority of all original bone texture
preserved) to 6 (no original bone texture preserved).

To calibrate Composite Scores of bone texture to weathering
duration, we AMS dated antlers with Scores of 3 (n = 3), 4 (n
= 1), 5 (n = 2), and 6 (n = 29; includes all antlers previously
identified as “historical”). Antlers with no or limited signs of
weathering (Composite Scores 0–2) were not dated to maximize
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FIGURE 3 | Composite Scores of original bone texture calibrated to

weathering duration. Weathering durations are calculated as the antler

collection date minus the calibrated AMS date. Composite Scores range from

0 (super-majority of original bone textures preserved) to 6 (no original bone

textures preserved). Composite Scores focus on the preservation of original

surface textures of antlers. Composite Scores 0–5 characterize antlers in

Weathering Stages 0 and 1 (Behrensmeyer, 1978). Antlers were evaluated

along the proximal portion of the main beam (shaded area of antler schematic).

Lichen presence or absence (squares or circles) is also indicated.

dates nearest the temporal divisions between “recent” and
“historical.” Further, progressions of bone weathering observed
elsewhere instill confidence that antlers with no or minimal
weathering have experienced the shortest weathering durations
and are confidently “recent” (Behrensmeyer, 1978; Andrews and
Whybrow, 2005;Miller, 2009;Western and Behrensmeyer, 2009).

For AMS dating, antlers were sampled from the proximal
portion of the main beam. This region has dense cortical bone,
which is resistant to contamination. Antlers were cut using a
low-speed Dremel with a diamond wheel. Samples were cut 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 the Lawrence Livermore National Lab for
chemical pretreatment and AMS dating. Collagen was prepared
using standard treatments for demineralization and humic acid
removal (Beaumont et al., 2010; Crowley et al., 2010), ultra-
filtered, and lyophilized. For the 29 samples sent to the Keck-
CarbonCycle AMS Facility (Supplementary Table 1), lipids were
removed by sonicating antler chips in a 2:1 chloroform/methanol
solution for 30min prior to demineralization. This was repeated
with a fresh chloroform/methanol solution until the solution was
no longer cloudy. Samples were then sonicated for 30min in
methanol, and 30min in Milli-Q water. The sonicator bath was
cooled to keep the temperature below 60◦C. Of the six antlers
dated at Lawrence Livermore, we only removed lipids from one
(T03-02-11 28) by repeatedly sonicating in petroleum ether for
15min until fat bubbles were no longer visible, and then rinsing
with ultrapure water. There was no difference in δ13C values for
antlers with (n= 30) or without (n= 5) lipid removal (Wilcoxon
U= 78, p= 0.81), suggesting this should be of negligible concern
for date corrections.

Radiocarbon dates were calibrated to calendar years using
IntCal13 or BombNH13, depending on whether the antlers were
grown before or after atmospheric nuclear weapons testing in
the 1950s and 1960s (Hua et al., 2013; Reimer et al., 2013).
We used the clam package in R to convert conventional 14C
dates into calendar years from which we report all date ranges
and associated posterior probabilities within the 95% confidence
interval of the calibrated date (Blaauw, 2019). From those
probability distributions, we categorized antlers as “recent” (post
1980 or 1983 depending on location) or “historical” (pre 1980
or 1983) based on the age with the highest probability. While
dating errors can be as small as a few years for antlers grown
after the 1950s, dating uncertainties are greater for antlers grown
prior to the 1950s (Uno et al., 2013). For these older antlers,
we summarized their ages by calculating the weighted-mean of
the age probability distribution, the 1-sigma variance around the
mean, and the range of the 95% confidence interval (Telford et al.,
2004; Blaauw, 2010).

Because of the swift spike and subsequent protracted decay of
atmospheric radiocarbon produced by nuclear weapons testing
in the 1950’s, antlers grown after weapons testing can often be
calibrated to two different sets of years (e.g., the 1960s and the
1980s; Reimer et al., 2004). Furthermore, even if antlers were
grown during the earlier period of the post-bomb era (e.g.,
1960s), the quick initial pulse of radiocarbon relative to slow
subsequent decay can mean that antler radiocarbon may have
more expansive overlap with later parts of the calibration curve
(e.g., 1980s). Ultimately, this means that the most supported
calibrated date may not always correctly identify whether an
antler was grown in historical or recent times. Fortunately,
antler weathering features can add meaningful independent
data with which to evaluate the AMS calibration. When antler
weathering was inconsistent with the most supported age-range
of a bifurcated set of dates, we used weathering to inform which
date range should be used.

Strontium Isotope (87Sr/86Sr) Preparation
and Analysis
Antler samples were prepared for 87Sr/86Sr analysis following
estalished protocols (Crowley and Wheatley, 2014; Baumann
and Crowley, 2015; Crowley et al., 2018). Ca. 20mg of powder
was milled from each antler using a low-speed Dremel with a
burr attachment. We focused on a region of dense cortical bone
roughly 15 cm from the base of the antler pedicle attachment and
removed exterior bone surfaces in order to exclude weathered
bone or other surface contaminants. Samples were soaked in 30%
hydrogen peroxide (H2O2) at room temperature for 72 h and
then rinsed five times with ultrapure water. Samples were agitated
frequently, and H2O2 was refreshed after roughly 40 h. Samples
were then reacted with 1M acetic acid (CH3COOH) buffered with
calcium acetate (Ca(C2H3O2)2) at 4

◦C for 24 h, rinsed five times
with ultrapure water, and freeze dried.

Three to 5mg of each pretreated sample were sent to the
Multicollector ICPMS Laboratory at the University of Illinois,
Urbana-Champaign for strontium extraction and analysis.
Samples were dissolved in 3M nitric acid (H2NO3) and filtered
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through Eichrom Sr-specific resin, followed by sequential rinsing
with 0.05, 3, and 8M H2NO3 to isolate strontium. Strontium
was eluted from the resin with 3mL of ultrapure water
and 1mL of 0.05M H2NO3 into 4mL autosampler vials.
Samples were analyzed on a Nu Plasma high-resolution multi-
collector inductively-coupled plasma mass spectrometer. Data
were corrected for drift using the international standard NBS
987 while two internal laboratory references (“Coral” and “E&A”)
were used to monitor accuracy and precision.

Analytical Framework
To test if antler accumulations faithfully differentiate the
Porcupine and Central Arctic Herds, we compared female
antler 87Sr/86Sr from the Western, Central, and Eastern Coastal
Plain using Levene tests for homogeneity of variance and
pairwise Mann-Whitney U-tests with a Bonferroni correction.
Comparisons were evaluated separately for historical and recent
female antlers. To test for changes in female antler 87Sr/86Sr
through time, we used Mann-Whitney U and Levene tests to
compare recent and historical antlers from the sameCoastal Plain
region. We also tested whether male and female antler 87Sr/86Sr
provides similar spatial information (Mann Whitney-U). To
make our Bonferroni corrections more intuitive, our reported
p-values have been multiplied by the number of comparisons;
thus our target alpha value remains 0.05. This is equivalent to
adjusting the target alpha level itself by dividing by the number
of comparisons. We used non-parametric tests in all analyses
because the 87Sr/86Sr data deviate from normality (Sokal and
Rohlf, 2011).

To estimate bioavailable 87Sr/86Sr on the Coastal Plain and
surrounding regions, we used a modeled 87Sr/86Sr isoscape
(Bataille et al., 2020). This model combines a global compilation
of bioavailable 87Sr/86Sr in local plants, soils and animals, as well
as geoenvironmental maps into a machine-learning regression to
predict bioavailable 87Sr/86Sr at the global scale (1 km resolution).
The model should work well for our purposes because the
training data included soil, plant, and animal samples from
Alaska. We used the latitude and longitude of each collected
antler to extract the expected bioavailable 87Sr/86Sr at each
collection site. To assess where antlers were grown, we applied
a continuous-surface assignment framework available in the
assignR package in R (Ma et al., 2020). This method compares
the observed 87Sr/86Sr values (x∗) with those predicted by
the isoscape. We used the function assignR to calculate the
likelihood (z∗) that any given cell of the isoscape (c) represents a
potential origin for an antler [f (z∗|c)] using a normal probability
density function:

f (z∗|c) =
(

1
√
2π

)

exp

[

−
z∗2

2

]

with z∗ = x∗−µC
σ

where µc and σ represents the mean and uncertainty
at each pixel of the isoscape. We started by calculating
probability surfaces for each female antler. We then summarized
probabilities for each herd by summing the probability maps
and dividing by the number of antlers sampled. These summary

maps represent the average probabilities for each pixel. Map
probabilities range from 0.0 (extremely low probability) to 1.0
(very high probability). Given this framework, we used female
antler 87Sr/86Sr from the Western Coastal Plain to estimate
regions of possible summer landscape use for the Central Arctic
Herd and female antler 87Sr/86Sr from the Central and Eastern
Coastal Plain to estimate regions of possible summer landscape
use for the Porcupine Herd. All analyses were scripted in R
version 3.4.1 (R Core Team, 2017).

RESULTS

Antler Weathering and Radiocarbon Dating
Composite Scores of original bone texture for all antlers and
AMS dating results are available in Supplementary Tables 1, 2.
As a reminder, our antler weathering analysis focused on the
progressive loss of original bone textures, which only evaluates
initial patterns of weathering. Antlers with Composite Scores 0–5
generally corresponded to antlers in the earliest weathering stages
(WS 0–1; Behrensmeyer, 1978). Antlers that have lost all original
bone textures (Composite Score 6) may be in any of the more
advanced weathering stages (WS 2–5).

Weathering durations overlap for antlers that have lost most
or all of their original bone texture (Composite Scores 5 and
6, Figure 3). Such antlers have been weathering for at least
32 years. Antlers with modestly better preservation (Composite
Scores 3 and 4) have overlapping and tightly clustered weathering
durations between 21 and 25 years. There is no overlap between
Composite Score 3–4 antlers and those showing more advanced
weathering (Composite Scores 5–6). We also found that lichens
colonize antlers by the time antlers weather to Composite Score
3 (ca. 20 years; Figure 3, squares), after which they are a constant
presence on subaerially exposed antlers.

All undated antlers had Composite Scores between 0 and
3 (Figure 3); the majority of which (21 of 30) exhibited only
minimal weathering (Composite Scores 0–1). Clear distinction
in weathering duration between more-weathered (Composite
Scores 5–6) and less-weathered antlers (Composite Scores 4 and
less) indicates that undated antlers have all been weathering
for less than ∼25 years. We thus conclude that antlers with
Composite Scores 0–4, including all undated specimens, came
from generations of caribou that overlap available management
records, and are thus considered “recent” (Figure 3).

Two antlers had calibrated radiocarbon dates for which
the most supported date range was inconsistent with antler
weathering. These were T01-16-12 06 (Western Coastal Plain)
and T01-42-15 78 (Eastern Coastal Plain). Both antlers have
lost all original bone texture (Composite Score 6). T01-16-
12 06 has substantial bone surface cracking and flaking (akin
to a shallowly developed Weathering Stage 2, Behrensmeyer,
1978). The calibrated age range for T01-16-12 06, which was
collected in 2012, included dates in both the 1960s and 1980s
(Table 1). Higher posterior probability support for candidate ages
between 1984 and 1988 indicated ca. 24–28 years of weathering.
However, our weathering calibration indicates that antlers would
likely still have some preserved original bone textures after
this weathering duration, or display weathering features more
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TABLE 1 | Antlers with conflicts between weathering features and

most-supported ranges of post-bomb (BombNH13) calibrated AMS dates.

Antler Original bone

texture

(Composite

Score)

Calibrated date

range

(calendar

years)

Posterior

probability

T01-16-12 06 6 1959.14–

1961.75

27.1%

1984.08–

1987.68

67.8%

T01-42-15 78 6 1958.77–

1961.13

9.9%

1984.97–

1988.64

85.1%

Antler weathering is summarized by the Composite Score of original bone texture. Date

ranges and associated posterior probability support is based on the 95% confidence

interval of the calibration.

consistent with their recent loss. Thus, the highly weathered
surfaces of T01-16-12 06 indicate it is an historical antler from
ca. 1960. Antler T01-42-15 78 was collected in 2015 and has a
similarly structured calibrated date showing support for either
ca. 1960 or ca. 1986 (Table 1). However, T01-42-15 78 is more
weathered than T01-16-12 06 (advanced form of Behrensmeyer’s
Weathering Stage 2; Behrensmeyer, 1978), including widening
longitudinal cracks. Again, the highly weathered surfaces of T01-
42-15 78 are inconsistent with other antlers dating to the 1980s
and early 1990s (Figure 3). Thus, we determined T01-42-15 78 is
an historical antler from the late 1950s to early 1960s.

Radiocarbon dates revealed that six antlers were shed prior
to the 1900s. Each region of the Coastal Plain included
at least one antler over 100 years old (Figure 4). Among
these antlers, the oldest is ca. 700 years old (T03-02-11 28,
Supplementary Tables 1, 2) and shows no indication of previous
burial. Only one of the antlers with a calibrated date prior to
the 1900s exhibited taphonomic indications of previous burial
(T01-14-12 14, Supplementary Tables 1, 2).

Antler 87Sr/86Sr Across Space and Time
For both the Western and Central Coastal Plain, female antler
87Sr/86Sr (median and variance) differed significantly from
bioavailable 87Sr/86Sr at the sites of antler collection (Figure 5,
Table 2). For the Eastern Coastal Plain, antler and bioavailable
87Sr/86Sr had similar medians, but the variance of antler 87Sr/86Sr
was significantly larger (Table 4). Overall, bioavailable 87Sr/86Sr
increased across the study area from west to east (Figure 5).
While antler 87Sr/86Sr also increased between the Western (n
= 19) and Central Coastal Plain (n = 20; U = 41, p << 0.01),
there was no change in antler 87Sr/86Sr between the Central and
Eastern Coastal Plain (n= 20, U= 173, p= 0.85; Figure 5).

Comparing recent female antlers among regions, we found
that antler 87Sr/86Sr was indistinguishable between the Central
and Eastern Coastal Plain (Porcupine Caribou calving grounds;
Figure 6, Table 3A). However, antlers from both regions had
significantly larger 87Sr/86Sr than the Western Coastal Plain
(Central Arctic calving ground). This pattern was repeated for

FIGURE 4 | Timeseries of 87Sr/86Sr for female and male caribou antlers from

the Western, Central, and Eastern Coastal Plain. Antler ages (calendar years)

are calibrated AMS dates. For antlers shed prior to the 1950s, calibrated

radiocarbon ages are illustrated as the weighted mean (points), total age range

(gray horizontal lines), and 1-sigma around the mean (black horizontal lines) of

the 95% confidence interval. For antlers shed after the 1950s, calibrated dates

are summarized as the year with the highest posterior probability of the

calibration (points); dating errors for these antlers are too small to be shown

but are available in Supplementary Table 2.

historical antlers; Central and Eastern Coastal Plain antlers were
statistically indistinguishable, but Western Coastal Plain antlers
had significantly smaller 87Sr/86Sr (Table 3B).

Comparing female antlers through time in each region,
we found no differences between historical and recent antler
87Sr/86Sr in either the Central or Eastern Coastal Plain (Table 4).
However, comparisons between historical and recent antlers
from the Western Coastal Plain revealed multiple differences
(Table 4). First, the distribution of 87Sr/86Sr for nearly all
historical Western Coastal Plain antlers was more constrained
than all other datasets (Figure 6). The one antler outside of this
cluster (T01-18-12 05, grown ca. 1970; Supplementary Tables 1,
2) had a strontium isotope ratio more than six times the
interquartile range larger than the median and was beyond
the 95th percentile of the dataset, both satisfying common
thresholds for identifying outliers (Gotelli and Ellison, 2004).
Further, 87Sr/86Sr for this outlier exceeds that for any other
antler from the Western Coastal Plain (historical or recent)
and is close to the median for historical female antler 87Sr/86Sr
for the Central Coastal Plain. Based on these characteristics, it
is possible that this antler came from a rare Porcupine Herd
female calving on the Western Coastal Plain. After removing
this outlier, we find that recent antlers from the Western Coastal
Plain have significantly larger variance and marginally larger
87Sr/86Sr compared to historical antlers (Table 4). Increased
variance of recent antlers persists after the analysis is limited to
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FIGURE 5 | Violin plots showing distributions of female antler 87Sr/86Sr and estimated bioavailable 87Sr/86Sr of each antler location for the (A) Western, (B) Central,

and (C) Eastern Coastal Plain. Plots illustrate kernel density estimates (violin boundaries), interquartile range (thick vertical bars), 1.5 times the interquartile range (thin

vertical line), and median (white point). Antler and bioavailable 87Sr/86Sr (points) are offset to aid visibility. Stars identify 87Sr/86Sr for antlers grown prior to 1900CE.

TABLE 2 | Mann-Whitney U and Levene tests between female antler 87Sr/86Sr

and bioavailable 87Sr/86Sr at collection sites.

Region (nantlers) Mann-Whitney U Levene test

Western (19) U = 296, p < 0.01 10.42, p < 0.01

Central (20) U = 362, p << 0.01 11.54, p < 0.01

Eastern (18) U = 126, p = 0.26 6.82, p = 0.013

For each Coastal Plain region, sample size corresponds to the number of female antlers

evaluated, which equals the number of estimated bioavailable 87Sr/86Sr values from the

isoscape (Bataille et al., 2020). Significant comparisons are in bold.

antlers grown after 1900CE, which approximately equalizes the
temporal extents of the datasets (Table 4).

Differences between historical and recent antler 87Sr/86Sr
from the Western Coastal Plain (Central Arctic Herd)
correspond to shifts in modeled landscape use (Figures 7A,C).
Modeled landscape use for recent antlers (Figure 7A) overlaps
the documented summer range of the Central Arctic Herd
(Figure 7A dashed line; Arthur and Del Vecchio, 2009;
Nicholson et al., 2016). Strong correspondence between antler
87Sr/86Sr and biomonitoring records suggests the method is
appropriate for extrapolating beyond known management
conditions. Historical reconstructions show that regions of
possible landscape use are more uniform (probabilities closer
to 1.0) and concentrated within a smaller geographic region
of the current summer range (Figure 7C). Data for historical
antlers from the Central Arctic Herd also indicate that areas
used today as calving grounds had previously been likely regions
of summer range. We also found support for more focused
historical use of the Arctic Refuge’s 1002 Area during summer
months (Figure 7C).

For the Porcupine Herd, modeled areas of potential landscape
use (Figures 7B,D) are less focused than the Central Arctic
Herd; a pattern that holds for both historical and recent periods.
Modeled landscape use based on recent antlers overlaps the
documented summer range of the Porcupine Herd (Figure 7B,
dashed line), though probability surfaces also show support
outside of the Porcupine Herd’s summer range.

Antlers from the Central and Eastern Coastal Plain that were
grown prior to 1900CE (“antique” antlers) generally have small
87Sr/86Sr, and in some cases the smallest 87Sr/86Sr for their
respective regions (Figure 4). This is not universal, however, as
the oldest Western Coastal Plain antlers do not have unusually
small 87Sr/86Sr compared to historical antlers younger than
1900CE (Figure 4). Further, the single antique male antler from
the Central Coastal Plain (Figure 4, open square, 87Sr/86Sr =
0.71360) has larger 87Sr/86Sr than antique females from the same
region (mean femaleantique

87Sr/86Sr = 0.71122) but is consistent
with the mean for Central Coastal Plain historical antlers grown
after 1900CE (male-only = 0.71349, female + male = 0.71373;
female-only = 0.71379). Thus, 87Sr/86Sr is not explicitly linked
to time.

Male and female antlers from the Central and Eastern
Coastal Plain show broad overlap in 87Sr/86Sr (Figure 4). After
pooling all female (n = 38) and male antlers (n = 7), we
do not find evidence for isotopic distinction between sexes
(U= 117, p= 0.63).

DISCUSSION

Expanding Ecological Timeseries
Our results demonstrate that antlers on the Arctic Refuge Coastal
Plain can predate management records by centuries. Because
slow weathering processes enable long-term survival of bone
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FIGURE 6 | Distributions of 87Sr/86Sr for (A) historical and (B) recent female antlers from the Western, Central, and Eastern Coastal Plain. Stars identify 87Sr/86Sr for

antlers grown prior to 1900CE. Boxplots illustrate the interquartile range (box), 1.5 times the interquartile range (dashed whiskers), and median (thick black bar).

Points (female antler 87Sr/86Sr) are offset to aid visibility.

TABLE 3 | Pairwise Mann-Whitney U-tests among female antler 87Sr/86Sr in the

Western, Central, and Eastern Coastal Plain.

Central Eastern

A. Recent antlers

Western U = 14, p = 0.016 U = 8, p = 0.0022

Eastern U = 55, p > 0.05

B. Historical antlers

Western U = 5, p = 0.0012 U = 7, p = 0.011

Eastern U = 32, p > 0.05

Separate tests are provided for comparisons among (A) recent antlers and (B) historical

antlers. Sample sizes for recent antlers areWestern (10), Central (10), Eastern (10). Sample

sizes for historical antlers are Western (9), Central (10), Eastern (8). To maintain an alpha

value of 0.05, all p-values were multiplied by 3 to correct for the number of comparisons.

Significant results are in bold.

TABLE 4 | Mann-Whitney U and Levene tests between historical and recent

female antlers from the Western, Central, and Eastern Coastal Plain.

Region (nHistorical, nRecent) Mann-Whitney U Levene test

Western (8, 10) U = 19, p = 0.068 • 7.63, p = 0.014

Western1900s−2000s (6, 10) U = 16, p = 0.15 5.26, p = 0.038

Central (10, 10) U = 44, p = 0.68 0.82, p = 0.38

Eastern (8, 10) U = 24, p = 0.17 0.95, p = 0.34

Comparisons amongWestern Coastal Plain antlers are calculated with the outlier removal.

Western Coastal Plain antlers grown after 1900 are compared in Western1900s−2000s.

Significant results are in bold. Marginally significant comparison (p < 0.1) indicated as

•. nHistorical = sample size of historical antlers. nRecent = sample size of recent antlers.

(Meldgaard, 1986; Sutcliffe and Blake, 2000), antlers lying on
tundra surfaces can dramatically extend the temporal window
with which we assess caribou landscape use. The simple presence

of shed female antlers from hundreds of years ago lying on the
same landscapes as antlers of caribou that recently gave birth
provides the first physical evidence of the longstanding use of the

Arctic Refuge Coastal Plain as a calving ground. This finding is
consistent with accounts of caribou herd behaviors in the 1800s

and traditional ecological knowledge of the Gwich’in (Burch,

2012; Benson, 2019). Furthermore, because antlers are still being
deposited on arctic landscapes, antler surveys simultaneously

yield data on contemporary and distantly historical populations,

contributing unique data for evaluating ecological responses to
long-term environmental changes (Mihoub at al., 2017) for a

highly mobile and long-lived mammal at increasing risk due to
climate change and anthropogenic disturbance (Festa-Bianchet
et al., 2011; Tucker et al., 2018).

Slow bone weathering on the Coastal Plain is likely caused by

multiple factors, with below-freezing mean annual temperatures
likely being of central importance (Fiorillo, 1995; Douglas

et al., 2002; Todisco and Monchot, 2008; Miller, 2011; Pokines
et al., 2016). Additionally, while summers bring 24-h sun and

prolonged exposure to ultraviolet (UV) radiation, UV intensity
is low at arctic latitudes and Coastal Plain summers are often

cloudy or blanketed in dense fog for weeks at a time (U.S. Fish

Wildlife Service, 2015; Miller, personal obs.). Bone weathering
rates may also be slowed through limited summer rainfall,

and reduced wet-dry cycles (shrinkage-expansion) that damage
bone, particularly on well-drainedDryas terraces (Behrensmeyer,

1978; U.S. Fish Wildlife Service, 2015; Pokines et al., 2018).
Under such conditions, it is perhaps unsurprising that antlers
are well-preserved for extended durations, includingmaintaining

original bone texture for decades. Similar or more extreme
conditions in the Canadian High Arctic and Greenland support
the persistence of unburied antlers on landscape surfaces for
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millennia (Meldgaard, 1986; Sutcliffe and Blake, 2000). This is in
stark contrast to tropical settings, where bones of large mammals
are unlikely to persist beyond several decades (Behrensmeyer,
1978; Tappen, 1994), or temperate settings where bones may
only survive on landscape surfaces for up to two centuries
(Miller, 2011). The need for historical references is particularly
acute in arctic populations, as these ecosystems have already
been and will continue to be subjected to some of the most
extreme environmental perturbations due to global warming
(ACIA, 2004; Graversen et al., 2008; IPCC, 2014). Unfortunately,
data access and integration from arctic ecosystems are often
hampered by challenges in consistently accessing remote areas as
well as changes in survey methodologies (but see Magurran et al.,
2010). Even under such constraints, bones, teeth, and antlers
lying on landscape surfaces can faithfully record diverse aspects
of community ecology and seasonal landscape use and allow us
to reclaim components of lost ecological history (Behrensmeyer
et al., 1979; Western and Behrensmeyer, 2009; Miller, 2011, 2012;
Miller et al., 2013, 2014).

Antler 87Sr/86Sr vs. Bioavailable 87Sr/86Sr
Mismatch between female antler 87Sr/86Sr and bioavailable
87Sr/86Sr across the Coastal Plain indicated that antlers were not
grown locally (Figure 5, Table 2). As both herds are migratory,
this was an expected finding and is consistent with previous
work showing that differences between skeletal materials and
local bioavailable 87Sr/86Sr can identify mobile individuals (e.g.,
Hoppe et al., 1999; Hoppe and Koch, 2007; Baumann and
Crowley, 2015). We also showed that broad spatial sampling
(here, across 100 km) and evaluating multiple summary statistics
(e.g., median and variance) can be important for evaluating
differences between focal specimens and regional changes in
bioavailable 87Sr/86Sr. For example, median values of antler and
bioavailable 87Sr/86Sr on the Eastern Coastal Plain were not
statistically different, though antler 87Sr/86Sr had larger variance
(Figure 5, Table 2). Antler 87Sr/86Sr also did not follow the west-
to-east gradient of increasing bioavailable 87Sr/86Sr across the
study area, further indicating antlers were not grown where they
were shed.

Antler 87Sr/86Sr Can Differentiate Caribou
Populations
Shed female antlers track two components of seasonal landscape
use: ranges used during antler growth (antler 87Sr/86Sr) and
the subsequent spring calving ground (shed antler locations).
Herd-specific patterns of landscape use by the Central Arctic
Herd (Western Coastal Plain) and Porcupine Herd (Central and
Eastern Coastal Plain) can be differentiated using 87Sr/86Sr of
female antlers lying on tundra surfaces. When multiple herds
are contributing antlers to a region, differentiating herd-specific
inputs is an important step before using spatial variability
in antler densities (antlers/km2) to evaluate preferences in
landscape use (Miller and Barry, 1992; Miller, 2012; Miller et al.,
2013). While the discriminatory power of this method relies
on the variability and distinctiveness of bioavailable 87Sr/86Sr
among herd ranges (Beard and Johnson, 2000; Britton et al., 2011;
Crowley et al., 2017), differences in 87Sr/86Sr between antlers on

Central Arctic and Porcupine Herd calving grounds indicate that
even herds with partially overlapping ranges (Figure 1) can be
distinguished when geologic conditions are favorable.

Landscape Use Through Time: The
Porcupine Caribou Herd
Antler 87Sr/86Sr indicates that for caribou calving on the Central
and Eastern Coastal Plain, overall patterns of landscape use
during the previous summer have been consistent since at least
the 1960s (Figures 6, 7). These data augment biomonitoring
records that also suggest large-scale continuity in seasonal calving
and summer ranges (Russell et al., 1993; Griffith et al., 2002;
McFarland et al., 2017).

Herd size is an important contributor to changes in caribou
landscape use, including shifts in the fidelity of seasonal ranges,
migratory distances, and the tendency of individuals to migrate
or remain more sedentary (Skoog, 1968; Fancy et al., 1989;
Schaefer andMahoney, 2003, 2013; Hinkes et al., 2005; Couturier
et al., 2010; Taillon et al., 2012; Peters et al., 2017; Joly et al., 2019).
Climate cycles such as the Pacific Decadal Oscillation and the
North Atlantic Oscillation can also influence landscape ecology
and population size (Griffith et al., 2002; Joly et al., 2011). Yet,
even amidst changes in climate and herd size, we find continuity
between shed Porcupine Herd antler locations (calving grounds)
and their antler geochemistry (summer landscape use). An
important component of this consistency may be the relatively
small extent of anthropogenic development across the Porcupine
Herd range, permitting populations to fluidly adapt their
landscape use to changes in climate and population size.
Expanded sampling of antler 87Sr/86Sr from calving areas
in the Arctic Refuge and neighboring Yukon will provide
important tests for how ubiquitous this stability is between
summer and calving ranges. If infrastructural development
increases in Porcupine Herd ranges, it will be important to
track the degree to which the links between calving grounds and
summering areas stay within the range of multidecadal variability
established here.

While antler 87Sr/86Sr for the Central and Eastern Coastal
Plain portrays a degree of ecological consistency across relatively
recent history, antique antlers (grown prior to 1900CE) from this
region have comparatively small 87Sr/86Sr (Figures 4, 6 stars).
Our small datasets preclude a full evaluation, but there are two
potential reasons why antique Central and Eastern Coastal Plain
antlers could have small 87Sr/86Sr: (1) diagenetic alternation, or
(2) different patterns of landscape use during the Little Ice Age
(1250 to as late as 1900CE; Solomina et al., 2015; Gaglioti et al.,
2019).

Overall excellent preservation of antlers suggests that subtle
differences in antique antler 87Sr/86Sr of the Central and Eastern
Coastal Plain most likely reflect changes in landscape use. Antlers
have generally undergone limited taphonomic modification,
the most obvious of which includes gnawing, UV-exposure,
freeze-thaw, and root etching (one buried specimen). Cutting
the specimens for AMS dating also revealed that weathering
features are generally limited to a thin patina near the surface
without penetrating deeply into the antler. Consistent with
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FIGURE 7 | Modeled Coastal Plain landscape use calculated from female antler 87Sr/86Sr. Recent (A,B) and historical (C,D) landscape use is estimated separately for

the Central Arctic (A,C) and Porcupine Caribou Herds (B,D). Historical landscape use for the Central Arctic Herd is estimated after removing the outlier. The Porcupine

Herd is modeled by pooling female antlers from the Central and Eastern Coastal Plain. Sample sizes for calculations in panels (A–D) are n = 10, 20, 8, and 18,

respectively. Outlines of modern summer ranges (dashed) and calving grounds (solid lines) are provided for reference within the annual range of each herd (black

outline of probability surface). Herd range boundaries from Trammell et al. (2015).

well-preserved bone, antlers do not show steady shifts in
87Sr/86Sr with time, which would be expected for early diagenetic
obfuscation of primary isotope values. For example, after over
50 years of weathering, there is no change in median 87Sr/86Sr
between recent and historical antlers on the Central and Eastern
Coastal Plain (Figure 6). If alteration was driving antique antler
87Sr/86Sr, we would also expect to see similar values for similarly
aged antlers. Instead, similarly-aged antique antlers from the
Central Coastal Plain have highly variable 87Sr/86Sr (Figure 4,
yellow squares). Additionally, 87Sr/86Sr for the oldest Eastern
Coastal Plain antler (T03-02-11 28; Figure 5C), is smaller than
bioavailable 87Sr/86Sr. Thus, even after hundreds of years of

weathering, we do not see strong evidence that antique antler
87Sr/86Sr was altered. Strontium ratios of antique antlers from
the Western Coastal Plain (Central Arctic Herd, discussed more
below) are also not abnormally small relative to more recently
shed antlers in that region (Figures 4, 6). In the absence of a
clear diagenetic explanation, the alternative explanation is that
smaller 87Sr/86Sr of antique female antlers from the Central and
Eastern Coastal Plain reflect a shift in summer landscape use
for caribou calving in these regions during the Little Ice Age.
Robustly evaluating this hypothesis will require larger sample
sizes of antique antlers, but our results provide a first glimpse
into possible differences in caribou landscape use during a time
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when northeastern Alaska was significantly cooler and perhaps
drier (Sikorski et al., 2009).

Landscape Use Through Time: The Central
Arctic Herd
The Western Coastal Plain offers an excellent opportunity to
sample antlers from Central Arctic Herd calving grounds while
minimizing the distance to PorcupineHerd calving grounds. This
close proximity makes comparing Western Coastal Plain antlers
with antlers from the Central and Eastern Coastal Plain a strong
test of whether antler 87Sr/86Sr can differentiate herd identity.
At the same time, because the Western Coastal Plain is only
one edge of the Central Arctic Herd calving grounds, sampling
antler 87Sr/86Sr across the remainder of their calving grounds will
be important for assessing the full scope of changes in summer
landscape use through time.

For antlers collected along the Western Coastal Plain, those
shed in the 1980s and more recently show a shift in median
87Sr/86Sr and greater variability than historical antlers. These
changes manifest as greater overlap in recent 87Sr/86Sr between
Western Coastal Plain antlers (n = 4 of 10) and those of the
Central and Eastern Coastal Plain (Figure 6). There are two
plausible explanations for these changes: (1) increased calving by
the Porcupine Herd on the Western Coastal Plain; and (2) shifts
in landscape use by the Central Arctic Herd.

The first possibility seems unlikely because the Porcupine
Herd rarely calve near the Western Coastal Plain and there
is no spatial overlap between our antler surveys and known
Porcupine Herd calving areas. While the Porcupine Herd calved
nearest our antler surveys in the early 1990s (Griffith et al.,
2002; McFarland et al., 2017), antlers from this time-period
are not well-represented in our dataset. Antlers were surveyed
on the Western Coastal Plain in 2012, so antlers shed in the
mid-1990s would mostly likely have original bone texture with
Composite Scores of 3 or 4 (Figure 3). Instead, the majority of
recent antlers from the Western Coastal Plain (n = 6 of 10) are
nearly pristine (Composite Score 0), including half the Western
Coastal Plain 87Sr/86Sr values (2 of 4) that overlap recent Central
and Eastern Coastal Plain antlers. While Composite Score 0 has
not been calibrated to weathering duration, comparisons to bone
weathering observed elsewhere (Miller, 2011) suggest that these
antlers were likely shed in the preceding decade. Thus, it is
unlikely that the shift in Western Coastal Plain antler 87Sr/86Sr
between historical and recent times was driven by antlers from
Porcupine Herd females.

We consider the second possibility as the most probable
scenario: differences in historical and recent antler 87Sr/86Sr
from the Western Coastal Plain are best explained as a shift
in summer landscape use by the Central Arctic Herd after the
1970s. Comparisons of modeled recent and historical summer
landscape use (Figures 7A,C) indicate that range shifts were non-
trivial. Historical summer landscape use (Figure 7C) was more
consistent among individuals (probabilities closer to 1.0) with
increased summer activity in what is currently spring calving
grounds of the Central Arctic Herd. Reconstructions also indicate
more concentrated summer use in the northeast and northwest

portions of the Arctic Refuge’s 1002 Area. While our dataset
does not have the temporal resolution to pinpoint the onset
of changes, the observed isotopic shifts roughly coincide with
three factors known to alter patterns of landscape use in caribou:
(1) population growth, (2) climate change, and (3) increased
anthropogenic disturbances to their summer and calving ranges.

Since modern biomonitoring surveys were initiated in the
1970s, the Central Arctic Herd experienced some of the largest
proportional population swings of any of Alaska’s northern
caribou herds, including an over 10-fold increase in population
size between 1978 and 2010 (Cameron et al., 2005; Lenart,
2015). Most “recent” antlers come from this period of dramatic
population increase, though some minimally weathered antlers
(Composite Score 0) may come from the initial period of
population reduction following 2010. It is possible that increased
variance of 87Sr/86Sr in recent antlers and the marginal shift
toward larger 87Sr/86Sr (Table 4) is a reflection of changes in
landscape use associated with population expansion (Boertje
and Gardner, 2000; Bergerud et al., 2008; Nicholson et al.,
2016). However, similarity in antler 87Sr/86Sr across the historical
antler timeseries is intriguing as it includes two antlers from
the 1800s that may also have come from larger populations.
Knowledge of caribou populations from this time are limited,
but reports from travelers in northeast Alaska indicate that
the historical equivalent of the Central Arctic Herd had
population highs ca. 1840 and between the 1880s and 1890s
(Burch, 2012). Uncertainties in calibrated AMS dates are high
for the two antique antlers (T01-14-12 14, T01-16-12 10),
but the most supported date ranges overlap these periods of
past population highs (1832–1893 and 1833–1891, respectively;
Supplementary Table 2). Thus, through time, relationships
between antler 87Sr/86Sr and herd size may be complex and
should be explored with a more complete timeseries.

Environmental and ecological changes due to global climate
change are particularly acute in the arctic, where surface
temperature anomalies have been consistently increasing since
the 1980s or earlier (ACIA, 2004; Graversen et al., 2008; IPCC,
2014). Climate can influence ungulate population size and
landscape ecology (Post and Stenseth, 1998; Joly et al., 2011)
and is an obvious candidate driver of recent shifts in Central
Arctic Herd antler 87Sr/86Sr. However, antler 87Sr/86Sr of the
Porcupine Herd showed no response across the same interval,
even though landscapes of the Arctic Coastal Plain and the
Porcupine Herd itself are known to respond strongly to climate
and environmental change (Griffith et al., 2002; Joly et al., 2011).
While testing the role of climate in structuring recent shifts in
Central Arctic Herd landscape use requires further exploration,
the lack of response by the Porcupine Herd to recent warming is
noteworthy and suggests other factors may be contributing to the
shift in Central Arctic Herd landscape use.

Increased human developments during the 1970s and 1980s
are a likely alternative driver of shifts in summer landscape
use for the Central Arctic Herd. Infrastructural development
supporting oil exploration and recovery has been occurring
in Central Arctic Herd ranges since the 1960s. However, the
scale and scope of development increased in the mid 1970s
and 1980s, including oil field expansion, construction of the
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Trans-Alaska Pipeline, and road networks built through portions
of the Central Arctic Herd’s calving, summer, and winter ranges
(Fancy, 1983; Arthur and Del Vecchio, 2009; Nicholson et al.,
2016). There are known behavioral responses to infrastructure,
including avoidance of pipelines and roads by pregnant females
and reduced calf birth weight in areas with more intense
anthropogenic impacts and barriers (Cameron and Whitten,
1980; Cameron et al., 2002, 2005; Arthur and Del Vecchio, 2009;
Nicholson et al., 2016). Multiple anthropogenic disturbances
to movement and habitat access can also compound into
regional-scale impacts on caribou landscape use (Johnson and
Russell, 2014; Johnson et al., 2020). Thus, a shift between
historical and recent Central Arctic Herd summer range is
not surprising. An important future area of research will be
to test this shift in preferred summer landscapes using an
expanded sampling of antlers across the herd’s calving grounds.
Of particular interest is to compare modeled summer landscape
use between the two epicenters of Central Arctic Herd calving
(Figure 1). If anthropogenic pressures are driving changes in
summer landscape use of the Central Arctic Herd, one would
expect greater differences between historical and recent shifts for
caribou calving within the western calving ground, which has
undergone more intense development. Antler data could also test
the longevity of the two calving centers, and if calving was more
geographically continuous prior to major development projects.
A combined approach linking Traditional Ecological Knowledge
of caribou with antler proxy studies could be a valuable strategy
for synthesizing available information on historical patterns of
seasonal landscape use.

Future Directions for Modeling
Bioavailable 87Sr/86Sr
When working across the spatial scales of caribou ranges,
translating changes in antler 87Sr/86Sr through time into
estimated shifts in landscape use requires a modeled 87Sr/86Sr
isoscape. An important assumption in using such a model
is that caribou diet echoes local bioavailable 87Sr/86Sr (as
defined by exchangeable 87Sr/86Sr in soils that are incorporated
into local plants). While this is a reasonable assumption
for most consumers, caribou are somewhat unusual in their
consumption of lichens, which incorporate the bulk of their
nutrients from atmospheric sources (Nash, 2008). Consequently,
caribou 87Sr/86Sr may be influenced by atmospherically available
87Sr/86Sr more than many mammals. However, while caribou
consume large amounts of lichens during fall and winter,
summer diets (coincident with the bulk of antler growth)
are dominated by herbaceous browse that more likely reflects
modeled bioavailable 87Sr/86Sr (Thompson and McCourt, 1981;
Boertje, 1984). Another possible caveat is that while the model
used to estimate bioavailable 87Sr/86Sr includes soil and plant
data from Alaska, it does not incorporate samples from our exact
study area. We do not think this is a large issue. The isoscape,
which is intended for global applications, is generally accurate
even in regions distant from directly sampled points, and this is
particularly true for North America and Europe (Bataille et al.,
2020). Nevertheless, future work will focus on sampling plants,

soils, lichens, and small mammals from the Coastal Plain to
develop a more nuanced 87Sr/86Sr isoscape for the Arctic Refuge
and surrounding regions.

Place-Based Baselines of Ecological
Variability From Bones on the Landscape
Today, naturally continuous landscapes are divided by invisible
boundaries controlled by different countries, government
entities, and private landowners, each with differingmanagement
mandates and stakeholder interests. Because of these divisions,
many conservation and management questions focus on specific
regions. The Arctic Refuge is no exception, where the 1002
Area is the focus of many management questions and ecological
studies (Cameron and Whitten, 1980; Cameron et al., 1992,
2005; Arthur and Del Vecchio, 2009; Pearce et al., 2018; Russell
and Gunn, 2019). Yet, particularly for highly mobile species, it
can be challenging to discriminate the ecological “value” of one
area relative to another, or the overall breadth of habitats and
geographies needed to maintain a population or species. Bone
surveys provide data that are inherently local. For caribou and
other highly mobile taxa, bone geochemistry may also identify
regions of additional ecological significance. Perhaps most
importantly, beyond a snapshot of current ecological conditions,
surveys of skeletal materials can establish biological variability
through time and highlight when populations and communities
have shifted beyond decadal-, centennial-, or even millennial-
scale baselines (Terry, 2009; Rowe and Terry, 2014; Kidwell, 2015;
Tomasovych and Kidwell, 2017). Slow bone weathering rates in
Arctic settings may produce particularly time-rich datasets, but
bones and their spatiotemporal records are ubiquitous in a wide
variety of climatic settings and habitats (Behrensmeyer et al.,
1979; Tappen, 1995; Andrews andArmour-Chelu, 1998; Andrews
and Whybrow, 2005; Western and Behrensmeyer, 2009; Miller,
2011). Where gaps in historical ecological knowledge persist,
those landscapes may be covered in skeletal data that are both
spatially explicit and time-rich.

CONCLUSIONS

Accumulations of shed caribou antlers lying on calving grounds
of the Arctic National Wildlife Refuge, Alaska, provide data on
seasonal landscape use that complement more traditional wildlife
surveys. Shed female antlers also extend our records of seasonal
landscape use and caribou activity on Arctic Refuge calving
grounds by over 700 years. Our findings support that antler
87Sr/86Sr can discriminate caribou herds and establish historical
contexts for modern patterns of seasonal landscape use. Female
antler 87Sr/86Sr from the Arctic Refuge’s Central and Eastern
Coastal Plain (a calving ground of the Porcupine Herd) has been
consistent since the 1960s, indicating continuity in patterns of
summer landscape use (when females grow antlers). Conversely,
antler 87Sr/86Sr from theWestern Coastal Plain (a calving ground
of the Central Arctic Herd) reveals meaningful shifts in caribou
landscape use after the 1970s, a time of significant changes in herd
size, climate, and infrastructural development within the herd’s
calving and summer ranges. The decadal-to-centennial-scale
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perspectives provided by accumulations of shed antlers and their
isotope geochemistry provide important baselines for evaluating
variability in caribou migration and landscape use prior to
the initiation of traditional biomonitoring efforts. The long-
term perspectives available from antlers are likely ubiquitous
on arctic caribou calving grounds and can be acquired from
relatively limited sampling. Emerging toolkits for decoding the
records preserved in accumulations of antlers and other bones are
producing historical ecological data that were once considered
lost to time.
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