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ABSTRACT

Aim The Bering Land Bridge (BLB) connected Asia and North America during

glacial periods, supported a diverse ecosystem of now-vanished megafauna, and

is a proposed glacial refugium. This study tests whether southern coastal Berin-

gia was a refugium for woody taxa during the Last Glacial Maximum (LGM)

and hypotheses about habitats available on the BLB before and after megafau-

nal extinction.

Location St. Paul Island, Alaska.

Methods We analysed sediment cores from the Lake Hill, with a new age

model anchored by 18 radiocarbon dates and multiple palaeoecological indica-

tors (sedimentary ancient DNA [sedaDNA], macrobotanical fossils, and pollen)

for the presence/absence of four woody genera: Picea, Betula, Alnus and Salix.

We reconstructed vegetation history and compare St. Paul tundra composition

to mainland counterparts.

Results St. Paul has been continuously occupied by graminoid-forb tundra

with prostrate shrubs (Salix, Ericaceae) since 18,000 years before present (yr

bp). Fossil pollen of Picea, Pinus, Betula and Alnus is present in the Lake Hill

sediments at low relative abundances and accumulation rates, consistent with

long-distance transport. Macrobotanical fossils and sedaDNA analyses do not

support Picea, Betula and Alnus presence. The St. Paul modern and fossil pol-

len assemblages are compositionally unlike mainland counterparts, but most

closely resemble Arctic herbaceous tundra. Stratigraphically constrained cluster

analysis indicates no major change in the vegetation after woolly mammoth

extinction at 5600 yr bp, although Poaceae, Cyperaceae, Equisetum and forb

abundances increase.

Main conclusions This study strongly indicates that St. Paul and, by impli-

cation, southern coastal Beringia were not refugia for woody taxa during the

LGM. The persistence of prostrate shrub-graminoid tundra supports interpre-

tations that herbaceous tundra prevailed on southern Beringia during the

LGM, whilst not ruling out the possibility of mesic shrub tundra in the inte-

rior. This herbaceous tundra supported an island refugium for woolly mam-

moth for 8000 years, showing no major vegetation composition changes after

extinction.
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INTRODUCTION

The Bering Land Bridge (BLB) is a low-lying continental shelf

that served as a biogeographical corridor and filter between

north-eastern Asia and western Alaska during Pleistocene

glacial periods, when sea level dropped > 100 m below the

present levels (Elias & Crocker, 2008). Unlike most other

high-latitude Northern Hemisphere landmasses, Beringia

essentially remained unglaciated during the last glacial cycle,

and hence served as a glacial refugium for Holarctic plant taxa

(Anderson et al., 2006), a migration route for humans into

the Americas (Hoffecker et al., 2014), and habitat for a diverse

and now-vanished ecosystem of megafauna (Barnosky et al.,

2004). Yet, the ecosystems and environments of Beringia

remain incompletely understood, in part because central Ber-

ingia is now under water. In this study, we present a new well-

dated, multi-proxy, palaeovegetation record from the Lake

Hill (St. Paul Island, Alaska), a classic site from the southern

coastal Beringia (Colinvaux, 1967a,b, 1981), and use this

record to address three questions of interest to biogeogra-

phers, archaeologists and palaeoecologists: First, what envi-

ronments and habitats were available to megafauna and early

humans as they occupied or traversed the BLB? Second, was

the southern coastal BLB a refugium for woody taxa during

the Last Glacial Maximum (LGM; 26,500–19,000 yr bp) and

can we discriminate cryptic refugia (small historical popula-

tions undetected by fossil proxies) (Gavin et al., 2014) from

pseudorefugia (false inferences of past species presence, also

called mystic refugia) (Tzedakis et al., 2013)? Third, what were

the trophic effects of the late-Quaternary megafaunal extinc-

tions on vegetation structure and composition (Gill, 2014)?

Current debates about Beringian vegetation during the

LGM centre primarily on the prevalence of mesic shrub tun-

dra versus graminoid-herb tundra (Ager & Phillips, 2008;

Elias & Crocker, 2008). One perspective, based on fossil

pollen and insect data, holds that mesic shrub tundra was

widespread during the LGM, particularly in low-lying and

now-submerged portions of Beringia (Elias & Crocker, 2008;

Hoffecker et al., 2014), which possibly acted as a biogeo-

graphical barrier to steppe-adapted plants and animals

(Guthrie, 2001). However, others have argued that grami-

noid-forb tundra prevailed across Beringia during the LGM,

based on fossil pollen, macrofossils and stable isotope analyses

in Alaska and on Bering Sea island remnants (Colinvaux, 1981;

Ager, 2003; Bigelow et al., 2003; Kaplan et al., 2003; Ager &

Phillips, 2008). In the latter interpretation, the graminoid-forb

tundra was maintained by dry climates and, perhaps, grazers

(Blinnikov et al., 2011), and provided habitat for the diverse

Pleistocene megafaunal guilds of Beringia (Willerslev et al.,

2014). Shrub taxa were in dwarf form or restricted to local

habitats such as riparian or wetland settings.

A parallel conversation has focussed on whether current

Arctic tree populations source from long-distance migrations

from south of the LGM ice sheets or from small local refugia

(Hult�en, 1968). These small northerly refugia are sometimes

referred as ‘cryptic’ because of the difficulty in detecting them

in the fossil record (Stewart & Lister, 2001; Provan & Bennett,

2008; Gavin et al., 2014). Prior studies support the existence of

Beringian glacial refugia for woody taxa such as Picea (spruce),

Betula (birch) and Alnus (alder) (Colinvaux, 1967a; Brubaker

et al., 2005; Elias & Crocker, 2008). For example, genetic sur-

veys of contemporary populations of Picea glauca strongly sug-

gest a Beringian refugium (Anderson et al., 2006), and

deciduous broadleaved shrublands and forests were well-estab-

lished in the eastern Beringia by 13,500 years ago (Edwards

et al., 2005). However, no single line of evidence for refugia is

definitive (Gavin et al., 2014), and each creates the possibility

of mystic or pseudorefugia, in which presence is falsely

inferred (Tzedakis et al., 2013). For example, the problem of

long-distance pollen transport is acute in the Arctic where

atmospheric circulation is pronounced and local pollen pro-

ductivity often is low (Bourgeois et al., 1985). Similarly, the

reliability of sedaDNA can be challenged on the grounds of

possible contamination, unknown provenance, and variable

quality (Birks et al., 2012; Parducci et al., 2012a,b). Macrofos-

sils usually are diagnostic of local presence when found, but their

absence rarely proves the absence of the organism. Thus, multi-

proxy site studies are needed to confirm the absence or presence,

precise location and extent of proposed Beringian refugia.

Another conversation concerns the two-way relationship

between megafaunal extinctions and vegetation composition.

Causal hypotheses for the Pleistocene extinctions include

food resource loss because of the mesic shrub tundra expan-

sion (Guthrie, 2001; Elias & Crocker, 2008; Willerslev et al.,

2014) and human settlement (Yesner, 2001). Proposed

ecosystem effects of megafaunal extinctions include increase

of palatable woody species and biomass because of herbivory

release, enhanced fire regime as a result of increased woody

biomass, formation of no-analogue plant communities (Gill

et al., 2009; Gill, 2014), and albedo-related surface-atmo-

sphere feedbacks (Doughty, 2013).

Our paper addresses these questions by presenting a new,

well-dated, and multi-proxy record for the last 18,000 years

from the Lake Hill on St. Paul Island, Alaska (Fig. 1), a rem-

nant of the southern coastal BLB. Lake Hill, also called Caga-

loq Lake, was previously cored by Paul Colinvaux (1967a,b,

1981), who rejected hypotheses that Picea was locally present

on the southern coast of Beringia, because of low pollen

accumulation rates. Our record adds 12 new radiocarbon

dates to those reported by Graham et al. (2016) and extends

the age model to the base of the Lake Hill core. We present

new analyses of three independent palaeoecological proxies

from this core: fossil pollen, macrobotanical fossils, and

sedaDNA. This multi-proxy study enables stronger inferences

about the regional environments on southern coastal Berin-

gia for the last 18,000 years and whether this region was a

glacial refugium for woody plants.

MATERIALS AND METHODS

St. Paul Island (57°110 N, 170°160 W) is a volcanic island of

the Pribilof Islands in the Bering Sea, nearly 500 km
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west-southwest from the mainland Alaska and about 400 km

north-northeast from the Aleutian Islands (Fig. 1). Island

area at present is 109 km2. Climates are maritime; in 1981–
2010, the average temperature ranged from �6.5 to 10.4 °C,
whilst the average annual rainfall and snowfall were 605 mm

and 1567 mm, respectively (http://w2.weather.gov/climate/

xmacis.php?wfo=pafc). The island is snow-covered in the

winter. Summer vegetation is mainly forb-graminoid tundra

(Fig. 1c) with prostrate shrub willow (Salix) (< 20 cm) and

Ericaceae, as well as Poaceae, Cyperaceae, Apiaceae and other

forbs. The vertebrate fauna is depauperate: Arctic fox (Vulpes

lagopus) and Pribilof Island shrew (Sorex pribilofensis) are

present today, fur seals (Callorihinus ursinus) are abundant

on the coasts, and reindeer (Rangifer tarandus) were intro-

duced to the island in ad 1911 (Scheffer, 1951). Woolly

mammoth (Mammuthus primigenius) was present until

5600 yr bp (Graham et al., 2016), and polar bear fossils

(Ursus maritimus) are dated to 4800 and 4400 yr bp (Veltre

et al., 2008). Humans apparently first arrived in ad 1787

(Veltre & Veltre, 1981).

Lake Hill is a closed circular volcanic lake, about 200 m

wide and 1.3 m deep (Fig. 1). Three cores were taken from

the lake centre in March 2013 under a c. 30 cm ice layer,

and a master composite profile was built from the three

cores (Graham et al., 2016). All depths are reported here as

master composite depth (MCD) and represent centimetres

below the sediment-water interface. The age model is based

on 18 radiocarbon dates from plant fossils and aquatic

invertebrates chitin, and one tephra dates at 3595 � 4 yr bp

corresponding to the Aniakchak eruption (Kaufman et al.,

2012) (Table 1). The tephra and upper six radiocarbon dates

were previously published by Graham et al. (2016); the lower

twelve dates are new to this study (Table 1). Bacon 2.2 was

used to create the age-depth model (Blaauw & Christen,

2011), and the parameters were set as values in Table S1.1 in

Supporting Information. All ages are reported here as calen-

dar years before ad 1950 (yr bp) unless otherwise noted.

We surveyed modern vegetation and took modern soil

pollen samples in July 2013, focussing on eleven sites includ-

ing graminoid-forb tundra in wetlands near the Lake Hill

and sparsely vegetated tundra on the barren rock ground at

the top of the hill (Table S1.2). For macrobotanical fossil

analysis, 2-cm3 sediment samples were selected approxi-

mately every 10 cm. A total of 84 samples were intensively

analysed for macrobotanical remains. An additional 55 sam-

ples underwent cursory inspection and were not further anal-

ysed because of a paucity of botanical material. Plants were

identified according to pictures and resources listed in the

Appendix S1 (Fig. S1.1).

We counted fossil pollen and spores following a slightly

modified version of methods described in Graham et al.

(2016). For sediments between 671 and 893 cm, where pol-

len and spore concentration was low, heavy liquid separation

using sodium polytungstate (SPT) was applied to enrich pol-

len and spore concentrations and facilitate counting, follow-

ing a protocol developed at the University of Maine (Nurse,

Figure 1 Map of Beringia and St. Paul
Island, modified from Graham et al. (2016).

Plot a) shows the current continents (dark
grey) and the past location of the Bering

Land Bridge (light grey) with red box
indicating St. Paul Island. Plot b) shows the

location of Lake Hill on St. Paul Island. Plot
c) shows a photograph of the Lake Hill and

its crater to indicate the topography and
adjacent tundra community. The

photograph was taken in July, 2013 by Yue
Wang.
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pers. comm.). We analysed 134 1-cm3 samples for pollen

and spores. Taxon abundances were calculated as percentages

relative to a sum of total pollen and spores. Fossil pollen and

spore assemblages were divided into zones using the strati-

graphically constrained ordination technique (CONISS),

implemented in the R package ‘rioja’ (Juggins, 2015) in R

version 3.2.3 (R Core Team, 2015). The minimum dissimi-

larity between each fossil pollen sample and its closest mod-

ern pollen analogue was calculated as a squared chord

distance (SCD), using ‘analogue’ in R (Williams et al., 2001;

Simpson, 2007). For the modern-analogue analyses, the

modern pollen and spore dataset consisted of the 11 soil sur-

face pollen assemblages from St. Paul and 64 modern pollen

assemblages from mainland Alaska (Anderson & Brubaker,

1986; Whitmore et al., 2005) assigned to tundra types based

on the North American Seasonal Land Cover vegetation clas-

sification (Anderson, 1976). The threshold for non-analogue

communities was set as 0.36, calculated based on minimum

SCDs and receiver operating characteristic (ROC) analysis

(Gavin et al., 2003) and a comparison of St. Paul modern

pollen assemblages to modern mainland Alaskan tundra pol-

len assemblages. The rationale here is that St. Paul modern

pollen assemblages already differ compositionally from main-

land counterparts and thus St. Paul assemblages would have

to exceed this to be considered non-analogue. We used prin-

cipal component analysis (PCA) to analyse the major trends

in pollen and spore composition with ‘ggbiplot’ in R (Vu,

2011), and included only pollen and spores from plant taxa

with a maximum abundance higher than 2% and at least five

occurrences in the combined fossil and modern datasets.

Taking advantage of published genome sequences, we used

a shotgun sequence approach to sedaDNA analyses to test

hypotheses about the presence of Picea, Betula and Salix. Alnus

was not examined, as there is currently no publicly available

Alnus reference genome. This approach is more sensitive to

presence of DNA in mixed samples than metabarcoding

approaches, as DNA fragments from across the genome can be

used to confirm a taxon’s presence in a sedaDNA extract. The

sedaDNA sequence dataset of Graham et al. (2016) was sup-

plemented with sequence data from 21 additional samples and

two additional negative extraction controls, following the

methods described there (Table S2.4). A slightly modified ver-

sion of the bioinformatic pipeline outlined in Graham et al.

(2016) was followed. The filtered sequence data from each

sample was independently mapped to five reference genomes

(three Picea, one Salix, one Betula; Table S2.5). The mapped

sequence reads were filtered by two methods to remove spuri-

ous alignments. First, for the Salix and Betula alignments, we

removed reads that mapped to both genomes. Second, for all

alignments, we compared the remaining mapped sequences to

the NCBI nucleotide database (release date, 2015/11/01) and

removed sequences that either uniquely hit or had a higher-

score hit to a non-Pinales (Picea), non-Saliceae (Salix), or

non-Betulaceae (Betula) sequence in the NCBI database. For

these three taxa to be considered present in a Lake Hill sample,

the proportion of sequences assigned to each woody plant

Table 1 Radiocarbon dates and other age controls for Bacon age model for lake cores from the Lake Hill, St. Paul Island. Previously

published sample dates (sample IDs 01-07) are from Graham et al. (2016).

Sample

ID AMS Lab ID LacCore Section ID

Section

depth

(cm)*

MCD

(cm) Material dated 14C Age (bp)

Calibrated age

(bp)#

01 UCIAMS-128455 LAHI13-1B-1B-1 40.5 21.5 Bryophyta, cf. Polytrichopsida† 225 � 15 305–0
02 UCIAMS-128456 LAHI13-1A-2L-1 62.0 181.0 Bryophyta,cf. Brachythecium† 2585 � 15 2755–2720
03 UCIAMS-128457 LAHI13-1D-2B-1 77.5 274.5 Leaf skeleton fragment, cf. Salix† 3280 � 20 3565–3455
04 Aniakchak Tephra 294 N/A N/A 3595 � 4

05 UCIAMS-128458 LAHI13-1B-6L-1 29.0 489.0 Leaf/stem fragment, cf. Salix† 4575 � 20 5435–5080
06 UCIAMS-128459 LAHI13-1D-5B-1 45.0 535.0 Leaf fragments 5380 � 20 6280–6030
07 UCIAMS-128460 LAHI13-1B-8L-1 87.5 738.5 Bryophyta, cf. Polytrichopsida† 9990 � 30 11,615–11,280
08 UGAMS-24340 LAHI13-1B-9L-1 34.5 802.0 Dicot leaf 10,260 � 40 11,1818–12,158
09 UGAMS-22547 LAHI13-1D-10L-1 35.5 1037.5 Spore cases 11,680 � 50 13,411–13,592
10 UGAMS-24030 LAHI13-1A-11L-1 56.5 1081.5 Cladoceran chitin 12,010 � 50 13,743–14,018
11 UGAMS-22548 LAHI13-1A-12L-1 47.5 1169.5 Chironomid pupae and head capsule chitin 12,570 � 65 14,457–15,171
12 UGAMS-22549 LAHI13-1A-13L-1 22.5 1205.5 Chironomid pupae and head capsule chitin 13,160 � 60 15,587–16,041
13 UGAMS-22550 LAHI13-1A-13L-1 38.5 1221.5 Chironomid pupae and head capsule chitin 13,330 � 55 15,829–16,233
14 UGAMS-22551 LAHI13-1A-13L-1 38.5 1221.5 Plant fragments 14,000 � 40 16,764–17,192
15 UGAMS-24032 LAHI13-1A-14L-1 8.5 1257.5 Plant fragments 14,140 � 50 17,013–17,434
16 UGAMS-24031 LAHI13-1A-14L-1 8.5 1257.5 Cladoceran chitin 14,170 � 50 17,064–17,464
17 UGAMS-22553 LAHI13-1A-13L-1 61.5 1309.5 Chironomid pupae and head capsule chitin 13,310 � 70 15,778–16,231
18 UGAMS-22552 LAHI13-1A-13L-1 61.5 1309.5 Plant fragments 14,090 � 45 16,943–17,379
19 UGAMS-24033 LAHI13-1A-14L-1 89.5 1337.5 Plant fragments 15,350 � 50 18,494–18,757

*Depths expressed as cm below sediment surface.

#Range defined by 2r.
†Dated materials modifications from Graham et al., 2016.

MCD: mean composite depth; UCI: University of California, Irvine; UG: University of Georgia, Center for Applied Isotope Studies.
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taxon in a given sample had to be greater than the proportion

observed in the negative extraction controls. This allowed us

to assess the potential background contaminating DNA that

may be present in reagents or the laboratory. Furthermore,

after aligning reads to reference genomes, we assessed whether

the characteristic ancient DNA damage patterns were present.

Ancient DNA is often characterized by short fragment lengths

(< 100 base pairs [bp]) and by changes to the DNA molecules

manifesting either as incorrectly copied sequences because of

cytosine deamination at the ends of DNA molecules, or as

depurination-induced fragmentation (Dabney et al., 2013).

We also assessed the ancient DNA damage patterns in the con-

trol samples aligned to the Picea and Betula reference genomes

(Birol et al., 2013; Nystedt et al., 2013). Novel sequencing data

are available from the Short Read Archive (SRA), under

BioProject PRJNA320875, with SRA accessions: SRR3992608-

SRR3992630.

RESULTS

Age model and stratigraphy

The Bacon 2.2 age-depth model converged successfully

(Fig. 2). The lowest radiocarbon date is at 1337.5 cm (core

basal depth is 1341 cm) has a calibrated age of 18,494–
18,757 yr bp, indicating that the Lake Hill core spans from

the end of the LGM to present. The basal date is younger

than reported in Colinvaux (1981), in which Colinvaux esti-

mated that the basal sediments at 1460 cm corresponded to

the mid-Wisconsin interstadial (c. 25,000 yr bp), based on

pollen stratigraphy and a bulk-sediment radiocarbon date of

17,800 radiocarbon yr bp at 1007 cm. The age model

reported here and Colinvaux (1981) also differ over the tim-

ing of the major sedimentary transition (at 550 cm in Colin-

vaux (1981) and 503 cm in the new cores), which consists of

a shift from sandy sediments to algal gyttja, accompanied by

a decrease in magnetic susceptibility and increase in organic

carbon content. This transition was dated to 10,900 calendar

yr bp (9500 radiocarbon yr bp) in Colinvaux (1981) based

on bulk-sediment dates and to 5600 calendar yr bp in the

new cores, based on AMS dates of terrestrial macrofossils

Graham et al. (2016). The age model reported here should

replace that of Colinvaux (1967a, 1981), because of the use

here of more precise AMS dating methods, dating of sub-

strates less subject to contamination by old carbon, and the

greater number of radiocarbon dates.

The uppermost sediments (0–500 cm) are a dark olive

massive gyttja with occasional fibrous materials and plant

macrofossils. Between 500 and 717 cm, sediments shift to a

silty gytta. Below 717 cm to base, sediments are predomi-

nantly mineral silts, with interbedded tephras and sand layers

(Table S1.3, Fig. S1.2). Lacustrine conditions are indicated

Figure 2 Bacon age–depth model for Lake Hill (Blaauw & Christen, 2011). Upper left: the MCMC iterations, showing a stationary
distribution with little structure amongst iterations. Upper middle: prior (grey curve) and posterior (filled grey curve) distribution of

accumulation rates. The prior for mean accumulation rate was set to 0.1 cm/yr. Upper right: the prior and posterior probability
distributions for memory (i.e., autocorrelation strength). Lower plot: the age–depth model. Individual radiocarbon dates are shown in

probability density functions of calibrated ages. The grey area indicates the uncertainty envelope of the age model with dashed lines
indicating 95% confidence intervals.
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throughout the core by the presence of freshwater diatoms

and cladocerans, although they are in very low concentra-

tions between c. 800 and 1000 cm (c. 12,000–13,300 yr bp)

(Wooller et al., unpublished data).

Vegetation History since the Last Glacial Maximum

The modern vegetation survey indicates forb-graminoid tun-

dra with prostrate Salix and mosses. Salix and Carex are the

most abundant shrub and graminoid taxa, respectively;

Achillea borealis and Angelica lucida are the most abundant

forb taxa; and whereas mosses are ubiquitous, Sphagnum is

rare on the island (Fig. S1.3) (Macoun, 1899). No trees are

present, and all shrubs are lower than 20 cm (Fig. 1c). Alnus

and Betula pollen occur in modern soil samples (Fig. S1.3),

despite their absence in our floristic survey and historical

surveys of the Pribilofs (Macoun, 1899; Colinvaux, 1967a).

The fossil pollen record from St. Paul Island comprises 43

pollen and spore types (Fig. 3), encompassing seven woody

taxa – Salix, Ericaceae, Alnus, Betula, Picea, Pinus and Popu-

lus, 32 herbaceous taxa, and four spore types – Equisetum,

Lycopodium, Polypodium and Sphagnum. Poaceae is the most

Figure 3 Vegetation history of St. Paul Island from 18,000 yr bp to the present, based on pollen diagram from the Lake Hill showing

relative pollen abundances for all taxa (%), pollen accumulation rates for long-distance-transport taxa (grains/cm2/yr), total pollen
accumulation rates (grains/cm2/yr), sedimentation rate (cm/yr), and minimum squared chord distances. Green shading indicates woody

taxa interpreted to be locally present on St. Paul Island and the southern margin of the Beringian Land Bridge, whilst brown shadings
indicate pollen types interpreted as false presences, i.e. because of long-distance transport. Dark red shadings indicate woody Rosaceae

taxa, yellow shadings indicate herbaceous taxa, and grey colours indicate Pteridophyte taxa and Sphagnum. Pollen and spore taxa
abundances are calculated as percent abundances of total pollen and spore types. Cross signs (+) indicate percentage < 1%. Red lines

indicate the division of the pollen record into four zones by CONISS in R package ‘rioja’ (Grimm, 1987; Juggins, 2015). The blue
dashed line represents the timing of woolly mammoth extinction estimated at 5600 yr bp (Graham et al., 2016). Minimum SCDs show

the dissimilarity between each fossil sample and its closest analogue in the modern pollen reference dataset.
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abundant pollen type, averaging 20% throughout the core,

and Salix is the most abundant shrub pollen type, averaging

14%. Of the herbaceous pollen taxa, 22 are minor, with a

maximum pollen percentage < 3%. Minimum SCDs are con-

sistently high (> 0.21), indicating vegetation communities

that differ from the mainland of North America. Non-analo-

gue communities are present before the Holocene

(SCDs> 0.36, Fig. 3).

The fossil pollen record indicates stable forb-graminoid

tundra with a minor shrub component on St. Paul Island

during the last 18,000 years (Fig. 3). CONISS analyses divide

the Lake Hill pollen and spore record into four zones

(Fig. 3). Zone 1, from 18,200 to 13,800 yr bp, is character-

ized by high Poaceae and fluctuating Salix pollen abundances

from the last glacial period until several centuries before the

Younger Dryas (YD) onset at 12,900 yr bp. Arctic forbs such

as Saxifraga, Artemisia and Ranunculus have elevated abun-

dances, with Amaranthaceae and Solidago-type abundant

until 16,700 yr bp. Equisetum is rare before 14,790 yr bp, but

increases to 23% by the end of Zone 1, possibly indicating

an increase in the moisture availability. Zone 2, from 13,800

to 10,600 yr bp, is characterized by the presence of moderate

Poaceae, Cyperaceae and Salix pollen abundances during

most of the YD. Picea and Pinus pollen are found in low

abundances (< 5%) between 13,250 and 11,850 yr bp, inter-

preted as originating from long-distance transport. All Pinus

grains are poorly preserved and present only as bladders or

bodies with one bladder. The high abundances of Picea,

Alnus and Betula occur only when total pollen accumulation

rate is lower than 5000 grains/cm2/yr (Fig. S3.4), further sug-

gesting a non-local source. Zone 3, representing most of the

Holocene (10,610 to 690 yr bp), is characterized by higher

forb diversity and moderate Poaceae, Cyperaceae, Salix, Arte-

misia and Apiaceae pollen abundances. Woolly mammoth

extinction at 5600 yr bp (Graham et al., 2016) is in the mid-

dle of Zone 3, and shows generally small vegetation changes,

consisting of gradual increases in Poaceae and Cyperaceae

pollen abundances, a gradual decline in Artemisia, and a

rapid drop then gradual recovery of Apiaceae. Abundances

of minor forb taxa and Equisetum also increase after 5600 yr

bp. The main feature of Zone 4, from 690 yr bp to the pre-

sent, is abundant Equisetum, interpreted to indicate a wet

environment with well-drained substrate. Salix declines,

whilst Ericaceae, Caryophyllaceae and Brassicaceae increase,

and other forbs are in low abundances or absent.

PCA analysis indicates two main components for the

modern and fossil pollen assemblages (Fig. 4), with PC1

explaining 16.1% of the variance in pollen abundances and

PC2 explaining 10.2%. There is low compositional overlap in

the pollen assemblages between modern mainland tundra

sites and St. Paul sites. The closest mainland counterparts

are from herbaceous Arctic tundra (Fig. 4). The mainland

tundra assemblages have higher abundances of pollen from

woody taxa, including Picea, Betula, Ericaceae and Alnus,

whilst the St. Paul assemblages have a higher diversity of forb

taxa and higher Salix abundances. The St. Paul modern

assemblages are the closest analogues for the St. Paul fossil

assemblages. Together, the PCA and SCDs analyses indicate

that the vegetation communities on St. Paul have been com-

positionally distinct from modern mainland tundra commu-

nities throughout the past 18,000 years.

Assessing local presence of woody taxa on St. Paul

Island

The combination of pollen, macrobotanical fossils, and

sedaDNA analyses allow strong inferences about local species

presence. There is no evidence that Picea has been present

on St. Paul, or in its near vicinity, for the last 18,000 years.

No Picea macrofossils are found in the sediments (Fig. 5),

and Picea is absent from St. Paul today based on our survey

and a historical vegetation survey (Macoun, 1899)

(Fig. S1.1). Picea pollen abundances are highest during the

YD, at 7%, when Picea pollen accumulation rates are very

low (averaging 31 grains/cm2/yr) (Fig. 3), suggesting that this

peak is caused by decreased local pollen productivity and

intensified atmospheric circulation, resulting in a higher pro-

portion of exotic pollen. This finding matches Colinvaux’s

(1981) report of Picea pollen between 706 and 1160 cm at

high-relative abundances but low concentrations. Analyses

from the Galapagos Islands also show that the relative mix-

ture of local versus long-distance components in pollen

assemblages is highly sensitive to changes in local pollen pro-

ductivity (van der Knaap et al., 2012). SedaDNA also does

not support Picea presence. Either the same proportion or

fewer DNA fragments are identified as Picea in the samples

as in the negative controls (Fig. 5), suggesting that the few

fragments that map to either Picea genome are indistinguish-

able from background noise. This inference is supported by

the short length of these molecules (< 35 bp), which can

lead to erroneous read mapping because of low information

content (Fig. 6). Further, these DNA fragments do not exhi-

bit typical aDNA damage patterns, such as elevated deamina-

tion rates at the ends of molecules (Fig. 6, S8.5), suggesting

that these are not true Picea aDNAs (Dabney et al., 2013).

Similarly, we find no evidence supporting the presence of

Betula and Alnus on St. Paul during and after the LGM.

Betula and Alnus pollen are consistently present but at low

accumulation rates and relative abundances, varying around

65 and 125 grains/cm2/yr, and 4% and 8%, lower than the

typical thresholds for local presence of 30% and 20%

(Anderson & Brubaker, 1986) (Fig. 3, 5). No Betula or Alnus

are found in the modern and historical vegetation surveys,

nor any Betula or Alnus macrofossils in the sediments

(Fig. 5). SedaDNA data for Betula also indicate local absence,

with inferred Betula DNA in the samples at concentrations

~1-2 orders of magnitude lower than those found in the neg-

ative extraction controls (Fig. 5). We find no evidence of

DNA damage patterns in the inferred Betula DNA, suggest-

ing, as for Picea, that these are not truly Betula aDNAs, but

are rather false matches to the Betula reference genome

(Fig. 6, S8.5). Hence, as with Picea, multiple lines of
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evidence indicate that neither Betula nor Alnus were locally

present on St. Paul Island and the southern Beringia for the

last 18,000 years.

In contrast to Picea, Betula and Alnus, we find multiple

lines of evidence supporting the continuous presence of Salix

on St. Paul Island during the past 18,000 years. Salix arctica

and S. reticulata are present today on the island as low-sta-

ture shrubs (1-20 cm tall) and are moderately common

(Fig. S1.1). Fossil pollen abundances are higher than the

other three woody taxa and similar to modern Salix pollen

abundances on St. Paul (Fig. 5, S6.3). Macrobotanical fossils

of Salix, including stem (wood) and fragmentary, generally

skeletonized leaves, are common in the Holocene sediments

(Fig. 5, S3.1). The dearth of Pleistocene macrobotanical fos-

sils is probably becaue of the poorer preservation associated

with the sandy late-glacial sediments, but may indicate spar-

ser plant densities. Concentrations of inferred Salix DNA in

the samples are always higher than in the negative extraction

controls (Fig. 5), often by an order of magnitude. The pres-

ence of authentic Salix sedaDNA in the samples is further

supported by DNA damage patterns, including typical

deamination and depurination-induced fragmentation signa-

tures (Fig. 6), which are not observed in the negative extrac-

tion controls (Fig. S3.5).

Besides the taxa discussed above, Pinus and Populus pollen

grains are also found in the core (Fig. 3). However, their

pollen abundances are even lower than 5%, which is the

usual threshold for the local deposition of Pinus and Populus

pollen, thus these pollen types also likely source from non-

local plant populations. The period of elevated Pinus abun-

dances (up to 3.4%) corresponds to the period of elevated

Picea abundances during the YD, suggesting a common dis-

tant source.

DISCUSSION

Refugia, cryptorefugia and pseudorefugia

This multi-proxy study provides unusually strong evidence

that Picea, Betula and Alnus were not present in the Lake

Hill watershed and, presumably, on St. Paul Island for the

last 18,000 years. Fossil pollen abundances of Picea, Betula

Alnus

Ar
tem
isi
a

Cyperaceae

Bra
ss

ica
ce

ae

Dryas

Ericaceae
Fa

ba
ce

ae
Picea

Pinus

Poaceae

Polypodiu
m Rosaceae

Salix

Sp
ha
gn
um

Equise
tum Potentilla

Rume
x

Lyc
opo
diu
m

Aste
rac

ea
e u

nd
iff

Ap
iac

ea
e

Caryophyllaceae

Amaranthaceae
Am
brosia

Saxifraga

Ca
lth
a

Ranunculus

Rubus

Valeri
ana

Ve
ron
ica

Pa
pa
ve
r

Ga
lium

Polygonaceae

Betula
0

0.0

PC1 (16.1% explained var.)

ex
pl

ai
ne

d 
va

r.)
Herbaceous Alpine Tundra

Herbaceous Arctic Tundra

Herbaceous Arctic Tundra with Low/Dwarf Shrubs

Tall/Low Shrubs, Tundra, Spruce

Woody Arctic Tundra, Tall/Low/Dwarf Shrubland

CONISS Zone 1 CONISS Zone 3

CONISS Zone 4

St. Paul Modern Samples

0

0.0

PC1 (16.1% explained var.)

ex
pl

ai
ne

d 
va

r.)

(a) (b)

Figure 4 Principal component analysis (PCA) for fossil pollen samples from Lake Hill and modern North America tundra pollen

assemblages. Plot a) shows the variance analysis for all taxa, and plot b) shows that all the pollen assemblages, including fossil St. Paul
assemblages, modern St. Paul assemblages, and modern mainland assemblages. Principal component 1 (PC1) explains 16.1% of the

variance in the pollen data, whilst PC2 explains 10.2% of the variance. Classification of pollen assemblages is based on different
procedures for fossil and modern assemblages: fossil samples are classified by CONISS zones (zones 1–4); modern pollen samples from

St. Paul are given their own group; mainland pollen types are classified into five groups based on North American Seasonal Land Cover
vegetation classification for their location (Anderson, 1976): herbaceous Alpine tundra, herbaceous arctic tundra, herbaceous arctic

tundra with low/dwarf shrubs, tall/low shrubs/tundra/spruce, and woody arctic tundra/tall/low/dwarf shrubland. The fossil sample at
11,320 BP in CONISS zone 2 is outside the bounds of plot b located at the point of (�5.8, 9.5). Ellipses are drawn for each group with

68% (1r) variance.
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and Alnus are low and consistent with long-distance trans-

port, and no presence was detected in sedaDNA, macrob-

otanical fossils, and contemporary vegetation. Establishing

the absence of these genera is a negative result, but an

important one. When constraining biogeographical models

of the climatic and historical controls on past species range

shifts, confidently establishing the absence of a species at a

location is as important as establishing its presence. Multiple

lines of evidence can indicate the presence of past refugia,

including species distribution models, phylogeographic sur-

veys, molecular, micro- and macrofossils (Hu et al., 2009;

Gugger et al., 2010; Gavin et al., 2014; Tollefsrud et al.,

2015). However, no single contemporary or fossil indicator

is a definitive indicator of the past presence or absence, cre-

ating the possibility of cryptorefugia and pseudorefugia.

Plant macrofossils are usually definitive evidence of the pres-

ence within a watershed, but little can be inferred from their

absence (Gavin et al., 2014). Fossil pollen data are better able

to capture spatiotemporal distributions of plant abundances

and less able to definitively establish range limits, despite

long-standing efforts to identify signals of range limits or

species establishment. Ancient DNA has revealed cryptic

refugia, but can be subject to challenges of contamination

(Birks et al., 2012) or post-depositional mobilization within

a stratigraphic profile (Haile et al., 2009). Contemporary

phylogenetic surveys that indicate high genetic diversity or

unique genetic markers have been interpreted as signs of

cryptic populations (McLachlan et al., 2005), but not all

genetic markers are equally informative (Tzedakis et al.,

2013), and phylogeographic inferences about post-glacial

range dynamics of plant species can be confounded by intro-

gression (Thomson et al., 2015). Therefore, multi-proxy

studies such as this one are needed confidently to establish

the absence or presence of taxa.

Figure 5 Pollen, macrobotanical fossils and

sedaDNA of Picea, Betula, Alnus and Salix
from the Lake Hill. For each genus, solid

curves represent pollen percent abundances
of total pollen and spore sum, vertical bars

represent the concentration of sedaDNA
fragments matched to that taxon, and the

horizontal bar above each solid curve
indicates the presence or absence of

macrobotanical fossils. In the sedaDNA
plots, the dashed line illustrates the average

concentration of sedaDNA fragments found
in the negative extraction controls. In the

macrofossil bars, empty space indicates that
no plant macrofossils were found at these

depths. Of these taxa, macrofossils were
only found for Salix, which is also present

on the island today.
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Our results also suggest that Picea, Alnus and Betula were

not present on the south-central BLB, although this conclu-

sion relies on indirect inference. The Lake Hill is an unusu-

ally-sheltered site (Fig. 1) with a continuously present lake

since the LGM (Graham et al., 2016; Wooller et al., unpub.),

so local site conditions were favourable for shrub establish-

ment. No dispersal barrier existed at the LGM to prevent

these taxa from reaching the St. Paul region. Hence, the

absence of Alnus, Betula and Picea suggests that regional cli-

mates on the southern coastal BLB prevented establishment

by these taxa. Elias & Crocker (2008) note that island rem-

nants of Beringia may be unrepresentative of vegetation at

lower elevations. However, elevational gradients as a strong

filter on species presence is unlikely given that the Lake Hill

currently is only 37 m above the sea level. Given that the sea

level at the LGM was 130 m lower than the present (a high-

end estimate) and a normal lapse rate of 6.4 °C/1000 m, the

maximum elevational and temperature difference between

the Lake Hill and low-lying sites would have been 170 m

and only 1.1 °C. This temperature difference is ecologically

meaningful, but does not seem sufficient to preclude the

local establishment of woody shrubs or trees such as Betula,

Picea, or Alnus at the Lake Hill if they had been present in

the regional species pool. Insofar as Lake Hill is representa-

tive of environments along the southern coastal BLB, then

this region appears to have not been a glacial refugium for

these taxa.

The proximity of Picea, Alnus and Betula populations to

this site remains unclear. Low pollen productivity and stron-

ger atmospheric circulation during the YD likely enabled

enhanced long-distance components of pollen. Colinvaux

(1981) proposed two long-distance sources of Picea pollen:

south of continental ice sheets, with pollen transported by

episodically strong spring winds, or from restricted relict

populations on Beringia, such as the old delta of the Yukon-

Kuskokwim system on the south Beringia coast. Picea forest

is found around Lake Baikal in south-eastern Siberia during

the Bølling-Allerød warming (Shichi et al., 2009), pollen sites

with abundant Alnus occur in eastern Siberia after the LGM

(Brubaker et al., 2005), and Pinus pumila is found in the

Upper Kolyma region during the LGM (Anderson et al.,

2010), making eastern and north-eastern Siberia a potential

source for woody taxa pollen on St. Paul Island. Eastern Ber-

ingia is also a likely refugium for Picea glauca (Brubaker

et al., 2005; Anderson et al., 2006), and pollen evidence is

consistent with at least scattered Betula presence in some

habitats across Beringia (Brubaker et al., 2005).

Vegetation history in southern coastal Beringia after

the LGM

The Lake Hill record suggests prostrate shrub-graminoid

tundra on St. Paul Island after the LGM, with varying pro-

portions of graminoids and forbs and persistent presence of

Salix and Ericaceae, presumably in the prostrate form. The

plant community appears to have been mostly stable, except

for Equisetum peaks that may indicate wetter conditions

before the YD and after 690 yr bp. This prostrate shrub-gra-

minoid tundra is similar to graminoid-forb tundra found at

other glacial-aged sites in south-central Beringia (Colinvaux,
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1967b; Ager, 2003; Ager & Phillips, 2008). The persistence of

this dry tundra over the whole period of record may have

been facilitated by soils that today are thin and well-drained,

with little paludification and underlain by a volcanic and

porous substrate.

This inference suggests that southern Beringia was covered

by graminoid-forb tundra under cold and dry climates dur-

ing the past 18,000 years. Mesic shrub tundra has been pro-

posed as a glacial refugium for woody taxa and a source of

wood fuel for ancient people in Beringia (Hoffecker et al.,

2014). Evidence includes mesic beetle fossils, relatively abun-

dant Betula pollen, and Sphagnum spores (Elias et al., 1996,

1997). Ager (2003) and Ager & Phillips (2008), however,

have argued that graminoid-forb-Salix tundra vegetation

associated with cold and dry climate extended into the low-

lands of Beringia during the LGM. Our results support the

latter hypothesis by showing that LGM Beringia was primar-

ily covered by graminoid-forb tundra with shrub elements

present in prostrate form or in restricted habitats, but does

not rule out the possibility of localized areas of mesic shrub

tundra in now-submerged portions of Beringia.

Trophic consequences of megafaunal extinction

One debate has centred on whether arctic herbaceous tundra,

with its low productivity, can provide sufficient forage to sup-

port extensive Pleistocene megafauna populations (Elias &

Crocker, 2008). It is known, however, that the St. Paul Island

ecosystem sustained an isolated woolly mammoth population

from ca. 14,500 yr bp, when the island became isolated from

the mainland, until 5600 yr bp (Graham et al., 2016). This

persistence of woolly mammoth indicates that prostrate shrub

and graminoid tundra, even on a small island (109 km2), can

provide sufficient food resources to sustain a grazing mega-

herbivore population for thousands of years.

The lack of major change in vegetation composition on St.

Paul Island at the time of the woolly mammoth extinction

around 5600 yr bp (Graham et al., 2016) suggests that the

vegetation on St. Paul Island was less affected by megafaunal

grazing than has been shown in more temperate ecosystems

(Gill et al., 2009). One likely reason for this difference is that

fire, which drives megaherbivore-biomass feedbacks that

amplify vegetation turnover in temperate and subtropical

ecosystems, is effectively absent from St. Paul Island (initial

surveys of the Lake Hill core for sedimentary charcoal indi-

cated effectively zero charcoal). Vegetation composition also

appears to have been minimally affected by climatic changes

during the last deglaciation and Holocene, likely because of

the barriers to immigration for thermophilous taxa.

However, the trophic effects of the woolly mammoth

extinction may manifest as small changes in the tundra com-

position and substantial changes in the rates of sediment ero-

sion and mobilization. The observed increase in forb

abundance (from 28% to 38% in the sum of forb taxa abun-

dance after the extinction) could indicate a release from

megaherbivore suppression, consistent with evidence that

herbs were a major dietary resource for megafaunal grazers

(Willerslev et al., 2014). The megafaunal extinction event

also closely coincides with a significant sedimentary transi-

tion at 5.03 m (a shift from organic-rich silts to gyttja),

which may indicate that mammoths locally increased erosion

rates in the Lake Hill crater (Graham et al., 2016).
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