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Cover Letter

Richard Fewster

UNIVERSITY OF LEEDS School of Geography,
University of Leeds,

Leeds LS2 9JT

United Kingdom

E-mail: gyl5ref@leeds.ac.uk

FAO: Dr. Yan Zhao

Re: JQSR-D-22-00701 Holocene vegetation dynamics of circum-Arctic
permafrost peatlands, by Fewster et al.

Dear Dr. Zhao,

Thank-you for your email of 315t January 2023 inviting us to resubmit a revised version
of our manuscript to Quaternary Science Reviews. We are grateful for the constructive
feedback and insightful comments provided by the two reviewers, all of which we have
considered carefully, and the majority of which we have used to improve our
manuscript.

Three major points arise from the reviewers’ comments: 1) the selection of a single
record from intensively-studied sites with multiple available records; 2) a common
selection of Sphagnum-dominated locations for coring; and 3) the presentation of our
50-year binned data and of the core distribution through time. As an author group we
carefully considered the most appropriate response to each of these major themes, in
the best interests of scientific rigour, and clear, concise communication. In many cases
we have added important new context and discussion to our text; while in other cases
we have disagreed with the reviewers, but we have nonetheless made alterations to
our text to avoid similar misunderstanding by other readers. Furthermore, we have
revised our data presentation throughout, following the feedback of reviewer 2.

In the ‘response to reviewers’ document we provide our response to each comment,
as they appeared in your email. We reproduce the reviewers’ comments in italics,
while our responses follow immediately in plain typeface.

Please find attached our revised manuscript. We look forward to receiving your
decision on the revised manuscript in due course.

Yours faithfully,

ivard € Foustr )41

Richard E. Fewster (lead author, PhD candidate) Dr. Paul J. Morris (supervisor)

(also on behalf on all co-authors).

24" February 2023



Response to Reviewers

Response to reviewers

Re. JQSR-D-22-00701 Holocene vegetation dynamics of circum-Arctic
permafrost peatlands, by Fewster et al.

Reviewer #1 comments

(1) This is an interesting piece of research and I think it's valuable as it's based upon
a large number of sites across the circum-Arctic.

The approach used is a simple one, but this doesn't matter as the data do record
interesting patterns across the regions. This is discussed well in the manuscript.

There is little to fault with it, I only have one point to make, the others are just minor
typos indicated on the attached pdf file.

We thank the reviewer for their positive appraisal of our work.

Corrected. We have amended both minor typographical errors outlined by reviewer
1 in the text.

(2) Lines 433-438, "Considering all records, we found that maximum values for the
200-year binned relative abundance of woody vegetation were reached at ~0 years
BP in 16 cores, of which a majority were located northwards of 65°N (n = 11/16),
for example in Fennoscandia (Sim et al., 2021), Arctic Canada (Sim et al., 2019),
Alaska (Gatka et al., 2018), and Siberia (de Klerk et al., 2011).

Could this be an artefact, as these samples have not undergone any real
decomposition yet?

Corrected. We now provide an acknowledgement to this potential limitation on lines
L445-447.

Reviewer #2 comments
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(3) The manuscript by Fewster et al. investigated peatland vegetation composition
during the Holocene using previously published plant macrofossil records from 76
sites across the circum-Arctic permafrost zone, with a particular concern on
peatland shrubifications. The authors found e.g., a consistent, widespread
expansion of woody vegetation and Sphagnum from ~8000 years BP to the present.
Vegetation shifts varied between regions and present-day permafrost zones. They
concluded that future shrubification (driven by surface drying, autogenic peat
accumulation, and permafrost aggradation) of circum-arctic peatlands will likely be
spatially heterogeneous and will not occur as widely as in upland tundra
environments.

Peatland vegetation shifts have important implications for carbon cycling, few
previous studies have found recent expansion of Sphagnum, but none has
attempted to focus on shrubifications. This study provides valuable new insights
into past successional trends of Arctic peatland vegetation, thus it is essential for
predicting the future dynamics of those vulnerable ecosystems. The manuscript is
interesting, but before making a further decision | have major concerns about the
data preparation and analysis. | also have some minor comments/suggestions.

We thank the reviewer for their helpful feedback and comments, which we believe
has improved the manuscript and presentation of our results overall. Please find
our detailed responses to each point, below.

(4) Major comments:

1. A selection of a single record for a site manually decreased the heterogeneity
of peatlands.

Limitation acknowledged. The inclusion of additional core records from sites
already present in our catalogue would inflate the importance of these more
intensively studied sites in our mean time series (as we state on L142-143). While
including multiple cores from the same peatland would provide pseudo-replication,
the large number of independent sites represented in our dataset (n = 76) provides
true replication across large spatial gradients and regions. However, we have
further acknowledged this possible limitation on L762—-766 and have highlighted
that the within-site variability remains an ongoing research question for future
studies to address.
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(5) 2. I wonder if there is a possible underestimate of very recent shrubification due
to a common selection of coring locations (Sphagnum habitats).

Similar minor comments:

(9) Lines 113-116: For field sampling, | wonder if there is a preference for
Sphagnum habitats when selecting coring locations, as it is more difficult for coring
in other habitats, e.g., with shrubs.

(16) Lines 355-357: Might be biased by field sampling?

(19) Lines 458-459: Is this partly due to the sampling preference of Sphagnum-
dominated locations?

(22) Lines 742-745: Again, partly due to the sampling preference of Sphagnum-
dominated locations?

Limitation acknowledged. We now acknowledge this potential bias in field
sampling towards Sphagnum-dominated microhabitats in our methods on L173-
176. Where suitable, we also now remind readers of this possible bias at several
points in our results and discussion that describe recent Sphagnum increases (see
L368-372 and L768—-772). We believe the additional context we have now provided
makes it unnecessary to further describe this limitation on L474-477.

Coring locations are often selected to best represent the predominant
ecohydrological setting of a site and, at present, Sphagnum-dominated settings in
raised bogs and permafrost landforms (e.g. palsas/peat plateaus) have been more
intensively studied for palaeoecology than treed or fen peats, likely due to the
aforementioned difficulties in core sampling. Unfortunately, without extensive
additional field sampling of shrubified peat surfaces, the true impact of this sampling
bias on our peatland shrubification trends will remain unknown.

We now provide a recommendation that future studies should prioritise the
development of new palaeoecological reconstructions from treed fen peats,
because these sites have been rarely sampled in the literature and may evidence
alternative mechanisms for peatland shrubification (see L771-772).
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(6) 3. The data visualization needs to be further modified, e.g., the summed
percentage figures without indicating the included data points/records cause
confusion; the scatters are not readable in the figures.

Similar minor comments:
Lines 250-252: The scatters of 50-year bin results are not informative in the figures.
Line 305: The MNRAGSO is not readable in the figure.

Line 306: Yes, it reflects peatland initiation. | feel the summed percentage figures
easily cause confusions and are not good for showing vegetation shifts.

Lines 336-338: Yes. The mean percentage figures are better.

Lines 339-340: How is the data distribution of this period? Perhaps the authors
could consider moving the summed percentage figures to the supplementary
section and adding new figures showing data distribution for both 200-year and 50-
year bins.

Corrected. We appreciate the reviewer's constructive feedback on our data
presentation and have made substantial changes throughout our revised
submission.

As advised, we have added new plots showing the data distribution for both the
200-year and 50-year bins to our supplementary information (see Figures Sla,
S2a—c, and S3a—d). Because the trends shown in these data distribution plots were
exactly parallel to those shown in our summed relative abundance plots in Figures
2—4, we deemed it unnecessary to include both in the main text file and elected to
add our new plots to our supplementary information. We direct readers to these
new figures on lines L262-263, L315-316, L326, L338—-339 and L348-353.

Secondly, we have removed the 50-year scatter showing MNRAso from Figures 2—
4, and now present these data as separate supplementary plots (see Figures S1d,
S2j-l, and S3m-p). For consistency, we have repeated this approach for our non-
normalised 50-year scatter, now shown separately in Figures S1c, S2g-i, and S3i—
|. Because we do not conduct any time-series analyses at this 50-year temporal
resolution (as explained on lines L261-264), we deemed it unnecessary on
reflection to present these data alongside the main text. We direct readers to these
new plots on lines L290, L294, L303, L317-318, L330-331, L342-343, and L402—
403.
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(7) Minor comments:

Line 52: change C to carbon (C)

Corrected.

(8) Line 75: and also for European sub-Arctic peatlands. See a recent paper by Piilo
et al. 2022, DOI: 10.1111/gcb.16554

Corrected. We have added this reference to L75.

(10) Lines 132-136: Please add the access date (e.g., until XX) so that future
studies can easily update the dataset.

Corrected. We have added this on L136-137.

(11) Line 142-145: Were there any clear differences in vegetation successions for
such multiple records within a particular peatland? There are many studies that
revealed high heterogenic conditions of peatlands. Even though the authors were
not sought to capture the full spatial heterogeneity of peatlands as they stated in
lines 152-157, the selection here manually decreased the variations of successions.

No action required. Please see our response to the same point above (comment
4).

(12) Lines 191-192: but in many cases, woody components are recorded as counts.

Limitation acknowledged. We now acknowledge this limitation on L198-200. We
omitted count data, such as seeds and fruit scales, because these data were not
directly comparable to the relative composition data (%) that we used to build our
dataset and these organic materials represent more minor peat-forming
components.
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(13) Lines 234-235: Add references

No action required. This decision was a methodological choice, clearly described
in our text, rather than a previously published method, so there is nothing to refer
to. No changes made in response.

(14) Lines 252-255: This is good when comparing magnitudes. Another issue
concerns data distribution, which will also cause bias if the temporal coverages are
not the same for the combined cores, e.g., as the authors stated in line 252.

No action required. As discussed in our response to point 6 (above), we now
present new data distribution plots in our supplementary information (see Figures
S1-3). We elected to focus all time-series analyses on our broader 200-year bins,
because there was less variation in the number of cores between 200-year
timesteps than the more detailed 50-year bins. Additionally, to resolve issues where
the increased number of cores during recent centuries suppressed the mean
relative abundance of woody vegetation, particularly where new cores contained
Sphagnum-dominated assemblages, we calculated normalised relative
abundances to reduce the importance of core distribution on our final results
(explained on L265-280).

(15) Line 312: Change € to (e)

Corrected.

(17) Lines 423-425: The same number of samples pooled into the bins is important
in such comparisons.

Corrected. We have removed this sentence and replaced it in our revised
manuscript with an acknowledgement of the low density of core records for the
continuous permafrost zone in the 200-year bins prior to ~2,000 years BP (see
L437-439).
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(18) Lines 445-450: A changepoint analysis would help to detect the transitions.

No action required. We do not believe it necessary to include this additional
analysis, because the herbaceous trends the reviewer refers to are very clearly
shown in our existing figures. We believe that additional statistical metrics such as
these could complicate this very clear message.

(20) Line 483: As stated before, only the active layer was sampled for some
permafrost records, would this impact the "peat initiation" patterns?

Corrected. We now clarify on L499-500 that only cores with basal dates were
considered when describing patterns of peat initiation. Additionally, on L504-507
we now remind readers of the more-limited sampling of some permafrost records
and explain that, despite this, the indicated spatiotemporal patterns of peatland
development agree with previous syntheses (e.g. MacDonald et al., 2006; Morris et
al., 2018; Treat et al., 2021), with early peatlands expanding into newly deglaciated
environments.

(21) Lines 687-690: see also Piilo et al. 2022, DOI: 10.1111/gcb.16554

Corrected. We have added this reference to L707-708.

(23) Lines 756-758: Would water table reconstructions in Primeau and Garneau,
2021  (doi:10.1177/0959683620988031) and Magnan et al. 2014
(doi:10.1002/jgs.2694) useful? Their data extended to the early Holocene.

Acknowledged. The suggested long-term water table reconstructions are located
in more-southerly boreal and coastal regions of eastern Canada than our study
sites, and so we refrain from making detailed comparisons with these records.
However, broadly synchronous trends in hydrological variability exist between
these records, and another from the region by van Bellen et al. (2011), so we have
added to our discussion on L780—783 to outline the possible regional climate at this
time.
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Highlights

Holocene vegetation dynamics of circum-Arctic permafrost
peatlands (Fewster et al.)

Highlights

e Woody vegetation expanded in circum-Arctic peatlands from 8,000 years BP
to present

e Peatland ecosystem shifts varied between regions and present-day
permafrost zones

e Sphagnum and non-Sphagnum mosses expanded rapidly in peatlands after
600 years BP

e Both shrub expansion and decline evident in different peatlands after 200
years BP

e Holocene shrubification of circum-Arctic peatlands associated with surface
drying
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in Fennoscandia and across the present-day continuous permafrost zone; and rapid
expansion of Sphagnum in regions of discontinuous and isolated permafrost as
expected following widespread fen-bog succession, which coincided with declining
woody vegetation in eastern and western Canada. Since ~200 years BP, both shrub
expansion and decline were identified at different sites across the pan-Arctic,
highlighting the complex ecological responses of circum-Arctic peatlands to post-
industrial climate warming and permafrost degradation. Our results suggest that
shrubification of circum-Arctic peatlands has primarily occurred alongside surface
drying, resulting from Holocene climate shifts, autogenic peat accumulation, and
permafrost aggradation. Future shrubification of circum-Arctic peatlands under 215t
century climate change will likely be spatially heterogeneous, and be most prevalent

where dry microforms persist.

Keywords

Permafrost; peatlands; plant macrofossils; shrubification; vegetation dynamics

palaeoecology; Holocene; paleogeography.

1. Introduction

Twenty-first century climate change is projected to drive widespread vegetation shifts
in permafrost peatlands, which presently cover 1.7 + 0.5 million km? and contain 185
+ 70 Gt carbon (C) (Hugelius et al., 2020). Permafrost (perennially frozen ground)

renders these vast, fragile carbon stores vulnerable to warming, because thaw-
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induced surface collapse can drive peatland inundation, which strengthens methane
emissions (Heffernan et al., 2022; Holmes et al., 2022). Future peat carbon release
may be partially offset by increased plant productivity under warming climates and a
poleward shift in woody vegetation, termed shrubification (Myers-Smith et al., 2015;
Mekonnen et al., 2021). Shrubification has been widely recognised across upland
tundra in response to late-20" century climate change by decadal observations and
satellite imagery (Myers-Smith and Hik, 2018; Chen et al., 2021; Mekonnen et al.,
2021), although permafrost thaw in lowland tundra has driven thermokarst formation
and succession towards graminoid-dominated vegetation (Magnusson et al., 2021,
Heijmans et al., 2022). Peatlands represent poorly-drained environments that are
often resistant to succession until ecohydrological thresholds are surpassed (Belyea,
2009; Swindles et al., 2015) and may therefore exhibit less linear vegetation transitions
under warming climates than mineral-soil tundra. Experimental studies suggest that
climate warming and drought increase peatland suitability for shrub and tree
encroachment owing to deeper water tables, longer growing seasons, thicker active
layers, and restricted moss growth (Heijmans et al., 2013; Limpens et al., 2014b, 2021,
Holmgren et al., 2015). Shrubs and trees also survive most effectively on raised
peatland surfaces, such as hummocks formed of Sphagnum sect. Acutifolia (Pouliot
et al., 2011; Holmgren et al., 2015). During recent decades, many circum-Arctic
peatlands have evidenced surface drying (Zhang et al., 2022), while abundances of
Sphagnum sect. Acutifolia have rapidly increased in Canadian permafrost regions
(Magnan et al., 2018, 2022) and the European sub-Arctic (Piilo et al., 2022), providing
potentially suitable environments for peatland shrubification. Indeed, some core-based
palaeoreconstructions of the recent past have identified shrubs expanding in high-

latitude peatlands in North America following late-20™" century warming (Gatka et al.,
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2018; Sim et al., 2019), but no study has yet quantified the broader spatial extent of

shrubification in circum-Arctic peatlands, or its long-term context.

Peatland vegetation shifts have important implications for carbon cycling, peat
decomposition, and permafrost dynamics (Loisel et al., 2014; Treat et al., 2016).
Herbaceous-dominated fens generally exhibit high methane emissions and decay
rates (Treat et al., 2021), meaning that Sphagnum-dominated bogs are overall more
effective carbon sinks (Loisel and Bunsen, 2020; Holmes et al., 2022; Magnan et al.,
2022). Tree and shrub establishment on peatlands can substantially increase
aboveground biomass and, like Sphagnum, woody material is highly resilient to decay
(van Breemen, 1995; Camill et al., 2001; Moore et al., 2007). Conversely, peatland
shrubification also increases fuel for wildfires, which can combust deep peat carbon in
dry sites (Turetsky et al., 2015) and accelerate peat permafrost thaw (Zoltai, 1993;
Gibson et al.,, 2018). Thaw can reverse hydroseral succession (the transition from
open waterbodies to fens and bogs), creating saturated depressions that restrict
growth of woody vegetation and become recolonised by hydrophilic Sphagnum and
sedges (Camill, 1999; Minke et al., 2009; Varner et al., 2022), although ice-wedge
degradation can also increase lateral drainage (Olefeldt et al., 2021). Therefore, a
clear understanding of both recent and long-term successional trends is vital for

predicting the future vulnerability of circum-Arctic peatlands.

Plant macrofossils record the past composition of in situ plant communities, and
enable the study of past changes in peatland vegetation composition (Mauquoy et al.,
2010). In a recent compilation by Treat et al. (2016), more than half of the 280 studied
peatlands showed fen—bog transitions (FBTs) during the Holocene, while permafrost
aggradation in boreal and tundra peatlands resulted in vegetation communities akin to

permafrost-free bogs and fens, respectively. A subsequent reanalysis by Treat and
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Jones (2018) of the same catalogue showed that permafrost aggraded most rapidly in
northern peatlands during neoglaciation and the Little Ice Age (LIA), which has been
linked to a 20 % reduction in methane emissions (Treat et al., 2021). However, these
studies did not analyse compositional changes in Holocene peatland vegetation, but
rather identified changes in wetland types and primary vegetation, based on the
dominant macrofossil component (> 30 %) or lithological description of peat layers
(Treat et al., 2016; Treat and Jones, 2018). Woody vegetation rarely comprised the
dominant peat-forming material in any of the studied wetland types (Treat et al., 2016),
so past peatland shrubification trends may have been concealed by this approach.
Magnan et al. (2022) collated data on plant macrofossil composition from peatlands in
Quebec for the last ~200 years and found no evidence of enhanced peatland
shrubification under late 20"-century warming, but rather a rapid, northwards
expansion of Sphagnum. The findings from this study in Quebec contrast recent
palaeoecological reconstructions of shrub expansion in other areas, such as northern
Alaska (Gatka et al., 2018) and High Arctic Canada (Sim et al., 2019); therefore, the
spatiotemporal dynamics of late-Holocene peatland shrubification warrant further

investigation.

Existing palaeoecological syntheses have not yet analysed Holocene peatland
shrubification at continental scales, and many recently published plant macrofossil
records have not been included in previous palaeoecological compilations. Here, we
compile and analyse a catalogue of 76 previously-published plant macrofossil records
from peatlands across the circum-Arctic permafrost region to explore proportional
changes in peatland vegetation during the Holocene. Our analysis provides long-term
context for recent observations of shrubification and Sphagnum expansion in circum-

Arctic peatlands.
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2. Methods

2.1. Dataset compilation

We used a structured literature search to collate published plant macrofossil records
from peatlands across the circum-Arctic permafrost region. We searched Google

th) 13 ” 13

, peatland”,

” “

Scholar for the terms “permafrost plant macrofossil”, “paleoecology” in
conjunction with names of selected regions (e.g., Fennoscandia), countries (e.g.,
Sweden), states (e.g., Alaska), and provinces and territories (e.g., Nunavut) until June
2022. We selected peat core records from peer-reviewed studies that: i) were located
within the circum-Arctic permafrost zone (Brown et al., 2002); ii) contained peat depth
and proportional plant macrofossil composition (%) information; and iii) reported
uncalibrated radiocarbon (**C) dates. We only considered cores with at least two
radiometric dates. We prioritised cores for which raw data are available in the public
domain. To reduce bias towards peatlands where multiple plant macrofossil records
existed, we selected a single core for each site based on a combination of
chronological detail, sampling resolution, core length, proximity to the peatland’s
centre, and an absence of obvious disturbances in the palaeoecological record (e.g.
water-filled voids and stratigraphic unconformities). We grouped cores into broad
regional subgroups according to geographical boundaries and core locations (Figure
1) and determined the zone of contemporary permafrost coverage for each site using
the Circum-Arctic Map of Permafrost and Ground-Ice Conditions, Version 2 (Brown et
al., 2002). Contemporary permafrost coverage is categorised as continuous (90-100
%), discontinuous (50-90 %), sporadic (10-50 %), or isolated (< 10 %) (Brown et al.,

2002). Plant macrofossils represent in situ peatland vegetation (Mauquoy et al., 2010),
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so our approach does not seek to characterise the full spatial heterogeneity found
within complexes of circum-Arctic peatlands. Rather, we explore broad-scale trends in
Holocene peatland vegetation change using a subset of well-dated, directly-
comparable plant macrofossil records from across the circum-Arctic permafrost

region.

Regions

Western Canada
Eastern Canada
Fennoscandia
Alaska

Arctic Canada
Central Canada
Svalbard

Northwestern Russia

¢ @ ¢ O ¢ ¢ 0 0 e

Siberia

Permafrost extent
Il Continuous
Il Discontinuous

Sporadic

Isolated

Figure 1. Distribution of the 76 compiled cores across the northern circumpolar
permafrost region, coloured by regional grouping. Circles represent sites used in the
regional analyses in Figures 3 and S2. Extent of contemporary permafrost coverage
derived from Brown et al. (2002).

From our selection criteria, we assembled published Holocene plant macrofossil data
from 76 peat cores (supplementary dataset S1), including 35 cores not included in
previous meta-analyses; and 41 cores previously analysed by Treat and Jones (2018)
and/or Magnan et al. (2022). Published site descriptions indicate that our selected

cores were sampled from a broad range of permafrost and permafrost-free peat types.
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However, in common with previous peatland syntheses (Loisel et al., 2014; Treat et
al., 2016; Magnan et al., 2022), suitable records from fens (n = 11) were less readily
available than for bogs (n = 19) and palsas/peat plateaus (peat-covered frost mounds)
(n = 36), likely due to the difficulty of recovering useable samples from saturated fen
peats. The collated plant macrofossil records were primarily extracted from Sphagnum
microhabitats (e.g., hummocks, lawns), partly because shrub and tree roots are more
difficult to core through, which may cause some underestimation of recent peatland
shrubification in our analyses. Additionally, only nine cores are from polygon mires,
which are found in remote northern extremes in cold climates (Fewster et al., 2022).
Reconstructions from permafrost peatlands can be hindered by slow net peat
accumulation, and even net peat loss during some periods (Véliranta et al., 2021). The
temporal lengths of records from permafrost peatlands can also be limited where only
unfrozen, active-layer peats are sampled above the local frost table (Zhang et al.,
2020; Sim et al., 2021). The peat cores in our dataset are from North America (n = 47)
and Eurasia (n = 29), and span contemporary zones of permafrost coverage
(continuous, n = 19; discontinuous, n = 21; sporadic, n = 16; isolated, n = 20) (Figure
1). However, the spatial representation of suitable plant-macrofossil records varied
across the circum-Arctic, with a majority of cores located in western Canada (n = 14),
eastern Canada (n = 19), and Fennoscandia (n = 19). Conversely, published records
of relative plant-macrofossil compositions were rare across Alaska (n = 4), Arctic
Canada (n = 6), and Siberia (n = 2), where polygon mires are most abundant (Minke

et al., 2007; Peregon et al., 2008).

For each core, we compiled information on peat sampling depth, radiometric
chronological controls, plant macrofossil proportions (%) at the taxonomic resolution

reported by the original authors, and relevant in-text site descriptions. Plant
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macrofossil assemblages were recorded by the original authors using standard
techniques. We omitted plant macrofossil counts from our analyses (for example,
numbers of fruits and seeds), because these counts cannot be compared directly to
relative abundance data, which summarise the major peat forming components
through time. Our analyses may therefore underestimate some phases of peatland
shrubification where the presence of woody vegetation was only indicated in count
data. Additionally, we omitted plant macrofossil data from basal, non-peat sediments.
Where numerical plant macrofossil datasets were unavailable in the public domain,
we extracted plant macrofossil information from stratigraphic diagrams using

WebPIlotDigitzer (Rohatgi, 2017).

To enable comparisons of peatland vegetation between cores, we grouped the plant
macrofossil data into four plant functional types (PFTs) previously used by Treat et al.
(2016): woody (e.g., shrubs, trees, ligneous roots), herbaceous (e.g., grasses,
Equisetum, and Cyperaceae), non-Sphagnum mosses (e.g., brown and feather
mosses), and Sphagnum spp.. Because not all plant macrofossil records were
recorded to species level, we did not differentiate between Sphagnum functional types
(hummock, lawn, hollow) in our analyses. We included an additional group “other” to
guantify the combined proportion of ambiguous material (e.g., uncategorised roots)
and unidentified organic matter (UOM) resulting from decomposition. When summed,
the collated plant macrofossil proportions did not always total 100 %, even when we
extracted data directly from published datasets. For these samples, we rescaled the
relative abundances of each plant macrofossil group recorded by the original authors
to a 0-100 % scale, by dividing by the sample total. Our final catalogue contains plant

macrofossil records for 2,581 distinct samples from 76 cores, and includes 1,076
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samples compiled into a synthesis dataset for the first time (see supplementary

dataset S2).

2.2. Age-depth modelling

We constructed new age-depth models for each core to ensure our peatland
chronologies were standardised against the latest radiocarbon calibration curve,
IntCal20 (Reimer et al., 2020). For all cores, we collated uncalibrated **C dates and
their associated laboratory errors. We used reported dates of core extraction as
surface ages, but for seven cores without such information we estimated surface ages
to be three years prior to study publication dates. For 26 cores, near-surface peat
layers were dated by high-precision lead-210 (*1°Pb) chronologies, and where possible
we collated calibrated ?1°Pb ages and errors. We interpret the most recent changes in
the 37 cores from present-day sporadic and discontinuous permafrost zones with
some caution, because only 10 of these 37 cores were dated with 2!°Pb chronologies,
while 23 of 37 were missing data for the most recent part of the record (1975-2022).
By comparison, 28 of the 39 cores from regions of isolated and continuous permafrost

included data for this recent period.

For the majority of cores (n = 58/76), where at least four uncalibrated radiocarbon
dates were available, we constructed Bayesian age-depth models using the rBacon
package (v.2.5.7) (Blaauw and Christen, 2011) in R v.4.1.3 (R Core Team, 2022). For
six cores, where calibrated 2'°Pb dates were unavailable but sufficient data on 2°Pb
activity, laboratory errors, and bulk density were accessible, we derived age-depth
models using the rplum package (v.0.2.2) (Aquino-Lopez et al., 2018). A Bayesian

approach was deemed unsuitable for cores with fewer than four dates, and so for the
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12 cores that reported only two or three radiocarbon dates we instead developed
classical age-depth models, using the clam package (v.2.4.0) (Blaauw, 2010). Of the
12 age-depth models we constructed in clam, 10 were for cores located in regions of
present-day continuous and discontinuous permafrost. We calculated the calibrated
age of each sample according to the probability estimates provided by each age-depth
model, and do not therefore include chronological uncertainties in our subsequent
analyses. Information on the prior settings used for our Bayesian age-depth models,
and the regression functions used for our classical models, are presented in Figures

S4-S79.

2.3. Statistical analysis

To investigate long-term trends of peatland vegetation change during the Holocene,
we binned the plant macrofossil relative abundance data (%) into non-overlapping
200-year age bins using calibrated dates derived from the age-depth models
described in section 2.2., above. To ensure that cores with greater temporal sampling
frequency did not distort the binned mean across sites, we calculated the mean of any
samples from the same core in the same timestep prior to binning, following Magnan
et al. (2022). To identify shorter-term shifts, we also binned the plant macrofossil
assemblages into 50-year bins, although the binned data rarely comprised a
continuous record for every 50-year timestep. Because our 200-year binned data
exhibited greater site replication for each timestep (see Figures S1-3 for the temporal
distribution of core records), we conducted all time-series analyses at a 200-year

resolution and present the equivalent 50-year data as supplementary scatter plots.



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

We also calculated normalised binned plant macrofossil records for each core, which
emphasised the direction of change in PFT relative abundance rather than the
absolute magnitude. This approach was useful for identifying subtle but potentially
important shifts in PFTs with low abundance, because the coexistence of several PFTs
at the time of peat formation may obscure trends in non-dominant PFTs in data
averaged across multiple sites. For example present-day treed peat plateaus often
exhibit an understory of Sphagnum, non-Sphagnum mosses and lichens (Jones et al.,
2017), meaning woody vegetation rarely comprises a dominant peatland-forming
component in these sites (Treat et al., 2016), except in rootlet peat layers (Sannel and
Kuhry, 2008). Our normalisation approach rescaled the maximum binned relative

abundance of each PFT within each core to 100 %, and was calculated as:

Nije = —H2 x 100 1)

i,jmax

where Nijt is the normalised binned relative abundance of PFT i in core j at timestep
t; Aijt Is the non-normalised binned relative abundance of PFT i in core j at timestep t;
and Aijmax is the maximum non-normalised binned relative abundance of PFT i in core

j throughout the core record.

We then combined N;j;:and At values between multiple cores to establish trends at
different spatial scales. We considered: i) the circum-Arctic (Figures 2 and S1), ii)
geographical regions with at least 10 cores (i.e. western Canada, eastern Canada,
and Fennoscandia) (Figures 3 and S2); and iii) present-day permafrost zones (Brown
et al., 2002) (Figures 4 and S3). Within each grouping of cores, for each PFT i at each
200-year timestep t, we calculated the between-core sum of Ajjt; the between-core
mean of Nij:, which we refer to as the mean normalised relative abundance

(MNRA200); and the between-core standard error of Nij:. We also calculated the



289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

between-core mean of Njj: for each 50-year timestep, which we refer to as MNRAso
(presented in Figures S1-3). We excluded three cores from our normalised 200-year
trends that only contained data for the most recent 200-year timestep, but included
these cores in our normalised 50-year analysis. To show the effect of our data
normalisation, we also present the between-core mean of Aj: at 50-year and 200-year

intervals for each core grouping in Figures S1-S3.

We define Holocene subdivisions as early (~11,700—~8,200 years BP), middle
(~8,200—~4,200 years BP), and late (~4,200 years BP—present) (Walker et al., 2019).
Henceforth, we report ages as 200-year bin midpoints, unless otherwise specified, and

abbreviate “calibrated years BP” to “years BP”.

To identify associations between PFTs, we conducted a non-metric multidimensional
scaling (NMDS) analysis with the Bray-Curtis dissimilarity index using the vegan library
v2.6-2 in R (Oksanen et al., 2022) (Figure 5). For this analysis, we assessed the
between-core mean of Aij: for each PFT i at 50-year intervals, averaged across all
available cores during the Holocene (since ~11,700 years BP) (Figure Slc), because
these data provided a much greater sample size (n = 228) than our equivalent 200-
year binned data (n = 59). We limited our ordination to two dimensions to aid
interpretability, while ensuring the ordination stress of our final solution was < 0.2,

following Clarke (1993).
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Figure 2. Holocene vegetation shifts in the studied circum-Arctic peatlands presented
in 200-year bins as: (a) the between-core summed relative abundance of plant
functional types (PFTs); and (b) the between-core mean normalised relative
abundance (%) of PFTs, MNRA2o00, with shading representing the standard error of
MNRA200. Other refers to unidentified organic matter or ambiguous material.
Increasing summed data over time reflects continued peatland initiation (see Figure
Sla for core distribution through time). For details of data normalisation, see methods
section 2.3., and for the between-core mean normalised relative abundance in 50-year
bins, MNRAso, see Figure S1d.
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Figure 3. Spatiotemporal variation in Holocene peatland vegetation shifts between
geographic regions (see Figure 1 for details). The between-core summed relative
abundance of plant functional types (PFTs) in 200-year bins for cores from (a) western
Canada, (c) eastern Canada, and (e) Fennoscandia. Other refers to unidentified
organic matter or ambiguous material. Increasing summed data over time reflects
continued peatland initiation (see Figure S2a—c for core distribution through time). The
between-core mean normalised relative abundance (%) of PFTs in 200-year bins,
MNRA200, for cores from (b) western Canada, (d) eastern Canada, and (f)
Fennoscandia. Shading represents the standard error of MNRA200. For details of data
normalisation, see methods section 2.3., and for the between-core mean normalised
relative abundance in 50-year bins, MNRAso, see Figure S2j—I.
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Figure 4. Spatiotemporal variation in Holocene peatland vegetation shifts between
present-day permafrost zones. The between-core summed relative abundance of
plant functional types (PFTs) in 200-year bins for cores from the (a) continuous, (c)
discontinuous, (e) sporadic, and (g) isolated permafrost zones. Other refers to
unidentified organic matter or ambiguous material. Increasing summed data over time
reflects continued peatland initiation (see Figure S3a—d for core distribution through
time). The between-core mean normalised relative abundance (%) of PFTs in 200-
year bins, MNRA:2oo, for cores from the (b) continuous, (d) discontinuous, (f) sporadic,
and (h) isolated permafrost zones. Shading represents the standard error of MNRA200.
For details of data normalisation, see methods section 2.3., and for the between-core
mean normalised relative abundance in 50-year bins, MNRAso, see Figure S3m—p.
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3. Results

3.1. Overall spatiotemporal changes in vegetation

The number of peatland sites represented by our binned 200-year timesteps increased
throughout the Holocene from four cores at ~11,000 years BP to 61 cores at ~0 years
BP (Figure S1a). Relative changes in peatland vegetation during the early-Holocene
should be interpreted with some caution because of the low availability of core records,
particularly in regions of present-day continuous and isolated permafrost (Figure
S3a,d). We therefore focus our interpretations primarily on changes to vegetation
composition during the mid- and late-Holocene, when the number of core records
increased (Figure Sl1a). Additionally, 11 cores in our database contain no data before
~400 years BP. During the full length of peat core records, the 200-year binned relative
abundance of herbaceous taxa decreased in 59 cores, while woody vegetation and
Sphagnum increased in 44 and 41 cores, respectively. Proportions of woody
vegetation and Sphagnum predominantly increased in cores extracted from
palsas/peat plateaus (woody, n = 24/36; Sphagnum, n = 21/36) and bogs (woody, n =

13/19; Sphagnum, n = 13/19).

Overall, circum-Arctic peatlands evidenced a shift from communities dominated by
herbaceous taxa prior to ~4,000 years BP, to those composed primarily of Sphagnum,
non-Sphagnum mosses and woody vegetation at ~0 years BP (Figures 2 and S1).
Transitions from herbaceous communities to assemblages dominated by Sphagnum
and non-Sphagnum mosses accelerated from ~600 years BP, although woody
expansion continued more gradually (Figure 2b), reflecting heterogeneity between
geographical regions and present-day permafrost zones (see section 3.2 below). The

MNRA:200 of PFTs averaged across all sites indicates a consistent expansion of woody
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vegetation from ~8,200 years BP to present (Figure 2b). However, recent increases to
woody material were often of a smaller magnitude than Sphagnum and non-
Sphagnum mosses, possibly due to the bias in field sampling towards Sphagnum-
dominated microhabitats, which resulted in a slight decline in non-normalised mean
woody abundance at ~0 years BP (Figure 2a and S1b). The MNRA200 of woody
vegetation increased steadily during ~8,200-3,800 years BP and since ~1,800 years
BP, although a temporary decline occurred during ~3,600-2,600 years BP. Our results
indicate a substantial increase to the MNRA20o of Sphagnum between ~7,400 and
3,600 years BP, when Sphagnum became the dominant PFT for the first time (Figure
S1), following a steady reduction in herbaceous taxa across the same period (Figure
2b). Sphagnum expansion in circum-Arctic peatlands occurred in three main phases
during the mid- to late-Holocene: during ~7,400-4,800 years BP, ~3,400-2,600 years
BP, and since ~800 years BP. Sphagnum expansion temporarily slowed during
~1,600-800 years BP, enabling herbaceous taxa to briefly re-emerge as the dominant
PFT (Figure S1). However, following a recent rapid decline, herbaceous taxa became
the least abundant PFT at ~0 years BP, while the MNRA200 of Sphagnum increased
sharply after ~600 years BP. Non-Sphagnum mosses evidenced comparatively low
MNRA200 during ~5,800-400 years BP, but increased rapidly thereafter, with the
greatest expansion occurring in cores from the continuous permafrost zone (see

section 3.3 below).

Our NMDS ordination highlighted the underlying dissimilarity between PFTs in circum-
Arctic peatlands and presented a temporal gradient of vegetation succession along
Axis 1 (Figure 5). Binned mean assemblages from before ~6,000 years BP were
commonly distributed to the right of the ordination space, alongside the herbaceous

and non-Sphagnum moss PFTs. All binned mean assemblages since ~2,000 years
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BP recorded negative Axis 1 scores and were closely clustered, with low Axis 1 scores
evidencing close association with Sphagnum and woody vegetation. Axis 2 indicated
further dissimilarity between the PFTs, with Sphagnum and non-Sphagnum mosses

shown to be strongly dissimilar across both axes.
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Figure 5. Non-metric multidimensional scaling (NMDS) plot showing Bray-Curtis
dissimilarities between the mean relative abundance (%) of plant functional types in
50-year bins, averaged across all available cores. Other refers to unidentified
organic matter or ambiguous material. For the time-series of these data, see Figure
Sic. Binned samples are colour-coded by age (years BP).

3.2. Spatiotemporal variation in Holocene shrubification

The MNRA200 of woody vegetation gradually increased through the mid- to late-

Holocene across the present-day discontinuous, sporadic, and isolated permafrost
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zones (Figure 4 and S3), with late-Holocene increases prominent in cores from
Fennoscandia and western Canada (Figure 3). In the discontinuous permafrost zone,
woody vegetation in some cores peaked prior to ~10,000 years BP (Figure 4d), for
example in early deglaciated regions of Alaska (Hunt et al., 2013) and northwestern
Russia (Oksanen et al., 2001). However, during ~9,400-8,000 years BP the MNRA200
of woody vegetation in this zone was generally low. After ~6,000 years BP, the
MNRA200 of woody vegetation in the discontinuous permafrost zone greatly increased,
although large fluctuations occurred during this period, with lower abundances
particularly evident during ~3,600-2,200 years BP. Similarly, cores from the sporadic
permafrost zone evidenced a consistent expansion of woody vegetation after ~5,000
years BP, in parallel with Sphagnum increases (Figure 4f). In the isolated permafrost
zone, the MNRA200 of woody vegetation primarily increased before ~4,000 years BP
and remained high throughout the late-Holocene, despite a steady decline after ~600

years BP (Figure 4h).

The late-Holocene expansion of woody vegetation in the contemporary discontinuous
and sporadic permafrost zones was largely driven by increases in Fennoscandia,
where 49 % (n = 18/37) of cores from these permafrost zones are located. The
MNRA200 of woody vegetation was low in Fennoscandia throughout the early- and mid-
Holocene, but increased rapidly during ~1800-1400 years BP and after ~400 years
BP (Figure 3f). A comparable increase in the MNRA200 of woody vegetation occurred
in western Canada during ~1,800-600 years BP, although proportions in this region
have subsequently declined (Figure 3b). Our results for the isolated permafrost zone
were dominated by cores located in eastern Canada (n = 14/20), where a longer-term
decline in the MNRA200 of woody vegetation was indicated from ~2,000 years BP to

present (Figure 3d).
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In contrast, five cores from the present-day continuous permafrost zone exhibited
maximum values for the 200-year binned relative abundance of woody vegetation
between ~6,600 and 3,000 years BP (Figure 4b), while four cores from this zone
exhibited no woody material throughout the entire core record (Ellis and Rochefort,
2004; Nakatsubo et al., 2015; Sim et al., 2019). The density of core records for the
continuous permafrost zone in each 200-year timestep prior to ~2,000 years BP was
low, but increased thereafter (Figure S3a). Between ~2,000 and ~200 years BP the
MNRA200 of woody vegetation persisted at relatively low levels in the continuous
permafrost zone, but noticeably increased at ~0O years BP when six cores recorded

maximum 200-year binned relative abundances of woody vegetation.

Of the 52 cores that contained data for both the ~200 and ~0 years BP timesteps, a
comparable number evidenced recent woody expansion (n = 23) and decline (n = 24),
with both trajectories evident across all permafrost zones. Very recent shifts in
vegetation composition should be interpreted with some caution, because relatively
undecomposed organic matter may be present in some near-surface samples. Despite
this, a greater number of cores in eastern Canada between ~200 and O years BP
evidenced reductions in woody vegetation (n = 8) than increases (n = 5), coinciding
with rapid Sphagnum expansion (see section 3.3 below). Considering all records, we
found that maximum values for the 200-year binned relative abundance of woody
vegetation were reached at ~0 years BP in 16 cores, of which a majority were located
northwards of 65°N (n = 11/16), for example in Fennoscandia (Sim et al., 2021), Arctic
Canada (Sim et al., 2019), Alaska (Gatka et al., 2018), and Siberia (de Klerk et al.,

2011).
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3.3. Holocene moss expansion in permafrost peatlands

Peatlands in regions of contemporary discontinuous, sporadic and isolated permafrost
exhibited late-Holocene shifts from herbaceous- to Sphagnum-dominated
assemblages, while peatlands in the continuous permafrost zone indicated rising
abundances of non-Sphagnum mosses from ~1,800 years BP (such as Calliergon
spp., Dicranum spp. and Scorpidium spp.) (Figure 4). During the early- and mid-
Holocene, the MNRA200 of herbaceous taxa was high across the circum-Arctic, but
declined steadily in regions of continuous, discontinuous and sporadic permafrost from
~2,400 years BP, ~4,600 years BP, and ~5,800 years BP, respectively. Conversely,
the MNRA200 of herbaceous taxa remained stable in the isolated permafrost zone until
~400 years BP, but decreased sharply thereafter. Our dataset indicates a steady
expansion in the MNRA200 of Sphagnum in regions of discontinuous and sporadic
permafrost during ~4,600-2,600 years BP and ~2,800-1,800 years BP, respectively.
The MNRA200 of Sphagnum in the discontinuous and sporadic permafrost zones
subsequently declined until ~800 years BP and ~1,200 years BP, respectively, when
herbaceous communities temporarily recovered (Figure 4c-f). In the isolated
permafrost zone, the MNRA200 of Sphagnum has increased consistently since ~3,000
years BP and rapidly since ~600 years BP. Continued late-Holocene expansion of
Sphagnum meant that at ~0 years BP, Sphagnum was the dominant PFT in the
studied cores from regions of discontinuous, sporadic, and isolated permafrost (Figure

4c,e,0).

Conversely, in the continuous permafrost zone non-Sphagnum mosses were the
dominant PFT at ~0 years BP (Figure 4a), following consistent increases from ~1,800
years BP, which accelerated after ~400 years BP (Figure 4b). By comparison, the

MNRA200 of Sphagnum in the continuous permafrost zone has persisted at low levels
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since ~2,400 years BP. Rapid increases to the MNRA200 of non-Sphagnum mosses
also occurred after ~400 years BP in cores from the discontinuous, sporadic, and
isolated permafrost zones, although absolute increases in relative abundance in these

cores were lesser than those in the continuous permafrost zone (Figures 4 and S3).

Our regional analyses indicate moderate Sphagnum abundance in cores from eastern
Canada from ~6,000 years BP, while Sphagnum expansion in Fennoscandian cores
primarily occurred during ~2,400-1,800 years BP and after ~1,200 years BP (Figure
3). After ~1,000 years BP, the MNRA200 of Sphagnum increased steadily in western
Canada and rapidly in eastern Canada, with eight cores from these regions exhibiting
maximum values for the 200-year binned relative abundance of Sphagnum at ~0 years
BP. In Fennoscandia, a steady decline in the MNRA20o of herbaceous taxa from
~6,200 years BP accelerated from ~400 years BP, when the MNRA2oo of non-

Sphagnum mosses substantially increased (Figure 3f).

4. Discussion

4.1. Drivers of Holocene peatland vegetation dynamics

4.1.1. Early succession (prior to ~6,000 years BP)

Cores in our plant macrofossil compilation with basal dates indicate distinct spatial
patterns of peat initiation prior to ~6,000 years BP, when peatlands primarily
established in early-deglaciated regions of Fennoscandia (Kjellman et al., 2018;
Sannel et al., 2018), northwestern Russia (Oksanen et al., 2001, 2003; Valiranta et
al., 2003), western Canada (Vardy et al., 1997, 1998; Kettles et al., 2003; Bauer and

Vitt, 2011) and Alaska (Hunt et al., 2013). Although only seasonally-thawed peats from
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the active layer were sampled from some permafrost peatland sites, these
spatiotemporal patterns of peatland development corroborate previous findings
(MacDonald et al., 2006; Morris et al., 2018; Treat et al., 2021). Early peat initiation in
these regions occurred during warming growing seasons (Morris et al., 2018) following
the onset of the Holocene Thermal Maximum (HTM) at ~11,000-8,000 years BP
(Kaufman et al., 2004; Weckstrom et al., 2010; Salonen et al., 2011), with proxy
records indicating that generally warm, stable climates continued in these regions until
~5,000 years BP (Korhola et al., 2002; Salonen et al., 2011; Kaufman et al., 2016;
Sejrup et al., 2016). In Fennoscandian cores, high abundances of herbaceous taxa
and non-Sphagnum mosses from inception (Figure 3e-f) have been inferred to
represent direct peat establishment onto wet mineral substrates (Kjellman et al., 2018;
Sannel et al.,, 2018). Conversely, cores compiled from northwestern Russia and
western Canada indicated peat initiation by terrestrialisation (infilling of waterbodies),
with aquatic plants pre-dating fen species (Vardy et al., 1997, 1998; Oksanen et al.,
2001, 2003), or paludification of existing forests, indicated by woody basal materials
(Oksanen et al., 2001; Valiranta et al., 2003). Extensive peat initiation is thought to
have started later in eastern Canada between ~8,000 and ~4,000 years BP (Payette,
1984; MacDonald et al., 2006; Fewster et al., 2020), following the final deglaciation of
the Laurentide Ice Sheet during ~8,200-6,700 years BP (Ullman et al., 2016). Core
records for eastern Canada in our synthesis begin from ~7,200 years BP (Figure 3c-
d) and indicate peat initiation through paludification (Robitaille et al., 2021) and

terrestrialisation (Beaulieu-Audy et al., 2009; Langlais et al., 2021).

Our dataset contains limited evidence for woody expansion in circum-Arctic peatlands
prior to ~6,000 years BP, despite existing evidence that treelines were located farther

north than present in early-deglaciated regions during the HTM (Payette and Lavoie,
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1994; MacDonald et al., 2000). High peaks in the MNRA200 of woody vegetation prior
to ~10,000 years BP in the contemporary discontinuous permafrost zone more likely
indicate early paludification or alder fen formation than peatland shrubification,
because abundances quickly declined and remained low during 9,400-8,000 years
BP (Figure 4c-d). A previous review of subfossil peatland tree chronologies suggested
that a scarcity of tree subfossils for the early-Holocene resulted from an absence of
ombrotrophic peatlands (Edvardsson et al., 2016), likely owing to the generally long
timescales required for FBTs (centuries to several millennia) (Beaulieu-Audy et al.,
2009; Valiranta et al., 2017; Sannel et al., 2018), although some later-forming cores
indicate Sphagnum fuscum presence since initiation (Sannel and Kuhry, 2008).
Alternatively, woody vegetation may have grown in alder fens, but these wetlands are
uncommon in permafrost regions. Indeed, the MNRA200 of herbaceous taxa was high
across the circum-Arctic prior to ~6,000 years BP (Figure 2), particularly in cores from
Fennoscandia (Figure 3e-f), where several of the studied peatlands persisted as
sedge-dominated fens throughout this period (Kjellman et al., 2018; Sannel et al.,
2018). Even alongside the favourable warm climates of the HTM, shrub growth in
minerotrophic fens would have been complicated by continuously high water tables,
which reduce oxygen availability for roots (Leuschner et al.,, 2002). However,
proportions of woody vegetation did increase in several herbaceous-dominated sites
before ~6,000 years BP (Oksanen et al., 2001; Véaliranta et al., 2003; Vardy et al.,
1998, 2005; van Bellen et al., 2011), for example where isolated hummocks provided

suitably dry substrates for ligneous root growth (Kjellman et al., 2018).



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

4.1.2. Mid- to late-Holocene (~6,000—~1,000 years BP)

After ~6,000 years BP, circum-Arctic peatland communities experienced a widespread
shift towards Sphagnum and woody vegetation (Figure 2), particularly in regions of
present-day discontinuous, sporadic and isolated permafrost (Figure 4c—f). Across the
Arctic, this period is characterised by neoglacial climate cooling (Seppa and Birks,
2001; Gajewski, 2015; McKay et al., 2018). Multiproxy analyses indicate that the onset
of neoglacial cooling was spatially variable, beginning earliest in Fennoscandia and
Russia from ~7,000 years BP where cooling accelerated after ~2,000 years BP
(McKay et al.,, 2018), when binned assemblages in our analyses were primarily
associated with Sphagnum and woody vegetation (Figure 5). Treelines retracted to
their contemporary geographical limit at ~3,500 years BP across much of the Arctic
(Payette and Lavoie, 1994; MacDonald et al., 2000), but continued to retreat
southwards in Fennoscandia and European Russia after ~3,000 years BP (Seppéa and

Birks, 2001; Fang et al., 2013).

The sharp decline in herbaceous vegetation after ~6,000 years BP, and rising
abundances of Sphagnum across all permafrost zones, is indicative of widespread
FBTs and permafrost aggradation across the circum-Arctic from ~7,500 years BP
(Treat et al., 2021). Autogenic peat accumulation occurred rapidly during the HTM
(Jones and Yu, 2010; Yu et al., 2010; Loisel et al., 2014), causing peat surfaces in
many sites to rise above local water tables, which facilitated growth of hummock-
forming Sphagnum and shifts to ombrotrophic conditions during the mid-Holocene
(Kuhry, 2008; Beaulieu-Audy et al., 2009; Langlais et al., 2021; Robitaille et al., 2021).
These raised, ombrotrophic surfaces likely provided more suitable environments for
shrub and tree colonisation than preceding wet fens. The persistence of high

herbaceous abundances during ~4,000-1,200 years BP in regions of present-day
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continuous permafrost (Figure 4a—b) may partly be attributed to the initiation of several
new peatlands, exhibiting initially wet conditions that favoured growth of sedges and
brown mosses (Fritz et al.,, 2016; Teltewskoi et al., 2016; Gatka et al., 2018).
Furthermore herbaceous-dominated = communities  persisted in  several
Fennoscandian cores until ~2,400 years BP (Figure 3e—f), with ombrotrophication of
these sites likely delayed by cold and moist neoglacial climates (Seppé and Birks,
2001) and the late aggradation of permafrost in this region (Kjellman et al., 2018;
Sannel et al., 2018; Treat and Jones, 2018). Temporary reversions to fen vegetation
also occurred in some established Sphagnum-dominated peatlands after ~6,000 years
BP, in response to water table fluctuations (Robitaille et al., 2021) or permafrost
degradation (Sannel and Kuhry, 2008), highlighting that peatland succession is not a

unidirectional process.

The continued expansion of woody vegetation may also have been facilitated by early
peat permafrost aggradation. Previous syntheses indicate steady rates of permafrost
aggradation in peatlands across the circum-Arctic from ~7,500 years BP, and peat
permafrost became widespread in high latitude regions of Alaska, western Canada
and Siberia by ~2,500 years BP (Treat and Jones, 2018; Treat et al., 2021). In a similar
manner to ombrotrophication, permafrost aggradation can create raised surfaces that
are conducive for shrub colonisation, for example atop palsas/peat plateaus that
exhibit deeper water tables than neighbouring fens (Zoltai and Tarnocai, 1975).
Considering all cores in our dataset, original author interpretations suggest that peat
permafrost aggradation occurred earliest in cores from western and central Canada
(before ~4,000 years BP) (Vardy et al., 1998; Sannel and Kuhry, 2008; Bauer and Vitt,
2011), as indicated by alternating Sphagnum fuscum and rootlet layers, and rising

abundances of Ericaceae. Although evidence exists for peat permafrost occurrence in
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some parts of northeastern Quebec from ~5,500 years BP (Treat and Jones, 2018),
pollen records suggest that warm, moist climates persisted in Quebec until ~2,000
years BP (Kaufman et al., 2004; Viau and Gajewski, 2009), and most cores compiled
for eastern Canada appear to have been permafrost-free throughout the Holocene.
Increases to the MNRA200 of Sphagnum and woody vegetation in eastern Canada after
~6,000 years BP were therefore more likely driven by FBTS, accelerated by rapid peat
accumulation under favourable climates (Beaulieu-Audy et al., 2009; Robitaille et al.,
2021). Furthermore, previous research indicates that peat permafrost aggradation in
Fennoscandia and northwestern Russia primarily occurred after ~1,000 years BP

(Kjellman et al., 2018; Sannel et al., 2018; Treat and Jones, 2018).

The declining MNRA200 of woody vegetation in western Canada during ~3,200-1,800
years BP (Figure 3a—b) may indicate that cooling climates across the MacKenzie River
Basin after ~5,000 years BP (Viau and Gajewski, 2009) eventually restricted peatland
shrubification through reduced growing season temperatures or rising water tables.
Simultaneous increases in Sphagnum perhaps reflects their broader tolerance to wet,
anoxic conditions, low temperatures, and low nutrient availability (van Breemen, 1995;
Gajewski et al., 2001). Alternatively, this temporary woody decline may be explained
by peatland wildfires, which increased in frequency and severity in parts of western
and central Canada after ~4,000 years BP (Zoltai, 1993; Camill et al., 2009; Pelletier
et al., 2017), with some cores from these regions evidencing a recurrence of charcoal
and burnt materials after ~3,600 years BP (Kettles et al., 2003; Sannel and Kuhry,

2008).
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4.1.3. Last millennium (since ~1,000 years BP)

Peatland vegetation succession accelerated in circum-Arctic peatlands after ~1,000
years BP, when late-Holocene climate shifts increased rates of ombrotrophication
(Magnan et al., 2022) and peat permafrost aggradation and thaw (Treat and Jones,
2018). In common with previous suggestions by Treat et al. (2016), we identified
differing successional pathways between peatlands in boreal and tundra ecoregions,
with peatlands in the continuous permafrost zone evidencing a rapid expansion of non-
Sphagnum mosses from ~1,800 years BP (Figure 4b). Although this late-Holocene
expansion of non-Sphagnum mosses primarily occurred in polygon mires (Ouzilleau
Samson et al., 2010; de Klerk et al., 2011; Teltewskoi et al., 2016; Sim et al., 2019),
several cores from palsas/peat plateaus and bogs in Fennoscandia also indicated
increased proportions of non-Sphagnhum mosses in recent centuries (Kjellman et al.,
2018; Sannel et al., 2018; Sim et al., 2021) (Figure 3e—f). In contrast to other
permafrost regions, the MNRA200 of Sphagnum in the continuous permafrost zone
remained comparatively low during the last millennium, perhaps indicating that
growing seasons at high northern latitudes have been too cold for enhanced
Sphagnum productivity (Gajewski et al., 2001; Loisel et al., 2012). Alternatively, in
some High Arctic wetlands Sphagnum growth may have been restricted by high
calcium concentrations (Vicherové et al., 2015), which can develop in shallow Arctic
peats that overlie carbonate landscapes and that are seasonally inundated by
snowmelt and ground-ice melt (Woo and Young, 2006). Recent peatland succession
in the studied polygon mires appears to have been strongly influenced by shifts in local
hydrology, resulting from permafrost-driven changes to microtopography (Ellis and
Rochefort, 2004; de Klerk et al., 2011; Teltewskoi et al., 2016). Recent non-Sphagnum

moss growth was primarily attributable to hydric moss expansion (for example,
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Calliergon spp. or Drepanocladus spp.) in cores extracted from wet polygon
depressions or thawed trenches (Ouzilleau Samson et al., 2010; de Klerk et al., 2011,
Sim et al., 2019), and mesic moss expansion (for example, Aulacomnium turgidum
and Dicranum spp.) in cores from drier, high-centred polygons and ridges (Ellis and

Rochefort, 2004; Vardy et al., 2005; Teltewskoi et al., 2016).

Although six cores from the continuous permafrost zone recorded maximum values
for the 200-year binned relative abundance of woody vegetation at ~0 years BP, non-
normalised woody proportions remained low (< 11 %) at this time in many cores from
this zone (n = 13/16) (Figure S3a). This may suggest that permafrost peatlands in the
High and Low Arctic have not, as yet, evidenced the widespread shrubification
observed in tundra environments (Mekonnen et al., 2021; Heijmans et al., 2022).
Notable examples of recent peatland shrubification in regions of continuous
permafrost were identified in cores from northern Alaska (Gatka et al., 2018) and a
coastal fen in High Arctic Canada (Sim et al., 2021), where binned woody abundances
have greatly increased since ~200 years BP. In the latter fen site, woody vegetation
was subsequently replaced by non-Sphagnhum mosses after 2,000 CE, a transition
previously attributed to the preferential herbivory patterns of Arctic geese (Sim et al.,
2019). Phases of increased shrubification also occurred in some polygon mire sites
during recent millennia, but predominantly in cores extracted from elevated high-
centred polygons and ridges (Vardy et al., 1997, 2005; Teltewskoi et al., 2016),
supporting previous observational studies of polygon mire succession (Minke et al.,
2009; Wolter et al., 2016). Conversely, core assemblages from low-centred polygons
and troughs were dominated by herbaceous taxa and non-Sphagnum mosses
throughout the Holocene (de Klerk et al., 2011; Sim et al., 2019). These localised

depressions commonly exhibit persistent wet conditions, because neighbouring
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polygon rims create strong hydraulic gradients and act as hydrological barriers within
the landscape (Helbig et al., 2013). Furthermore, vegetation compositions in low-
centred polygons are more greatly influenced by the hydraulic properties of the
underlying mineral soil, particularly where active-layers have deepened, because
these sites exhibit shallower peat layers than high-centred polygons and palsas/peat

plateaus (Zoltai and Tarnocai, 1975).

Considering all cores in our dataset, the MNRA200 of woody vegetation was
consistently highest after ~1,000 years BP (Figure 2b), following the warm summer
temperatures of the Medieval Climate Anomaly (MCA) in the Arctic during ~1,030—-890
years BP (Werner et al., 2018). Temperatures varied across the northern hemisphere
during the MCA, becoming mild in eastern Canada and northern Europe, but
remaining cool across much of Siberia (Mann et al., 2009; Werner et al., 2018).
Climatic conditions in Fennoscandia during the MCA were favourable for
shrubification, as evidenced by altitudinal upshifts in the Pinus sylvestris treeline in
Fennoscandia (Hiller et al., 2001; Kullman, 2015). The MNRAz00 of woody vegetation
in the discontinuous and sporadic permafrost zone generally stabilised after ~1,000
years BP (Figure 4c—f) but evidenced continued increases in Fennoscandia after ~400
years BP (Figure 3e—f). Woody growth in these regions therefore continued during the
coldest temperatures of the LIA (~550-100 years BP) (Mann et al., 2009; Werner et
al., 2018), when peatland permafrost reached its most southerly extent (Halsey et al.,
1995; Treat and Jones, 2018). LIA cooling deepened water tables in some peatlands
in western Canada and Fennoscandia, often through climate-induced permafrost
aggradation, which resulted in drier peat surfaces favourable for Sphagnum and
woody encroachment (Magnan et al., 2018; Zhang et al., 2018). By contrast, the

declining MNRA200 of woody vegetation in eastern Canada after ~2,000 years BP
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coincided with regional increases to precipitation (Viau and Gajewski, 2009; Rodysill
et al., 2018) and recent peatland surface wetting (Zhang et al., 2022). For example,
reduced evapotranspiration during the LIA caused water tables to rise in some poor
fen sites in Quebec, resulting in an expansion of hydrophilic Sphagnum (Van Bellen
et al., 2013). Furthermore, recent woody decline has occurred in 24 cores across the
circum-Arctic since ~200 years BP, during the peak period of Holocene peat

permafrost thaw (Magnan et al., 2018; Treat and Jones, 2018).

In agreement with previous studies by Magnan et al. (2018, 2022) and Piilo et al.
(2022) our results demonstrated a rapid, concurrent expansion of Sphagnum during
recent centuries in peatlands from western and eastern Canada and Fennoscandia
(Figure 3), coinciding with the end of the LIA and the onset of recent anthropogenic
climate change. Magnan et al. (2018; 2022) demonstrated that peatlands from regions
of sporadic and isolated permafrost in eastern Quebec and Alberta widely transitioned
from fens to bogs during the 20" century and experienced a rapid expansion of
Sphagnum sect. Acutifolia after 1980 CE in response to recent climate warming and
increased evapotranspiration. Our data compilation includes 17 cores from eastern
and western Canada that were included in these two studies, a majority of which are
located in the isolated permafrost zone (n = 15), which explains why our results for
this permafrost zone show similarly rapid increases to Sphagnum abundance after
~200 years BP (Figure 4g-h). In some alternative cores from the James Bay
Lowlands, Quebec, that were not previously analysed by Magnan et al. (2022), there
is evidence of earlier shifts towards Sphagnum sect. Acutifolia (Beaulieu-Audy et al.,
2009; van Bellen et al., 2011), while Sphagnum fuscum developed from ~760 years
BP in a palsa near Duncan Lake, Quebec (Tremblay et al., 2014). We interpret very

recent changes in the isolated permafrost zone with greater confidence than other
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regions, because 65 % of our age-depth models from this permafrost zone (n = 13/20)
included 21°Pb dating profiles for near-surface peats in addition to *C chronologies,
compared to 23 % of cores from all other permafrost zones (n = 13/56). Slow peat
accumulation rates, low sampling resolutions, and intermixing of deceased plant
material can also sometimes disrupt near-surface *C dating (Goslar et al., 2005).
Given such chronological limitations, we refrained from making conclusions on recent
peatland vegetation trends at sub-centennial timescales. However, at the broad ~200-
year resolution of our analyses, we identified similar, recent shifts to high Sphagnum
abundance in well-dated cores from regions of discontinuous and sporadic permafrost.
For example, several cores from Fennoscandia (Sim et al., 2021) and the Seward
Peninsula, Alaska (Hunt et al., 2013) exhibited increased Sphagnum abundance after
~400 years BP in response to 20" century climate warming and late-Holocene

permafrost aggradation and thaw.

4.2. The importance of peatland hydrology for shrubification

Our catalogue of plant macrofossil records provides further evidence that Holocene
tree and shrub growth on circum-Arctic peatlands has predominantly coincided with
shifts to raised and drier peatland surfaces, resulting from autogenic peat
accumulation, warming climates, and peat permafrost aggradation. However, recent
shrubification signals were often concealed in non-normalised trendlines, because
increases to binned relative abundances of woody vegetation were comparatively
smaller during recent centuries than increases to Sphagnum (Figures S1-3), which
accelerated following late-Holocene FBTs and peat permafrost expansion. Woody

vegetation and Sphagnum showed strong dissimilarity to wet-favouring herbaceous
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taxa (Figure 5) and both PFTs expanded through time as herbaceous vegetation
declined (Figure 2). Herbaceous species presently dominate water-saturated fens and
thermokarst wetlands (Vitt, 2006; Treat et al., 2016), with high water tables and anoxic
conditions that restrict shrub and tree root growth (Szumigalski and Bayley, 1996;
Jones et al., 2013). Our findings generally concur with recent experimental studies
that have shown increased seedling survival on raised Sphagnum hummocks
(Holmgren et al., 2015) and that increased evapotranspiration from newly-established
trees may provide a positive feedback that further encourages woody encroachment
(Limpens et al., 2014a). However, woody decline was also identified in several
palsas/peat plateaus and bogs experiencing rapid, recent Sphagnum expansion (van
Bellen et al., 2011; Tremblay et al., 2014; Magnan et al., 2018; Sim et al., 2021),
suggesting that Sphagnum can sometimes outcompete ligneous species through
rapid vertical growth (Ohlson et al., 2001) or by engineering conditions that are slowly-
draining, acidic, and nutrient-poor (van Breemen, 1995). While our study sought to
establish between-site trends in past peatland vegetation change across the circum-
Arctic, future studies could further investigate the importance of local hydrology and
peatland microhabitat on the within-site variability of vegetation succession through

analyses of closely-sampled, replicate cores (e.g., Piilo et al., 2022).

We found limited evidence of woody-herbaceous communities developing during
recent centuries, although this may partly reflect a sampling bias in existing
palaeoecological studies towards Sphagnum-dominated microhabitats, and shrubified
fens presently exist in some boreal permafrost regions (for example, Davies et al.
(2022)). Future palaeoecological analyses of cores from such fen sites may reveal
alternative mechanisms for recent peatland shrubification. During the mid- and late-

Holocene, woody vegetation developed in some herbaceous-dominated cores in
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eastern Canada, prior to major Sphagnum establishment (Loisel and Garneau, 2010;
Tremblay et al., 2014; Primeau and Garneau, 2021; Robitaille et al., 2021) (Figures 3
and S2). Climate drying may have facilitated this temporary shrubification of fens by
deepening water tables (Loisel and Garneau, 2010; Robitaille et al., 2021), because
abundances of woody vegetation subsequently declined as regional precipitation
increased in Quebec and Labrador after ~5,000 years BP (Viau and Gajewski, 2009).
Available peatland water-table depth reconstructions, for example using testate
amoebae, from boreal and coastal peatlands in eastern Canada indicate increased
hydrological variability in the region from ~3,000 years BP (van Bellen et al., 2011;
Magnan and Garneau, 2014; Primeau and Garneau, 2021). However, similar
palaeohydrological reconstructions have currently only been synthesised since the LIA
for permafrost regions (Zhang et al., 2022), which prevented detailed comparisons
with our findings. The development of additional, long-term palaeohydrological records
for circum-Arctic peatlands would further elucidate the relative importance of water

tables and climate for past peatland shrubification.

The widespread Holocene expansion of Sphagnum in our dataset is consistent with
previous syntheses of northern peat core records (Treat et al., 2016; Treat and Jones,
2018; Magnan et al., 2022), but unravelling the implications of the shift to Sphagnum-
dominated assemblages was complicated by an absence of species-level records for
more than a quarter of our compiled cores. Sphagnum mosses occupy wide
environmental gradients, from minerotrophic, poor fens (for example, S. riparium and
S. lindbergii) to ombrotrophic bogs (for example, S. fuscum, S. rubellum or S.
capillifolium) (Treat and Jones, 2018; Magnan et al., 2022). Relative abundance data
at a species-level is therefore required to determine wetland types from plant

macrofossil records (Treat et al., 2016). It may also be possible to infer environmental
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niches of Holocene Sphagnum communities through correlations with other PFTs, but
the closed compositional nature of our dataset made such analyses unsuitable. Where
species-level Sphagnum data were available, we found that Sphagnum expansion in
the vast majority of cases was associated with eventual shifts to ombrotrophic
indicators (n = 31 cores), while only three cores transitioned towards hydrophilic
Sphagnum. However, this finding should be interpreted cautiously, and we reinforce
previous recommendations that future studies should differentiate between Sphagnum

species to improve palaeoecological reconstructions.

Our long-term palaeoecological analyses suggest that future peatland shrubification
may occur heterogeneously in circum-Arctic peatlands under 215t century warming,
and will likely be limited to sites where dry, ombrotrophic microhabitats persist.
Warming climates can shift the hydrological balance of permafrost peatlands in
divergent trajectories, as shown by recent palaeohydrological studies of changing
peatland surface wetness since the LIA (Sim et al., 2021; Zhang et al., 2022), with
important implications for peatland vegetation composition. Projected future warming
is expected to cause widespread peat permafrost degradation (Fewster et al., 2022)
and peatland inundation (Olefeldt et al., 2016), but also increased surface drying
through enhanced evapotranspiration (Swindles et al., 2015). Our Holocene dataset
indicates that woody growth was initially restricted in sites that became saturated post-
thaw, which resulted in rising abundances of sedges and hydrophilic Sphagnum.
However, future plant productivity increases under warming climates could accelerate
peat accumulation and FBTs, which previously drove increases to woody vegetation
and Sphagnum sect. Acutifolia in the studied records. Furthermore, recent ice-wedge
degradation has drained polygon depressions (Wolter et al., 2016), which may raise

the likelihood of future shrub encroachment at northern high latitudes.
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5. Conclusions

Our synthesis of plant macrofossil records from peatlands in the circum-Arctic
permafrost region indicates a consistent, widespread expansion of woody vegetation
and Sphagnum in circum-Arctic peatlands from ~8,000 years BP to present, as
herbaceous vegetation declined. Transitions from herbaceous vegetation to
Sphagnum accelerated after ~1,000 years BP, coinciding with continued neoglacial
cooling and extensive peat permafrost aggradation. Sphagnum expanded rapidly after
~800 years BP in sites located in present-day regions of discontinuous and isolated
permafrost, while non-Sphagnum mosses have become dominant in the continuous
permafrost zone. Peatland shrubification during recent centuries was highly spatially
variable, with our dataset evidencing widespread increases in Fennoscandia but a
general decline in western and eastern Canada. Our findings suggest that shrub and
tree growth will not occur as widely in circum-Arctic peatlands under 215t century
climate warming as in upland tundra environments, and will more likely be restricted

to peatlands experiencing surface drying.
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