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The greening of previously barren landscapes in the Arctic is one of the most relevant responses of
terrestrial ecosystem to climate change. Analyses of satellite data (available since ~1980) have
revealed a widespread tundra advance consistent with recent global warming, but the length is

insufficient to resolve the long-term variability and the precise timing of the greening onset. Here, we
measured plant-derived biomarkers from an Arctic fjord sediment core as proxies for reconstructing
past changes in tundra vegetation during the transition from the Little Ice Age to modern warming. Our
findings revealed a rapid expansion of the tundra since the beginning of the twentieth century, largely
coinciding with the decline of summer sea ice extent and glacier retreat. The greening trend inferred
from biomarker analysis peaked significantly in the late 1990s, along with a shift in the tundra

community towards a more mature successional stage. Most of these signals were consistent with the
biomolecular fingerprints of vascular plant species that are more adapted to warmer conditions and
have widely expanded in proglacial areas during recent decades. Our results suggest that the greening
of Arctic fjords may have occurred earlier than previously thought, improving our mechanistic

understanding of vegetation-climate-cryosphere interactions that will shape tundra vegetation under

future warming projections.

Over the last decades, anthropogenic climate change has led to rapid
warming of the Arctic region'. One important consequence is the pertur-
bation of terrestrial organic carbon (OC) reservoirs (vegetation and soils)’,
which in turn may produce multiple carbon-climate feedbacks. Although
the final fate of the permafrost is still debated, permafrost thaw induced by
temperature increase is expected to reactivate freeze-locked carbon stocks’,
allowing microbial degradation and emission of large quantities of CO, and
CH, to the atmosphere’. On the other hand, rapid temperature increase is
driving changes in tundra productivity and composition’, enhancing
“greening” or “browning” processes at high northern latitudes’, which may,
in turn, affect photosynthetic carbon uptake”® and potentially offset the CO,
outgassing from thawing permafrost. Thus, the projection of climate
warming is highly uncertain, as future pathways of organic matter (OM)
build-up and loss in soils are insufficiently understood™"’. While modern
observations suffer from evident limitations in providing long-term time

series, past episodes of climate change from environmental archives may
provide an opportunity to reveal the response of terrestrial OC during the
21st century and beyond.

The transition between the Little Ice Age (LIA) and modern warming
represents the fastest and most abrupt climate anomaly of the late
Holocene''. Despite the relatively coherent pattern of this transition in
global temperature reconstructions over the last two millennia'’, the timing,
climate triggers, and environmental responses differ among regions. In the
northernmost Atlantic Ocean, marine sedimentary proxies and ice core data
indicate a generalized, although highly variable, increase in sea ice extent
during the LIA". The eastern Fram Strait was characterized by ice advance,
whereas the East Greenland Shelf experienced stable marginal ice zone
(probably polynya-like) conditions"*"*. Cold air and ocean temperature also
favored glacier growth in high-latitude lands, including Svalbard, Iceland,
and Greenland'*™**. At the beginning of the 20th century, a sharp decrease in
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sea ice cover in the Nordic Seas corresponded to the termination of the
LIA"*, and glaciers started to retreat from fjords and lowland areas’. As
glaciers retreat, new land surfaces are potentially exposed to rapid mod-
ification, high erosion rates, soil evolution, and plant community succession,
determining in the northern hemisphere a generally more active carbon
cycle and faster mobilization pathways between different reservoirs™*.

Western Svalbard is highly sensitive to modern warming and para-
glacial conditions have rapidly expanded since LIA termination* . Pre-
vious studies have largely focused on how climate and sea ice variability are
intrinsically tied to the northward advection of warm Atlantic Water (AW)
along the continental margin of West Spitsbergen®”’, without considering
the effects on landscape evolution and associated terrestrial environmental
change. In particular, there is limited knowledge of the coupling between
tundra vegetation growth and the modern cryospheric decline, which
cannot be assessed from classical land-based investigations, which are
usually performed at small temporal/spatial scales and considering specific
geomorphological and hydrological alterations separately from vegetation
development.

Arctic fjords are sites of high sediment accumulation that receive large
amounts of terrigenous input from proglacial streams/rivers and erosional
products by glaciers”, making them hotspots of global OC burial* and high-
resolution archives”. Kongsfjorden, a fjord in northwestern Svalbard
(Fig. 1), is directly influenced by AW and represents a key site for investi-
gating past climatic and oceanographic changes and their impacts on ter-
restrial ecosystems. Recently, a marine sediment core (NYA 17-154) with a
sub-decadal resolution was used to reveal rapid Atlantification along the
eastern Fram Strait in the early 20th century, reconstructing with high
precision the advance of warm AW within the Kongsfjorden several decades
before the documented instrumental records’". This resulted in rapid sea ice
loss”, glacier retreat”, and permafrost warming”, with unknown con-
sequences for terrestrial biospheric carbon reorganization and plant
development.

The main objectives of this study are (i) to reconstruct the response of
the terrestrial environment in NW Svalbard during the LIA-modern era
climate anomaly, (ii) to go beyond the limitations of remote sensing
observations to estimate when the greening of the High Arctic started, and
(ili) to provide a long-term understanding of the vegetation-climate-
cryosphere interactions, which is crucial for predicting how tundra eco-
systems will respond to anthropogenic warming in high-latitude regions. To
achieve these goals, we analyzed the same NYA 17-154 sediment core
previously used by Tesi et al.” to describe the modern Atlantification of the
Kongsfjorden. The 112 ¢cm long archive holds an accurate chronology of the
last ~780 years, and it is uniquely located in a region suitable to record
terrestrial carbon inputs from a broad periglacial area that includes both
land- and marine-terminating glaciers with rapid recession rates™. In our
study, bulk OC isotopes (A"*C and §"C) and a suite of land-derived bio-
markers (n-alkanes, fatty acids, glycerol dialkyl glycerol tetraethers, cutin
acids, and lignin phenols) were used as proxies of terrestrial input and
vegetation changes on land. Biomarker data were further interpreted by

comparison with vegetation tissues from representative vascular plants and
mosses collected in the study region. Furthermore, we compared the past
oscillation of sea ice extent with plant-specific proxies (lignin phenols and
cutin acids) of our record, in order to investigate the long-term co-variability
between greening and sea ice extent. The temporal variability of each proxy
was further elaborated with an advanced statistical approach based on
generalized additive models (GAM)”, in order to obtain a more accurate
temporal trend, adapted to be compared with high-resolution climate and
environmental reconstructions, and to objectively identify any climate
change-induced perturbations in the terrestrial OC pool.

Results

Features of sedimentary OC pool and terrestrial input
contributions

The chronology of the NYA 17-154 core was developed by Tesi etal.” using
radiocarbon dates from benthic foraminifera and *°Pb data. The authors
also used a sharp peak of the molecular biomarker retene—a sign of the
beginning of coal mining in 1916 in Kongsfjorden—to corroborate the *'’Pb
data and assess the local marine radiocarbon reservoir effect. The resulting
chronology indicated that the sedimentary record spans the last 780 years
with a resolution of 5-10 years cm ™ (Fig. 2). In our study, bulk carbon data
and terrestrial biomarkers were compared with the most accurate recon-
structions of atmospheric temperature anomalies at both regional and local
scales: the PAGES Arctic 2k database™ and 8'°O data from the Austfonna ice
core”, respectively (Fig. 2a, b). The historical variability of the North
Atlantic Oscillation (NAO) index over the last centuries™ (Fig. 2c) was also
considered, in order to provide an accurate ensemble of past climatic fluc-
tuations in the Svalbard region, which ultimately helped us to clearly identify
the LIA cooling phase (between 1650 and 1900 AD) and the abrupt
anthropogenic warming of the 20 century.

The downcore TOC distribution followed the general climate varia-
bility, with low values observed during the LIA (Fig. 2d). However, the
dynamics driving OC input into the fjord were not easily deductible based
on bulk TOC due to the intrinsic complexity of the sedimentary pool
and early diagenesis, which is particularly important at the sediment-water
interface”. Based on §"C range defined for Kongsfjorden sediments
(outer fiord =~-24 68“C%o; inner fjord =~-22 &“C%o, river
sediments = ~~21 §°C%o0)**'***, downcore bulk §"°C suggested a mixture of
terrestrial and marine OC (Fig. 2f), with the latter being relatively more
important toward the top. However, the A™C signature of bulk OC was
significantly lower throughout the core (Fig. 2e). The predepositional bulk
A"™C was approximately—375.1 + 2.00 %o during the LIA and increased in
the modern layers up to—262.0 £ 1.93 %o. Thus, besides the relatively low
land-derived contribution based on §"°C fingerprint, it is evident that this
fraction carries an ancient signal, probably reflecting the input of coal, IRD,
and permafrost OC. The decrease in radiocarbon ages toward the top can be
interpreted as a sign of either an increase of marine OC—in turn, reflecting
downcore loss of reactive marine OC in line with §"°C data*—or input of
fresh plant debris in response to the changing climate and greening of the

Fig. 1 | Map of the study area with modern sea ice
extent and general surface circulation around
Svalbard Archipelago. a Dashed lines show the
median sea ice extent from 1981 to 2010 for March
(maximum sea ice extents) and September (mini-
mum sea ice extents) National Snow and Ice Data
Center (NSIDC), https://nsidc.org/. Red and blue
arrows display the Atlantic-sourced West Spitsber-
gen Current (WSC) and the Arctic Ocean-sourced
Spitsbergen Polar Current (SPC), respectively. The
Arctic Ocean base map is based on IBCAOv4'>.

b Location of the sediment core NYA 17-154 at the
edge of the Kongsfjorden. Satellite image from
TopoSvalbard (Norwegian Polar Institute, https://
toposvalbard.npolar.no/).
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Fig. 2 | Climate variability in the study region with respect to bulk carbon and
biomarkers from NYA 17-154 core, which covers the last 780 years. The lines
show a the PAGES Arctic 2k annual temperature reconstruction (averaged to dec-
adal values)*, b the 80 of Austfonna ice core (Svalbard)”, and c the reconstructed
North Atlantic Oscillation index (NAO)*. It further shows NYA 17-154 data for
d total organic carbon (TOC), e A™C of bulk OC (corrected for year of deposition),
£ §"°C of bulk OC. The solid curves correspond to the generalized additive mode
(GAM) trend, with light bands representing 95% across-the-function confidence
intervals. The gray columns highlight the Little Ice Age (LIA) and its coldest phase

154

(dark gray)"™.

fjord. However, we cannot exclude that the two processes operated together
combined with the possible 1950 radiocarbon bomb spike influence
which was then incorporated into the biospheric marine and terrestrial
carbon, at least for the samples after 1950. In addition, the Suess effect can
also potentially explain the relatively more depleted values during
recent times.

Terrestrial biomarkers can provide further information on changes
that occurred in the terrestrial pools and, in particular, on the response of
terrestrial ecosystems to climate change®. Yet, plant wax lipids confirm the
highly heterogeneous composition of the sedimentary OC pool supplied
from land*. For instance, the carbon preference index (CPI) and average
chain length (ACL) of n-alkanoic acids revealed mixed contributions from
different sources (Fig. 3a), whereas n-alkanes were dominated by a mature
OC pool (Fig. 3b), likely in the form of coal which is highly abundant in the
region®. In addition, a recent study has shown that n-alkanoic acids from
sediments collected in the fjord are pre-aged, probably reflecting a note-
worthy permafrost input from ancient soils around the fjord”. Altogether,
these findings suggest that temporal trends of high molecular weight
(HMW) n-alkanes (1n-C,5 to n-Cs;) and HMW n-alkanoic acids (n-C,4 to
n-Cs,), although representing large constituents of epicuticular wax layers of
higher land plants, in our study are not suitable for detecting tundra vege-
tation expansion (Supplementary Fig. 1a, b) because they can also carry an
ancient signal.

We also evaluated brGDGTs as proxies for soil development and their
potential relationship with the greening on the fjord. Specifically, changes in
the terrestrial OC reservoir have also been investigated in different marine
settings based on the ratio of brGDGTs to crenarchaeol [i.e., the branched
and isoprenoid tetraether (BIT) index]* (Supplementary Fig. 1c), that traces
input of soil material in marine environments. However, previous studies
have questioned the applicability of brGDGTs and related proxies as tracers
of soil material input in Svalbard fjords due to the production of brGDGTs
by bacteria dwelling within marine sediments™*’. Values of the #ringsiera
index > 0.7 (Supplementary Fig. 1d) indeed denote in situ marine brGDGT's
production™, suggesting that, in this case, the BIT index cannot provide
reliable evidence for soil development and Arctic greening.

In summary, our results indicate that tundra vegetation changes can-
not be unambiguously identified with a simple mass balance approach using
8"C or considering all molecular proxies. This is particularly true for wax
lipids whose A™C fingerprint often reflects protracted storage on the con-
tinent prior to erosion, transportation, and redeposition in marine
sediments’". In contrast, lignin phenols and cutin acids usually have higher
A™C values in Arctic watersheds, suggesting the incorporation of young
carbon supplied from recent vegetation debris and a faster mobilization
pathway (i.e., surface runoff processes)™. In the next section, we will discuss
the distributions of these other plant-specific biomarkers and evaluate their
potential to reconstruct changes in terrestrial vegetation dynamics in the
Arctic.

Greening signal from cutin and lignin monomers

Cutin and lignin are naturally occurring and widely abundant biopolymers
found almost exclusively in terrestrial plants“'s"', and their monomers (i.e.,
cutin acids and lignin phenols) have proven to be useful chemical bio-
markers for reconstructing past vegetation change in different sedimentary
archives”™. Given their resistance to degradation in marine sediments,
especially in oxygen-free conditions®, these biopolymers persist over long
periods, allowing them to accumulate and serve as indicators of plant-
derived OC in the ocean®®. In the NYA 17-154 core, cutin concentration
(Fig. 4b) rapidly increased from 1927 AD onward, reaching the highest level
of the entire record in 1998 AD. After this maximum, however, the
reconstruction of the cutin trend in the upper part of the core concluded
with a slight decrease. Thus, the last century emerged as a period of drastic
change, highly significant also in the model trend parameterization (Sup-
plementary Fig. 2b, first derivate of the GAM fitted trends for cutin), and led
us to consider the contribution of terrestrial vegetation growth as one of the
main processes potentially involved. The diagnostic proxy for soil OM input
based on cutin acids (w-C,6/2-C;6) suggested the deposition of relatively
fresh cutin likely released from surface soil horizons during the 20th century
(low ratio), while underneath the root influence increases (high ratio)
(Fig. 4c)*"". Consistently, for lignin biomarkers, the p-coumaric acid to
ferulic acid ratio (pCd/Fd) (Fig. 4d) was relatively high in the upper record,
suggesting a large contribution of fresh terrestrial OM from upper soils,
while root-derived material appeared to be relatively more important only
before the 20th century®>*.

It is worth mentioning that early diagenesis might affect the
applicability of these proxies. However, lignin-based proxies (ie., acid/
aldehyde ratios of vanillyl and syringyl phenols) commonly used to infer
degradation”, in our record do not provide direct evidence for extensive
diagenesis. Specifically, high acid/aldehyde ratios were instead measured
in fresh plant tissues collected in the study region (e.g., the polar willow,
Salix polaris; Supplementary Table 2) and the values were consistent with
those observed in the core (Supplementary Fig. 4). Moreover, while
indeed the w-C;¢/>2_Ci¢ ratio, that increases with increasing
degradation”, could potentially reflect the aging of terrestrial material
during accumulation, the pCd/Fd ratio, that similarly increases with the
extent of diagenesis’’, exhibit an opposite trend and thus it does not
support the fact that the downcore trend reflects diagenesis. Instead, w-
C16/2-Cy6 and pCd/Fd exhibit similar distributions as those observed in
the Great Arctic Rivers”, where they were used to infer soil dynamics
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Fig. 3 | Source contribution of n-alkanoic acids and n-alkanes to the NYA 17-154
OC pool. The figure shows the relative influence of five distinct end members for
n-alkanoic acids and n-alkanes in the Kongsfjorden: marine sediments'*, soil***’,

coal**, ice-rafted detritus (IRD)", and sediments affected by proglacial river

discharge (Bayelva sediment)". Carbon Preference Index (CPI) and Average Chain
Length (ACL) of a n-alkanoic acids and b n—alkanes for the different end members
are compared with NYA 17-154 sediment core. Symbols and bars display mean, and
s.d. of NYA 17-154 results and each source is derived from literature data.

(surface vs deep pools) in Arctic terrestrial ecosystems, suggesting a
common pan-Arctic dynamics across large to small watersheds. Given
such observations, w-C,6/>2-Ci¢ and pCd/Fd combined may thus
represent specific vegetation proxies suitable for reconstructing sig-
nificant change in the terrestrial plant cover and, accordingly, the
rapid cutin accumulation observed in the recent decades can be inter-
preted as a widespread signal of “greening” actively advancing in the
mainland area. Indeed, compared to other wax lipids, cutin acids are
usually much younger based on compound-specific radiocarbon
analyses™, further supporting their use as tracers for young, near-surface
carbon pools.

The Lignin Phenol Vegetation Index (LPVI) (Fig. 4e), an indicator
of changes in vegetation composition for historical environmental
reconstruction””?, further suggested a significant contribution from
vascular plants. In particular, the LPVI values were substantially within
the range of non-woody angiosperms (reported to be approximately
between 500 and 2800)7%, which is consistent with the “shrub moss
tundra” vegetation that dominates the Kongsfjorden landscape™. In
addition, as shown by previous plant-specific proxies, the modeled trend
for the LPVI index also revealed a significant increase after the LIA
termination (Supplementary Fig. 3b). We interpreted this common
pattern as a general response of the terrestrial biosphere to the massive
cryospheric recession registered for modern Kongsfjorden. Indeed, as
Tesi et al.”' showed in the same sediment core, the abundance of prox-
imal glacier foramminifera rapidly decreased during the 20th century
(Fig. 4f) as a consequence of the rapid retreat of tidewater glaciers driven
by progressive Atlantification of the Fjord. Therefore, our proxy data
collectively point toward a strong coupling between the modern signal of
greening and the general glacier mass loss registered in the early twenty-
first century in the Svalbard region.

Co-variability with sea ice extent

Remote sensing studies have documented an overall greening trend in
Svalbard during the last 30 years similar to that found at lower latitudes in
the pan-Arctic region””®, where since the 1980s a rapid increase in tundra
vegetation”™* and seasonal peak greenness®™* have been observed. Arctic
greening is believed to be influenced by different driving factors, such as

warmer summer temperatures™, longer growing seasons®, increased
precipitation®, deeper and earlier seasonal permafrost thaw'/, and
increasing atmospheric CO, concentrations®. Among these, the loss of
Arctic sea ice observed in recent decades has received great attention and has
been linked to shrub growth and tundra productivity increase® . Specifi-
cally, in the Svalbard archipelago a large increase in tundra shrub pro-
ductivity was observed with the recent onset of dramatic sea ice decline™. It
was inferred that local and regional reductions in sea ice may promote
warmer conditions in adjacent terrestrial ecosystems, due to the associated
decreases in surface albedo™ and in cold air advection from the ice-covered
ocean (sea breeze)”. In addition, on a Pan-Arctic scale, a co-variability
pattern between sea ice and tundra productivity has been identified and
documented in areas where sea ice is distant from vegetated land masses™.
In this latter case, sea ice variability was found to indirectly affect vegetation
growth through coupling with large-scale atmospheric forcing and sea
surface dynamics, which in turn may control plant phenology in a more
complex way’ .

In light of these observations, we compared our plant-specific bio-
marker records from the NYA 17-154 core with the reconstructed changes
in Arctic summer sea ice over the past ~780 years™ in order to evaluate the
influence of sea ice forcing on tundra growth over a broad temporal and
spatial scale (Fig. 4a). The selected summer sea ice extent was estimated from
a compilation of terrestrial proxies across the Arctic. However, its temporal
variability resulted very similar to the local sea ice reconstructions from the
eastern Fram Strait (Supplementary Fig. 5), thereby confirming the strategic
position of our record able to capture small-scale processes but with a strong
analogy with global Pan-Arctic changes. Thus, cutin concentration and its
fingerprint (w-C;6/>_-C;6) showed a tight and inverse relationship with the
variability of summer sea ice extent throughout the entire record (Fig. 4a, c).
In particular, the sea ice reduction observed from 1450 to 1620 AD and
during the 20th century was associated with a change in cutin-derived
proxies, suggesting an increase in land vegetation coming from surface OM-
rich soil pools. Overall, our findings suggest a sea ice control on greening.
The ecological implications for the tundra biome, both in terms of species
composition and plant successional stage, are poorly known today, and our
reconstruction can provide important insights into the greening of Arctic
fjords.
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Fig. 4 | Plant biomarkers from NYA 17-154 core
compared with Arctic sea ice extent and glaciers
retreat over the last 780 years. The lines show a the
40-year smoothed late-summer Arctic sea ice extent
reconstructed from high-resolution terrestrial
proxies™, b sum of cutin acids concentration, ¢ ratio
of C;¢ w-hydroxy alkanoic acids to the sum of C;¢ w-
hydroxy alkanoic acids, DAs, and mid-chain
hydroxy and epoxy acids (w-C,6/>-Cs). d ratio of
p-coumaric acid (pCd) to ferulic acid (Fd), e Lignin
Phenol Vegetation Index (LPVI), and f proximal
glacier foraminifera (C. reniforme and E. excavatum
f. clavatum)’. The solid curves correspond to the
generalized additive mode (GAM) trend, with light
bands representing 95% across-the-function con-
fidence intervals. The gray columns highlight the
Little Ice Age (LIA) and its coldest phase (dark
gray)">". The yellow areas display periods with low
sea ice extent™.
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Tundra vegetation shift

Svalbard glaciers are retreating at unprecedented rates since the end of the
LIA* and with a considerably faster mass loss than for many other glacier
regions of the world”, making the foreland domain and the surrounding
non-glaciated areas a unique natural system where terrestrial biospheric
carbon evolve rapidly”. As glaciers retreat, new terrains are exposed to plant
colonization and ecological succession, with a large effect on vegetation
change (both in terms of plant cover and species composition) and soil
development'*~'*. Moss colonization is achieved at the initial successional
stage and within a few years of glacier retreat, thanks to their extreme
pioneering abilities'**"'*. Vascular plants, instead, usually occur at a later
stage of succession, favored by a well-developed biological soil crust'®'”’; as
terrestrial vegetation increases, more OC is transferred from vegetation

debris into the substrate, which is finally exported by proglacial rivers to the
ocean and buried in marine sediments.

Plant-specific biomarkers in our sedimentary record can thus provide
an integrated signal of tundra vegetation change and soil development.
Starting from the greening signal registered from total cutin concentration,
we derived additional information about the plant's successional stage by
further interpreting the cutin and lignin fingerprints. Specifically, the ratio of
@-C14/2_Cy¢ has been used to differentiate between inputs from lower plants
(0.8 +0.1; bryophytes) and vascular plants (0.1-0.2)**°*'**. Similarly, for
lignin-derived phenols, a high ratio of pCd/Fd has been reported for moss
and peat inputs®*'”. A large proportion of the two source proxies, therefore,
may independently indicate early plant successional stage in the terrestrial
domain. In our record, this was particularly evident in the pCd/Fd
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Fig. 5 | Plant biomarker fingerprint and growth-ring chronology of S. polaris
from Svalbard'"’ compared with cutin trend from NYA 17-154 core. a Biomarker
fingerprint of pCd/Fd against w-C,¢/>_C,¢ for different species of vascular plants and
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mosses. Symbols and bars display mean and s.d., respectively. b Evidence of a near-
simultaneous increase of both proxies, S. polaris growth-ring chronology'"” and
cutin trend (NYA 17-154), provides a clear greening signal for the Svalbard region.

increasing trend registered after the termination of the LIA (Fig. 4d), which
could be interpreted as consistent with the onset of extensive glacier retreat,
followed by soil development and rapid colonization by pioneer plants like
mosses”**'?”. Conversely, the w-C,¢/>_C, ratio revealed a downward trend
(Fig. 4c), reflecting contrasting inputs from vascular plants and mature
successional stages of tundra vegetation. These apparently divergent results
could instead provide new insights into the successional changes in tundra
community composition. By comparing the molecular fingerprint of
pCd/Fd and w-C,6/>-C¢ obtained from tundra species of the Brogger
peninsula collected near the coring site (Supplementary Table 2), we
identified a clear separation between vascular plant (low pCd/Fd and
0-Cy4/2-Cy¢ ratios) and mosses (high pCd/Fd and w-C,¢/>-Cj¢ ratios)
(Fig. 5a). Our analyses on potential sources indicate that Salix polaris and
Dryas octopetala were the only two vascular plant species that presented a
significantly greater proportion of pCd/Fd. Since these two dwarf shrubs
have been reported to occur preferentially in advanced stages of plant
succession'*"'"” and to increase their coverage/growth under milder climate
conditions , our reconstruction likely indicates a rapid development of
tundra vegetation toward mature successional stages. Salix and Dryas are
among the most common vascular plants in Svalbard'”, and their debris
(pollens, seeds, and leaves) are naturally adapted for wind and water dis-
persal, even over long distances''>'"*. This suggests that the sediment organic
matter composition is strongly affected by catchment vegetation dynamics.
This is also supported by the historical photosynthetic biomass record of the
Svalbard soil between 9400 and 2200 BP, which follows the Holocene
temperature changes with an increase of the photosynthetic biomass pro-
duction during warmer periods, and vice versa'"’.

Both palynological and dendrochronological studies on polar willows
from the Svalbard further corroborate our findings. The pollen of S. polaris
was frequently observed to predominate in soil samples'”. Furthermore, a
significant increase in Salix type pollen after the LIA termination was
recently documented in a lacustrine sediment archive (Lake Tenndammen,
Colesdalen)'"*. Radial growth chronology of S. polaris also revealed wide
growth rings starting from 1950 in response to a rapid increase in air
temperature'”’. Such radial growth increase was very similar to our cutin
trend reconstruction for the twentieth century (Fig. 5b), even beyond 2005,
when the growth-ring dimension rapidly decreased, probably due to the
high sensitivity of . polaris to moister conditions and more frequent rainfall
events occurred in recent decades'”’. Overall, these independent works
provide empirical, common evidence of the response of vascular plants,
particularly S. polaris, to ongoing climate change and how this may have
been reflected in the temporal trend of lignin and cutin proxies analyzed in
our sedimentary record.

111-114

Discussion

Our results on plant-specific proxies combined with modeling trend esti-
mations demonstrate a rapid greening of western Svalbard at the beginning
of the 20th century. In particular, we found the following signs of tundra
expansion and vegetation composition change: (i) rapid increase of plant-
specific proxies, (i) marked association with glacier retreat in the region, (iii)
shift of tundra community toward mature successional stages, and (iv)
progressive dominance of vascular species adapted to milder climatic con-
ditions (likely S. polaris and D. octopetala).

Moreover, a comparison of our data with an independent paleor-
econstruction of Arctic sea ice extent suggested a strong influence of sea
ice on the greening trend. This finding was strongly supported by both
remote sensing’*'* and field observations”. However, the mutual rela-
tionship between the last two approaches is poorly understood'”' and,
when considered separately, they are unable to reveal the exact
mechanisms by which sea ice decline may enhance tundra vegetation
productivity and greening. Satellite data can only document vegetation
change for the last few decades'”” and do not provide a deep-historical
perspective, which is extremely important for estimating the impact of
climate change. In contrast, in situ data do not represent the spatial
heterogeneity of the link between sea ice and tundra™. Our record goes
beyond such limits, providing a space-integrated signal of tundra
vegetation change throughout the historical extent of the past 780 years.
We suggest that the greening process likely started in the early twentieth
century (i.e., around 1930) and rapidly increased until the end of the
1990s, matching the extremely low sea ice extent observed in the same
period. This event was well above the natural variability inferred by the
reconstruction. However, going back to our record, another episode of
reduced sea ice cover associated with vegetation increase occurred in the
early seventeenth century, suggesting a long historical relationship and
possible common drivers.

It could be argued that the strong correlation between greening and
sea ice reduction may represent a simple co-variability process asso-
ciated with the general increase of the Arctic atmospheric temperature.
To elucidate this aspect, we further compared our proxy-based vegeta-
tion reconstruction with the Arctic 2k temperature and the historical
NAO index for the detection of anomalous warming events (Fig. 2a, c).
Considering the small increase in tundra vegetation inferred by our
record between AD 1450 and 1620, this was in contrast with the general
cooling trend observed since the beginning of the LIA. Moreover, for the
same time period, the possible advection of warm air masses into the
Arctic was excluded by the NAO index, which was unstable and varied
between positive and negative phases (Fig. 2c). Instead, the intrusion of
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warm and saline water from the North Atlantic into the Fram Strait was
supposed to be the main driver of sea ice decrease during the early
seventeenth century'”. This finding reinforces our hypothesis that sea
ice extent reconstruction is not just another surrogate of Arctic tem-
perature history but has the potential to capture an ensemble of favorable
climate conditions for the widespread tundra growth®. As a con-
sequence, we can suppose that the unprecedented sea ice loss observed
over recent decades was mainly driven by strong advection of warm AW
into the Arctic. This event likely acted together with global warming and
the persistent positive NAO mode to synergistically enhance the modern
greening signal. However, to the best of our knowledge, this work
represents the first proxy-based greening reconstruction and further
evidence from sedimentary records across diverse Arctic regions is
needed to better interpret and validate our greening trend associated
with sea ice dynamics.

Finally, we found a first signal of tundra vegetation change toward the
mature successional stage that agrees with general plant evolution observed
in Svalbard'*. Generally, moss colonization occurs after rapid glacier retreat
and if environmental conditions are suitable for plant settlement. Then,
progressive accumulation of organic matter over decades/centuries can
provide substrate for colonization by vascular plants. Such advanced tundra
succession was supported by our results, which revealed a predominant
contribution from vascular plants over moss input. Moreover, S. polaris was
likely the most representative species, reflecting the ongoing shift of tundra
plant communities toward species better adapted to milder climatic con-
ditions. Different in situ field-observed vegetation evidences'*'**'”, paly-
nological reconstructions'”'**, and other ecological signals, including shrub
cover increase''*'”* and dendrochronological studies'*'*>'*”'**, agree with
our findings. However, a clear knowledge gap remains due to the patchy
distribution of our record and the considerable variation in vegetation
productivity and plant species across the Arctic tundra biome. Thus, we
envision that biomarkers could represent a useful diagnostic tool for
reconstructing tundra vegetation systems in future investigations.

In summary, our study demonstrates how the greening of a previously
barren Arctic landscape can be effectively detected using marine sediment
archives, complementing and extending modern time series data and
satellite observations. Throughout the twentieth century, we demonstrated
how sea ice reduction and glacier retreat were well-coupled with a wide-
spread growth of Svalbard’s tundra vegetation, revealing also a signal of
plant community shift towards vascular species better adapted to a warming
climate. Collectively, our long-term greening reconstruction provides a
critical benchmark for future research into vegetation-climate-cryosphere
interactions, which will likely shape the Arctic environment in the face of
ongoing climate change.

Methods

Sampling

In June 2017, a 112 cm long core (NYA 17-154) was obtained from
Kongsfjorden (78°59'52.2' N, 11°39'24" E, 297 m water depth) using a
100 kg light gravity corer on the MS Teisten vessel operated by Kings Bay
AS. The core was split into two halves and then sub-sampled at 1cm
intervals. A total of 112 samples were collected over the entire core length.
Sediments were freeze-dried, ground for homogenization, and stored in
glass vials prior to geochemical analysis. Bulk and biomarker data were
measured in all 112 samples. Only bulk OC "“C analysis was performed on
5 samples properly selected starting from the top and throughout the most
informative core intervals. For the molecular structure of the biomarkers,
the work of Bianchi and Canuel'” provides a detailed and comprehensive
description. In addition, in the Supplementary Table 3 we report a summary
of the primary source of each analyzed biomarker and the information that
can be inferred from each proxy.

Age-depth model
To be consistent with previous studies, our study relies on the age-depth
model developed by Tesi et al.”" for the sediment core NYA 17-154. Briefly,

the model was developed by combining *'°Pb data with five radiocarbon
dates measured on N. labradorica (benthic foraminfera) picked from spe-
cific intervals. The *°Pb activity was derived from its daughter nuclide, HU0pg,
via alpha spectrometry. Radiocarbon dates were determined by accelerator
mass spectrometry and calibrated using the Marinel3 curve'”. The local
reservoir effect (AR) was estimated using foraminiferal species (N. labra-
dorica) collected at the base of the retene excess interval (coal proxy), which
is a time marker (1916) linked to the onset of coal mining activities in Ny-
Alesund"". The final AR correction of 350 + 75 years significantly updated
the previously reported values for the region'”. The final age-depth model
was developed with OxCal together with an Outlier_Model analysis. No
outliers were detected, and a robust chronological framework was generated
with a high agreement index.

Bulk OC

TOC content and stable carbon isotope were measured on freeze-dried
homogenized subsamples after CaCO; removal with an acid treatment
(HCl, 1.5 M). Samples were subsequently neutralized and dried over NaOH
pellets (60° C, 72 h) and wrapped in Sn capsules to aid combustion. TOC
was analyzed in parallel with stable carbon isotopes on a Thermo Fisher
Elemental Analyser (FLASH 2000 CHNS/O) coupled with a Thermo Fin-
nigan Delta plus isotope ratio mass spectrometer at the National Research
Council, Institute of Polar Sciences in Bologna (Italy)'”. TOC amounts are
reported in weight percent (%). Stable carbon isotope data are reported as
8BC values (%o) relative to the international reference material Vienna
PeeDee Belemnite (V-PDB), with an instrumental uncertainty lower than
0.05%o. Radiocarbon analyses of TOC were conducted on subsamples after
decarbonation, using a coupled elemental analyser-accelerator mass spec-
trometer system (EA: Elementar vario Isotope; AMS: Mini Carbon Dating
System MICADAS, Ionplus) at the Laboratory of Alfred Wegener Institute
(AWTI), Bremerhaven (Germany)"*. Radiocarbon data are reported as A'*C
values (%o)'” after correcting for the calibrated depositional age.

Lipids

Freeze-dried sediment samples were placed in pre-combusted vials to extract
lipids using a 9:1 (v/v) dichloromethane:methanol (DCM:MeOH) solvent
mixture. The vials were sonicated for 15 minutes at 60 °C and centrifuged,
with the supernatant being transferred to new pre-combusted vials. This
extraction process was repeated three times in total. The extract was then
dried and saponified with 0.5 M methanol solution of KOH at 70 °C for
1 hour. Then, MilliQ water with 2% NaCl was added. The neutral fraction was
extracted three times with hexane. The samples were then acidified to pH 1
using concentrated HCI. The acid fraction was extracted with a 3:2 mixture of
hexane and DCM. Column chromatography (SiO,, water-deactivated) was
used to remove impurities by eluting first with hexane, then a 4:1 mixture of
DCM and hexane (containing n-alkanoic acids), and finally DCM. The
neutral fraction was further separated into a polar and a non-polar fraction
via silica gel column chromatography. The apolar fraction, containing #-
alkanes, was separated using a 3:1 (v/v) hexane:DCM solution, while the polar
fraction containing GDGT was eluted using a 1:1 (v/v) MeOH:DCM solution.
Before extraction, a specific amount of the internal standard was added to the
sediment samples for each of the three compound classes: n-alkanes (Cy,), n-
alkanoic acids (C,;), and GDGT (Cys-GDGT) respectively. The n-alkanes
and n-alkanoic acids were then analyzed at the National Research Council
Institute of Polar Sciences (Bologna, Italy) with a gas chromatography-mass
spectrometry (GC-MS) system (Agilent 7820 A GC, 5977B MSD) with
splitless injection on a DB-5 column (30 m x 250 pm; 0.25 pm film thick-
ness), an initial temperature of 60 °C, a ramp of 10 °C per minute until 310 °C,
and a hold time of 16 min. Before the injection, the n-alkanoic acids were
derivatized with trimethylsilyl-trifluoroacetamide (BSTFA) + 1% tri-
methylchlorosilane (TMCS) at 60 °C for 30 min. Quantification was per-
formed in full scan mode (50-650 m/z) and using a five-point calibration
curve with commercially available standards for n-alkanoic acids (C;6-Csy;
Sigma-Aldrich) and n-alkanes (C,;—Cyg; Sigma-Aldrich). Here, we only
report data for HMW n-alkanes and n-alkanoic acids in the supplementary
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section, where HMW refers to carbon chain lengths of >25 carbon atoms for
n-alkanes and >24 for n-alkanoic acids. In order to compare our results with
different end members of the study area available from the literature, the
carbon preference index (CPI) and average chain length (ACL) of the n-
alkanes and n-alkanoic acids were calculated as reported by Kim et al.** and
Kusch et al.”, respectively:

> C25—31
> C24—30

25 — 31
n—alkanesCPI:0.5*< 2, C25 3> (1)

> C26 — 32

20 — 20 —
SSC19—-29 . C21—31

(> n=*Cn)
(>-cCn)

) (> n=*Cn)
n — alk.acids ACL = ~—~———>;n=16 — 32 “4)

(Z Cn)

The polar GDGT fractions were filtered to remove particles and then ana-
lyzed using an Agilent 1200 high-performance liquid chromatography
system connected to an Agilent 6120 APCI-MS at the laboratory of the AWT,
Ger. The method was slightly modified from a previous one to fit our
equipment™. The separation of GDGTs, including 5-/6-methyl isomers of
branched- GDGTs, was achieved using two ultraperformance liquid
chromatography silica columns in series (Waters Acquity BEH HILIC,
2.1x150 mm, 1.7 um) and a precolumn, all maintained at 30 °C. Mobile
phases A and B consisted of n-hexane/chloroform (99:1 v/v) and n-hexane/2-
propanol/chloroform (89:10:1, v/v/v), respectively. After 20 uL sample
injection and 25 min of isocratic elution with 18% mobile phase B, the
proportion of B was gradually increased to 100% in 55 min. The flow rate was
0.22 ml/min with a max back pressure of 220 bar and a total run time of
100 min. GDGT' were detected using positive ion APCI-MS and SIM of their
(M + H)+ ions"”. APCI conditions were 50 psi nebulizer pressure, 350 °C
vaporizer temperature, N, drying gas, 5 L/min at 350 °C, —4kV capillary
voltage, and +5 pA corona current. The MS was set to SIM of the following
(M + H)+ ions: m/z 1302.3 (GDGT-0), 1300.3 (GDGT-1), 1298.3 (GDGT-
2), 1296.3 (GDGT-3), 1292.3 (GDGT-4 + 4'/Crenarchaeol+regio-isomer),
1050 (GDGT-IITa/IIl2), 1048 (GDGT-IIIb/IIIY), 1046 (GDGT-IIIC/IIIC'),
1036 (GDGT- ITa/ITa'), 1034 (GDGT-IIb/IIY), 1032 (GDGT-II¢/IIc), 1022
(GDGT-Ia), 1020 (GDGT-Ib), 1018 (GDGT-Ic), and 744 (C46 standard)
with a 57 ms dwell time per ion. Due to the lack of appropriate standards'*,
quantification of the individual GDGT' was achieved by using the response
factor obtained from the C4~GDGT internal standard. According to the
literature”, BIT index was calculated as follow:

n — alkanes ACL = ;n=25-—231 3)

_ Tla+Ta+ IIa’ + Ila + IIIa’
T la+4Ma+ Ia' + la+ Il + IV

©)

where I, II, and III are concentrations of branched GDGTs and IV the
concentration of isoprenoid GDGT, crenarchaeol. The analytical error in
the determination of the BIT index is, on average, 0.01. Additionally, we
quantified the #ringse, as an indicator of in situ branched GDGTs pro-
duction in the marine environment, which is based on the relative pro-
portion of 5-methyl branched GDGTs™"

. Ib+2x*Ic
M8 = T 1o+ Ic ©

Lignin phenols and cutin acids
The alkaline CuO oxidation was performed at the laboratory of the
Joint Research Center—ENI-CNR Aldo Pontremoli Lecce using a

CEM MARS 5 microwave'”. Briefly, 2 N degassed NaOH was used to
oxidize 2 mg of OC in teflon tubes under oxygen-free conditions at
150 °C for 90 minutes. After the oxidation, a known amount of ethyl-
vanillin was added to the solution as internal recovery standards. The
aqueous solution was then acidified to pH 1 with concentrated HCI,
extracted with ethyl acetate, dried, and redissolved in pyridine. Before
analysis on GC-MS system (Agilent 7890 GC, 5975 MSD), the samples
were derivatized with BSTFA 4 1% TMCS at 60 °C for 30 min. The
CuO oxidation products were analyzed with splitless injection on a
DB1-MS column (60 m x 250 pum; 0.25um film thickness), with
1.2 ml min~! helium as carrier, an initial temperature of 100 °C for
5 min, a ramp of 4°C min~" to 300 °C, and constant temperature for
8 min. The analysis was carried out in full scan mode (range m/z
50-650) and SIM mode. Lignin-derived reaction products included
vanillyl phenols (V = vanillin, acetovanillone, vanillic acid), syringyl
phenols (S = syringealdehyde, acetosyringone, syringic acid) and cin-
namyl phenols (C = p-coumaric acid, ferulic acid). Individual lignin
phenol contents were calculated using a six-point calibration of known
concentrations of commercially available external standards for
each considered lignin phenol product (Sigma-Aldrich). The quanti-
fication of cutin acids was performed using the response factor of
ethylvanillin and focused on the most abundant C;¢ to C;s hydroxy
fatty acids: 16-hydroxyhexadecanoic acid, hexadecan-1,16-dioic acid,
18-hydroxyoctadec-9-enoic acid, 7 or 8-dihydroxy C16 a,w-dioic acid
and 8 or 9, or 10,16-dihydroxy C16 acids’**. Ratio of w-C; to total
hexadecanoic acid (w-C;¢/2-C;s) was estimated as described by
Goii et al.”.
Finally, the LPVI was calculated as follow:

C(C+1)
*4*%7:?*@

LPVI — [S(S +1)
V+1

where V, S, and C were expressed in % of the total lignin phenols. The index
was used to further identify the source of lignin phenols and general taxo-
nomic classification”’.

Trend analysis

GAM:s were used to estimate the temporal trends of the different proxies.
GAMs can model the non-linear relationship between a response variable
and time, managing irregular spacing in paleoecological time series™. Thin-
plate regression splines were utilized to parametrize the smoothed functions
of time'*, and automatic restricted maximum likelihood was employed to
select optimal smoothness parameters'. No significant residual auto-
correlation was detected in any of the time series after being checked
(Supplementary Figs. 2 and 3).

Data availability

All data needed to evaluate the conclusions in the paper are present in the
main text and/or in the Supplementary Materials. The dataset used in this
study is freely available in the open-access repository Zenodo (https://doi.
org/10.5281/zenodo.13913336). Any further information regarding this
paper can be obtained upon request from the authors.

Code availability

All analyses were conducted in the R environment (version 4.4.1)'. The
packages used include mgev'® (version 1.9.1), scam'* (version 1.2.17),
dplyr'® (version 1.1.4), tidyr'** (version 1.3.1), gratia'"’ (version 0.9.2), zoo'**
(version 1.8.12), ggplot2' (version 3.5.1), cowplot'™ (version 1.1.3),
scales”" (version 1.3.0), and ggsci'™ (version 3.2.0). Codes generated for
analyses and figures are available upon request from the corresponding
author.
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