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In brief

Cannone et al. show a striking expansion

of the two native Antarctic vascular plants

in the last decade (2009–2018) at Signy

Island (Antarctica), where a strong

summer warming resumed after the pulse

strong cooling event occurred in 2012.

They provide the first evidence for

accelerated ecosystem responses to

climate warming in Antarctica.
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SUMMARY
The strong air temperature warming between the 1950s and 2016 in the Antarctic Peninsula region1 exceeded
the global average warming2,3 with evident impacts on terrestrial ecosystems and the two native Antarctic
vascular plants Deschampsia antarctica Desv. and Colobanthus quitensis (Kunth) Bartl.4–10 Subsequently,
a short but intense cooling occurred from the Antarctic Peninsula to the South Orkney Islands (1999–
2016),1,11–13 impacting terrestrial ecosystems, with reduced lichen growth14 and no further expansion of
D. antarctica in the Argentine Islands.5 The strong warming trend is predicted to resume15 with expansion
of ice-free areas and continued impacts on the abiotic and biotic components of terrestrial ecosystems
including the ingression of non-native species3,8,16,17 as recently recorded at Signy Island (South Orkney
Islands).18–20 In this study we document acceleration in the expansion of D. antarctica and C. quitensis in
the last decade (2009–2018) at Signy Island, where the air temperature warming trend resumed in summer
after 2012. We hypothesize that the striking expansion of these plants is mainly triggered by summer air
warming and release from the limitation of fur seal disturbance.We also hypothesize that the ‘‘pulse’’ climatic
event of the strong air cooling detected in 2012 did not appear to influence the vegetation community dy-
namics on this island. This is the first evidence in Antarctica for accelerated ecosystem responses to climate
warming, confirming similar observations in the Northern Hemisphere. Our findings support the hypothesis
that future warming will trigger significant changes in these fragile Antarctic ecosystems.
RESULTS

Climate warming resumedwith accelerated trends after
the 2012 cooling
Themean annual air temperature (MAAT) at Signy Island showed

an increasing trend between 1960 and 2011 of +0.02�C per year,

followed by four colder years and a subsequent sharp increase

(+0.25�C per year), giving a net increase of ca. +1�C over the

period 1960–2018 (Figure 1A).

Considering seasonal data, summer air temperature also

exhibited a clear trend, with an increase between 1960 and

2011 of ca. 1.2�C, followed in 2012 by the second coldest

summer of the entire period (mean of �0.35�C) and then a

period of strong and consistent warming of 0.9�C in 7 years

(Figure 1B). At decadal scale, MAAT showed a statistically sig-

nificant increasing trend between the 1960s and 2010s, with a

rate of +0.156�C per decade (R2 = 0.83, p = 0.015), despite a

slight decrease being observed in the last decade (Fig-

ure S1A). Total annual precipitation (MAP) was relatively

constant in the period 1960–1997 (mean z 660 mm/year)

(Figure S1B), then showed much larger values in the decade

1998–2007 (mean z 1,440 mm/year) followed by a large
decrease in the following decade (mean z 960 mm/year),

with a statistically significant decreasing trend in the period

1998–2018 (b = �39.9; R2 = 0.43; p < 0.01) (Figure S1B). Sum-

mer precipitation was characterized by a statistically signifi-

cant increasing trend between 1960 and 2011 (b = 5.43;

R2 = 0.43; p < 0.01) (Figure S1C).

Exploring the relationships between the climatic parameters

and the circulation features, the Antarctic Oscillation Index

(AAO) did not show statistically significant relationships with

either air temperature or precipitation between 1979 (when this

index became available) and 2011, as well as in the period

2012–2018. The Southern Oscillation Index (SOI) also showed

no statistically significant relationships with air temperature or

precipitation in the period 1960–2011, although there was a sig-

nificant relationship with autumn air temperatures in the period

2012–2018 (p = 0.03; R2 = 0.62).

Despite the limited available data, it is notable that, in 2018–

2019, data obtained at an elevation of ca. 100 m on the eastern

coast of Signy Island were characterized by 200 mm less rainfall

than on the western side of the island and that, on the latter, the

rate of rain increase with elevation was 5.1 mm per m altitude

gained.
Current Biology 32, 1–8, April 11, 2022 ª 2022 Elsevier Inc. 1
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Figure 1. Climate warming resumed at Signy Island after the 2012 cooling and accelerated the expansion of D. antarctica and C. quitensis

Annual trends of (A) mean annual air temperature (MAAT, �C) and (B) summer air temperature (DJF, �C) comparing the periods 1960–2011 (blue dots) and 2012–

2018 (orange dots), with reference to (C) the number of sites occupied by D. antarctica and (D) number of sites occupied by C. quitensis, separating the different

population size classes (D1 to D5; Table 1, white to black bars) and showing the entire population (All, red bars) in 1960, 2009, and 2018. Regression equations

show the statistically significant trends of MAAT and DJF. For more details, see Figure S1.
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Acceleration of the expansion of D. antarctica and
C. quitensis in response to resumed warming
In the almost six decades up to 2018, D. antarctica exhibited a

very large increase in the number of sites of occurrence, which

doubled between 1960 and 2009 and then again between

2009 and 2018 (Figure 1C). This population expansion was pre-

dominantly accounted for by individuals belonging to the small-

and intermediate-size classes (Table 1; Figure 2). Colobanthus

quitensis also showed a large expansion, even more so than

D. antarctica in the last decade, involving both the number of

sites of occurrence and their extent, with increased numbers of

almost all size classes except the largest (Table 1; Figure 2).

The rate of decadal increase of these two species across the

entire island exhibited a striking acceleration in the most recent

decade, from +20.8% to +28.2% per decade (1960–2009 versus

2009–2018) for D. antarctica, and from +6.9% to +154.3% per

decade over the same periods for C. quitensis (Table 1). The ac-

celeration in rates of population expansion of both species was

also apparent when the data were analyzed across the three

selected elevation bands already adopted in the previous anal-

ysis (1960–2009)7 (Figures 2, S2A, and S2B).

Distribution patterns of D. antarctica and C. quitensis in
relation to topography and environmental gradients at
Signy Island
In the last decade the overall distribution of D. antarctica across

the island changed, shifting from a distribution dominated by
2 Current Biology 32, 1–8, April 11, 2022
sites of occurrence on the eastern side of the island (66% of

the entire population before 2009) to a more balanced distribu-

tion between the eastern and western sides, with an increase

of sites on the western side after 2009 from 33.7% to 46.6%

(Figures 2A–2C; Table S1).

Colobanthus quitensis was already more abundant on the

western side of the island (65.4% before 2009), with this domi-

nance increasing further in the last decade (to 88.8% in 2018)

(Figures 2D–2F; Table S1). Since the initiation of long-termmoni-

toring, the distribution of both species in all surveys exhibited a

consistent pattern in the northern versus southern part of the is-

land, related to the smaller ice-free area available for colonization

in the latter due to the presence of the island’s small ice cap

(Figure 2).

The distribution patterns of both species in relation to topog-

raphy (elevation, slope, aspect) were similar to those observed

during the previous surveys (2009 and 1960), with no evidence

supporting significant upward migration for either species

(Figures S3 and S4). Both species increased their abundance

above 40 m a.s.l. (above sea level), but they remained predomi-

nantly below 80m a.s.l., with themajority ofD. antarctica present

below 40ma.s.l. and ofC. quitensis below 80ma.s.l. with a large

expansion between 60 and 80 m a.s.l. in the last decade

(Figures S3 and S4).

Deschampsia antarctica showed evidence of increased colo-

nization of younger terrains in the last decade. In the 1960 sur-

vey, the grass was mainly present on surfaces deglaciated



Table 1. Number of sites, area, and percent change per decade ofD. antarctica andC. quitensis showing their expansion in the period

1960–2009 and 2009–2018

Site size Number of sites Area (m2)

Percent (%) change per

decade

1960 2009 2018 1960 2009 2018 1960–2009 2009–2018

D. antarctica

1 plant (D1) 21 52 85 0.21 0.52 0.85 29.6 63

2–20 plants (D2) 56 49 270 5.6 4.9 27 �2.6 451

>20 plants (D3) 45 139 217 22.5 69.5 108.5 41.8 56

<10 m2 (D4) 19 41 38 95 205 190 23.3 �7

>1 m2 (D5) 6 19 25 300 950 1250 43.4 32

Total 147 300 635 423.3 1230 1576 20.8 28.2

C. quitensis

1 cushion (C1) 8 5 15 0.04 0.03 0.07 �7.6 200

2–10 cushions (C2) 8 6 28 0.16 0.1 0.6 �5 366

10–30 cushions (C3) 5 7 18 0.5 0.7 1.8 8 157

30–50 cushions (C4) 2 2 13 0.4 0.4 2.6 0 550

>50 cushions (C5) 3 15 15 1.1 5.6 5.6 80 0

Total 26 35 89 2.23 6.9 10.7 6.9 154

Number of sites and area (m2) and their percent change (D%) across the entire study area in the periods 1960–2009 and 2009–2018 ofD. antarctica and

C. quitensis at Signy Island. Values are calculated based on field observations of the mean surface area (m2) occupied by the distinct populations (1

individual y 0.01 m2 for D. antarctica and 0.005 m2 for C. quitensis based on mean plant diameter measured in the field7). For more details, see

Figures S1, S3, and S4.
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before 6600 years before present (BP) while, since 2009, it has

colonized terrains that became deglaciated after the end of the

Little Ice Age (<LIA) (Figures 2A–2C). In contrast, C. quitensis

continued to occur mainly on older surfaces, with only a slight in-

crease in colonization of younger surfaces in the last decade

(Figures 2D–2F).

In the last decade the impact of fur seal disturbance on both

species decreased, becoming almost neglible. Before 2009,

seal disturbance was greatest below 20 m a.s.l. although very

clearly evident up to 60 m a.s.l. (Figures 2, S2A, and S2B;

Table S2). The pattern of decreasing fur seal impact was very

similar on both eastern and western sides of the island in the

last decade (Table S2).

In 2018, both species were characterized by populations

dominated by young individuals (Figure S1D), with a prevalence

of virgin and young generative individuals (exceeding 70% of in-

dividuals for both species). No comparable data are available

from previous surveys against which to compare these data.

Environmental drivers triggering the expansion of
D. antarctica and C. quitensis

The redundancy analysis (RDA) was statistically significant

(p < 0.05) and explained a very high proportion of the species-

environment variance, as indicated by the high eigenvalues of

the two axes (explaining 88.1% of the total variance) (Figure 3).

The RDA confirmed that the distribution patterns of both species

changed over time in a species-specific manner, comparing

1960–2009 and 2009–2018 (Figure 3). During the period 1960–

2009, D. antarctica exhibited changes associated with the

interaction between increasing air temperature and fur seal

disturbance (in particular for the small- to medium-size popula-

tions, D1–D3), with expansion largely on the eastern side of the
island (Figure 3). Over the same period, the dynamics of

C. quitensis were also influenced by air temperature increase

and animal disturbance, with expansion occurring on terrains

with the oldest deglaciation (>6600 years BP) mainly located

on the western side of the island (Figure 3).

During the last decade, both species expanded in response to

air temperature warming and release from the limitation of animal

disturbance. Populations of D. antarctica expanded on both

sides of the island and toward higher elevations (consistent

with its observed increase above 40 m a.s.l.) (Figures 3 and

S3). Populations of the smaller size classes (D1 and D2) mainly

expanded in lichen-dominated habitats, with those of larger

size classes (D3–D5) increasing in moss vegetation and further

expanding in previously colonized areas (Figure 3). Colobanthus

quitensis was characterized by a clear expansion toward higher

elevations (but mostly below first 80 m a.s.l.) (Figures 3 and S4)

on the western side of the island, with a preference for habitat

types characterized by the occurrence of mosses and/or the

Antarctic vascular tundra rather than by lichens (Figure 3).

DISCUSSION

Accelerated plant dynamics
The data obtained in this study highlight that, over the last decade

(2009–2018), there has been a striking acceleration in the dy-

namics of both vascular plant species at Signy Island, involving

their capability to colonize new sites, as well as their areal expan-

sion on the island (Table 1; Figure 2). Furthermore, the demo-

graphic data suggest that these populationswill be able to expand

further (Figure S1D). Such a trend of accelerated plant dynamics

has not been detected previously in Antarctica, although it is in

agreement with evidence reported in the Northern Hemisphere
Current Biology 32, 1–8, April 11, 2022 3



Figure 2. Location of the sites where D. antarctica and C. quitensis expanded at Signy Island since 1960

Distribution of D. antarctica and C. quitensis in 1960 (yellow dots) (A and D), 2009 (B and E), and 2018 (C and F) (green and magenta dots) in relation with the

patterns of Holocene deglaciation and glacier boundaries and indicating the occurrence (magenta dots) or absence (green dots) of marine vertebrate disturbance

in 2009 and 2018. Legend: dark blue, glacier boundaries as recorded in 2016; blue, glacier boundaries during the Little Ice Age; pale blue, terrains deglaciated

between 6600 years BP and the Little Ice Age; white, terrains deglaciated before 6600 years BP. For more details, see Figures S1–S4.
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involving at least two of the four biotic indicators (phenology, dis-

tribution, composition, and dynamics) identified by Walther

et al.21 as responses to climate change. A strong increase in plant

species richness has been reported on mountain summits across

Europe in response to climate warming22 (with a 5-fold increase in

2007–2016 compared with 1957–1966). Similarly, advances in

plant phenology have been reported in response to climate warm-

ing in North America and Europe, with more intensive impacts at

higher latitudes above 60� N.23 In Antarctica, several studies

have reported biotic and abiotic responses to increasing air tem-

peratures in both terrestrial and marine ecosystems,10,24 but

none have reported an acceleration, in particular following the

short and strong cooling that occurred in the early 2000s.

We also hypothesize that the accelerated population expansion

ofD. antarctica andC. quitensis could result froma combination of

climate warming and the recently reduced impacts of animal

disturbance. This hypothesis is compatible with observations in

the Northern Hemisphere, in particular in Europe, where land

use change correlates with vegetation change but, as here, the

primary driver of these responses was climate warming.20,22,25

Impacts of accelerated warming versus pulse events in
Antarctica
Our data are consistent with the acceleration of plant dy-

namics at Signy Island occurring in response to long-term
4 Current Biology 32, 1–8, April 11, 2022
air temperature warming, which exhibited an accelerated

trend after the particularly cold summer of 2012. It also indi-

cates and that the cold ‘‘pulse’’ event of 2012 did not impact

vascular plant dynamics over the long term. These data high-

light the different sensitivity of the Antarctic vegetation to cli-

matic pulse events. Indeed, the same cooling event resulted in

a clear negative impact on lichens in the South Shetland

Islands.15

Other pulse events have previously been reported in

Antarctica, with various impacts on the different components

of terrestrial ecosystems. In the Victoria Land Dry Valleys in

continental Antarctica, a warming pulse event that occurred

during the 2001/02 summer triggered permafrost melt, result-

ing in widespread flooding with erosive and/or depositional

processes in the Dry Valleys. This event had persistent nega-

tive impacts on the soil nematode fauna and on lake ecosys-

tems, affecting their chemistry and phytoplankton floristic

composition.26–29 However, simulated pulse events increasing

precipitation (using snow or water additions) without surface

disturbance (flooding, erosion, etc.) performed across five de-

grees of latitude in Victoria Land did not induce changes in

soil chemistry, suggesting that such events may trigger

persistent changes only when associated with geomorpholog-

ical disturbance.30 Therefore, even slight but consistent air

warming may be more effective in producing persistent



Figure 3. Multivariate analysis showing the

environmental drivers triggering the expan-

sion of D. antarctica and C. quitensis

Redundancy analysis showing the changes in dis-

tribution of D. antarctica (squares named D) and

C. quitensis (dots named C) separating the different

population size classes (as in Table 1; from D1 to D5

for D. antarctica; from C1 to C5 for C. quitensis)

between surveys in 1960 (white squares/dots:

D1_60 to D5_60; C1_60 to C5_60), 2009 (pale gray

squares/dots: D1_09 to D5_09; C1_09 to C5_09),

and 2018 (black squares/dots: D1_18 to D5_18;

C1_18 to C5_18) in relation with air temperature,

total precipitation, deglaciation age of terrains,

topography (elevation, slope), occurrence of fur

seals, penguins, footpaths, location on the eastern

or western side of the island (black arrows), and as

co-variables, habitat preference for colonization

(vascular tundra, moss carpet, moss turf, macro-

lichens, microlichens, algae, barren ground [BG])

(blue arrows). The changes are represented by

green clusters (1960, pale green; 2009, intermediate

green; 2018, dark green) and arrows forC. quitensis,

and bymagenta clusters (1960, pale magenta; 2009,

intermediate magenta; 2018, full magenta) and ar-

rows for D. antarctica. For more details, see

Figures S3 and S4.
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impacts on the fragile ecosystems of continental Antarctica,

as observed in Victoria Land, where only one decade of air

warming resulted in detectable changes in soil chemistry

and the associated moss and lichen vegetation.30 Pulse

events observed in the Windmill Islands, East Antarctica, led

to decreases in moss health and community composition in

response to regional drying and colder summers, followed

by recovery in subsequent years.31 Taken in combination,

these studies emphasize the different sensitivity of the main

components of Antarctic terrestrial ecosystems (vascular

plants, mosses, lichens, soils, and soil fauna) to pulse events

relative to long-term climatic change in the different Antarctic

biogeographical regions.

Species-specific responses to climate warming and
pulse events
The changes observed in the abundance and distribution patterns

of the two vascular plants on Signy Island, providing one the

longest records of vegetation distribution and their changes in

Antarctica, emphasize that the stronger warming trend observed

in the last decade (in particular during the summer) confirmed their

responsiveness to warming. Species-specific responses were

also apparent, confirming the suggestions of previous physiolog-

ical studies and manipulation experiments. Laboratory studies

have reported a broad temperature range for photosynthesis for
both species,with somewhat higher optimal

canopy temperatures forC. quitensis (19�C)
than D. antarctica (13�C).32,33 The stronger

response to warming of C. quitensis

observed here is consistent with its higher

optimum temperature and capability to

perform photosynthesis over a wider tem-
perature range than D. antarctica, although the latter has a higher

photosynthetic capacity.32,34

Simulated in situ warming experiments have confirmed

greater responsiveness of C. quitensis than D. antarctica, with

enhanced photosynthetic assimilation, higher leaf carbon gain

and plant growth in the former, and no anatomical or physiolog-

ical adjustments in the latter.35,36 These features suggest that

future warming would improve vegetative growth of these

species due to greater biomass allocation to leaf-area produc-

tion.37,38 Moreover, warming could also improve seed produc-

tion and pollen quality and increase sexual reproduction, in

particular inD. antarctica.39–41 However, it has also been hypoth-

esized that excessive warming (in particular associated with

water deficit) could decrease the efficiency in response of

D. antarctica.42 The stronger response to warming of

C. quitensis in the last decade could be underlain by greater

capability to exploit temperature increases through plastic ad-

justments promoting local scale population expansions in

response to global change.38

The lack of negative impacts of the strong pulse cooling event

in 2012 on both species could be explained by their ability to

perform photosynthesis at low ambient temperatures (with a

rate of ca. 30% of their maximum photosynthetic rate at

0�C).32 During the cooling event in 2012, the mean summer air

temperature was only slightly below 0�C (Figure 1), while typical
Current Biology 32, 1–8, April 11, 2022 5
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daily variation at this location would mean that low positive tem-

peratures would be commonly experienced,43 especially within

the plant canopy.

In conclusion, we report the first evidence in Antarctica for

accelerated ecosystem responses to climate warming, confirm-

ing similar observations in the Northern Hemisphere. Sustained

climate warming had a stronger influence than did a major cold

pulse event on plant dynamics, with a striking acceleration in

the rate of population increase of both native vascular plants,

D. antarctica and C. quitensis, documented in the last decade

on Signy Island.

Strong regional climate warming is forecast to resume in the

Antarctic Peninsula and Scotia Arc region in the remainder of

the twenty-first century. If this follows the ‘‘worst case’’ business

as usual scenario (RCP 8.5),44 as at present, Earth’s climate by

as soon as 2030 could resemble warmer periods such as those

recorded during the mid-Pliocene.17 Such climate warming may

benefit some and possibly many native Antarctic terrestrial spe-

cies and communities in isolation, but will also lead to increased

risks from non-native species establishment.3,8,16,17 These may

outcompete native species and trigger irreversible biodiversity

loss and changes to these fragile and unique ecosystems.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plants
The two native Antarctic vascular plantsDeschampsia antarcticaDesv. andColobanthus quitensis (Kunth) Bartl. were analyzed in this

study. We did not collect plant samples for our survey.

METHOD DETAILS

Study Area
Signy Island (60�430S, 45�380W) is located in the South Orkney Islands (Maritime Antarctic) and is characterized by a cold oceanic

climate, with mean annual air temperature of �3.5�C and annual precipitation ranging from 350 to 700 mm, primarily as summer

rain.46 During the period 1981-2010 the mean annual air temperature recorded at Orcadas (the closest World Meteorological Obser-

vation (WMO) weather station providing a long-term record) was�3.1 ± 0.7�C and themean summer temperature was +1.1 ± 0.5�C2.

The only available snow cover data for Signy Island were obtained from a grid of 15 3 20 m close to the island’s research station

monitored for about a decade since 2009.47 This dataset indicated very high spatial variability in snow cover, reflecting mainly the

microtopography and wind direction but also the underlying vegetation type. Mean snow cover between 2009 and 2017 ranged be-

tween 3.9 and 25.3 cm, while maximum values were between 27 and 85 cm.

The island’s ice cap has shrunk rapidly in recent decades.18 Three main deglaciation stages have been identified on the is-

land.18,19,48 The oldest stage occurred before 6600 y BP, followed by an intermediate stage that occurred between 6600 y BP

and the Little Ice Age (LIA) and a youngest stage after the LIA. Ice-free ground is underlain by continuous permafrost, with an active

layer depth ranging between 40 cm and 2 m.49–51 Soils are mainly Gelisols and Fibristels.51

The vegetation includes two major formations: the Antarctic herb tundra formation (characterized by the occurrence of the two

native vascular plantsD. antarctica andC. quitensis), and the Antarctic non-vascular cryptogam tundra formation.52 The latter covers

most of the ice-free area of the island. Between 1960 and 2009 a rapid expansion of the two vascular plants was reported, interpreted

as primarily a response to air warming.7 However, heterogeneity in responses across an elevation gradient on the island for both spe-

cies supported inference that the changes observed were also influenced by the interaction of multiple drivers, in particular climate

warming and marine vertebrate disturbance.7
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Since around 1970, and particularly since the 1980s, the island has been impacted by a large increase in the number of resting and

moulting male Antarctic fur seals (Arctocephalus gazella Peters 1875) that are present in summer due to recent rapid recovery of the

species’ main South Georgia breeding population following historical over-exploitation.53 Fur seal disturbance has heavily impacted

vegetation communities on the island.54,55 The last detailed vegetation survey performed in 2009 allowed quantification of the pat-

terns of fur seal impact on both vascular plants.7

Field survey
A detailed field survey of the distributions of the two vascular plants on Signy Island was carried out in January-March 2018, following

the protocol previously described by Cannone et al.7 and Edwards et al.56 Each site where either species occurred wasmapped with

a resolution of 20–25m, recording the size of the population following the classification proposed by Edwards et al.56 The presence or

absence of fur seal disturbance was also recorded on the basis of the visible plant health and that of the surrounding bryophyte com-

munities (e.g., crushing/flattening, color changes due to urine deposition, etc), as well as of direct interaction with fur seals and/or

penguins, and/or the occurrence of nearby footpaths.7 In addition, the age structure and reproductive features of both species

were also recorded as described by Kozeretska et al.57 The following developmental stages were used to describe the population

age profiles of the two species:57 a) three pre-reproductive stages incluing juveniles (J), immature (Im), virgin (V); b) reproductive

stages including young generative (G1), middle-aged generative (G2), old generative (G3), and subsenile plants (SS). To assess

whether the current distribution of species was related to the colonization of preferred habitat types, the occurrence of the main

sub-formations recognized by Smith52,58 was recorded as follows: 1) alga sheet; 2) moss carpet; 3) moss turf; 4) foliose and fruticose

lichens (macrolichens); 5) crustose lichens (microlichens); 6) vascular tundra. All data recorded in the survey were geo-referenced

and included in a GIS system to which the data obtained in the surveys performed in 2009 and 1960 were also added. Therefore,

for each survey year (1960, 2009, 2018) each colonized site was characterized in terms of elevation (m asl), slope (�) and aspect

(divided into 8 sectors: N, NE, E, SE, S, SW, W, NW), using the most recent digital elevation model of Signy Island. The deglaciation

age of the terrains as assessed by Cannone et al.19 was recorded. GIS analyses were performed using ArcGIS 9.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Climatic data
As long-term climatic data since the mid-1990s are not available from Signy Island, the nearest automatic weather station (AWS) of

theWMOproviding a long-term data record was used in this study, fromOrcadas AWS (Orcadas Station, Laurie Island, c. 50 km from

Signy Island). The air temperature record of the Orcadas dataset is very closely correlated (p < 0.01, R2 = 0.98) to the record available

from Signy Island between the 1950s and mid-1990s.7,46 The mean annual (MAAT) and seasonal (summer = December, January,

February; Autumn = March, April, May; Winter = June, July, August; Spring = September, October, November) air temperatures

(�C) and total annual precipitation (MAP) (mm) were computed as well as the total seasonal precipitation for the periods 1960-

2009 and 2009-2018, as well as over the entire period 1960–2018. We also estimated the distribution pattern of precipitation with

respect to altitude and slope on Signy Island for the single annual period (2018-2019). In particular, using four pluviometers located

at different elevations (between 16 m asl and 150.5 m asl) and on the western and eastern coasts of Signy Island, we estimated the

precipitation gradient on the opposing slopes of the island.

To explore potential links between the local climate of the island and general circulation features, we calculated themonthly South-

ern Oscillation Index (SOI) (measuring the variability of the El Niño–Southern Oscillation, ENSO), and the monthly mean Antarctic

Oscillation index (AAO) (that corresponds to the Southern Annular Mode, SAM), using data obtained from the NOAA Climate Predic-

tion Center (https://www.cpc.ncep.noaa.gov/).

Data analyses
Air temperature, precipitation, SOI and AAO trends over time were assessed using linear regression in the package Statistica version

10.

The 2009 survey data indicated that the impact of fur seals was not homogeneous with respect to elevation, identifying three eleva-

tion bands with decreasing impacts (< 20 m; between 21 and 60 m; > 61 m).6 Therefore, the occurrence data of D. antarctica and

C. quitensis in the period 2009-2018 were analyzed both across the whole island and separately in the three elevation bands. For

the data obtained in 2009 and 2018, we tested whether the disturbance exerted by fur seals showed specific distribution trends

comparing the eastern and western sides of the island. We also tested whether consistent patterns could be identified for

D. antarctica andC. quitensis occurrence on the two sides of the island over the entire study period (1960, 2009, 2018), as consistent

differences were reported in a parallel study of the distribution of bank forming mosses on the island.19 Finally, to assess whether

there was any change in the dynamics of the two species, their rates of change were computed per decade.

To analyze the relationships between the dynamics of the two species (number of occupied sites for each population size for each

year) with topography (elevation, slope), deglaciation age (> 6600 y BP; between 6600 y BP and LIA; post LIA), location on the eastern

versus western side of the island, disturbance (fur seals, penguins, footpaths), climate [mean annual air temperature (�C), total annual
precipitation (mm)] and, as co-variables, of colonized habitat, a multivariate analysis (redundancy analysis, RDA) was performed. The

RDA (square-root transformation of species data, centered and standardized by species, performing the Monte Carlo permutation

test on the first and all ordination axes) was performed using CANOCO 4.5.45
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