Climate-driven regime shifts in Arctic marine benthos
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limate warming has accelerated over the past 30 y, causing
increases in global surface temperatures of about 0.2 °C per
decade (1). The greatest changes have been recorded in the
Arctic, where the temperatures have risen at twice the global
average rate and sea ice cover, at the end of the Arctic summer,
has declined by 30% (2). These changes modify Arctic marine
habitats with respect to light and temperature regimes, which, in
turn, impact local biological communities (3, 4). The increasing
length of the ice-free season (5), extending the period of primary
production, and the increasing seawater temperature, have
strong impacts on abundances and distributions of species mediated by changes in demographic and interaction parameters.
Despite the considerable interest in understanding marine
ecosystem responses to rapid sea-ice loss and higher temperatures,
there are few long-term studies addressing these issues (6). Of
particular concern is the potential for catastrophic regime shifts
that are abrupt, substantial and result in persistent structural and
functional community changes (7–9). Evidence for climate-driven
regime shifts in the Arctic is accumulating (10–12) but is largely
restricted to freshwater and terrestrial ecosystems because of the
lack of long marine time series. The evidence for regime shifts in
marine communities comes primarily from lower latitudes (13, 14).
Rocky-bottom communities provide some of the most compelling
examples of regime shifts in marine ecosystems, some of which
climate-driven, as exempliﬁed by the worldwide rapid declines in
kelp beds and coral reefs (15–19). Impacts on these biologically
diverse and economically important ecosystems are characterized
by large, abrupt, and long-lasting structural and functional reorganization, affecting several trophic levels.
In our study, which spans three decades of observation (1980–
2010), we investigate changes in rocky-bottom community structure
of two pristine fjords in Svalbard: Kongsfjord and Smeerenburgfjord
(Fig. 1). Sampling is based on photographic surveys along ﬁxed
bottom transects during a period of pronounced sea-ice loss and
temperature increase in the Arctic. Arctic marine communities are
www.pnas.org/cgi/doi/10.1073/pnas.1207509109

expected to respond to climate warming with reorganizations mediated by changes in ecological interactions and demographic
parameters. The aim of our study is to investigate how the Arctic
subtidal community structure has changed during the recent period
of rapid warming. If the structural changes are not gradual but
abrupt, then we asked the following question: which processes and
mechanisms can trigger such ecological responses?
Results and Discussion
Abrupt Increase in Macroalgal Coverage. In both Arctic fjords, we

document abrupt and substantial changes in the structure of
benthic communities, concurrent with a gradual increase in the
annual average sea-surface temperature (SST) and in the duration of the ice-free period (Fig. 1). From 1980 to 2010, the length
of the ice-free season for the West Svalbard region increased at
a rate of 3.3 d per year. Annual average SST increased by 0.5 °C.
During this period, the structure of the two benthic communities
remained relatively uniform for the ﬁrst 12–14 y but changed
rapidly thereafter (Figs. 2–4). The most striking component of
the community shifts was the abrupt and persistent increase in
macroalgal cover at both sites. In Kongsfjord, macroalgal (brown
algae) cover was sparse (on average 8%) until 1995 but increased
rapidly to 80% in 1996. After this period, macroalgal cover
ﬂuctuated around 40% (Fig. 3). In Smeerenburgfjord, the shift
occurred in 2000, 5 y later than in Kongsfjord, and resulted in
a macroalgal (brown and red algae) increase from on average 3–
26%. The observed increase in macroalgal cover is likely representative of a regional trend toward increased macroalgal
biomass, as supported by a separate study in Hornsund, in the
south of Svalbard, where a threefold increase in biomass was
recorded between 1988 and 2008 (20). In addition, a study from
West Greenland documented substantial increases in the productivity and depth extension of macroalgae (kelp beds) in relation to the retreat of sea ice and prolonging of the open water
period (21). In our study, the character of the observed structural
and functional change in the benthos, in both investigated fjords,
is indicative of an abrupt ecological regime shift (8).
Reorganizations in Benthic Community Structure. The most substantial reorganizations in community structure occurred simultaneously with the macroalgal expansion within each fjord (Fig. 4).
Because of distinct initial community compositions, the observed
changes differed between fjords. Kongsfjord, with only 23 taxa
(Table S1), was initially characterized by calcareous algae, sea
urchins, and sea anemones. The shift in Kongsfjord began with an
80% loss in the originally dominant sea anemones (Fig. 4B). These
were replaced by ﬁlamentous brown algae (Fig. 3). An increase in
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Climate warming can trigger abrupt ecosystem changes in the
Arctic. Despite the considerable interest in characterizing and
understanding the ecological impact of rapid climate warming in
the Arctic, few long time series exist that allow addressing these
research goals. During a 30-y period (1980–2010) of gradually increasing seawater temperature and decreasing sea ice cover in
Svalbard, we document rapid and extensive structural changes
in the rocky-bottom communities of two Arctic fjords. The most
striking component of the benthic reorganization was an abrupt
ﬁvefold increase in macroalgal cover in 1995 in Kongsfjord and an
eightfold increase in 2000 in Smeerenburgfjord. Simultaneous
changes in the abundance of benthic invertebrates suggest that
the macroalgae played a key structuring role in these communities. The abrupt, substantial, and persistent nature of the changes
observed is indicative of a climate-driven ecological regime shift.
The ecological processes thought to drive the observed regime
shifts are likely to promote the borealization of these Arctic marine communities in the coming years.

Fig. 1. Map of the study area and time series of the SST and ice-free days (1980–2010). (A) The two study sites Kongsfjord (K) and Smeerenburgfjord (S) are
detailed (Upper and Lower Left), the position of the fjords along the coast of Svalbard is shown (Middle) (red line, SST transect; light green area, ice-cover
sampling area), and the location of Svalbard in the Arctic is shown (Right). (B) Time series of SST (in °C) along the northwest coast of Svalbard. (C) Time series
of the length of the ice-free season (ice-free days). The trend lines (gray) in B and C are calculated as linear regressions (SST = 0.01·Year-17.5, R2 = 0.58; ice-free
days = 3.3·Year-6429, R2 = 0.41).
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diversity was documented immediately after the macroalgae expanded (22), which is consistent with ﬁndings in previous studies
from the area, where rocky bottom habitats with occurrences of
macroalgae host higher diversity (20, 23). The site in Smeerenburgfjord, with 36 benthic taxa (Table S1), was initially characterized by several sessile suspension feeders. Here, the structural
changes started with a switch from a barnacle/ascidian/hydrozoandominated community to a sponge–ascidian complex (Fig. 4D).
The assemblages of the numerous suspension feeders in Smeerenburgfjord resulted in lower availability of substrate space and
potentially higher resistance to increases in macroalgal cover (24).
After a few years, the sponge–ascidian assemblages were replaced
by increasing macroalgal and bryozoan coverage.
Reductions in Resilience. The abrupt increase in macroalgal cover
and the simultaneous reorganization in the invertebrate assemblage took place during a period of gradual change in environmental parameters. This likely reduced the resilience of the
original community state, characterized by low macroalgal abundance, toward the 1990s. The suggested higher resilience of the
original community state in the early 1980s is supported by the
observed responses to natural and experimental perturbations.
Natural perturbations consisted of peaks in SST and ice cover in
the 1980s (Fig. 1) that had only minor and short-lasting effects on
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1207509109

macroalgal cover and benthic community structure (Figs. 3 and 4).
An experimental pulse perturbation of the Kongsfjord site, performed in 1980, consisted of mechanical clearance of all organisms
from a transect (25). Within 7 y following the manipulation, the
community returned to its original state equivalent to that of the
neighboring, parallel control transect presented in this study. With
the observed gradual increase in water temperature and duration
of the ice-free season, we hypothesize a reduction in resilience of
the original equilibrium state. Under reduced resilience, environmental perturbations, like an extremely warm winter or an early ice
melt, can more easily trigger a regime shift in the benthos by inducing the crossing of a critical threshold (26–28). We suggest that
the Arctic benthic communities in our study have crossed such
a critical threshold, tipping the system from an original state (in
1980) with little macroalgae to a new state with relatively high
density of macroalgae and a reorganization of benthic community
structure. This shift resulted in the decline in historically characteristic taxa and allowed settlement and persistence of taxa with
requirements for warmer temperature and higher light availability.
Candidate Mechanisms for the Abrupt Macroalgal Expansion. During
the early 1980s, characterized by relatively colder waters and more
sea ice, the only dominant macroalga in the fjords was the crustose
calcareous Lithothamnion sp., which thrives under low-light and
Kortsch et al.
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availability during the recent warming period reduced the effectiveness of the control mechanisms by red calcareous algae
and grazers (e.g., sea urchins, molluscs, and chitons), facilitating
the abrupt increase in erect macroalgae.
Once the habitat-forming macroalgae had expanded, ecological
interactions speciﬁc to the location and taxa present mediated
subsequent community development. The widespread community
changes occurring simultaneously with the changes in macroalgal
abundance suggest that facilitation and exclusion of benthic
invertebrates by macroalgae involved both ecological interactions
and ecosystem engineering (36). Erect macroalgae can both facilitate other benthic organisms, e.g., by acting as a secondary
substrate and shelter from predators, and impair invertebrate
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Fig. 2. Photographs of the rocky bottom communities (15 m of depth) from
two Arctic fjords: Kongsfjord (78°58.60′N, 11°30.10′E) and Smeerenburgfjord
(79°41.33′N, 11°04.00′E). The photographs are representative for the communities before (1984) and after (2006) the macroalgal regime shift. In 1984,
Kongsfjord is characterized by calcareous algae and sea anemones (A),
whereas Smeerenburgfjord is characterized by calcareous algae and aggregations of various sessile ﬁlter feeders (sponges, ascidians and barnacles) (B).
In 2006, Kongsfjord is dominated by ﬁlamentous brown algae (C), whereas
Smeerenburgfjord is characterized by ﬁlamentous and canopy-forming red
macroalgae, bryozoans, and ascidians (D). The macroalgal coverage is encircled by a white line.

low-water temperature regimes (29). In contrast, the erect boreal
macroalgae that expanded in the mid-1990s (e.g., Desmarestia spp.,
Phycodrys rubens, Saccorhiza dermatodea) have higher light and
temperature requirements (30, 31). We conclude that the observed
increases in SST and in the length of the ice-free season, leading to
enhanced light conditions promoted reproduction and growth of
erect, boreal macroalgae. Increased nutrient input associated with
warming could have been a source of enhanced growth, but a recent nutrient enrichment study shows that macroalgae in Kongsfjord are not N-limited because they take up and store nitrogen
compounds during winter (32). Along the rocky coastlines of the
Arctic, boreal macroalgae are predicted to expand within the 21st
century as a consequence of climate warming (21, 33), an expectation that our ﬁndings support.
Recent colonization cannot explain the observed abrupt expansion of boreal erect macroalgae because the macroalgae
observed were already present in both fjords during the 1980s,
albeit in extremely (< 8% coverage) low densities. The available
evidence suggests that ecological interactions like competition
and grazing were determinant in maintaining the low densities of
erect macroalgae early in the 1980s. In Smeerenburgfjord, the
short-term increase in macroalgal cover observed in the manipulated plots (cleared of interactions), but not in the control plots,
took place only in patches that were cleared of the dominant red
calcareous algae (see Fig. S1), indicating competition between
these taxa. Red calcareous algae possess an inhibitory antifouling
mechanism (sloughing of epithelial cells) preventing sporophyte
overgrowth (34), whereby they can control erect ﬁlamentous
macroalgal overgrowth directly. Indirectly, they may control
overgrowth via chemical attraction of grazers (35). We conclude
that the higher macroalgal (erect brown and red algae) growth
rates promoted by increased seawater temperature and light
Kortsch et al.

Fig. 3. Time series of macroalgal cover in two Arctic fjords. (A) In Kongsfjord, erect ﬁlamentous brown algae increased abruptly in 1995 (change
point estimate). (B) In Smeerenburgfjord, erect brown and red algae showed
a sudden increase in 2000 (change point estimate). The dotted line shows
the sample mean for the two regimes (white and gray shaded areas), and
the lower gray line shows the posterior mean. The upper gray line shows the
posterior probability (secondary y axis) of a change point (regime shift) in
macroalgal cover taking place at a given time.
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Fig. 4. Temporal (1980–2010) development of community structure and abundance of selected invertebrate fauna for the two fjords. The nmMDS biplots (A
and C) illustrate temporal changes in community structure. The squares and circles depict the years before and after the regime shift, respectively, the split
being calculated via chronological clustering. Labels are given only for the most representative taxa of the two regimes, the dots display the remaining taxa.
In Kongsfjord (A and B) sea anemones Urticina eques (Urtic, primary y axis in B) were dominant in the period before 1995 after which they decreased rapidly,
in concomitance with an increase in sea urchins (Strongylcentrotus droebachiensis, Strong) and ascidians (Halocynthia pyriformis, Haloc) (Strong and Haloc,
secondary y axis). In Smeerenburgfjord (C and D), barnacles (Balanus spp., Balan), and ascidians (Dendrodoa aggregata, Dendr) are characteristic of the period
before 2000 and Bryozoans (Bryoz, secondary y axis) and spirorbid polychaetes (Spirorbis spirorbis, Spiro) of the period after 2000.

growth, e.g., via interference competition and clogging of the
feeding apparatus (37). The potential effects of facilitation are
illustrated by the increase in algae-associated epifauna such as
bryozoans and spirorbid polychaetes in Smeerenburgfjord, which
use the macroalgae as structural support (Fig. 4D). Exclusion of
sessile invertebrates by macroalgae attributable to competition
for space has been well-documented on rocky shores (38, 39) and
is likely involved in the declines of some groups of suspension
feeders in our study (ascidians and barnacles, Fig. 4D; and sea
anemones, Fig. 4B). Further experimental studies are required to
elucidate how speciﬁc ecological interactions inﬂuence epibenthic
community composition under climate warming.
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1207509109

The observed local increases in erect macroalgal cover are predicted to occur throughout the Arctic as a response to changing
environmental conditions (21, 33). Such a structural change is
expected to have implications for the functioning of rocky-bottom
ecosystems. Primary production sources will shift from predominantly encrusting calcareous algae to erect, habitat-forming
macroalgae. The resulting increase in structural heterogeneity will
modify community composition, by facilitating species dependent
on physical support or refuge, and will promote increased biodiversity (40). Additionally, the more edible, erect macroalgae will
provide more food for herbivores and detritivores, strengthening
and diversifying trophic pathways. Thus, the above structural community changes will have implications for ecosystem functioning
Kortsch et al.

Concluding Remarks. Our study provides empirical support for
abrupt climate-driven ecological regime shifts in Arctic rockybottom communities. The character of the benthic communities
following the regime shift suggests that taxa with more boreal
afﬁnities are expanding along the west coast of Svalbard. From
historical data, we know that a former warming period (1930–
1950) resulted in a more boreal-Atlantic benthos composition in
the Barents Sea (41, 42). Some of the speciﬁc mechanisms responsible for these broader impacts, such as changes in demographic and interaction parameters attributable to altered
climatic conditions, are similar to those responsible for the
changes we observe. The sudden, extensive structural changes
presented here testify that regime shifts have already occurred in
benthic Arctic communities during the present period of climate
warming. The current global warming trend is projected to
continue at twice the average rate in the Arctic with the possible
outcome of an ice-free summer before 2050 (43). As a consequence of this warming trend, further climate-driven regime
shifts may be expected in the near future, leading to a borealization of Arctic marine communities.

Materials and Methods
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Study Sites and Sampling Method. The permanent monitoring stations in
Kongsfjord (78°58.6′N, 11°30.1′E) and in Smeerenburgfjord (79°41.3′N, 11°04.0′E)
are located along northwest Spitsbergen, the largest island of the Svalbard archipelago (Fig. 1). The study sites were established in 1980 at a depth of 15 m (25).
Sampling was based on a nondestructive photographic technique, advantageous
and suitable for performing long-term studies. Since 1980, photographs of two
transects consisting of ﬁve adjacent quadrats (each quadrat covering an area of
0.5 × 0.5 m) were taken annually in late August or early September. In each fjord,
one transect was manipulated in 1980 via a pulse perturbation by clearing off all
organisms, the other transect was kept undisturbed (25). Digital image analysis
was carried out using the program Photoshop CS4 Extended (Adobe). A detailed
description of the sampling design can be found in papers by Beuchel and
coworkers (22, 25, 44).

positions and are given as monthly means. For our purpose, the annual sample
means were calculated as they represent the mean annual increase in SST.
Sea-ice data were retrieved from the National Snow and Ice Data Center
(http://nsidc.org/data). The number of ice-free days is calculated by making use
of sea ice concentration data obtained from passive microwave satellite imagery processed with the Bootstrap and the Enhanced NASA Team algorithms
(46, 47). The coordinates of the points that deﬁne the boundary of the study
area and that were used to calculate the length of the ice-free season (LIFS) are:
76°26’N, 16°36’E, 76°10N’, 11°54’E, 78°08’N, 6°40’E, 80°13’N, 6°22’E, 80°49’N,
14°16’E and 80°23’N, 19°01’E. (Fig. 1A). The concentrations calculated are
projected onto polar stereographic grids whose equal-area cells have dimensions 25 × 25 km2 for the scanning multichannel microwave radiometer
(SMMR) and special sensor microwave imager (SSM/I) data and 12.5 × 12.5 km2
for the advanced microwave scanning radiometer–Earth observing system
(AMSR-E) data. We derive the length of the ice-free season (LIFS) in each grid
cell for each year between 1980 and 2010 from the daily sea-ice concentrations
[C (y, d; i)] for cell i on day (y, d) (year, day). For a detailed description on the
calculation of the length of the ice-free season, see SI Materials and Methods.
Data Analysis. The presence and timing of change points in the macroalgal
cover time series, indicative of a regime shift, were calculated via Bayesian
change-point analysis (48). The analysis provides estimates of posterior
probabilities for the presence of a change point at any given date and of
posterior mean algal cover. Chronological clustering of the benthos time
series, showing the timing of a marked change in community structure, was
performed using a multivariate regression tree approach, as suggested by
Borcard et al. (49). The benthos community data were further analyzed by
nonmetric multidimensional scaling (nmMDS) to summarize the main
dimensions of structural variation along which the communities developed
through time. The magnitude of the temporal change is reﬂected by the
distances between years. In the chronological clustering and nmMDS, macroalgae were not included and only taxa with abundances above 0.1% of
the total were included. All analyses were performed with the statistical
software R (version 2.11.1) using the packages “bcp” (version 2.2.0) for
Bayesian change-point analysis, “mvpart” (version 1.6–0) for chronological
clustering via multivariate regression tree analysis (49), and “vegan” (version
1.17–4) for nonmetric multidimensional scaling.

Environmental Data Collection. SST data were retrieved from the National
Oceanic and Atmospheric Administration Earth System Research laboratory
(NOAA ESRL) website (http://www.esrl.noaa.gov). The NOAA Extended
Reconstructed SST V3b time series was used for the calculation. The datasets
are described in Smith et al. (45). The SST data used in this study are provided
on a 2° longitude/latitude grid. The SST test positions are located along the
west coast of Spitsbergen at 78° and 80° N and at 10° E. The values are calculated as a straight line interpolation between the two latitudinal test
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