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Figure 7. Photo documentation of plots in 2010. Numbers indicate Block number, while W indicates that the photo was taken 
towards the West, and N that the photo was taken towards the North. 
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Climate change has the potential to influence the persistence of ecological
communities by altering their stability properties. One of the major drivers
of community stability is species diversity, which is itself expected to be
altered by climate change in many systems. The extent to which climatic
effects on community stability may be buffered by the influence of species
interactions on diversity is, however, poorly understood because of a
paucity of studies incorporating interactions between abiotic and biotic fac-
tors. Here, I report results of a 10-year field experiment, the past 7 years of
which have focused on effects of ongoing warming and herbivore removal
on diversity and stability within the plant community, where competitive
species interactions are mediated by exploitation through herbivory.
Across the entire plant community, stability increased with diversity, but
both stability and diversity were reduced by herbivore removal, warming
and their interaction. Within the most species-rich functional group in the
community, forbs, warming reduced species diversity, and both warming
and herbivore removal reduced the strength of the relationship between
diversity and stability. Species interactions, such as exploitation, may thus
buffer communities against destabilizing influences of climate change, and
intact populations of large herbivores, in particular, may prove important
in maintaining and promoting plant community diversity and stability in
a changing climate.

1. Introduction
Late Pleistocene climate change resulted in compositional turnover in many
palaeo-communities [1–3], and ongoing and future climate change is expected,
similarly, to drive the development of novel ecological communities [4]. Com-
munity stability, an important precursor to the persistence of communities, has,
however, long been studied with an emphasis on biotic drivers, such as compe-
tition and species diversity [5,6], with abiotic factors receiving consideration
mainly in the context of perturbations, such as drought [7]. Increasing recog-
nition of the importance of the interaction between abiotic and biotic factors
in determining species distributional- [8] and community compositional
responses to climate change [9,10] suggests the stability response of ecological
communities to climate change may likewise be determined by the interaction
between abiotic and biotic factors [11].

The earliest treatments of community stability were theoretical and focused
on biotic interactions such as exploitation and interference among members of
food webs across and within trophic levels [12–15]. Ensuing experimental
investigations of community stability have, by contrast, focused nearly exclu-
sively on influences of interference interactions on species diversity within a
single trophic level [5–7,16,17]. Where interactions across trophic levels have
been taken into consideration, however, they have revealed important effects
on consumer-level stability of forage species diversity [18,19], effects of soil
invertebrate fauna on plant species diversity [20], and of invertebrate herbivore
abundance on relative plant species abundances [21]. Top-down, exploitative
effects of consumers on stability of resource-level species remain, however,
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that the probability of detection of significant relationships might
have been spuriously increased. However, rather than applying a
sequential Bonferroni adjustment of significance tests, I favour a
logical and judicious interpretation of the results deriving from
this approach [41] because it is aimed at improving a mechanistic
understanding of the response of a dependent variable, forb rich-
ness, to experimental manipulation. For instance, if forb richness is
shown in the first analysis to decline in response to warming, the
second analysis is designed to test whether this decline relates to
an increase in deciduous shrubs, and, if so, the third analysis is
designed to test whether the effect of deciduous shrubs on forb
diversity reflects an increase in shrub litter in response towarming.
The sequential nature of these analyses would in and of itself,
therefore, preclude advancing to a subsequent test if the preceding
test did not identify a significant relationship.

Data are archived online at the US National Center for
Atmospheric Research Earth Observing Laboratory (http://
data.eol.ucar.edu/codiac/dss/id=106.415).

3. Results and discussion
Across the 7 years of the study during which diversity was
monitored (2005–2011), community stability displayed a
positive association with community diversity (F1,27 ! 10.1,
p ! 0.003; figure 1). A post hoc comparison revealed signifi-
cantly greater mean stability on ambient than on warmed
plots (F1,48 ! 7.06, p ! 0.01; figure 1, ‘A’ versus ‘W’), indicat-
ing that, overall, warming reduced the stability of biomass
production across years at the community level. Further
post hoc comparisons indicated a substantial reduction in
community stability by the warming treatment on exclosed
plots (mean difference ! 20.066, p ! 0.005; figure 1, ‘EA’
versus ‘EW’), and significantly lower stability on double-
treatment plots compared with double-control plots (mean
difference! 20.058, p ! 0.01; figure 1, grazed-ambient (GA)
versus exclosed-warmed, EW). These results indicate that the
reduction in plant community stability by warming was
further exacerbated by removal of the competition-mediating
effects of exploitation of the plant community by large

herbivores. In accordance with this pattern, the greatest
community diversity and stability in biomass production
occurred onGAplots,whereas the lowest community diversity
and stability occurred on EW plots (figure 1).

Although thedeciduous shrub component of the plant com-
munity on study plots at this site comprises only two species,
dwarf birch (Betula nana nana) and grey willow (Salix glauca),
the forb component includes up to seven to 10 species [42],
although many fewer species co-occur on average within each
plot. Following an initial rebound from the peak of the caterpil-
lar outbreak in 2005, forb diversity subsequently declined and
remained low on warmed plots, whether grazed or exclosed
(figure 2a), reflecting a significant, overall reduction in forb
diversity by the warming treatment (F1,240 ! 3.77, p ! 0.053;
Wald’s x2 ! 6.39, p ! 0.01). The MANOVA of variation in
functional group proportional contributions to total commu-
nity biomass over the entire length of the warming/exclosure
experiment (2003–2011) revealed a significant interaction
between the warming and exclosure treatments on the pro-
portions of dwarf birch (F1,290 ! 4.78, p ! 0.03) and grey
willow (F1,290 ! 4.59, p ! 0.033), both of which increased in
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Figure 1. Relationship between community stability, defined as the inverse
of the coefficient of variation (CV) in above-ground biomass indexed by point-
frame pin hits per 0.25 m2 plot across the past 7 years of the experiment,
and community diversity, according to GLM-derived means of treatment
plots. Community diversity is defined as the total number of species of decid-
uous shrubs and forbs plus the number of additional functional groups per
0.25 m2 plot. E, exclosed; G, grazed; W, warmed; A, ambient. Because ana-
lyses were performed on the CV of biomass, indexed by point-frame
sampling, rather than on the inverse of the CV, the y-axis is reversed to illus-
trate increasing stability (i.e. smaller CV values) upwards along the axis. Error
bars represent +1 s.e.
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Figure 2. (a) Inter-annual dynamics of forb richness (number of forb species
per 0.25 m2 plot), shown as GLM-derived treatment means (+1 s.e.) for
each year. Blue symbols and lines represent ambient means; green symbols
and lines represent warmed means, whereas open symbols represent grazed
means and closed symbols represent exclosed means. EA, exclosed, ambient;
EW, exclosed, warmed; GA, grazed, ambient; GW, grazed, warmed.
(b) Relationship between stability, defined as the inverse of the coefficient
of variation (CV) of peak biomass indexed by point-frame pin hits per
0.25 m2 plot across the past 7 years of the experiment, and diversity
(number of forb species per 0.25 m2 plot) within the forb component of
the community, from 2005 to 2011. Because analyses were performed on
the CV of biomass, indexed by point-frame sampling, rather than on the
inverse of the CV, the y-axis is reversed to illustrate increasing stability
(i.e. smaller CV values) upwards along the axis.
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that the probability of detection of significant relationships might
have been spuriously increased. However, rather than applying a
sequential Bonferroni adjustment of significance tests, I favour a
logical and judicious interpretation of the results deriving from
this approach [41] because it is aimed at improving a mechanistic
understanding of the response of a dependent variable, forb rich-
ness, to experimental manipulation. For instance, if forb richness is
shown in the first analysis to decline in response to warming, the
second analysis is designed to test whether this decline relates to
an increase in deciduous shrubs, and, if so, the third analysis is
designed to test whether the effect of deciduous shrubs on forb
diversity reflects an increase in shrub litter in response towarming.
The sequential nature of these analyses would in and of itself,
therefore, preclude advancing to a subsequent test if the preceding
test did not identify a significant relationship.

Data are archived online at the US National Center for
Atmospheric Research Earth Observing Laboratory (http://
data.eol.ucar.edu/codiac/dss/id=106.415).

Across the 7 years of the study during which diversity was
monitored (2005–2011), community stability displayed a
positive association with community diversity (F1,27 ! 10.1,
p ! 0.003; figure 1). A post hoc comparison revealed signifi-
cantly greater mean stability on ambient than on warmed
plots (F1,48 ! 7.06, p ! 0.01; figure 1, ‘A’ versus ‘W’), indicat-
ing that, overall, warming reduced the stability of biomass
production across years at the community level. Further
post hoc comparisons indicated a substantial reduction in
community stability by the warming treatment on exclosed
plots (mean difference ! 2 0.066, p ! 0.005; figure 1, ‘EA’
versus ‘EW’), and significantly lower stability on double-
treatment plots compared with double-control plots (mean
difference! 2 0.058, p ! 0.01; figure 1, grazed-ambient (GA)
versus exclosed-warmed, EW). These results indicate that the
reduction in plant community stability by warming was
further exacerbated by removal of the competition-mediating
effects of exploitation of the plant community by large

herbivores. In accordance with this pattern, the greatest
community diversity and stability in biomass production
occurred onGAplots,whereas the lowest community diversity
and stability occurred on EW plots (figure 1).

Although thedeciduous shrub component of the plant com-
munity on study plots at this site comprises only two species,
dwarf birch (Betula nana nana) and grey willow (Salix glauca),
the forb component includes up to seven to 10 species [42],
although many fewer species co-occur on average within each
plot. Following an initial rebound from the peak of the caterpil-
lar outbreak in 2005, forb diversity subsequently declined and
remained low on warmed plots, whether grazed or exclosed
(figure 2a), reflecting a significant, overall reduction in forb
diversity by the warming treatment (F1,240 ! 3.77, p ! 0.053;
Wald’s x2 ! 6.39, p ! 0.01). The MANOVA of variation in
functional group proportional contributions to total commu-
nity biomass over the entire length of the warming/exclosure
experiment (2003–2011) revealed a significant interaction
between the warming and exclosure treatments on the pro-
portions of dwarf birch (F1,290 ! 4.78, p ! 0.03) and grey
willow (F1,290 ! 4.59, p ! 0.033), both of which increased in
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that the probability of detection of significant relationships might
have been spuriously increased. However, rather than applying a
sequential Bonferroni adjustment of significance tests, I favour a
logical and judicious interpretation of the results deriving from
this approach [41] because it is aimed at improving a mechanistic
understanding of the response of a dependent variable, forb rich-
ness, to experimental manipulation. For instance, if forb richness is
shown in the first analysis to decline in response to warming, the
second analysis is designed to test whether this decline relates to
an increase in deciduous shrubs, and, if so, the third analysis is
designed to test whether the effect of deciduous shrubs on forb
diversity reflects an increase in shrub litter in response towarming.
The sequential nature of these analyses would in and of itself,
therefore, preclude advancing to a subsequent test if the preceding
test did not identify a significant relationship.

Data are archived online at the US National Center for
Atmospheric Research Earth Observing Laboratory (http://
data.eol.ucar.edu/codiac/dss/id=106.415).

3. Results and discussion
Across the 7 years of the study during which diversity was
monitored (2005–2011), community stability displayed a
positive association with community diversity (F1,27 ! 10.1,
p ! 0.003; figure 1). A post hoc comparison revealed signifi-
cantly greater mean stability on ambient than on warmed
plots (F1,48 ! 7.06, p ! 0.01; figure 1, ‘A’ versus ‘W’), indicat-
ing that, overall, warming reduced the stability of biomass
production across years at the community level. Further
post hoc comparisons indicated a substantial reduction in
community stability by the warming treatment on exclosed
plots (mean difference ! 20.066, p ! 0.005; figure 1, ‘EA’
versus ‘EW’), and significantly lower stability on double-
treatment plots compared with double-control plots (mean
difference! 20.058, p ! 0.01; figure 1, grazed-ambient (GA)
versus exclosed-warmed, EW). These results indicate that the
reduction in plant community stability by warming was
further exacerbated by removal of the competition-mediating
effects of exploitation of the plant community by large

herbivores. In accordance with this pattern, the greatest
community diversity and stability in biomass production
occurred onGAplots,whereas the lowest community diversity
and stability occurred on EW plots (figure 1).

Although thedeciduous shrub component of the plant com-
munity on study plots at this site comprises only two species,
dwarf birch (Betula nana nana) and grey willow (Salix glauca),
the forb component includes up to seven to 10 species [42],
although many fewer species co-occur on average within each
plot. Following an initial rebound from the peak of the caterpil-
lar outbreak in 2005, forb diversity subsequently declined and
remained low on warmed plots, whether grazed or exclosed
(figure 2a), reflecting a significant, overall reduction in forb
diversity by the warming treatment (F1,240 ! 3.77, p ! 0.053;
Wald’s x2 ! 6.39, p ! 0.01). The MANOVA of variation in
functional group proportional contributions to total commu-
nity biomass over the entire length of the warming/exclosure
experiment (2003–2011) revealed a significant interaction
between the warming and exclosure treatments on the pro-
portions of dwarf birch (F1,290 ! 4.78, p ! 0.03) and grey
willow (F1,290 ! 4.59, p ! 0.033), both of which increased in
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Figure 1. Relationship between community stability, defined as the inverse
of the coefficient of variation (CV) in above-ground biomass indexed by point-
frame pin hits per 0.25 m2 plot across the past 7 years of the experiment,
and community diversity, according to GLM-derived means of treatment
plots. Community diversity is defined as the total number of species of decid-
uous shrubs and forbs plus the number of additional functional groups per
0.25 m2 plot. E, exclosed; G, grazed; W, warmed; A, ambient. Because ana-
lyses were performed on the CV of biomass, indexed by point-frame
sampling, rather than on the inverse of the CV, the y-axis is reversed to illus-
trate increasing stability (i.e. smaller CV values) upwards along the axis. Error
bars represent +1 s.e.
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Figure 2. (a) Inter-annual dynamics of forb richness (number of forb species
per 0.25 m2 plot), shown as GLM-derived treatment means (+1 s.e.) for
each year. Blue symbols and lines represent ambient means; green symbols
and lines represent warmed means, whereas open symbols represent grazed
means and closed symbols represent exclosed means. EA, exclosed, ambient;
EW, exclosed, warmed; GA, grazed, ambient; GW, grazed, warmed.
(b) Relationship between stability, defined as the inverse of the coefficient
of variation (CV) of peak biomass indexed by point-frame pin hits per
0.25 m2 plot across the past 7 years of the experiment, and diversity
(number of forb species per 0.25 m2 plot) within the forb component of
the community, from 2005 to 2011. Because analyses were performed on
the CV of biomass, indexed by point-frame sampling, rather than on the
inverse of the CV, the y-axis is reversed to illustrate increasing stability
(i.e. smaller CV values) upwards along the axis.
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Ecological Consequences of
Sea-Ice Decline
Eric Post,1* Uma S. Bhatt,2 Cecilia M. Bitz,3 Jedediah F. Brodie,4 Tara L. Fulton,5
Mark Hebblewhite,6 Jeffrey Kerby,1 Susan J. Kutz,7 Ian Stirling,8 Donald A. Walker9

After a decade with nine of the lowest arctic sea-iceminima on record, including the historically low
minimum in 2012, we synthesize recent developments in the study of ecological responses to sea-ice
decline. Sea-ice loss emerges as an important driver of marine and terrestrial ecological dynamics,
influencing productivity, species interactions, population mixing, gene flow, and pathogen and disease
transmission. Major challenges in the near future include assigning clearer attribution to sea ice as a
primary driver of such dynamics, especially in terrestrial systems, and addressing pressures arising
from human use of arctic coastal and near-shore areas as sea ice diminishes.

Asone of Earth’smajor biomes, sea ice not
only comprises unique ecosystems in,
on, and under the ice itself but also strong-

ly influences patterns and processes in adja-
cent terrestrial ecosystems (1, 2) (Fig. 1). Sea
ice harbors an array of microorganisms, pro-
vides critical habitat for vertebrates, and influ-
ences terrestrial productivity and diversity in
the Arctic, where 80% of low-lying tundra lies
within 100 km of seasonally ice-covered ocean
(3–5). Ice-loss-driven amplification of arctic
warming is a potentially important driver of
ecological dynamics in the region, where sea-
sonal temperature limitation is an important
constraint on productivity (6). Here, we synthesize
recent developments in the study of ecological

responses to arctic sea-ice decline and high-
light the importance of sea-ice loss as a driver
of ecological dynamics in both marine and
terrestrial systems.

Record of Recent Sea-Ice Loss
One of the most conspicuous consequences
of recent anthropogenic warming has been de-
clining annual minimum extent of arctic sea
ice (7). Over the past several decades, the Arctic
has warmed at twice the global rate, with sea-
ice loss accelerating (8) (Fig. 2A), especially
along the coasts of Russia, Alaska, and the Ca-
nadian Archipelago (Fig. 2B). The sea ice’s an-
nual minimum reached a record low in 2012.
Arctic sea-ice loss has exceeded most model pro-

jections (9) and is unprecedented in the past 1.5
millennia (10).

Sea-ice loss is most commonly discussed as
an indicator of arctic warming (11), but it is also a
major factor in amplification of warming in the
Arctic through feedback deriving from declining
surface albedo (6). In 2007, the year of second-
lowest arctic sea-ice extent on record, sea ice loss
accounted for a large portion of warming over
land north of 60° (12). Further, much of arctic
near-surface warming over the past three decades
is attributable to declining sea ice concentration
(13), and land-surface warming is linked to sum-
mer sea-ice loss in global climate models (14).
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Direct Effects of Sea-Ice Loss
Primary producers dependent upon sea ice as
their habitat underpin the entire marine food web
of the Arctic (Fig. 1A). The loss of over 2 million
km2 of arctic sea ice since the end of the last
century (Fig. 2A) (10) represents a stunning loss
of habitat for sea-ice algae and sub-ice phyto-
plankton, which together account for 57% of the
total annual primary production in the Arctic
Ocean (15). The seasonal timing of the ice algae
bloom, driven by light penetration through thin-
ning sea ice, is critical to the successful reproduc-
tion of zooplanktonic copepod grazers, and the
timing of the subsequent phytoplankton bloom as
the ice edge retreats is critical to the growth and
survival of copepod offspring (15). These two
annual pulses of productivity, including the release
of organic material from seasonally melting ice,
fuel the arctic marine food web (2).

Disruption of the seasonality of the ice algal
and phytoplankton blooms by ice thinning, accel-
erated melt timing, and an increase in the length
of the annual melt season by 20 days over the
past three decades (16) has created mismatches
for the timing of zooplankton production, with
consequences for higher consumers (17, 18).
Earlier seasonal sea-ice melt and earlier phyto-
plankton blooms may shorten the length of the
annual window of arctic marine primary produc-
tivity (19), affecting zooplankton production and
that of the arctic cod that feed on them (20) as
well as their seabird and marine mammalian
predators (2, 21) (Fig. 1B).

Warming-related reductions in sea-ice thick-
ness and snow cover on sea ice in the Arctic
Ocean have also been associated with increased
sub-ice primary production. Amidsummer phyto-
plankton bloom below the sea ice in 2011 was
attributed to enhanced light transmission through
a thin layer of first-year ice (22). Hence, replace-
ment of thick, multiyear ice by thin, first-year ice
as the Arctic warms may contribute to increases
in the frequency andmagnitude of algae and phyto-
plankton blooms. However, the roles of sea-ice
loss and ocean freshening in the tradeoffs be-
tween light versus nutrient limitation of arctic ma-
rine primary productivity remain poorly understood
(1). Freshening of the euphotic layer associated
with sea-ice melt may ultimately reduce nutrient
availability for phytoplankton, limiting their pro-
ductivity despite increased solar input with sea-ice
retreat (23). Also, increased solar irradiance of sea-
ice algae through thinning ice reduces their fatty
acid content and quality as forage for marine cope-
pod grazers (24). Furthermore, freshening of the
Arctic Ocean due to increased meltwater from sea
ice and runoff from coastal rivers is associated with
the replacement of larger nanoplankton bysmaller
picoplankton, reducing the efficiency of seasonal
energy transfer in marine food webs (25).

Vertebrate species dependent upon sea ice for
foraging, reproduction, and resting are also directly
affected by sea-ice loss and thinning (3). Examples

ofmarine vertebrates adversely affected by sea-ice
decline and longer ice-free seasons include de-
clines in body condition and abundance of polar
bears (26) and loss of critical habitat for repro-
duction and offspring provisioning by ringed seals
(27). Pacificwalrus have recently displayed greater
use of shoreline haul-out areas and declining abun-
dance in portions of their range, as retreating near-
coastal sea ice has reduced their access to critical
shallowwater foraging from the ice edge (28).Mass

mortality among Pacific walrus along the coast of
the Chukchi Sea in Alaska has been attributed to
loss of sea ice over the continental shelf (29).

Indirect Effects of Sea-Ice Loss
Sea-ice loss may also influence ecological dy-
namics indirectly through effects on movement,
population mixing, and pathogen transmission.
For populations and species currently isolated
only during the summer ice-free season in the
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Fig. 1. Ecological interactions influenced by sea ice.The sea-ice biome influences the abundance,
distribution, seasonality, and interactions of marine and terrestrial species by its presence (A). It is unique
for its complete seasonal disappearance in portions of its distribution. Lengthening of this annual period
of absence and an overall decline in ice extent, thickness, and stability will have considerable conse-
quences for these species and interactions (B).
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Arctic, declining annual presence of sea ice will
reduce trans-ice and interisland migrations out-
side of the summer season. Sea-ice loss and a
lengthening of the ice-free season will thus in-
crease genetic isolation among populations of
such species. Sea ice is the strongest predictor of
genetic differentiation among arctic fox popula-
tions (30). In the Canadian Arctic Archipelago,
interisland and island-mainlandmigration can pro-
mote genetic rescue of isolated wolf populations
(31). The loss of sea ice that seasonally connects
these populations will render such genetic rescue
increasingly unlikely.

In species for which sea ice acts as a barrier to
dispersal, its loss and a lengthening of the ice-free
season will increase population mixing, reducing
genetic differentiation. Perennial sea ice likelymain-
tains genetic divergence between North Pacific
andNorth Atlantic populations of walrus (32) and
some whales (33). Loss of sea ice will also in-
crease contact among closely related species for
which it currently acts as a barrier to mixing, in-

creasing the likelihood of hybridization. For in-
stance, at least seven pairs of arctic and subarctic
marine mammals hybridize, and many more hy-
bridizations are expected with sea-ice loss (34).
Observed hybridization between polar bears and
grizzly bears may be the result of increasing in-
land presence of polar bears as a result of pro-
longed ice-free seasons (34). Loss of sea ice may
reduce arctic faunal diversity if it promotes hy-
bridization among populations, species, and genera
currently isolated by ice (34).

Arctic warming and sea-ice loss will also fa-
cilitate invasions by new hosts, pathogens, and
disease vectors. The projected decrease in sea-
ice cover in arctic Canada will increase contact
between eastern and western arctic species, pro-
moting mixing of pathogen communities previ-
ously isolated. Phocine distemper virus, currently
endemic to pinnipeds of the eastern Arctic, may
spill over to western arctic species where it is
currently absent. Mixing of Atlantic and Pacific
pathogen communities that have been ecolog-

ically and evolutionarily isolated may be ex-
pected across a range of marine species, with
important implications for the health of popula-
tions previously not exposed to them. For walrus,
reduced sea-ice cover forces increased use of
shoreline haul-outs (Fig. 1B), increasing the local
density of animals. This promotes transmission
of environmentally and density-dependent patho-
gens. Additionally, increased time spent on land by
marine speciesmay enhance transmission of patho-
gens between them and terrestrial species (35).

Changes in animal behavior as a result of sea-
ice loss may also alter patterns of pathogen ex-
posure. In the Canadian Arctic, later freeze-ups
and increased shipping traffic could shift or pre-
vent the annual migration of the Dolphin and
Union caribou herd. Because migration poses ben-
efits for reducing parasitism, such a change may
increase parasite loads in this herd. Conversely,
sea-ice loss may be beneficial in preventing path-
ogen introduction and disease epidemics to island
ecosystems in cases where sea ice provides a cor-
ridor for pathogen transmission. Sporadic outbreaks
of rabies on Svalbard are attributed to introduction
by arctic foxes traversing sea ice from the Russian
mainland (36). Reduction in sea ice would likely
minimize or eliminate this movement.

Shifts in feeding ecology mediated by sea-ice
loss may also alter the community of parasites
within a host, particularly in the case of parasites
with complex life cycles (37). For example, the
diet of thick-billed murres in Hudson Bay has
shifted from arctic cod to capelin (38), potentially
affecting the occurrence of parasites transmitted
through the food web. Similarly, sea-ice alteration
of exposure of wildlife to environmental toxi-
cants will have important impacts on the immune
function of animal species and their ability to
cope with existing and new pathogens (35).

Effects on Terrestrial Systems
Contributions of sea-ice loss to near-surface
warming over land across the Arctic (13) indicate
that earlier annual sea-ice melt and ice loss will
influence seasonality in terrestrial systems. Local
warming over land adjacent to areas of sea-ice
loss is expected to increase terrestrial primary
production for two reasons: Surface warming
advances arctic soil thaw dates and delays soil
freeze dates (39), and sea-ice loss is expected to
promote permafrost warming up to 1500 km in-
land from the coastline (40).

In West Greenland, long-term monitoring of
plant phenology at an inland site indicates a close
association between the annual timing of the plant
growing season and sea-ice extent (Fig. 3A) (41).
Here, springs with low sea-ice extent are charac-
terized by early green-up of vegetation. Advance-
ment of the timing of the spring pulse of primary
production, in turn, exacerbates trophicmismatch
for caribou at the site (41), as it does for copepod
grazers in the marine food web (17). At the same
inland site, abundance of dwarf shrubs has
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Fig. 3. Relations between sea ice and timing and abundance of
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season at an inland site in Greenland, when 50% of species have emerged on
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wide sea-ice extent in June [data from (41)]. (B) Detrended annual peak
aboveground abundance of dwarf shrubs [data from (42)], which have been
increasing at the same site (42), displays a close association with July sea-ice
extent in the previous year.
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Fig. 5. Increasing arctic terrestrial primary production associated with
sea-ice decline. (A) Coastal tundra primary productivity, shown as time-
integrated NDVI, has increased in association with declining arctic sea-ice con-
centration or area (top). This is presumed to be driven by the relations between

sea-ice area and SWI (bottom left) and between SWI and NDVI (bottom right). (B)
Pan-Arctic trends in SWI (left) and NDVI (right) [adapted from (4, 5)] vary spatially
across the Arctic, but almost all locations experienced an increase in maximum
NDVI and an increase in summer open water (right).
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sea-ice area and SWI (bottom left) and between SWI and NDVI (bottom right). (B)
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across the Arctic, but almost all locations experienced an increase in maximum
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Ecological Dynamics Across the Arctic
Associated with Recent Climate Change
Eric Post,1,2* Mads C. Forchhammer,2 M. Syndonia Bret-Harte,3 Terry V. Callaghan,4,5
Torben R. Christensen,6 Bo Elberling,7,8 Anthony D. Fox,9 Olivier Gilg,10,11
David S. Hik,12 Toke T. Høye,9 Rolf A. Ims,13 Erik Jeppesen,14 David R. Klein,3
Jesper Madsen,2 A. David McGuire,15 Søren Rysgaard,16 Daniel E. Schindler,17
Ian Stirling,18 Mikkel P. Tamstorf,2 Nicholas J.C. Tyler,19 Rene van der Wal,20
Jeffrey Welker,21 Philip A. Wookey,22 Niels Martin Schmidt,2 Peter Aastrup2

At the close of the Fourth International Polar Year, we take stock of the ecological consequences
of recent climate change in the Arctic, focusing on effects at population, community, and
ecosystem scales. Despite the buffering effect of landscape heterogeneity, Arctic ecosystems and
the trophic relationships that structure them have been severely perturbed. These rapid changes
may be a bellwether of changes to come at lower latitudes and have the potential to affect
ecosystem services related to natural resources, food production, climate regulation, and
cultural integrity. We highlight areas of ecological research that deserve priority as the Arctic
continues to warm.

While the global mean sur-
face temperature has in-
creased by 0.4°C over the

past 150 years, Arctic warming has
been two to three times that amount
(1), a rate exceeding the century-scale
warming at the Pleistocene-Holocene
transition (2) that coincided with
widespread vegetation shifts (3) and
faunal extinctions across the Arctic
(4). Over the past two to three dec-
ades, seasonalminimal sea ice extent
throughout the Arctic has declined
by 45,000 km2/year (5, 6), besides
breaking up earlier and freezing la-
ter (7), and annual extent of ter-
restrial snow cover in the Northern
Hemisphere has declined, with fur-
ther reductions expected (8) (Fig.
1). Changes in ecological systems
consistent with expected effects of
anthropogenic warming have been
reported for all biomes on Earth
(9, 10). The ecological consequences
of climate change in the Arctic re-
main, however, comparatively un-
derreported despite the magnitude of abiotic
changes in the Arctic exceeding those in tem-
perate, tropical, and montane biomes (11). Here
we review ecological responses to recent Arctic
warming and associated changes and highlight
priorities for research and policy.

Sudden Direct, Indirect, and Reciprocal Changes
Across the Arctic
Changes in temperature, snow, ice-cover, and
nutrient availability exert major influences on bi-
ological dynamics in the Arctic, and extensive ec-
ological consequences of recent warming-related
trends in these abiotic parameters are highlighted

briefly here (12). For example, earlier onset of the
spring melt associated with rapid warming has
been linked to lengthening of the growing season
in aquatic (13) and terrestrial systems (14): Plant
flowering and invertebrate appearance have ad-
vanced by up to 20 days over the past decade in
some areas (14) (Fig. 2A). Recent episodes of un-
usually early spring rain in the Canadian Arctic
have led to melting, collapse, and washout of sub-
nivean birth lairs of ringed seals (Pusa hispida),
leaving newborn pups exposed on bare ice, in-
creasing their vulnerability to hypothermia and
predation (15). Episodic melting may, however,
also benefit some animal populations, depending

on the degree of melting (ablation). For example,
substantial ablation associated with winter warm-
ing resulted in reduced mortality, increased fe-
cundity, and increased abundance of Svalbard
reindeer (Rangifer tarandus platyrhynchus) (16)
(Fig. 2B). Some of the most rapid ecological
changes associated with warming have occurred
in marine and freshwater environments, associ-
ated with changes in sea ice dynamics and ex-
ternal nutrient loading. Species most affected are
those with limited distributions and specialized
feeding habits that depend on ice for foraging,
reproduction, and predator avoidance, includ-
ing the ivory gull (Pagophila eburnean), Pacific
walrus (Odobenus rosmarus divergens), ringed
seal, hooded seal (Cystophora cristata), narwhal
(Monodon monoceros), and polar bear (Ursus
maritimus) (12, 17). Polar bears, in particular, are
experiencing rapid declines in birth rates and sur-
vival due to loss of sea ice habitat. In contrast to
reduced stratification of Antarctic lakes (18), warm-
ing in the Arctic has enhanced lake stratification,
changed the migration pattern of some fish spe-
cies (19), and increased the likelihood of their
colonizing fishless lakes and altering lake eco-
system structure and function (20, 21).

The northward and altitudinal expansion of
species’ distributions already reported for tem-
perate and north-temperate ecosystems (22) are
also occurring in the Arctic. Range expansions of
LowArctic trees (23) and shrubs (24) are a prom-
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Fig. 1. Reductions in terrestrial snow cover (blue) and sea ice
(red) extent during June to August over the Northern Hemisphere
since the late 1960s and 1970s, respectively. Data are from the
Global Snow Lab, Rutgers University, New Jersey, and the U.S.
National Snow and Ice Data Center, University of Colorado,
Boulder.
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At the close of the Fourth International Polar Year, we take stock of the ecological consequences
of recent climate change in the Arctic, focusing on effects at population, community, and
ecosystem scales. Despite the buffering effect of landscape heterogeneity, Arctic ecosystems and
the trophic relationships that structure them have been severely perturbed. These rapid changes
may be a bellwether of changes to come at lower latitudes and have the potential to affect
ecosystem services related to natural resources, food production, climate regulation, and
cultural integrity. We highlight areas of ecological research that deserve priority as the Arctic
continues to warm.

While the global mean sur-
face temperature has in-
creased by 0.4°C over the

past 150 years, Arctic warming has
been two to three times that amount
(1), a rate exceeding the century-scale
warming at the Pleistocene-Holocene
transition (2) that coincided with
widespread vegetation shifts (3) and
faunal extinctions across the Arctic
(4). Over the past two to three dec-
ades, seasonalminimal sea ice extent
throughout the Arctic has declined
by 45,000 km2/year (5, 6), besides
breaking up earlier and freezing la-
ter (7), and annual extent of ter-
restrial snow cover in the Northern
Hemisphere has declined, with fur-
ther reductions expected (8) (Fig.
1). Changes in ecological systems
consistent with expected effects of
anthropogenic warming have been
reported for all biomes on Earth
(9, 10). The ecological consequences
of climate change in the Arctic re-
main, however, comparatively un-
derreported despite the magnitude of abiotic
changes in the Arctic exceeding those in tem-
perate, tropical, and montane biomes (11). Here
we review ecological responses to recent Arctic
warming and associated changes and highlight
priorities for research and policy.

Sudden Direct, Indirect, and Reciprocal Changes
Across the Arctic
Changes in temperature, snow, ice-cover, and
nutrient availability exert major influences on bi-
ological dynamics in the Arctic, and extensive ec-
ological consequences of recent warming-related
trends in these abiotic parameters are highlighted

briefly here (12). For example, earlier onset of the
spring melt associated with rapid warming has
been linked to lengthening of the growing season
in aquatic (13) and terrestrial systems (14): Plant
flowering and invertebrate appearance have ad-
vanced by up to 20 days over the past decade in
some areas (14) (Fig. 2A). Recent episodes of un-
usually early spring rain in the Canadian Arctic
have led to melting, collapse, and washout of sub-
nivean birth lairs of ringed seals (Pusa hispida),
leaving newborn pups exposed on bare ice, in-
creasing their vulnerability to hypothermia and
predation (15). Episodic melting may, however,
also benefit some animal populations, depending

on the degree of melting (ablation). For example,
substantial ablation associated with winter warm-
ing resulted in reduced mortality, increased fe-
cundity, and increased abundance of Svalbard
reindeer (Rangifer tarandus platyrhynchus) (16)
(Fig. 2B). Some of the most rapid ecological
changes associated with warming have occurred
in marine and freshwater environments, associ-
ated with changes in sea ice dynamics and ex-
ternal nutrient loading. Species most affected are
those with limited distributions and specialized
feeding habits that depend on ice for foraging,
reproduction, and predator avoidance, includ-
ing the ivory gull (Pagophila eburnean), Pacific
walrus (Odobenus rosmarus divergens), ringed
seal, hooded seal (Cystophora cristata), narwhal
(Monodon monoceros), and polar bear (Ursus
maritimus) (12, 17). Polar bears, in particular, are
experiencing rapid declines in birth rates and sur-
vival due to loss of sea ice habitat. In contrast to
reduced stratification of Antarctic lakes (18), warm-
ing in the Arctic has enhanced lake stratification,
changed the migration pattern of some fish spe-
cies (19), and increased the likelihood of their
colonizing fishless lakes and altering lake eco-
system structure and function (20, 21).

The northward and altitudinal expansion of
species’ distributions already reported for tem-
perate and north-temperate ecosystems (22) are
also occurring in the Arctic. Range expansions of
LowArctic trees (23) and shrubs (24) are a prom-
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Fig. 1. Reductions in terrestrial snow cover (blue) and sea ice
(red) extent during June to August over the Northern Hemisphere
since the late 1960s and 1970s, respectively. Data are from the
Global Snow Lab, Rutgers University, New Jersey, and the U.S.
National Snow and Ice Data Center, University of Colorado,
Boulder.
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prediction of the magnitude of future climate
change in the region (12, 41).

Improving Our Understanding of Ecological
Complexity in the Arctic
The Arctic is often regarded as a relatively sim-
ple system in which species interactions and
environment-organism dynamics are straight-
forward and easily understood. Recent research
on the effects of climate change in the Arctic has,
however, revealed far greater ecological inter-
connectedness in this region (42, 43).

The Arctic’s structural complexity is evident
in nutrient cycling between terrestrial, freshwater,
andmarine components, whichmay be subject to
rapid modification with future warming. For ex-
ample, transport of terrestrial carbon into the
fjords of northeast Greenland is expected to in-
crease as the ice-free period doubles following
the expected 6°C warming over the next century,
with implications for increased nutrient input
and productivity of fjords and lakes (44). Such
changes at the interface between terrestrial and
aquatic systems have key implications for the
dynamics of species whose existence is depen-
dent on aquatic productivity.

Species interactions are also a key component
of the complexity of ecological responses to cli-
mate change in the Arctic. Increasing summer
temperatures may increase insect harassment and
parasitism of caribou, potentially reducing the
annual caribou harvest by local communities,

threatening cultural integrity and subsistence tra-
ditions already compromised by encroachment and
landscape alteration due to exploitation of northern
oil and gas reserves (42). Warming may also alter
food-web structure in aquatic communities in the
Arctic. Studies of 10 first-order streams in Ice-
land differing in geothermal influence and tem-
perature showed that macro-invertebrate evenness
and species overlap decreased with increasing tem-
perature, whereas density of other organisms, no-
tably of filter feeders, increased (45). Moreover,
food-web complexity increased markedly along
this natural temperature gradient, with implica-
tions for the sole fish species present (45).

Vegetation responses to warming may like-
wise be more complex than warming experi-
ments suggest. One consistent finding has been
that warming results in the expansion of shrubs,
in turn leading to a short-term decline in vascular
plant diversity (46, 47). Herbivory by caribou and
muskoxen (Ovibosmoschatus), however, constrains
the positive effects of warming on the growth of
shrubs, but promotes the growth of graminoids
(48). Although warming is currently insufficient
to promote shrub expansion in the High Arctic,
graminoids are also promoted there by herbivores.
Both reindeer and geese trample and compact the
moss layer, resulting in elevation of soil temper-
ature that, together with grazing and fecal depo-
sition, promotes the productivity and expansion
of graminoids (49), and also productivity in lakes
where geese rest (50, 51). Collectively, these

findings indicate the need for un-
derstanding plant-herbivore in-
teractions in a warming Arctic
and their further consequences for
below-ground biodiversity, com-
munity composition, and ecologi-
cal processes.

Priorities for Future Research
Here we focus on areas of research
we believe are in need of imme-
diate emphasis.

Conservation. The assumption
that the Arctic is species-poor has
resulted in little focus on conserv-
ing its biodiversity. However, when
considering the importance of in-
dividual species for supporting eco-
system function or providing key
ecosystem services to both tradition-
al culture and emerging Arctic inter-
ests such as tourism, low-diversity
ecosystems like the Arctic warrant
greater conservation attention. There
is little functional redundancy among
species in Arctic ecosystems, espe-
cially on island complexes. There-
fore, extirpation or range shifts in
the Arctic may precipitate larger and
more fundamental changes in eco-
system dynamics compared to those
within more speciose ecosystems
where loss of individual species may

have less immediate consequence for ecosystem
processes.

Dynamics outside the growing season.Winter
conditions are likely of key importance to the an-
nual Arctic cycle and may exert cascading ef-
fects throughout the growing season. Despite
long-standing assumptions that winter is a pe-
riod of inactivity, recent research has demon-
strated the importance of winter snow cover to
nutrient cycles (26) and carbon budgets in the
Arctic (52). Moreover, one sub-Arctic winter
warming episode led to vegetation damage so
extensive that plant productivity based on NDVI
measurements the following summer was reduced
by 26% over at least 1400 km2 (53). As well, a
recent study in Greenland reported an unexpect-
edly large release of methane into the atmosphere
at the onset of autumn soil freezing (54). Such
observations indicate that important components
of ecosystem dynamics occur after the growing
season has terminated, and that warming events
in winter may have disproportionately long-term
effects.

Trophic interactions.Trophic interactionsmod-
ulate ecosystem responses to climate change in
the Arctic. Herbivory shapes plant productivity
and community responses towarming, whichmay,
in turn, be mediated by changes in decomposer
communities and mycorrhizal associations. Such
interactions are the basis of complex feedbacks
between consumers and resources not easily cap-
tured by studies of dynamics at single trophic
levels. We urge more studies of the role of cli-
mate warming in trophic dynamics, and of species
interactions in response to climate change at dif-
ferent trophic levels, especially in aquatic systems,
soils, and sediments (Fig. 4A).

Heterogeneity as a buffer against climate
change in the Arctic.Although some components
of the Arctic respond synchronously to climate
forcing, there remains a high degree of heteroge-
neity in ecological responses to climate change
(55). Moreover, in contrast to some of the exam-
ples given above, there are large areas of the Arc-
tic where little or no change in ecosystems seems
to have occurred. In contrast to Antarctica, where
numerous invasions of diverse taxonomic groups
have been documented (56), examples of species
invasions in the Arctic are still exceptional (28); in
the Arctic, most community changes are merely
shifts in species’ abundances (47). To date, little
effort has been devoted to understanding the de-
gree, causes, and consequences of heterogeneity
in ecological responses to changing climate, some
of which are a function of the heterogeneity in
Arctic climate conditions (55). However, we should
also expect considerable response diversity with-
in climatically homogeneous regions (55), which
may contribute to compensatory dynamics and
species persistence (57). Such response diversity,
both within and among species, will be key to
understanding how the Arctic as a whole re-
sponds to future climate changes.

The scale dependence of climate responses.
Experimental and observational studies have in
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Fig. 3. Complex responses to Arctic climate change that may
have broader community and ecosystem consequences. (A) A
developing trophic mismatch between the timing of caribou
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prediction of the magnitude of future climate
change in the region (12, 41).

Improving Our Understanding of Ecological
Complexity in the Arctic
The Arctic is often regarded as a relatively sim-
ple system in which species interactions and
environment-organism dynamics are straight-
forward and easily understood. Recent research
on the effects of climate change in the Arctic has,
however, revealed far greater ecological inter-
connectedness in this region (42, 43).

The Arctic’s structural complexity is evident
in nutrient cycling between terrestrial, freshwater,
andmarine components, whichmay be subject to
rapid modification with future warming. For ex-
ample, transport of terrestrial carbon into the
fjords of northeast Greenland is expected to in-
crease as the ice-free period doubles following
the expected 6°C warming over the next century,
with implications for increased nutrient input
and productivity of fjords and lakes (44). Such
changes at the interface between terrestrial and
aquatic systems have key implications for the
dynamics of species whose existence is depen-
dent on aquatic productivity.

Species interactions are also a key component
of the complexity of ecological responses to cli-
mate change in the Arctic. Increasing summer
temperatures may increase insect harassment and
parasitism of caribou, potentially reducing the
annual caribou harvest by local communities,

threatening cultural integrity and subsistence tra-
ditions already compromised by encroachment and
landscape alteration due to exploitation of northern
oil and gas reserves (42). Warming may also alter
food-web structure in aquatic communities in the
Arctic. Studies of 10 first-order streams in Ice-
land differing in geothermal influence and tem-
perature showed that macro-invertebrate evenness
and species overlap decreased with increasing tem-
perature, whereas density of other organisms, no-
tably of filter feeders, increased (45). Moreover,
food-web complexity increased markedly along
this natural temperature gradient, with implica-
tions for the sole fish species present (45).

Vegetation responses to warming may like-
wise be more complex than warming experi-
ments suggest. One consistent finding has been
that warming results in the expansion of shrubs,
in turn leading to a short-term decline in vascular
plant diversity (46, 47). Herbivory by caribou and
muskoxen (Ovibosmoschatus), however, constrains
the positive effects of warming on the growth of
shrubs, but promotes the growth of graminoids
(48). Although warming is currently insufficient
to promote shrub expansion in the High Arctic,
graminoids are also promoted there by herbivores.
Both reindeer and geese trample and compact the
moss layer, resulting in elevation of soil temper-
ature that, together with grazing and fecal depo-
sition, promotes the productivity and expansion
of graminoids (49), and also productivity in lakes
where geese rest (50, 51). Collectively, these

findings indicate the need for un-
derstanding plant-herbivore in-
teractions in a warming Arctic
and their further consequences for
below-ground biodiversity, com-
munity composition, and ecologi-
cal processes.

Priorities for Future Research
Here we focus on areas of research
we believe are in need of imme-
diate emphasis.

Conservation. The assumption
that the Arctic is species-poor has
resulted in little focus on conserv-
ing its biodiversity. However, when
considering the importance of in-
dividual species for supporting eco-
system function or providing key
ecosystem services to both tradition-
al culture and emerging Arctic inter-
ests such as tourism, low-diversity
ecosystems like the Arctic warrant
greater conservation attention. There
is little functional redundancy among
species in Arctic ecosystems, espe-
cially on island complexes. There-
fore, extirpation or range shifts in
the Arctic may precipitate larger and
more fundamental changes in eco-
system dynamics compared to those
within more speciose ecosystems
where loss of individual species may

have less immediate consequence for ecosystem
processes.

Dynamics outside the growing season.Winter
conditions are likely of key importance to the an-
nual Arctic cycle and may exert cascading ef-
fects throughout the growing season. Despite
long-standing assumptions that winter is a pe-
riod of inactivity, recent research has demon-
strated the importance of winter snow cover to
nutrient cycles (26) and carbon budgets in the
Arctic (52). Moreover, one sub-Arctic winter
warming episode led to vegetation damage so
extensive that plant productivity based on NDVI
measurements the following summer was reduced
by 26% over at least 1400 km2 (53). As well, a
recent study in Greenland reported an unexpect-
edly large release of methane into the atmosphere
at the onset of autumn soil freezing (54). Such
observations indicate that important components
of ecosystem dynamics occur after the growing
season has terminated, and that warming events
in winter may have disproportionately long-term
effects.

Trophic interactions.Trophic interactionsmod-
ulate ecosystem responses to climate change in
the Arctic. Herbivory shapes plant productivity
and community responses towarming, whichmay,
in turn, be mediated by changes in decomposer
communities and mycorrhizal associations. Such
interactions are the basis of complex feedbacks
between consumers and resources not easily cap-
tured by studies of dynamics at single trophic
levels. We urge more studies of the role of cli-
mate warming in trophic dynamics, and of species
interactions in response to climate change at dif-
ferent trophic levels, especially in aquatic systems,
soils, and sediments (Fig. 4A).

Heterogeneity as a buffer against climate
change in the Arctic.Although some components
of the Arctic respond synchronously to climate
forcing, there remains a high degree of heteroge-
neity in ecological responses to climate change
(55). Moreover, in contrast to some of the exam-
ples given above, there are large areas of the Arc-
tic where little or no change in ecosystems seems
to have occurred. In contrast to Antarctica, where
numerous invasions of diverse taxonomic groups
have been documented (56), examples of species
invasions in the Arctic are still exceptional (28); in
the Arctic, most community changes are merely
shifts in species’ abundances (47). To date, little
effort has been devoted to understanding the de-
gree, causes, and consequences of heterogeneity
in ecological responses to changing climate, some
of which are a function of the heterogeneity in
Arctic climate conditions (55). However, we should
also expect considerable response diversity with-
in climatically homogeneous regions (55), which
may contribute to compensatory dynamics and
species persistence (57). Such response diversity,
both within and among species, will be key to
understanding how the Arctic as a whole re-
sponds to future climate changes.

The scale dependence of climate responses.
Experimental and observational studies have in
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Fig. 3. Complex responses to Arctic climate change that may
have broader community and ecosystem consequences. (A) A
developing trophic mismatch between the timing of caribou
calving (blue), which has not changed, and the timing of plant
growth (red), which is advancing with warming in Greenland
[updated from (33)]. (B) The recent observed collapse in the
population cycles of small rodents, shown here for lemmings in
northeast Greenland, as a result of diminished snow cover in the
Arctic [from (36)].
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some cases resulted in contrasting conclusions
concerning the direction and magnitude of eco-
logical responses to warming. This may be a con-
sequence of the disparity of scales at which such
studies have been conducted. Whereas observa-
tion is performed at both large and small scales,
experimentation is conducted almost exclusive-
ly at small scales. There is similar disparity re-
garding the temporal scales of observation and
experimentation. As with ecological studies in
general (58), we urge greater consideration of
the consequences posed by scale of study on the
interpretation of data gathered in studies of eco-
logical response to Arctic climate change.

Extreme events, tipping points, and resilience.
Insect outbreaks, sudden and transient temper-
ature changes, rapid retreat of sea- and lake ice,
bouts of abnormally high precipitation or ex-
tended droughts, wildfires, the sudden release of
water from melting glaciers, and slumping of
permafrost are examples of stochastic events that
may have disproportionately large effects on eco-
logical dynamics. Such processes, and ecological
responses to them, may be nonlinear and difficult
to predict (59). We urge research aimed specif-
ically at understanding the role of extreme events
in ecological dynamics in the Arctic, in particular
with regard to the build-up of tipping points in
ecological systems. An important consideration
for conservation and management in the Arctic,
for example, is whether alteration of species com-
position of plant and animal communities due to
climate change will lead to alternate ecosystem

states or persistent instability (60)
(Fig. 4B), or whether system states
can rebound from abiotic pertur-
bations due to species resilience.

Baseline studies in anticipation
of predicted changes.The most in-
formative studies for assessing the
consequences of climate warming
are those undertaken systematically
for long enough to quantify changes
from earlier baselines (31, 61). To
increase our ability to make quan-
titative assessments of how ecolog-
ical changes may develop in areas
where the impact appears to be
minimal to date, we suggest estab-
lishing integrated baseline and
monitoring studies in a pan-Arctic
network, including physical condi-
tions and the distribution and abun-
dance of species, for long enough
to address questions of interest. Such
networks will substantially aid in
developing meaningful responses
and goals for future conservation
and management adaptations, and
we support recent efforts to ac-
complish this (62).

The extensive changes in living
components of the Arctic associ-
ated with recent climate change
documented here have been rapid

and widespread across terrestrial, freshwater, and
marine systems. Foreseeing and mitigating the
ecological consequences of future climate change
will require more intensive, multidisciplinarymon-
itoring of both the physical drivers of these sys-
tems and biological responses to them. The Fourth
International Polar Year has facilitated a short-term
boost for such internationally concerted actions,
and the products and collaborative precedent es-
tablished by this effort should set a standard for
future, critical research on ecological effects of
climate change in the Arctic and other regions.
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meter-long threads that hang from multi-
year ice. !eir existence in an environ-
ment where heterotrophs’ need for food 
far exceeds the amount of food available 
(Olli et"al., 2007) implies that these algae 
must be di#cult for planktivores to graze 
or digest. However, for organisms at the 
sea$oor, these ice algae are reported to 
constitute a food source (e.g.,"Carroll 
and Carroll, 2003). Further information 
on annual and seasonal phytoplankton 
production in several Arctic Ocean 
ecosystems can be found in, for example, 
Sakshaug (2004), Tremblay et"al. (2006), 
and Appolonio and Matrai (2010).

Figure"1 depicts the present-day 
temporal development of ice and 
plankton algae along a transect through 

the seasonal ice zone from the south-
ernmost, strati%ed domain (D), where 
sea ice melts early in the season, to the 
central Arctic Ocean close to the North 
Pole (A). As the sea ice cover shrinks 
due to global warming, we may %nd that 
the seasonal development of ice and 
plankton algae at a speci%c latitude of 
the seasonal ice zone changes from one 
scenario (C or D) to one more closely 
resembling that seen in areas without 
any sea ice cover, where there is o&en 
little or no strati%cation, such as in the 
northeastern North Atlantic (E). A new 
scenario is introduced at the southern 
rim of today’s open ocean and seasonal 
ice zone (F). !e open, weakly strati%ed 
water of the southern Barents Sea will 

become increasingly prone to thermal 
strati%cation, resulting in decreased 
primary production. !is scenario will 
have negative implications for harvestable 
production and most probably for one of 
the world’s most signi%cant %sheries.

Temporal Development in the 
Seasonal Ice Zone and Pelagic-
Benthic Coupling in Times of 
Global Warming: A Simple View
!e polar night, sun’s height, and 
changing thickness of snow all play roles 
in the annual development of the pelagic 
ecosystem in the Arctic Ocean’s seasonal 
ice zone (Figure"2). Some nutrients 
from nutrient-rich deeper water di'use 
into the surface layer during the polar 
night. Presently, in the seasonal ice zone, 
thinning of relatively thick ice in spring 
(increased strati%cation) and disappear-
ance of the snow cover (increased light) 
are followed by a brief, intense phyto-
plankton bloom (Figure"2A). !e water 
depth to which nutrients are depleted 
(roughly the euphotic zone) decreases 
continuously during the productive 
period. In spring, algae growth exceeds 
degradation (autotrophic biomass 
prevails). Heterotrophic processes (red 
in Figure"2) gradually take over the 
spring dominance of autotrophy (green). 
!e ice algae bloom decline is accom-
panied by a distinct vertical export of 
algae. !e production, consumption, and 
regeneration cycles in the pelagic zone 
are re$ected in the quantity and quality 
of vertically exported biogenic matter 
leaving the euphotic layers (vertical 
arrows). Vertical export and its regula-
tion are greatly dependent upon the 
role and presence of key zooplankton 
species and the microbial food web. 
Two distinct pulses of biogenic matter 

Figure!1. Timing of ice algae and phytoplankton bloom development along a latitudinal axis of 
the open water-seasonal ice zone region (ranging from 75–85°N) with long to short productive 
periods in open water (70–75°N) and heavy ice-covered regions (> 73–75°N) in the European Arctic 
Corridor, respectively. Present-day scenario (left) and predicted future scenario with a warmer 
climate (right) along the same latitudes. Notice how today’s bloom development in scenario A 
disappears while scenario F enters the latitudinal gradient in the future. Panels E and F exemplify the 
course of primary production in the scenario of continuously open water in the Barents Sea, charac-
terized by no major freshwater source and weak and slow development of surface water stratifica-
tion. "e variable production in June (Panel!E) arises through variations in nutrient supply caused 
by vertical mixing events triggered by low-pressure passage after the end of the spring bloom. 
Panel!F projects future primary production at 70°N after global warming leads to increasing thermal 
stratification and decreased primary production. Modified from Figure!1 in Leu et!al. (2011)
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dominated by autotrophic cells (green) 
are followed by less-distinct pulses of 
degrading matter (reddish).

Climate warming extends the ice-
free period, with melt starting earlier in 
spring and freeze up occurring later in 
fall (Figure!2B). Consequently, both the 
Arctic ice and plankton algae blooms 
start earlier (Kahru et!al., 2011; Perrette 
et!al., 2011), nutrients are consumed 
faster, and the period when heterotro-
phic processes dominate lasts longer. 
Strati"cation caused by melting sea 
ice persists, and nutrient availability 
does not increase with the increase of 
photosynthetically active radiation. 
#e vertical export of ice and plankton 
algae takes place earlier in the season 
and the time interval dominated by 
regenerated production becomes longer. 

However, winter accumulation (di$u-
sion and vertical mixing) determines 
nutrient availability in the surface 
waters. Increasing strati"cation prevents 
increased supplies in the future. New, 
harvestable, and exported production 
under conditions of increased radiation 
depicted in scenario B will be similar to 
scenario A. Vertical export will spread 
over longer time periods, with conse-
quences for benthos and zooplankton 
(earlier availability of food a%er winter 
depletion, longer period of food avail-
ability but at lower concentrations).

Further climate warming not only 
reduces the thickness of the ice cover but 
also, to a lesser degree, the late winter 
ice extent. #is warming may result 
in earlier ice algae blooms, as more 
light may be available. Zooplankton, 

overwintering at depth and food-
deprived since the previous summer, will 
ascend earlier to utilize this attractive 
nutrient source (Leu et!al., 2011). #e 
slow-growing ice algae may provide 
food for pelagic heterotrophs more 
continuously, and food supply may be 
less pulsed, implying that less biogenic 
matter is exported vertically. Ice thick-
ness and snow cover determine whether 
ice algae and plankton algae can thrive 
in concert. Nutrient availability will not 
increase, and primary production will be 
spread over a longer time period. #is 
scenario will favor smaller plankton (Li 
et!al., 2009; Rokkan Iversen and Seuthe, 
2010) and reduce the intense pulsing of 
the present-day ice-edge bloom climate 
scenario that supports large mesozoo-
plankton (e.g.,!Søreide et!al., 2006) and 

Figure!2. Seasonality in bloom devel-
opment and in downward carbon 
export in present-day climate and ice 
conditions (A), and a future warmer 
climate with thinner ice in winter 
and more melting of summer ice, 
causing a widening of the seasonal ice 
zone (B). "e!green-to-red gradient 
indicates the balance of suspended 
biomass from autotrophic to hetero-
trophic sources. "e new and export 
production in both scenarios is 
similar because stratification limits 
nutrient availability. "e width and 
color of the vertical arrows illustrate 
the semi-quantitative magnitude 
and key composition of vertically 
exported organic matter. Dark green = 
ice algae-derived carbon. Light!green 
= phytoplankton-derived carbon. 
Orange and red arrows = increasing 
degree of detritus (nonliving particu-
late organic material). Modified from 
Wassmann (2011)
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in!uence primary production and 
suspended phytoplankton biomass. Ice 
will disappear, and strati"cation in the 
outer reaches of today’s seasonal ice 
zone will be eroded by wind, particu-
larly during the passage of low-pressure 
systems that is expected to happen more 
frequently. Consequently, the alpha ocean 
will expand northward (Figure#3B), 
possibly resulting in increased annual 
primary production in the southernmost 
realms of today’s seasonal ice zone. 
Another result will be decreased vertical 
mixing in the northernmost region of the 
alpha ocean (caused by increased thermal 
strati"cation). Preliminary modeling 
results suggest that primary produc-
tion may decrease by up to 30% in the 

Figure!3. (A) Generic scheme illustrating the basic 
features and function of the multiyear ice zone (I), 
seasonal ice zone (II), and permanently open water 
outside the seasonal ice zone continuum (III), with 
the marginal ice zone toward open water being 
the most conspicuous feature of zone II. Zonation, 
functional ocean types (alpha/beta), and ice cover 
are indicated at the top. Primary production, the 
depth of the euphotic zone, and the mixed layer 
are also shown, as are phytoplankton concentra-
tions and ice algae. Below each scenario, the 
principal profiles of vertical export of particulate 
organic carbon for winter (red), spring bloom/
episodic mixing (green), and summer (blue) are 
illustrated in a semiquantitative manner. "e 
stippled lines indicate variability in phytoplankton 
bloom strength (II) and the result of episodic 
mixing (III). (B) "e generic scheme after shrinkage 
and disappearance of the multiyear ice zone (I) 
in a future Arctic Ocean. "e entire Arctic Ocean 
turns into a seasonal ice zone!(II). Erosion of strati-
fication in the outer section of the seasonal ice 
zone results in expansion of the vertically mixed 
alpha ocean northwards (III), but there is a simul-
taneous increase of thermal stratification in the 
south, which is a new and presently non-existent 
scenario!(IV). Below each scenario the principal 
profiles of vertical export of particulate organic 
carbon for winter (red), spring bloom/episodic 
mixing (green), and summer (blue) are illustrated 
in a semi-quantitative manner. Partly redrawn and 
modified from Carmack and Wassmann (2006) 
and Wassmann (2011)
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in!uence primary production and 
suspended phytoplankton biomass. Ice 
will disappear, and strati"cation in the 
outer reaches of today’s seasonal ice 
zone will be eroded by wind, particu-
larly during the passage of low-pressure 
systems that is expected to happen more 
frequently. Consequently, the alpha ocean 
will expand northward (Figure#3B), 
possibly resulting in increased annual 
primary production in the southernmost 
realms of today’s seasonal ice zone. 
Another result will be decreased vertical 
mixing in the northernmost region of the 
alpha ocean (caused by increased thermal 
strati"cation). Preliminary modeling 
results suggest that primary produc-
tion may decrease by up to 30% in the 

Figure!3. (A) Generic scheme illustrating the basic 
features and function of the multiyear ice zone (I), 
seasonal ice zone (II), and permanently open water 
outside the seasonal ice zone continuum (III), with 
the marginal ice zone toward open water being 
the most conspicuous feature of zone II. Zonation, 
functional ocean types (alpha/beta), and ice cover 
are indicated at the top. Primary production, the 
depth of the euphotic zone, and the mixed layer 
are also shown, as are phytoplankton concentra-
tions and ice algae. Below each scenario, the 
principal profiles of vertical export of particulate 
organic carbon for winter (red), spring bloom/
episodic mixing (green), and summer (blue) are 
illustrated in a semiquantitative manner. "e 
stippled lines indicate variability in phytoplankton 
bloom strength (II) and the result of episodic 
mixing (III). (B) "e generic scheme after shrinkage 
and disappearance of the multiyear ice zone (I) 
in a future Arctic Ocean. "e entire Arctic Ocean 
turns into a seasonal ice zone!(II). Erosion of strati-
fication in the outer section of the seasonal ice 
zone results in expansion of the vertically mixed 
alpha ocean northwards (III), but there is a simul-
taneous increase of thermal stratification in the 
south, which is a new and presently non-existent 
scenario!(IV). Below each scenario the principal 
profiles of vertical export of particulate organic 
carbon for winter (red), spring bloom/episodic 
mixing (green), and summer (blue) are illustrated 
in a semi-quantitative manner. Partly redrawn and 
modified from Carmack and Wassmann (2006) 
and Wassmann (2011)
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