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Climate change is currently reshaping Arctic ecosystems, with highly uncertain
future outcomes. In the best-case scenario, warming could lead to the
replacement of Arctic ecosystems by more diverse and productive sub-Arctic
or temperate ecosystems, which may serve as net carbon sinks. However, recent
research indicates that environmental disturbances caused by rapid warming
could transform these ecosystems into heavily perturbed and degraded states,
resulting in a net release of carbon to the atmosphere. The eventual outcome
depends on the scale and pace of environmental changes, as well as the extent of
other human disturbances in the region. To navigate these changes, we argue
that it is crucial for Arctic nations to collaborate in monitoring and ecosystem-
based management while developing policy-relevant pathways and scenarios to
guide adaptation in a rapidly changing Arctic.
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1 Introduction

Since 1979, the Arctic has been warming nearly four times faster than the global average
(Rantanen et al., 2022). This cold part of the globe is shaped and characterized by frozen
water in the form of sea ice, ice sheets, glaciers, ice on rivers and lakes, permafrost, and
snow. However, the Arctic cryosphere is melting at an accelerating rate with profound
consequences for the global climate as well as for Arctic nature and people (CAFF, 2013;
CAFF, 2017; AMAP, 2017¢; AMAP, 2021). In the short term, the changes cause massive
ecosystem perturbations which feed back to the climate system with a potential to accelerate
local to regional changes in climate and greenhouse gas emissions and affect regional to
global-scale climate systems. The resulting impacts on Arctic ecosystem services, livelihoods
and wellbeing are accelerating and will have far-reaching consequences for Arctic residents
and local communities. Impacts include changes in food security, economic and social
wellbeing, cultural preservation, safety, human health, cultural ecosystem services, sense of
place, transportation and infrastructure (AMAP, 2017b; AMAP, 2017a; AMAP, 2018).

In this context, the Arctic Council decided to initiate a joint assessment to be
conducted by the two Arctic Council working groups; AMAP (Arctic Monitoring
Assessment Program) and CAFF (Conservation of Arctic Flora and Fauna) with the
over-arching objective to “assess how climate change affects Arctic ecosystems and
feedbacks and inform strategies for adaptation and resiliency”. As a part of this
assessment, scientific experts have, in this Special Issue of Frontiers in
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FIGURE 1

Interactions between climate change and Arctic marine ecosystems. Climate change triggers and accelerates a wide range of transformations in the
Arctic marine environment (upper left) that subsequently impact various biological processes in the marine ecosystem (upper right). Depending on its
initial condition, the rate and extent of the changes, as well as the influence of other human disturbances, the Arctic marine ecosystem may be replaced by
a more productive and diverse boreal ecosystem (lower right) or transform into a heavily perturbed and degraded system (lower left). Rapid
environmental change coupled with increased human impacts, heighten the chances of a shift toward a degraded ecosystem, whereas a slower pace may
favor a more gradual transition to ecosystem replacement. Due to spatial variability in key drivers across the Arctic, trajectories can differ among regions,
resulting in ecosystem replacement in some areas and degradation in others. Ultimately, the properties of the new ecosystem, such as albedo and net rate

of carbon storage and release, determine how the ecosystem change will feed back to the climate system.

Environmental Science, reviewed the scientific literature to
address how the affect Arctic
ecosystems and how these changes feed back to the climate

current climatic drivers
system. The papers include marine, terrestrial and freshwater
ecosystems and cover a wide range of climate-induced changes.

Together, the reviews in this Special Issue highlight the rapid
and widespread environmental changes unfolding across the Arctic.
While a global reduction in fossil fuel emissions could slow these
developments and provide valuable time for adaptation, many of the
observed changes have already reached -or are approaching -tipping
points beyond which they may become irreversible.

In the following, we synthesize the major trends and
uncertainties in Arctic marine and terrestrial
highlighting the
planning and adaptations. In an accompanying editorial synthesis
at the end of this Special Issue we summarize current status as
portrayed by the papers presented here (Christensen et al., 2025).

ecosystems,

need for coordinated monitoring, future
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2 The Arctic ocean

As sea ice diminishes from the Arctic Ocean, marine algae
experience larger ice-free areas and longer growing season (Ardyna
and Arrigo, 2020; Attard et al., 2024). Sustained by increased influx
of nutrients, net primary production in the Arctic Ocean has
increased by 57% from 1998 to 2018 (Lewis et al, 2020).
Whether this increase in plant production will contribute to
higher production of fish, shellfish, marine mammals and
seabirds, as well as increased sequestration and storage of carbon
in the bottom sediments is, however, highly uncertain and depend
on complex interactions between the climatic drivers and the marine
ecosystem (Ardyna and Arrigo, 2020; Oziel et al, 2025)
(Figure 1; Table 1).

The rich sub-Arctic marine ecosystems, such as the Barents
and Bering Seas support some of the world’s richest fisheries,
and one scenario under climate warming, is that these rich
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TABLE 1 Key climate change-driven processes in Arctic marine ecosystems.
CC process Description

Increased primary production

Melting sea ice increases the area and prolongs the period of favorable light conditions for planktonic and benthic algal

10.3389/fenvs.2025.1747632

Ref.

1,2

growth. Increased production is sustained by larger input of nutrients

Seawater freshening

Increased supply of freshwater from melting ice and precipitation stratify the Arctic water masses and reduce the mixing = 3
of nutrients and oxygen in the water column

Coastal erosion and riverine input

Melting coastal permafrost and increased wave action from an ice-free ocean erode the Arctic coasts. Increased

4,5,6,7

precipitation and melting of permafrost increase the riverine discharge of freshwater and terrigenous materials. About
one-third of the Arctic ocean primary production is currently sustained by the input of nutrients from coastal erosion and

rivers

Increased respiration and deoxygenation

Increased input of terrigenous nutrients, warming and freshening of surface waters increase microbial respiration and = 8

remineralization of carbon and nitrogen. The result is deoxygenation, increased turbidity, reduced carbon sequestration
and storage, reduced export of organic matter to bottom-dwelling organisms and less production available for higher

trophic levels

Shift in the plankton community

‘Warmer and more stratified waters drive a shift in the Arctic plankton community to smaller and less nutritious species,

8,9,10

reducing the efficiency of trophic transfer to fish, seabirds and mammals

Ocean acidification

Low water temperature and seawater freshening make the Arctic especially vulnerable to ocean acidification. On a basin = 11,

scale, the Arctic ocean is projected to become undersaturated with respect to aragonite within this century with large = 12, 13
potential consequences for calcifying organisms and the marine ecosystem

Borealization
ecosystem function and dynamics

Migratory species and food-web
mismatch

Northward expansion of boreal and sub-Arctic species is replacing Arctic and ice-associated species and thereby altering = 10, 14

Many mammals, birds and fish migrate from the south to the Arctic to reproduce and/or feed. Rapid climate change can = 15,
disrupt the synchrony between interacting species, leading to phenological mismatches in timing or spatial mismatchesin = 16, 17

distribution. These disruptions can disturb food webs, potentially resulting in population booms due to predator relief,

and/or population collapse due to starvation

Climatic extremes

Marine heatwaves increase in frequency and intensity with pervasive effects on the marine ecosystem, triggering harmful = 18

algae blooms, replacement of important functional groups, and reduced growth and mass mortality of susceptible species

References: 1 Ardyna and Arrigo, (2020), 2 Lewis et al. (2020), 3 Kwiatkowski et al. (2020), 4 Nielsen et al. (2022), 5 Feng et al. (2021), 6 Zhang et al. (2021), 7 Terhaar et al. (2021a), 8 Oziel et al.
(2025), 9 Mueter et al. (2021), 10 Niemi et al. (2024), 11 Niemi et al. (2021), 12 Terhaar et al. (2021b), 13 Findlay et al. (2025), 14 Husson et al. (2024), 15 Kuletz et al. (2024), 16 Renner and Zohner

(2018), 17 Carroll et al. (2024), 18 Pecuchet et al. (2025).

systems simply move north and replace the historically less
high-Arctic
However, the massive perturbation triggered by warming,
ocean acidification and the melting of the Arctic cryosphere
is likely to push the marine ecosystem into less stable and

productive and ice-dominated ecosystems.

undesirable states. In a worst-case scenario, the Arctic marine
ecosystems could as a response to these drivers turn into
simplified systems dominated by opportunistic algae, high
microbial activity, low diversity of plants and animals, turbid
waters and expanding low-oxygen areas (see Breitburg et al,
2018; Reusch et al., 2018). This situation mirrors the changes
observed in coastal areas world-wide (Breitburg et al., 2018).
However, while climate warming, human eutrophication and
over-fishing are the culprits in warmer seas, the changes in the
Arctic are currently governed by ice-melting, seawater

freshening, nutrient input, ocean acidification and
warming (Figure 1).

The outcome of the climate-induced changes would depend on
the initial state of the ecosystem, the pace and magnitude of the
environmental changes, and not least the evolving pressures from
emerging human activities in the Arctic, including increased
pressures from fishing (Fauchald et al, 2021). To effectively
document and understand ongoing changes, coordinated pan-
Arctic monitoring and predictive modeling of climatic drivers
and marine ecosystem responses are essential. In addition, it is
crucial to assess how emerging human activities—such as industrial

fishing, shipping, tourism, and the extraction of oil and mineral
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resources—interact with climate drivers to change the ecosystems.
Equally important is the co-creation of scenarios, pathways, and
solutions that support a more sustainable future for the
Arctic Ocean.

3 Arctic tundra ecosystems

In response to permafrost thaw, shorter periods with snow
cover, and warmer summers, the tundra has gradually become
greener over the past 40 years (Frost et al, 2025). The Arctic
greening serves as a proxy for increased production and biomass
of plants, reflecting a shift in vegetation cover, often linked to the
expansion of deciduous shrubs. This “borealization” of the terrestrial
Arctic ecosystem is occurring alongside a range of ecological
disturbances that are expected to intensify in the coming
decades, including wildfires (Baltzer et al., 2025), insect outbreaks
(Vindstad et al., 2019), and extreme climatic events (Christensen
et al.,, 2021).

The climate induced changes in the tundra ecosystem feed back
to the climate system through biotic process such as microbial
activity and herbivory (Schmidt et al., 2024). The most significant
of these feedbacks is linked to permafrost thaw (Schuur et al., 2022).
The Arctic permafrost holds approximately one-third of the world’s
soil organic carbon (Schuur et al., 2015). As it thaws, this carbon
becomes exposed to microbial decomposition, releasing carbon
dioxide and methane into the atmosphere. These greenhouse gas

frontiersin.org
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FIGURE 2

Interactions between climate change and Arctic terrestrial ecosystems. Climate change is driving widespread environmental changes in the Arctic

(upper left). These alterations initiate complex biological processes (upper right), collectively leading to fundamental shifts in Arctic terrestrial ecosystems.
On one hand, Arctic ecosystems may be replaced by more productive and diverse boreal or temperate ecosystems (lower right). On the other hand,
disturbances such as changes in fire regimes, climate extremes, landscape and hydrological alterations, and invasive species could cause ecosystems

to shift into less desirable states (lower left). The trajectory of these changes depends on the initial condition of the ecosystem, additional human impacts,
and the pace of environmental change -ultimately driven by greenhouse gas emissions. Rapid environmental change coupled with increased human
impacts, heighten the chances of a shift toward a degraded ecosystem, whereas a slower pace may favor a more gradual transition to ecosystem
replacement. Due to spatial variability in key drivers across the Arctic, trajectories can differ among regions, resulting in ecosystem replacement in some

areas and degradation in others. Ultimately, the ecosystem’s albedo and its net rates of carbon storage and release will influence how these

transformations feedback into the climate system.

emissions further accelerate global warming, creating a reinforcing
feedback loop. The strength of this climate feedback depends on the
magnitude of the emissions, the ratio of methane to carbon dioxide
released (Parmentier et al.,, 2024), and the extent to which these
emissions are offset by increased carbon uptake by accumulated
plant biomass through Arctic greening (Schuur et al., 2022; See et al.,
2024; Lopez-Blanco et al., 2025).

Above the permafrost, the tundra holds a relatively thin and wet
active layer, where most microbial and hydrological activity takes
place. As the underlying permafrost thaws, the active layer deepens,
altering tundra hydrology by promoting the drainage of soil,
wetlands, and shallow lakes. These changes in Arctic hydrology
could cause atmospheric climate feedback through reduction in
cloudiness, which can be in the same order of magnitude as the
permafrost carbon feedback (de Vrese et al., 2023; de Vrese et al.,
2024). Moreover, the drainage of the tundra causes a shift to more
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aerobic microbial activity, resulting in reduced methane emissions
relative to carbon dioxide (Parmentier et al., 2024). Finally,
expanding woody vegetation, drier soils and increased lightning
activity are contributing to more frequent, intense, and widespread
Arctic wildfires (IKim et al., 2024; Baltzer et al., 2025). Besides having
a pervasive effect on the vegetation (Heim et al., 2025), wildfires
promote further melting of the permafrost and increase the emission
of greenhouse gasses and aerosols.

Feedback loops between the ecosystem and the climate
system, lagged  ecosystem and  massive
perturbations from wildfires, changed hydrology, species

responses,

invasions and a thawing cryosphere will cause abrupt,
unexpected and pervasive shifts in Arctic
ecosystems (Figure 2; Table 2). The magnitude of potential

terrestrial

impacts, combined with significant uncertainties, underscores
the need for a precautionary approach to development of human

frontiersin.org
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TABLE 2 Key climate change-driven processes in Arctic terrestrial ecosystems.

CC process Description

Permafrost thawing Permafrost thawing leads to widespread landscape changes, such as ground subsidence, thermokarst development, the formation or
draining of wetlands and lakes, and the deepening of the active soil layer. Abrupt thaws occur when local subsidence and changed
hydrology expose deeper layers to thaw. As the ice-rich permafrost melts, previously frozen organic carbon is exposed to microbial
activity, resulting in the release of CO, and methane into the atmosphere

10.3389/fenvs.2025.1747632

Ref.

Changes in hydrology = Accelerating evaporation, precipitation, ice melting and freshwater runoff intensify and alter the Arctic water cycle, leading to more
extreme hydrological events such as floods and droughts, as well as fundamental changes in river regimes, groundwater recharge, and
the distribution of lakes and wetlands in Arctic landscapes

Arctic greening Warmer summer temperatures, an extended growing season, and a deeper active soil layer enhance plant growth, leading to increased
carbon sequestration and storage in plant tissues. Disturbances such as climate extremes, increased herbivory, wildfires and altered

hydrology intermittently disrupt the overall greening trend, resulting in areas of browning

Shrub expansion Arctic greening is associated with a “shrubification” of the tundra, where tall deciduous shrubs expand and replace lichen and moss
dominated vegetation. The shift in vegetation cover feeds back to the climate system by enhancing carbon sequestration through
plant growth, reducing surface albedo, increasing snow accumulation and soil insulation, and stimulating microbial activity and
decomposition

Wildfires Rising temperatures causes longer fire seasons, more ignition from lightning and drier vegetation and soil. Combined with more fire
fuels from woody plants and dried peat, the frequency, intensity, and extent of Arctic wildfires are accelerating. Crucially, as
permafrost thaws, large areas of carbon-rich soils and peatlands dry out, making them susceptible to prolonged burning. This process
releases significant amounts of CO, and aerosols into the atmosphere and accelerates permafrost thawing, creating a feedback loop
that intensifies the environmental changes. A new fire regime with increased frequency and intensity of wildfires have large
implications for biodiversity and ecosystem resilience

Dust in the Arctic Wildfires, loss of snow cover, glacier retreat, permafrost thaw, and rising drought intensity all contribute to increased dust and aerosol
production in the Arctic. These particles can be transported over long distances, engaging in complex interactions with both climate
and ecosystems, including radiative forcing (positive and negative), cloud formation, albedo and fertilization of aquatic ecosystems

3,4

56

7,8,9

10, 11, 12, 13

References: 1 Schuur et al. (2015), 2 Schuur et al. (2022), 3 AMAP (2017¢), 4 AMAP (2021), 5 Frost et al. (2025), 6 Myers-Smith et al., 2020, 7 Mekonnen et al. (2021), 8 Myers-Smith et al. (2011),

9 Schmidt et al. (2024), 10 Descals et al. (2022), 11 Kim et al. (2024), 12 Holloway et al. (2020), 13 Baltzer et al. (2025), 14 Meinander et al. (2025).

activities. Effective policy must be grounded in continuously
updated knowledge drawn from coordinated pan-Arctic
monitoring and predictive modeling, as well as future
scenarios and preferred pathways co-developed by local
residents and scientific experts. The spatial heterogeneity
across Arctic regions offers valuable opportunities for shared
learning, where regional experiences, local and indigenous
knowledge, and bottom-up adaptations can inform and
strengthen a collective response to ongoing changes.

4 Conclusion

Climate change is driving profound transformations in Arctic
marine ecosystems, with increased primary production but
growing risks of biodiversity loss and ecosystem instability.
While boreal species may expand northward, potentially
benefiting fisheries, this shift could disrupt food webs and
reduce ecosystem resilience. Ocean acidification,
deoxygenation, and harmful algal blooms threaten marine life
and carbon storage capacity. Regional outcomes will depend on
ecosystem vulnerability, climate dynamics, and human activities
such as fishing, shipping and resource extraction. In this regard,
cross-sector adaptation planning through ecosystem-based
management by national and local governments could play a
key role. There is a need for policymakers to prioritize
coordinated pan-Arctic monitoring, scenario development, and
adaptive and sustainable governance to safeguard the future of the
Arctic Ocean.

Arctic terrestrial ecosystems are undergoing rapid and

unpredictable transformations due to permafrost thaw, vegetation
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shifts, and intensifying disturbances such as wildfires and extreme
weather. These changes create powerful climate feedbacks, notably
through greenhouse gas emissions from thawing permafrost, which
risk accelerating global warming. The spatially variable and lagged
responses of ecosystems complicate predictions and demand
flexible, regionally informed policy approaches. A precautionary
stance is essential, supported by coordinated pan-Arctic monitoring,
scenario planning, and inclusive co-development with local
communities. Policymakers must integrate scientific and
indigenous knowledge to guide sustainable Arctic development
under growing uncertainty.

To effectively prepare for, navigate, and adapt to these
transformations, we argue that the Arctic States, through the

Arctic Council, should take the following three actions:

1. Establish coordinated pan-Arctic monitoring and predictive
modeling of key climatic drivers, human activities, and their
combined impacts on Arctic socio-ecological systems. This
action should include:

o Establish a prioritized list of relevant key parameters to be
monitored across the Arctic.

o Initiate and coordinate monitoring of key parameters by
the Arctic States.

o Initiate and coordinate pan-Arctic predictive modelling
of the interactions between climate, human drivers and
Arctic ecosystems.

o Establish a central data repository for data storage and
sharing, and an online knowledge hub for dissemination
of trends, maps and predictions of key parameters.

2. Co-develop policy relevant pathways and scenarios for a
changing Arctic. This action should include activities where:

frontiersin.org
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o Arctic scientists, policymakers and communities co-
develop exploratory scenarios to examine a range of
plausible futures based on potential trajectories of
climate and economic drivers.

o Scientists and local and indigenous knowledge holders
co-develop desirable goals and possible pathways to
reach these goals in normative target seeking scenarios.

3. Promote bottom-up approaches to develop nature-based
solutions, ecosystem-based management and ecosystem-
based adaptation strategies. This action should include:

o Local capacity building for ecosystem-based management

o Facilitate community-based co-development of solutions
and actions to enhance resilience of Arctic socio-
ecological systems to climate change.
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