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Executive Summary
A. Overview
Wetlands constitute a large part of the Arctic and their role for sustainable development is critical, as they
are directly related to climate change and adaptation, biodiversity, ecosystem services, and the livelihood
of indigenous and local peoples. The effects of climate change on Arctic wetlands, their biodiversity and
functioning are still little understood but can be expected to be considerable. A better understanding is
needed in order to increase the resilience of wetland ecosystems. This is one of the reasons why CAFF has
undertaken an initiative on enhancing engagement in relation to the roles and functions of Arctic wetlands
as a resource to support sustainable development and resilience in the Arctic. The overall goal of the
project is to enhance the state of knowledge on resilience and management of Arctic wetlands in response
to global change, including changes in climate and land use. The goal includes producing policy
recommendations to support measures and further develop management strategies to conserve
biodiversity and ecosystem services including reduction of anthropogenically induced greenhouse gas
(GHG) emissions as well as improving climate adaptation, and exploring possibilities for sustainable use,
especially for indigenous peoples.
The project is planned to be conducted in three stages and the first stage, which is considered mostly in
this report, entails a scoping study of current knowledge, and identifies knowledge that is needed for
producing policy and strategy recommendations but currently is lacking. The findings in stage 1 will be used
in the design of stage 2 where it is proposed that case studies will be carried out to enhance the knowledge
base. In stage 3 the policy recommendations will be produced.

B. Method of Analysis
One of the steps in achieving the main goal of stage 1 is reviewing current literature on functions and
services of Arctic wetlands in which the objective is to identify knowledge gaps and clusters about Arctic
wetlands. The literature review is based on scientific literature and focuses on the effects on the functions
and services of Arctic wetlands from: (1) various types of global changes; (2) relevant land-water use and
management; and (3) demographic pressures. The Web of Science and Scopus bibliographic databases are
used to explore scientific literature which are coded and assigned to categories in accordance with the
issues they have addressed which resulted in a heat map to display patterns in the issues being addressed.
Then, needed scientific knowledge lacking for producing policy and strategy recommendations on Arctic
wetlands are identified through compiling and analyzing the information gathered. This information
provides an overview of the knowledge clusters and gaps in Arctic wetlands. In this regard, the heat map of
scientific literature is analyzed, and relevant articles is reviewed to identify important scientific
achievements and likely knowledge gaps in Arctic wetlands investigations.

C. General Findings
To collect all research on Arctic wetlands a broad search string is used in different databases resulted in a
total of 2232 unique scientific articles. For this report, 20% of these articles (454) have been randomly
coded according to different interventions and environmental impacts and its result is shown as a heat
map, and followings are observed:
•
•

Most studies on Arctic wetlands have investigated “Climate Change”, “Natural Processes” and
“Observational”.
“Migration”, “Protected Area”, “Drainage/Moisture”, “Atmospheric CO2 Level”, and “Chemical
Pollution” have not been investigated in the relevant literature of Arctic wetlands.
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•

•

•

“GHG Emission/Uptake” has been the main focused environmental impact in Arctic wetland
literature. “Plant Performance” and “Biodiversity” are in the second and the third rank,
respectively. Also, “Energy Balance”, “Water Storage Capacity”, “Nutrient Reduction”, “Wetland
Mapping”, and “Modelling study” have been less focused as environmental impacts in the previous
studies.
“Biodiversity”, “Plant Performance” and “GHG Emission/Uptake” are evaluated under almost all
the interventions considered in the heat map. However, “Water Storage Capacity”, “Nutrient
Reduction”, and “Modelling Study” are evaluated under just two interventions, “Climate Change”
and “Land Use Change”.
Lack of studies also can be found on interactions between several interventions and environmental
impacts. Almost all environmental impacts of “Climate Change” are studied in a good extent in
Arctic regions. Whereas studies on “Animals”, “Observational” and even “Natural Processes” are
focused on couple of specific environmental impacts. These interactions are also important to be
studied in the future.

Among all interventions/environmental impacts introduced in the heat map, the ones with more than 15
articles are being focused in this report. “Climate Change”, “Animals”, “Observational” and “Natural
Processes” are interventions have been studied more than others in the database. For each intervention,
the most investigated environmental impacts are considered, and the relevant papers have been reviewed
more in detail.

C.1. Climate Change
Vegetation responses and landscape changes in every region extensively depend on climate variability and
understanding the structure and correlations of such effectiveness has been the interest point of many
research. Concerns about a possible feedback effect on climate change following possible increased GHG
emissions from wetland environments have led to series of studies in this era. Recently, there has been
growing research interest in the hydrological characteristics of arctic and sub-arctic wetland systems in the
need for more efficiently conserving wetlands and assessing climate change related impacts. Most of these
researches have been case study-based with a specific concern. Following questions are the most
important ones have been answered through these researches:
•
•
•
•
•

How would global warming affect the Arctic plants growth and vegetation stability in long-term?
How would UV-B radiation change affect the photosynthetic performance of high Arctic
vegetation?
What is the relation between plant species composition, nitrogen availability, GHG fluxes, and
permafrost thawing?
How to estimate the net CH4 budget of the Arctic wetlands?
How is global warming affecting autotrophic and heterotrophic respiration?

Knowledge gaps in “Climate Change” studies based on prepared database of articles are summarized here:
•

•

Impacts of local climate, topography, soil conditions, land use changes, site-specific species
interactions, abiotic conditions or other drivers on vegetation species composition in different
areas to better understand the site- and habitat-specific dynamics;
Focusing more on winter and spring events than has been the case in previous studies (mostly
growing season events), in high-latitude climate change experiments, since reproductive ecology of
plants is very responsive to climate change depending on specific events, especially during winter
and spring;
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•

•

Regional and global sensitivity analysis of permafrost thawing to global warming, since it can result
in changes in the water table depth and wetland area to predict the relative strengthens of CH4 and
CO2 emissions associated with the decomposition of the organic matter present in the permafrost;
Developing improved models of carbon dynamics based on extreme events as well as long-term
trends in soil, vegetation and herbivores.

C.2. Animals
Herbivory and climate are key environmental drivers, shaping plant communities and ecosystems at high
latitudes. They can influence several aspects of plant communities, including plant populations, species
assemblages and diversity, and ecosystem processes. Most of researches in this context have been focused
on lesser snow geese in Canadian Arctic systems due to their serious negative or sometimes positive
effects. However, followings are the main questions have been addressed in previous researches:
•
•
•
•
•

What are the interactions between herbivores, plants growth and productivity, nutrient dynamics,
soil temperature and moisture, and climatic factors in grazed and un-grazed Arctic regions?
What are the patterns of change in plant cover and in soil and ecosystem properties associated
with the effects of herbivores foraging?
How is the seasonal partitioning of foraging conditions, resource use, and constraints on the
growth of Arctic plants and soil microbes?
How would grazing system respond to global changes, as degradation or catastrophic droughts, will
affect vegetation structural heterogeneity?
What are the main characteristics of habitat used in flyways during herbivores migration?

Main knowledge gaps in “Animals” studies based on prepared database of articles are as follows:
•
•
•
•
•

Spatial and temporal fragmentation of intertidal communities because of goose foraging to
establish a baseline before further change occurs;
Interactions between geese nesting pattern and survival of march communities;
Quality improvement of vegetation (e.g. nutrient availability) through grazing (e.g. herbivore fecal
addition);
Developing a model to predict the rate of geese clonal growth with respect to patch dynamics (size
and salinity);
Interactions between soil temperature and moisture, vegetation composition and structure, and
absence of herbivores.

C.3. Observational
Biodiversity supports essential ecosystem functions and, consequently, many ecosystem services that are
key to human well-being. The ongoing global biodiversity decline is a threat to human well-being,
particularly in developing countries. There is, however, a high potential for mitigation measures aimed at
reducing human pressure and impact on biodiversity and this represents an important field of research.
Previous observational studies cover a broad range of topics related to biodiversity in the Arctic systems.
They have generally tried to answer below questions:
•
•
•
•

How is the performance of conservation plans? How can these plans be improved regarding
controlling processes within Arctic and sub-arctic wetlands?
How could predators affect fauna and flora communities in Arctic and sub-arctic regions?
What are the unique vegetation species/habitat types as indicators in each region to monitor longterm climate or human-induced changes?
What are the interactions between climate change, soil characteristics, organic matter and nutrient
availability, invertebrates/shorebirds/microbial communities?
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•

To what degree are soil microbial communities and ecosystem processes linked to each other?

Followings are the knowledge gaps in these studies:
•
•
•
•
•

Responses of soil invertebrate community (abundance, shifts in vertical distribution, and trait)
structure to elevated temperature;
Soil decomposer (bacterial and microbial) communities’ resilience to multiple sequential extreme
climate events and their longer-term effects on carbon cycling;
Environments’ and communities’ characteristics determining resistance or sensitivity;
Broad-scale information on shorebird use of staging habitats in coastal plains;
Cohesive and rigorous assessment of sympatric avian populations to estimate their abundance and
distribution, reproductive success, habitat performances, space use, and ultimately implementing
successful conservation actions.

C.4. Natural Processes
High latitudes are experiencing effects of climate change including warming, degrading permafrost, and
altered hydrology. Climate warming in boreal and arctic regions will likely be twice the global mean
(Serreze and Barry, 2011), and GHG fluxes could increase in the future due to these changes. Wetlands are
defined as areas with the water table at, near, or above the land surface for long enough to promote hydric
soils, hydrophytic vegetation, and biological activities adapted to wet environments (NWWG, 1988). Their
impacts on water storage and distribution, and water quality have been considerable. Northern peatlands
contain vast stores of organic matter in the form of organic carbon, nitrogen, and phosphorus. Both
terrestrial and aquatic productivity are typically nutrient limited in tundra ecosystems, linking nitrogen and
phosphorus cycles and transport with carbon cycling. Biogeochemical processes and an increased supply of
nutrients may be coupled with more efficient nitrogen and phosphorus transport in runoff due to
hydroclimatic change. Evaluations of such impacts of natural process in Arctic regions have aimed to
answer the following questions:
•
•
•
•
•

How can hydrological and hydrogeological conditions affect the exchange and flow paths between
deep and shallow groundwater?
What are the permafrost effects on the different water flow and water storage components of the
terrestrial water cycle in permafrost environments?
How to develop the monitoring of discharge and water chemistry in the Arctic to reliably detect the
spatiotemporal distribution of the most severe changes?
How can the carbon balance in Arctic regions be affected by spring energy and water fluxes?
What are the effective factors on the ratio of organic matter uptake by plants?

Found knowledge gaps in “Natural Processes” studies are presented here:
•
•
•
•
•
•

Addressing and understanding the large scale wetlandscape dynamics;
Value and efficiency of local and small (individual) scale measurements of wetlands in predicting
the wetlandscape functions;
Predicting ecosystem-scale CH4 and CO2 production in Arctic regions considering substantial
landscape heterogeneity;
Interactions between wetland hydrology, ecology and biogeochemistry;
Anthropogenic and hydro-climatic change in Arctic water flows;
Vulnerability of different regions to ecosystem regime shifts in conjunction with associated
hydrological and biogeochemical cycling changes, and their interactions with changes in climate
across the pan-Arctic.
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1. Introduction
Wetlands constitute a large part of the Arctic and their role for sustainable development is critical, as they
are directly related to climate change and adaptation, biodiversity, ecosystem services, and the livelihood
of indigenous and local peoples. The effects of climate change on Arctic wetlands, their biodiversity and
functioning, and the benefits they give to the people that depend on them are still little understood but
can be expected to be considerable. A better understanding is needed to increase the resilience of wetland
ecosystems.
Globally, many wetlands are drained or poorly managed, causing loss of values and functions. Many have
lost their role as CO2 sinks and have turned into sources. Although Arctic wetlands still tend to be less
affected by direct human activities, development trajectories suggest increased pressure over the next
decades. Arctic states and countries with arctic responsibilities need to take action for the adaptation of
wetland management to climate change and other increasing pressures with an aim to build long-term
resilience and secure biodiversity and key ecosystem services. In March 2016, at the meeting of the Senior
Arctic Officials (SAOs), the issues of climate change and sustainability which have been part of the Arctic
Council1’s program for many years, were partly raised in a new global context. Therefore, a scoping study is
considered aiming at an enhanced engagement in relation to the roles and functions of Arctic wetlands as a
resource to support sustainable development and resilience in the Arctic region.
The objective of this scoping study is to enhance the state of knowledge on the status of Arctic wetlands
and the effect climate change have on them. Results will be used for producing policy recommendations to
support measures and develop management strategies to conserve biodiversity and ecosystem services
including reduction of anthropogenically induced greenhouse gas (GHG) emissions, improve climate
adaptation and explore possibilities for sustainable use, especially for indigenous peoples. The project is
comprised of three stages: Stage 1: Scoping to analyze inventories of wetlands and their status, Stage 2:
Identifying case studies where good examples of management could provide a basis for effective policy
interventions, and publication of stage 1 outcomes, and Stage 3: Developing policy options as well as
specific management projects, and publication of stage 2 outcomes.
This report focuses on stage 1 aiming to enhance the state of knowledge on the status of Arctic wetlands
and their resilience and management in response to global change, including changes in climate and land
use, and to identify knowledge that is needed for producing policy and strategy recommendations but
currently is lacking. One of the steps in achieving this goal is reviewing current literature on functions and
services of Arctic wetlands in which the objective is to identify knowledge gaps and clusters about Arctic
wetlands. The literature review is based on scientific literature and focuses on the effects on the functions
and services of Arctic wetlands from: (1) various types of global changes; (2) relevant land-water use and
management; and (3) demographic pressures. The Web of Science and Scopus bibliographic databases are
used to explore scientific literature which are coded and assigned to categories in accordance with the
issues they have addressed which resulted in a heat map2 to display patterns in the issues being addressed.
Then, needed scientific knowledge lacking for producing policy and strategy recommendations on Arctic
wetlands are identified through compiling and analyzing the information gathered. This information
provides an overview of the knowledge clusters and gaps in Arctic wetlands. In this regard, the heat map of
scientific literature is analyzed, and relevant articles is reviewed to identify important scientific
achievements and likely knowledge gaps in Arctic wetlands investigations.

1
2

Information about the Arctic Council is available at http://www.arctic-council.org/index.php/en/
Heat maps are used to visualize a structural matrix of linkages between relevant variables, and aid in identifying key knowledge
gaps and topics well or not well represented in the scientific literature.
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In the following sections, the results of literature review are analyzed through which the most important
focus points regarding the Arctic wetland management are identified. Results of scientific literature
synthesis, focusing on the identified main points, are then presented and discussed. Afterwards, the main
knowledge gaps in sustainable management of Arctic wetlands are clarified. The last part of the report is a
comprehensive conclusion presenting the potential investigation areas for the future studies and projects.

2. Literature review
To collect all research on Arctic wetlands a broad search string is used in different databases resulted in a
total of 2232 unique scientific articles. For this report, 20% of these articles (454) have been randomly
coded according to different interventions and environmental impacts and its result is shown in Table 1.
This table called “heat map” includes 11 interventions and 14 environmental impacts and shows the
pattern of investigations on Arctic wetlands. The most relevant environmental impacts to ecosystem
services and functions of Arctic wetlands are considered in this heat map. Wetland ecosystems hold an
important part of every region’s biodiversity. The carbon content of Arctic soils could be released into the
atmosphere in form of GHG due to global warming and could affect the carbon storage. Arctic wetlands
could affect the hydrology regime of the region resulting in changes in water storage capacity. Arctic
wetlands serve as sinks, sources and transformers of nutrients and other chemical contaminants, and have
a significant impact on water quality, ecosystem productivity, and biogeochemical cycling. The heat map
also includes the most important interventions could considerably affect wetland services and
performance. The effectiveness of some of them is clear and the others are considered in this heat map to
make the analysis more comprehensive and integrated.
In the heat map, a colored bar is assigned to each cell of the table in a way that the longer bar is presented
in a cell with a larger number. So, the focal points of investigations are clarified. The table is conditionally
formatted so that cells with number of 15 or greater than that would have a green check icon and ones
with number in the range of [10,15) would have a yellow exclamation icon. Green check icons show
interventions/ environmental impacts which have been mostly focused in the literatures and are evaluated
for the synthesis of research findings in this report (238 article out of 454). Yellow exclamation icons show
interventions/environmental impacts which have been moderately assessed in the previous literatures.
Other cells of the heat map represent areas with inconsiderable focus in this field. General findings from
the heat map shown in Table 1, are summarized as follows:
•

•
•
•

•

Based on the last row of the heat map, most studies on Arctic wetlands have investigated “Climate
Change”. “Natural Processes” and “Observational” are respectively the second and third ranked
interventions mostly investigated in Arctic wetlands.
The most studied environmental impact of “Climate Change” is “GHG Emission/Uptake” followed
by “Plant Performance” and “Permafrost Thawing”.
The least studied environmental impact of “Climate Change” is “Nutrient Reduction” followed by
“Energy Balance”, Water Storage Capacity”, “Water Quality”, and “Wetland Mapping”.
Based on the last row of the heat map, “Migration” and “Protected Area” have not been
investigated in the relevant literature of Arctic wetlands. “Drainage/Moisture” and “Atmospheric
CO2 Level” jointly, and “Chemical Pollution” are the second and the third ranked interventions,
respectively, that are not considerably investigated in Arctic wetlands.
“Biodiversity” is the main environmental impacts considered in studies investigated “Migration”
and “Protected Area”.
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Table 1. Number of studies investigating environmental impacts and interventions (Heat map)
Interventions
Environmental
Impacts
Biodiversity
Plant Performance
GHG Emission/Uptake
Carbon Storage
Permafrost Thawing
Energy Balance
Hydrology
Water Storage Capacity
Water Quality
Nutrient Reduction
Biogeochemical Cycling
Morphology
Wetland Mapping
Modelling Study
Sum

Climate
Change

Long-Term
Past Climate
8
23
29
10
22
2
9
1
1
0
11
3
1
3

123

Land Use
Change

2
6
4
3
4
0
6
0
0
0
2
11
0
0
38

7
10
2
0
3
0
3
0
5
1
3
2
0
0
36

Drainage/
Moisture

Migration
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
1
2
0
0
0
0
0
0
0
0
0
0
0
3

Chemical
Pollution

Animals
6
33
4
1
0
0
1
0
0
0
4
0
0
0
49

Observational
1
0
0
0
0
0
0
0
2
0
5
0
0
0

8

Atmospheric
CO 2 Level

47
11
4
4
2
1
2
0
1
0
5
5
11
0
93

Protected
Area

0
1
2
0
0
0
0
0
0
0
0
0
0
0
3

Natural
Processes
1
0
0
0
0
0
0
0
0
0
0
0
0
0

1

1
2
42
5
0
1
19
0
2
0
23
4
0
0
99

Sum
74
87
89
23
31
4
40
1
11
1
53
25
12
3
454

Each cell includes a colored bar base on its number. The longer bar is assigned to the cell with the larger number of studies considering any intervention/environmental
impact. Cells with green check icon represent interventions/environmental impacts with 15 or more relevant literatures which have been mainly focused in this report. Cells
with yellow exclamation icon represent interventions/environmental impacts with 10 or more but less than 15 relevant literatures that could be beneficial to be evaluated.
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•

•

•

•

•
•

Pure “Observational” studies, where no specific process, intervention or environmental impact is
investigated, are also fairly common (the third ranked intervention regarding the total number of
coded articles). In most of these cases “Biodiversity” is studied as the environmental impact.
Based on the last column of the heat map, “GHG Emission/Uptake” has been the main focused
environmental impact in Arctic wetland literature. “Plant Performance” and “Biodiversity” are in
the second and the third rank, respectively. Also, “Water Storage Capacity” and “Nutrient
Reduction” have been less focused as environmental impacts in the previous studies. However,
“Energy Balance” and “Modelling study” are not significantly considered in the literature.
Almost all environmental impacts of “Climate Change” are studied in a good extent in Arctic
wetland. Whereas studies on “Animals”, “Observational” and even “Natural Processes” are focused
on couple of specific environmental impacts.
“Biodiversity”, “Plant Performance” and “GHG Emission/Uptake” are evaluated under almost all
the interventions considered in the heat map. However, “Water Storage Capacity”, “Nutrient
Reduction”, and “Modelling Study” are evaluated under just two interventions, “Climate Change”
and “Land Use Change”.
The effect of “Animals” (mostly herbivores) on “Plant Performance” of Arctic wetlands is relatively
well studied.
There is little research on effects of management interventions, such as “Protected Area”.

The shown heat map in Table 1, includes jointly studied environmental impacts that could be investigated
considering each intervention. That is, more than one environmental impacts have been jointly assessed
considering one intervention in some of collected scientific articles. Table S1 in Appendix, represents which
environmental impacts have been jointly studied considering each intervention. Each number shows the
assigned environmental impact in the first column of the table. For instance, in studies considering
“Animals” as an intervention, following environmental impacts have been jointly evaluated:
•
•
•

“Biodiversity” (row 1) with “Plant Performance” (number 2)
“Plant Performance” (row 2) obviously with “Biodiversity” (number 1)
“Biogeochemical Cycling” (row 11) with “Plant Performance” (number 2)

So, for each intervention (each column) in Table S1, different numbers in each row show
environmental impacts have been jointly assessed with the one on that row (in the first column). Based on
Table S1, studies on “Migration”, “Chemical Pollution”, “Atmospheric CO2 Level”, and “Protected Area”
have investigated different environmental impacts separately (individually), whereas for other
interventions, there is at least one article in the database in which more than one environmental impact
has been evaluated. This table can help in understanding the interconnectedness of environmental impacts
and their mutual effects on each other considering consequences of each intervention.
Graphs showing number of articles, that have jointly considered environmental impacts under different
interventions, are presented in Appendix (Figure S2). In these graphs, colored bars show different
interventions. For each graph, the main environmental impact is shown as the graph title. For instance, in
Figure S2-a articles that have evaluated “Biodiversity” with other environmental impacts (x-axis in the
graph) and in Figure S2-b articles that have evaluated “Plant Performance” with other environmental
impacts have been counted. Number of articles in which the main environmental impact is jointly assessed
with any other one, is shown as a number on each colored column. So, these graphs show how many
articles have been jointly evaluated different environmental impacts under each intervention. Each study
in the database, investigated at least one and at most three environmental impacts. So, the following
concept has been followed in each graph of Figure S2 for counting articles, preventing the double counting
articles that have evaluated more than two environmental impacts in each graph:
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•

•

•

The article investigated just the main environmental impact individually (in total one
environmental impact) has not been counted. It should be mentioned that number of articles
investigating just one environmental impact is much more than those investigating more
environmental impacts. So, to make Figure S2 clearer, these articles are not counted and shown.
The article investigated the main environmental impact with just one other environmental impact
(in total two environmental impacts) has been counted as 1 and this value is assigned to the other
environmental impact on colored bars. For instance, in Figure S2-b, articles that have evaluated
“Plant Performance” with “GHG Emission/Uptake” (in total two environmental impacts) have been
assigned number 1 under each intervention and the total value is shown on the colored bar for
each intervention. As shown, considering “Climate Change” (dark orange) and
“Drainage/Moisture” (dark green) as interventions, one article in the database for each has
evaluated these two environmental impacts.
The article investigated the main environmental impact with two other environmental impacts (in
total three environmental impacts) has been counted as 0.5 and this value is assigned to each of
the other environmental impacts on the colored bars. For instance, in Figure S2-b, articles that
have evaluated “Plant Performance” with “GHG Emission/Uptake” and “Permafrost Thawing” (in
total three environmental impacts) have been assigned number 0.5 under each intervention and
the total value is shown on the colored bar for each intervention. As shown, considering “Land Use
Change” (light orange) as intervention, one article in the database has evaluated these three
environmental impacts. So that article is counted as 0.5 for “GHG Emission/Uptake” and
“Permafrost Thawing” each to prevent double counting the same article for each environmental
impact.

Figure S1 in Appendix shows jointly studied environmental impacts regardless of different interventions.
So, “Nutrient Reduction” and “Wetland Mapping” have not been investigated with other environmental
impacts in the database’s articles (there is no number surrounding their circles) while “Biogeochemical
Cycling” has been jointly studied with several environmental impacts (6 number around its circle). Pink
numbers are the most jointly studied environmental impacts with the one has been identified within each
big circle. Generally, “Plant Performance” (number 2) and “GHG Emission/Uptake” (number 3) are the ones
have been mostly studied jointly with other environmental impacts in the database (they have appeared
around almost all the circles). That is because Arctic wetlands have special plant ecosystems and any
change in their condition could affect the wetland’s role in GHG emission.
In the following section, articles of interventions/ environmental impacts, identified with green check icons
in Table 1, are evaluated in detail.

3. Main considered interventions and their environmental impacts
Among all interventions/environmental impacts introduced in Table 1, the ones with more than 15 articles
are being focused in this section. “Climate Change”, “Animals”, “Observational” and “Natural Processes”
are interventions have been studied more than others in the database. For each intervention, the most
investigated environmental impacts are considered, and the relevant papers have been reviewed more in
detail. The main findings of those studies are classified and summarized in what follows.

3.A. Climate change
“Plant Performance”, “GHG Emission/Uptake”, and “Permafrost Thawing” are the main evaluated
environmental impacts which their studies’ results are presented in this part. Also, annual distribution of
relevant articles to climate change in the database is shown in Appendix (Figure S3-a). This graph shows
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that most studies have been focused in the past 10 years and “Plant Performance” and “GHG
Emission/Uptake” have been studied more consistently.

3.A.1. Plant performance
Vegetation responses and landscape changes in every region extensively depend on climate variability and
understanding the structure and correlations of such effectiveness has been the interest point of many
research. The following questions are the most important ones have been answered through these
researches and their main outcomes are described below:
•
•
•
•
•
•

How would global warming affect the Arctic plants growth and vegetation stability in long-term?
How would UV-B radiation change affect the photosynthetic performance of high Arctic
vegetation?
What is the relation between plant species composition, nitrogen availability, GHG fluxes, and
permafrost thawing?
How well processes related to the historical distribution of permafrost properties are represented
by a biogeochemical process-based model?
What are the feedbacks between vegetation and microclimate conditions?
What are the climate-induced indirect effects on grazing intensity?

Vegetation zones have sub-zonal and province peculiarities, which are displayed both in the modern
vegetation and in their historical development, especially during the Holocene. Investigation of this history
could provide new insights concerning regional vegetation and climate changes. Studies in the West
Siberian Plain have recorded several significant changes in the region’s landscape during the early and
middle Holocene, caused by climatic change and by the development of permafrost (Blyakharchuk and
Sulerzhitsky, 1999). In Canadian Arctic wetlands, the vegetation types most commonly associate with the
oldest landscapes. Most of the Arctic, including most bioclimate subzones and most vegetation types, have
shown increasing Normalized Difference Vegetation Index (NDVI) with increasing landscape age. While
there is no trend identified between vegetation types and landscape age in the coldest parts of the Arctic
(Raynolds and Walker, 2009). Vegetation changes in northernmost Sweden include not only increases in
growth and range extension but also counterintuitive decreases, and stability. Changes in species
composition within the major plant communities have ranged between almost no changes to almost a 50%
increase in the number of species (large increases in trees and shrubs). There has been an increase in
abundance of aspen and large changes in other plant communities responding to wetland area increases
resulting from permafrost thaw. Populations of herbivores have responded to varying management
practices and climate regimes, particularly changing snow conditions. However, evidence is also presented
of stable systems, that are counterintuitive (Callaghan et al., 2013).
Recent climatic and other environmental changes may cause substantial changes in species abundance and
distribution (Walther, 2003). A well-known example is expansion of woody vegetation into adjacent,
shorter statured communities. Tall shrubs and trees have advanced in many arctic and alpine ecosystems
across the circumboreal north regions during the last half-century (Dial et al., 2016). Studies aiming to
compare stability in the vegetation in northern Europe have shown during the past few decades that
species composition in certain vegetation types have been changed. However, statistically significant
relation has not been detected between these changes and gradients of diversity and productivity. This can
be due to possible linkage of the observed changes more to site-specific factors than to the environmental
or biotic gradients, or possibly there are complex interactions between environmental and community
changes (Kapfer et al., 2013). Based on research on montane regions in Alaska, different vegetation types
respond differently to climate change. Forest responses are consistently slower than climate variability
while the tall shrub ecosystem nearly responds equally to climate variabilities (Dial et al., 2016).
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By altering surface topography and hydrology, permafrost thaw has had consequences for peatland
vegetation community structure and biogeochemical cycling (Osterkamp et al., 2009; Schuur et al., 2015).
At the landscape scale, the presence and position of permafrost has strongly influenced surface water pH
and species composition. At local scale, a combination of water table depth and vegetation structure has
strongly controlled community composition (Camill, 1999). In northern Fennoscandia, vegetational
patterns of palsas1 (Figure 1-a) have shifted from dry hummock to the moist type due to permafrost
thawing, indicating that dry hummock vegetations are close to their climatic limitations and thus sensitive
to continued warming (are projected to completely disappear under the HadCM3-A2 climate scenario).
These shifts can cause an increase in nitrogen availability partly by increasing turnover of deep soil organic
matter (identifying that deeper soil horizons are important reservoirs of nitrogen post-thaw), and also lead
to an increase in CH4 emissions that almost completely offsets the increased carbon fixation (Bosio et al.,
2012). Greenhouse experiments have indicated that elevated atmospheric CO2 has unexpected deleterious
effects on the growth of bog plants2 (Figure 1-b) which are less nutrient-limited [e.g. mosses3 (Figure 1-c)]
and these effects have been strongest in the warmest months. As mosses are the main carbonsequestrating species in bogs and rising atmospheric CO2 levels are likely to be followed by increases in
temperature, there is an urgent need for further research on the combined effects of elevated CO2 and
increased temperature on plant growth in bog ecosystems (Heijmans et al., 2002). Results of investigations
in Swedish mires have indicated that the overall net uptake of carbon in the vegetation and the release of
carbon by heterotrophic respiration might have increased resulting in increases in both the atmospheric
CO2 sink function and the CH4 emissions (Johansson et al., 2006).
Stratospheric ozone depletion increases UV-B radiation in the biosphere, and it has raised concerns about
UV-B impacts on plants. Arctic plants have in general been shown to be susceptible to increases in incident
UV-B (Johanson et al., 1995; Gehrke et al., 1996), but few reports from exclusion studies addressing the
impact on vegetation are available from the Arctic (Albert et al., 2005; Bredahl et al., 2004; Phoenix et al.,
2002; Rinnan et al., 2005). Studies in Greenland on Vaccinium uliginosum4 [bog blueberry (Figure 1-d)]
have indicated that compared with the reduced UV-B treatment, the plants in ambient UV-B are found to
have a higher content of UV-B-absorbing compounds, and canopy net photosynthesis is lower during the
growing season which shows negative impacts of the current UV-B level on Vaccinium uliginosum (Albert et
al., 2008).

Figure 1. (a) Palsa vegetation, (b) Bog vegetation, (c) Moss vegetation, (d) Vaccinium uliginosum (bog blueberry), and
(e) Graminoid vegetation

As sessile and slow-growing symbiotic associations in extreme environments, lichens5 (Figure 2) have
evolved carbon-based secondary compounds (CBSCs). Studies on lichen in northern Sweden showed that
the Usnic acid concentration increased during the 4 °C warming regime (as it is predicted for the northern
Turf-covered mound, with a core of ice that rises above the surrounding bog or water surface.
Accumulated peat, deposit of dead plant material-often mosses, and in a majority of cases, sphagnum moss.
3 Small flowerless plants that typically grow in dense green clumps or mats, often in damp or shady locations.
4 Eurasian and North American flowering plant in the genus Vaccinium within the heath family, which grows on wet acidic soils on
heathland, moorland, tundra, and in the understory of coniferous forests.
5 Composite organism that arises from algae or cyanobacteria living among filaments of multiple fungi in a symbiotic relationship.
1
2
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Sweden) without the confounding effects of decreased relative humidity, hydration, and altered levels of
UV-B but remained constant in the ambient regime. Given the large biomass of lichens containing Usnic
acid at high latitudes, climate-driven changes in their Usnic acid concentration will result in large
quantitative changes in Usnic acid at the ecosystem level (Asplund et al., 2017). Long-term investigations
on silver birch1 (Figure 2) in Finland have suggested that this plant has the potential to acclimate to novel
environmental conditions, including largest projected thermal changes for the next 30-50 years
(Ruosteenoja et al., 2010). Good performance of Finnish silver birch has also been reported from much
warmer and more rainy conditions in South Korea (Han et al., 1985; Rousi et al., 2012). Vegetation
responses to global warming can also depend on the latitude. Climate scenarios for high-latitude areas
predict not only increased summer temperatures, but also larger variation in snowfall and winter
temperatures. Based on the results of studies in northern Sweden, the reproductive ecology (flowering
phenology and flower production) of species is very responsive to climate change but this response is very
dependent on specific climate events, especially those that occur in winter and spring (Aerts et al., 2004).
Climate warming will affect vegetation communities across arctic regions, where the coverage of
deciduous forest could increase, shrub tundra may increase, and graminoid2 tundra (Figure 1-e) might
decrease. Over the last 60 years, increased mean annual temperatures, longer growing seasons, and
increased fire activity have pushed Alaska’s ecosystems toward meaningful changes in both structure and
function. These changes would alter critical biophysical and biogeochemical processes, including surface
energy fluxes, evapotranspiration, and carbon flux and storage (Pastick et al., 2017).

Figure 2. Silver birches on the left and lichens on the right

3.A.2. GHG emission/uptake
Concerns about a possible feedback effect on climate change following possible increased GHG emissions
from wetland environments have led to series of studies in this era. These studies have generally aimed to
answer the following questions and their important achievements are summarized below:
•
•
•
•
•

How to estimate the net CH4 budget of the Arctic wetlands?
How might CH4 emission respond to a changing climate?
What are the effects of climate change on the rate of organic matter decomposition in permafrost
soils of the Arctic?
How is global warming affecting autotrophic and heterotrophic respiration?
How would changes in snow cover affect the wetland ecosystems?

Wetlands play an important role in affecting regional GHG budgets given that they only occupy
approximately 10% of the total land area in the Arctic region (Zhuang et al., 2015). Effects of climate
Species of tree in the family Betulaceae, native to Europe and parts of Asia, though in southern Europe it is only found at higher
altitudes.
2 Refers to a herbaceous plant with a grass-like morphology, i.e. elongated culms with long, blade-like leaves.
1
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change on the carbon balance of northern wetlands will depend upon microtopography, and changes in
the carbon balance with a changing climate will reflect a complex interplay among climate forcing, biota,
hydrology, and permafrost (Sullivan et al., 2008). According to recent observations, permafrost thaw may
create two different soil environments: aerobic in relatively well-drained uplands, and anaerobic in poorly
drained wetlands. The soil oxygen availability can dictate the rate of permafrost carbon release as CO2 and
CH4, and the overall effects of these emitted GHGs on climate. 500 days studies on permafrost soils of
Alaska and Siberia have indicated that carbon released under aerobic conditions has been more than
anaerobic conditions. Also, carbon release in organic soils has been more than mineral soils on a per gram
soil basis, but on a per gram carbon basis, deep permafrost mineral and organic soils have shown similar
carbon release rates (Lee et al., 2012). These changes have made the sub-arctic wetland a stronger sink for
CO2, but increases in CH4 flux have more than compensated, making the system a greater overall source of
GHGs (Sullivan et al., 2008). Regardless of soil type, permafrost carbon in aerobic upland ecosystems may
have a greater effect on climate compared to a similar amount of permafrost carbon thawing in an
anaerobic environment, despite the release of CH4 that occurs in anaerobic conditions (Lee et al., 2012).
Researches on Arctic peatland have shown the key roles of microorganisms in emissions of CH4 from anoxic
carbon-rich peat soils of the Arctic permafrost region. Results have shown that within a short period (30 ±
10 days), reflecting the Arctic active summer season, the peat microbiota has quickly adapted to large
temperature shifts and CH4 production has increased rapidly even with small increases in temperature.
(Tveit et al., 2015). Regarding the peatland respiration in Sweden, summertime warming has decreased the
age of respired carbon due to increased proportional contributions from autotrophic and young soil
respiration and decreased proportional contributions from old soil. Summertime warming’s large effect has
been due to not only warmer air temperatures during the growing season, but also to warmer deep soils
year-round. Comparing two ecosystem respiration responses (peatland in Sweden and tussock tundra in
Alaska) has shown that despite the peatland having greater ecosystem respiration and larger contributions
from heterotrophic respiration than the tundra, both systems have responded consistently to short- and
long-term warming with increased respiration, increased autotrophic contributions to ecosystem
respiration, and increased ratios of autotrophic to heterotrophic respiration. These autotrophic responses
to warming have shown no signs of abating after a decade (Figure 3), suggesting that arctic greening may
be ongoing in these ecosystems (Pries et al., 2015).

Figure 3. Simulated net CH4 fluxes (emissions and consumption) in the pan-Arctic region for the 1990s. Positive values
indicate net emissions to the atmosphere, and negative values indicate net uptake from the atmosphere (Zhuang et
al., 2004).

9

High northern latitudes are associated with the highest atmospheric concentrations of CH4 (Fung et al.,
1991). The Arctic is considered as a sink for atmospheric carbon because carbon inputs to soils in this
region are greater than carbon losses through decomposition, which is constrained by low ambient
temperatures and poor soil drainage (Arctic Climate Impact Assessment, 2004). Previous studies have
shown that temperature (Nozhevnikova et al., 1997 and 2007; Yvon-Durocher et al., 2014), and substrate
availability (Basiliko et al., 2003), are key drivers of microbial processes in permanently and transiently cold
environments. These processes can influence carbon cycle within the region. Study carried out by
Christensen (1993) has shown that no single parameter relationship between one environmental factor
and CH4 flux covering all studied sites could be obtained. However, inter-season variations in CH4 flux at dry
sites seemed to be largely controlled by water table fluctuations while wetter sites were controlled
primarily by soil temperature. Other studies have estimated CH4 emissions according to a group of
environmental controls, including soil temperature and moisture, incident solar radiation, and atmospheric
CO2 concentration in northern wetlands using the Variable Infiltration Capacity (VIC) land surface model.
The CH4 emissions estimations have been within the range of previous estimates but somewhat toward the
higher end. Increases in temperature and CO2 has been responsible for more than half of the inferred
increase in CH4 emissions (Chen et al., 2015).
CH4 is one of the most powerful carbon-based GHG in the atmosphere and its production in the natural
environment through methanogenesis is positively correlated with temperature. Recent field studies have
shown that CH4 emissions from Arctic thermokarst lakes are significant and could increase due to global
warming (Figure 4). CH4 emissions are the highest in the lakes of Alaska and northern Siberia, due to the
extensive distribution of carbon-rich yedoma permafrost. Based on data of lakes in the north of 60°N, the
increase of CH4 emissions from arctic lakes does not cease immediately when global warming is reduced
(Tan and Zhuang, 2015). Despite the large CH4 emissions from wetlands, the region is a consistent GHG sink
per global warming potential (GWP) calculations irrespective of the type of wetland datasets being used.
Sensitivity analysis during the period 1993-2004 has indicated that the regional source of CH4 changes
almost with the similar rate as changes in wetland inundation extent while the regional CO2 sink responds
with lower rate. Seasonally, the inundated area changes result in higher summer CH4 emissions, but lower
summer CO2 sinks, leading to lower summer negative GHG forcing (Zhuang et al., 2015). There are some
researches with relatively different results. In situ CH4 measurements in west Greenland using open-top
champers have indicated that there is no significant trend between seasonal CH4 uptake rates and
experimental warming (due to indirect effects of open-top-champers on soil moisture since the soil water
content has been the limiting factor for diffusion and associated oxidation of CH4). Overall, the net
landscape sink of CH4 has tended to increase. This study has suggested that bare and dry tundra
ecosystems should be considered in the net CH4 budget of the Arctic due to their potential role in
counterbalancing CH4 emissions from wetlands (D’Imperio et al., 2017).
In addition to temperature, snow cover is also a major factor controlling important ecosystem processes in
cold regions. In the last two decades several studies have documented decreasing snow amount, duration
and depth of snow cover in the Northern hemisphere, except in the coldest regions at high latitudes
(Räisänen, 2008; López-Moreno et al., 2011). Studies focusing on snow cover effects on wetland ecosystem
have shown that ecosystem respiration and microbial carbon content have been unaffected by the snow
cover changes. Also, nutrient content in the soil and plants has not varied in relation to snow cover while
the ratio of nitrogen to phosphorus in the microbial biomass decreases by increased snow cover. This
probably depends on stimulation of microbial activity, which enhances absorption of phosphorus, rather
than nitrogen, by microbes. This may eventually reduce phosphorus availability for plant uptake
(Bombonato and Gerdol, 2012).
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Figure 4. Time series of (a) globally averaged atmospheric CH4 concentrations in ppb and (b) instantaneous CH4
growth rate for globally averaged CH4 in ppb yr-1 for 1983-2008 derived from observations from NOAA’s global surface
air sampling network (Dlugokencky et al., 2009)

3.A.3. Permafrost thawing
Recently, there has been growing research interest in the hydrological characteristics of arctic and subarctic wetland systems in the need for more efficiently conserving wetlands and assessing climate change
related impacts. Most of these researches have been case study-based with a specific concern. Generally,
following questions are answered in the previous studies and their main findings are presented below:
•
•
•
•

What are the interactions between permafrost and hydrology in Arctic streams?
How might natural sources and the atmospheric fate of CH4 be affected by future climate change?
How could processes governing CH4 wetland emissions, permafrost thawing, and destabilization of
marine hydrates affect the climate system?
What are the mechanisms controlling soil CO2 respiration and wetland CH4 emissions?

Permafrost soils contain enormous amounts of organic carbon (Figure 5-a), which could act as a positive
feedback to global climate change due to enhanced respiration rates with warming (Koven et al., 2011).
Contrary to results of the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC
AR4) (Denman and Brasseur, 2007; Meehl and Stocker, 2007), results of terrestrial ecosystem models have
indicated that when permafrost processes are included in modeling, terrestrial ecosystems north of 60°N
could shift from being a sink to a source of CO2 by the end of the 21st century when forced by a Special
Report on Emissions Scenarios (SRES) A2 climate change scenario. These results demonstrate two wellobserved mechanisms: the relative inhibition of respiration by soil freezing (Goulden et al., 1998), and the
vertical motion in Arctic soils that buries old but labile carbon in deeper permafrost horizons, which can be
remobilized by warming (Schuur et al., 2009). Taking frozen soil processes into account, climate change can
lead to a large reduction of the carbon sinks in high-latitude due to seasonally frozen soil carbon and
permafrost processes (Koven et al., 2011). It is likely that CH4 wetland emissions will increase over the next
century. Uncertainties arise from the temperature dependence of emissions and changes in the
geographical distribution of wetland areas. Another major concern is the possible degradation or thaw of
terrestrial permafrost due to climate change. The amount of carbon stored in permafrost, the rate at which
it will thaw, and the ratio of CH4 to CO2 emissions upon decomposition form the main uncertainties
(O’Connor et al., 2010).
To help understand the hydrological and vegetation characteristics of sub-arctic wetlands, several
investigations could be found on these wetlands, especially in Canada. For instance, studies in Deer River
watershed have found that surface soil moisture becomes more saturated as getting closer to the stream
which could be attributed to the extraordinarily high hydraulic conductivity and the descending
permafrost. Permafrost table keeps descending in the summer and releases extra frozen soil layers due to
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the increasing temperature. In addition, low albedo vegetation and subsurface flow determine a reciprocal
relationship between permafrost table and its distance to the streams (Chen et al., 2011). Regions within
the discontinuous permafrost zones are experiencing accelerated thaw of permafrost due to recent
warming (Figure 5-b). Tracking changes in the extent of peat plateau collapse in Northwest Territories
(Canada) based on rivers’ sediment during 1947-2012 have found that the impacts of permafrost thaw on
aquatic ecosystems in the sporadic discontinuous permafrost zone are complex, but there is the potential
for the degradation of peat plateaus to significantly alter the delivery of terrestrial organic matter to lakes.
Landscape processes (e.g., forest fires and permafrost thaw) may could have a significant influence on the
limnology of lakes in the region through increases in nutrient and dissolved organic carbon run-off. Also,
they may accelerate permafrost degradation in this region (Coleman et al., 2015).

Figure 5. (a) Distribution of permafrost and (b) soil organic carbon content within the top 1 m in northern high
latitudes (Tarnocai et al., 2009)

Following investigations on impacts of climatic change on permafrost degradation and hydrology of lower
Yenisei River, regional landscape conditions have also been assessed in this region. Increases in air
temperature have resulted in permafrost degradation and a decrease in the seasonal frost. The lowering of
the permafrost table has led to an increased storage capacity of permafrost affected soils, and a higher
contribution of ground water to river discharge during the winter. A progressive decrease in the thickness
of the layer of seasonal freezing allows more water storage and pathways for water during the winter low
period, making winter discharge dependent on the timing and amount of late summer precipitation
(Streletskiy et al., 2015). Researches on Alaskan Arctic coastal plain for the period of 1999-2009 have
indicated that the groundwater storage (including wetland bog, thaw pond and lake) is increasing, and
Yukon River watershed groundwater storage is decreasing. These changes can be linked to the
development of new predominately closed- and possibly open-talik in the continuous permafrost zone
under large thaw lakes with increases of lakes and new predominately open-talik and reduction of
permafrost extent in the discontinuous and sporadic zones with decreases of thaw lakes (Muskett and
Romanovsky, 2011). Like global changes, changes in regional land-surface controls, such as the widespread
development of thaw lakes, the replacement of tundra by deciduous forest or woodland, and flooding are
also important to be consider in evaluations. Based on researches carried out in Beringia (northeastern
Siberia, Alaska, and northwestern Canada), regional-scale controls strongly mediate the climate responses
to changes in the large-scale controls, amplifying them in some cases, damping them in others, and,
overall, generating considerable spatial heterogeneity in the simulated climate changes. The change from
tundra to deciduous woodland produces additional widespread warming in spring and early summer over
that induced by global models, and lakes and wetlands produce modest and localized cooling in summer
and warming in winter (Bartlein et al., 2015).
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3.B. Animals
The most studied environmental impact of “Animals” intervention is “Plant Performance”. Articles found
about this topic have been reviewed and their important findings are summarized in this part. Also,
number of articles focusing on “Animals” and “Plant Performance” during years is presented in Appendix
(Figure S3-b). This graph indicates that similar to “Climate Change”, most studies have been implemented
in the past 10 years.

3.B.1. Plant performance
Herbivory and climate are key environmental drivers, shaping plant communities and ecosystems at high
latitudes. They can influence several aspects of plant communities, including plant populations, species
assemblages and diversity, and ecosystem processes. Most of researches in this context have been focused
on lesser snow geese in Canadian Arctic systems due to their serious negative or sometimes positive
effects. However, followings are the main questions have been addressed and important findings of
previous researches:
•
•
•
•
•
•
•
•
•
•

What are the interactions between herbivores, plants growth and productivity, nutrient dynamics,
soil temperature and moisture, and climatic factors in grazed and un-grazed Arctic regions?
How is grazing affecting the net primary production and the nutritional quality of forage in shortterm and long-term in salt marsh system? And how is the reversibility of these changes?
What are the patterns of change in plant cover and in soil and ecosystem properties associated
with the effects of herbivores foraging?
How is the seasonal partitioning of foraging conditions, resource use, and constraints on the
growth of Arctic plants and soil microbes?
What are the effective factors on plant growth response to grazing?
What are forage characteristics affecting usage by grazers?
How would grazing system respond to global changes, as degradation or catastrophic droughts, will
affect vegetation structural heterogeneity?
Can forage species access inorganic nitrogen when it is added at concentrations reasonable in
grazed areas?
Whether Arctic plants can interfere with nutrient cycling and prevent a direct fertilizing effect of
herbivore feces on vascular plants?
What are the main characteristics of habitat used in flyways during herbivores migration?

Herbivores strongly influence plant community dynamics and the physical structure of the environment,
particularly the soil-plant continuum (van de Koppel et al., 1997; Olff et al., 1999). The response of plants
to herbivory usually varies with the grazing regime experienced. Herbivores can sometimes enhance plant
production by increasing the turnover rate of nitrogen which has the most impact on Arctic plants growth.
Studies of wildebeest in Africa and snow geese have suggested that these grazers enhance graminoid
production in certain sites by repeatedly using them (Post and Klein, 1996). Elliott (2009) has found that in
the high Arctic, sites grazed by muskoxen have had higher above-ground net primary production (NPP)
than un-grazed sites. However, chronic goose grazing in Bylot Island (Canadian Arctic) tends to decrease
production of these ecosystems in the long-term (Gauthier et al., 1996). Effects of grazing on plant growth
in Bylot Island have also been evaluated regarding the frequency and timing (early, mid or late in the
season) of grazing. Beaulieu et al. (1996) have shown that neither grazing (presence or absence) nor its
frequency affected the above-ground NPP at the end of the growing season while the below-ground
reserves of plants have been reduced. Nitrogen concentration has been highest in plants grazed more
times, intermediate in those grazed once, and lowest in un-grazed plants. Timing of grazing has had no
effect on plant growth.
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Long-term studies of reindeer grazing on sub-arctic tundra wetlands in Finnish and Norwegian side have
shown that the Finnish side has been intensively grazed and trampled throughout the year, whereas the
Norwegian side has been grazed in winter. Both in the long-term and short-term, summer grazing has
decreased the height of plants whereas the short-term effects have been less clear than the long-term.
While the length of plants shoots and biomass have been lower in Finnish wetland habitats, overall
nutrient content of forage plants and vegetation composition have remained almost unchanged in spite of
long-term grazing effects. Therefore, sub-arctic Fennoscandian wetlands are structurally and functionally
highly resilient (Kitti et al., 2009). Intense geese grazing and extensive grubbing of salt march in La Pérouse
Bay, northern Manitoba in Canada, have appeared to trigger salt marsh destruction in long-term. These
deleterious changes in this region can be detected by LANDSAT imagery (Srivastava and Jefferies, 2002).
The decreased above-ground biomass has resulted in increased soil evaporation rates, and the deposition
of salts in the upper layers of sediment. The resultant high salinities have limited the growth and survival of
plants and herbivores. So, high consumption rates have led to loss of vegetation cover, exposure of surface
sediments and development of hypersaline soil (Jefferies and Rockwell 2002). Other processes, such as the
formation of thick algal crusts on the surface of sediments and soil erosion may also reduce plant growth
and survival of herbivores (Srivastava and Jefferies, 1996). In contrast, the cause of the increased adult
lesser snow goose population over the last two decades is strongly linked to human activities elsewhere
(use of agricultural crops by geese, refugia, decline in hunting) (Francis et al., 1992; Warren and Sutherland,
1992).
Large herbivores have significant impacts on the structure and function of temperate and tropical
ecosystems. High Arctic vegetation, commonly overlying permafrost soils, is often moss-dominated with
sparse vascular plant cover. The low temperatures in soils with permafrost may restrict vascular plant
growth directly by limiting the rate of tissue respiration and thus nutrient uptake, or indirectly by slowing
the rate of soil decomposition and thus reducing the availability of essential nutrients. As predicted by
Zimov et al. (1995a, 1995b), herbivores reduce moss depth, control ecosystem function and vascular plant
community composition by modifying temperature and moisture in soils subject to permafrost. The impact
of herbivores on the moss layer may play a key role in regulating the rate of carbon release from thawing
permafrost soils and could have consequences for global carbon dynamics. Investigations of Gornall et al.
(2009) have also suggested similar conclusion considering the simultaneous impacts of climate change and
herbivory. Positive association of vascular plants and large herbivores in arctic systems (Spitsbergen,
Norway as a case) has been proposed to be the result of two simultaneously operating positive feedback
loops: (1) Herbivore grazing and trampling reduces moss layer depth, increasing soil temperatures; and (2)
Vascular plants benefit directly from grazers because of additional nutrients from feces and urine.
Evaluations on reversibility of vegetation changes in Arctic systems have suggested that a shift from a
grass-rich, grazer dominated system to an un-grazed, moss-dominated system is likely to proceed at a far
slower speed than the transformation in the opposite direction, particularly because of the slow rate of
moss growth in relation to the rapidity with which grazers disturb the moss layer and grasses respond to
increased soil temperature (Van der Wal and Brooker, 2004).
Grazing alters the availability of nitrogen in the soil, which affects other ecosystem processes. Nutrient
addition through animal excrement can increase the availability of soil ammonium and nitrate and
influences above-ground NPP (salt marsh system in La Pérouse Bay, Manitoba, Canada as the case). Grazing
can affect the demography of shoots and leaves, increasing the proportion of young age classes, which
grow more vigorously and have higher nitrogen concentrations compared to un-grazed plants. Soil
moisture is affected by trampling by herbivores. Rainfall infiltration in heavily grazed areas is reduced by
trampling because soil bulk density increases (Elliott and Henry, 2011). All these changes along with ice
rafting, frost heaving, and the complex drainage patterns, create a mosaic pattern of vegetation on the
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lower salt marsh (Srivastava and Jefferies, 2002). This contrasts with the distinct zonation patterns of
temperate and Alaskan salt marshes (Vince and Snow, 1984; Adam, 1990; Bertness and Leonard, 1997). On
the other hand, restricting the access of grazers to forage causes the accumulation of plant litter, which
alters light reception, soil temperatures, soil moisture, and nutrient dynamics (Cargill and Jefferies, 1984).
Addition of goose droppings has had no effect on growth parameters of graminoids and mosses in Bylot
Island (Canadian Arctic). High levels of nitrogen addition could enhance both growth and nutrient content
of graminoids. Growth of mosses has not significantly changed while their nutrient content is generally
enhanced at all levels of fertilization. These results suggest that bryophytes such as mosses act as a natural
barrier by absorbing nutrients from external additions, thus blocking the access of highly assimilable
nutrients to graminoid plant roots. At increased levels of nitrogen addition, bryophytes would apparently
be saturated, so the nutrient surplus can leach down to roots and is thus available for graminoid plant
growth. The presence of a thick moss layer likely prevents the effects of fecal addition on graminoid growth
in Arctic regions (Pouliot et al., 2009). On the other hand, Kotanen (2002) has described another nitrogen
dynamic for freshwater wetlands, suggesting that the presence of mosses do not prevent forage species
from rapidly taking up ammonium and nitrate added either at or below the moss surface. Nonetheless,
most of the added nitrogen is absorbed by the mosses; consequently, mosses tend to divert nitrogen away
from forage species and into long-lasting peat. In the long-term, this may reduce the ability of freshwater
forage plants to recover from damage by increasing populations of grazers.
Plants and soil microorganisms respond differently to additions of nitrogen, phosphorus and carbon in
different seasons. Plant growth strongly occurs under nitrogen and combined nitrogen and phosphorus
additions but not phosphorus singly. Nitrogen levels in the shoots and roots of dominant species have
declined as summer progressed. Microbial biomass has been low in spring despite nitrogen and
phosphorus additions, likely due to carbon limitation, but values have increased in autumn, as dissolved
organic carbon has increased. Plants appear to limit soil inputs of carbon in summer and compete
effectively for resources in contrast to autumn, indicating a temporal partitioning of resources (Hargreaves
et al., 2009).
Grazing ecosystems ranging from the Arctic tundra to tropical savannas are often characterized by smallscale mosaics of herbivore-preferred and herbivore-avoided patches, promoting plant biodiversity and
resilience. The three leading explanations for bistable patchiness in grazed ecosystems are (1) herbivoredriven nutrient cycling, (2) plant-growth-water-infiltration feedback under aridity, and (3) irreversible local
herbivore-induced abiotic stress (topsoil erosion, salinity). However, these insufficiently explain the high
temporal patch dynamics and wide-ranging distribution of grazing mosaics across productive habitats.
Howison et al. (2017) have evaluated the interplay of two biotic processes as the forth reason: bioturbation
by soil fauna that locally ameliorates soil conditions, promoting tall plant communities, alternating with
biocompaction by large herbivores that locally impairs soil conditions, and promotes lawn communities.
Bioturbation provides a strong mechanism for reversal of stressful conditions for plants in grazing
ecosystems, preventing permanent and large-scale degradation of ecosystems, and maintaining dynamic
patterns in vegetation structure. Moreover, the re-colonization of patches by geese at La Pérouse Bay,
Manitoba, Canada, has indicated that the growth form of preferred plants, growing inwards from the
periphery to the center, has been patch-size dependent. In the smaller patches, biomass has been higher
per unit area compared with larger patches; although the spatial extent of inward growth has increased as
patch size increased, biomass per unit area of plant cover has decreased. Regarding the clonal growth
form, the pattern of slow, dense (high biomass) regrowth in small patches and fast, sparse (low biomass)
regrowth in large patches has been consistent with a transition from a phalanx to a guerilla growth form as
patch size increases and soil conditions worsen (McLaren and Jefferies, 2004).

15

Grazing is a dynamic process in which both grazer and vegetation are affected, the results of which can
alter ecosystem structure and function. Studies on caribou on Alaskan region have concluded that these
herbivores are sensitive to local variation in forage quality and quantity, and preferentially use those sites
that are intrinsically more productive. Forage biomass density, shoot density, stand densities of nutrients
and minerals, and forage concentrations of nutrients and minerals are correlated positively with use of
sites by caribou. Productivity has been independent of previous use by grazers, but consistent within
ranges (Post and Klein, 1996). Geese need large quantities of high quality plants to breed successfully, and
negative effects on goose reproduction due to lack of food have been detected in Canadian Arctic region,
indicating that herbivore populations have also been influenced by climate factors, either directly or
indirectly through effects on plant growth. It is likely that tundra plant-herbivore systems will be strongly
affected by future climatic changes (Gauthier et al., 1996). The reduction in food availability and nutritional
quality of forage in the salt marshes has declined the gosling survivorship and size in recent decades (Ngai
and Jefferies, 2004).
Migrating geese and swans ultimately depend on “stepping stones” of suitable foraging habitats along the
migration route to meet their energy demands for long-distance flight. Along the east Atlantic migratory
flyway, goose and swan species rely on the availability of suitable coastal habitats as staging sites during
migration and for breeding. Barnacle geese visit salt marsh communities of the low and middle marsh more
than the high marsh and non-saline communities during the migration in Russia. The preferred marsh
communities have high tiller densities and low canopy heights and is dominated by a species with high
forage quality. Barnacle geese graze the above-ground plant material and do not grub for below-ground
plant parts. Therefore, despite the similarities the salt marsh in this region has with other marshes at
similar latitudes along the Russian coast and in Canada, barnacle geese grazing does not affect negatively
the graminoid sward in Russia coast. Considering shifts in diet composition at different stages of population
development in a growing breeding colony (Kuijper et al., 2009), barnacle geese select forage sites on a
combination of the canopy height, tiller density and food quality (van der Graaf et al., 2004).

3.C. Observational
The focus in “Observational” investigations has been on “Biodiversity”. The synthesis of relevant articles
has been presented in what follows. Also, number of articles considering “Biodiversity” during years is
presented in Appendix (Figure S3-c). This graph shows that compared to “Climate Change” and “Animals”
as two main reviewed interventions, “Observational” articles investigating “Biodiversity” are much more
considerable. Similar to “Climate Change” and “Animals”, most studies have been implemented in the past
10 years.

3.C.1. Biodiversity
Biodiversity supports essential ecosystem functions and, consequently, many ecosystem services that are
key to human well-being. The ongoing global biodiversity decline is a threat to human well-being,
particularly in developing countries. There is, however, a high potential for mitigation measures aimed at
reducing human pressure and impact on biodiversity and this represents an important field of research.
Previous observational studies cover a broad range of topics related to biodiversity in the Arctic systems.
They have generally tried to answer below questions:
•
•
•

How would short- and long-term climate conditions alter diversity, richness and composition of
habitats in Arctic and sub-arctic regions?
To what extend could changes in vegetation communities induced by environmental conditions
remain in the system?
What is the cost of climate induced changes for the community’s resilience to multiple sequential
extreme events?
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•
•
•
•
•
•
•

What are the interactions between climate change, soil characteristics, organic matter and nutrient
availability, invertebrates/shorebirds/microbial communities?
How is the performance of conservation plans? How can these plans be improved regarding
controlling processes within Arctic and sub-arctic wetlands?
How could predators affect fauna and flora communities in Arctic and sub-arctic regions?
What are the best predictors of wetland occupancy by vegetation and shorebirds?
What are the unique vegetation species/habitat types as indicators in each region to monitor longterm climate or human-induced changes?
To what degree are soil microbial communities and ecosystem processes linked to each other?
What are the diversity and distribution patterns in lichen species/willow-characterized tundra
vegetation?

In response to climate warming, northern aquatic ecosystems are rapidly changing. This change begins as
an alteration of the landscape, which in turn affects the hydrology as well as the cycling of organic carbon,
contaminants and other nutrients. Microbial communities play a dominant role in the geochemical cycling
of nutrients (e.g., carbon) and contaminants (e.g., mercury) in anaerobic freshwater sediments. Surveys of
molecular diversity of microbes thriving in polar desert lake and wetland sediments in high Arctic on
Cornwallis Island, NU, Canada have indicated that CH4 cycling and overall bacterial metabolic activity are
the highest at the surface of lake sediments but deeper within wetland sediments. In this region, bacterial
communities are highly diverse and structured as a function of both environment and depth, being more
diverse in the wetland and near the surface (Stoeva et al., 2014). Alaskan boreal forest soil evaluations
have shown that organic matter quality is an important cause of community differences in microbial
activity along with the complex gradient in temperature and nitrogen availability. The mechanisms by
which carbon and nitrogen affect microbial processes depend crucially on the nature of carbon inputs and
the effects of native organic matter on microbial activity. Experiments have indicated that microbial
response to added nitrogen has been greatest when labile carbon has been abundant in Alaskan boreal
forest. Microbial demand for available soil nitrogen has been greatest in soils with the highest organic
carbon concentrations and the lowest rates of nitrogen mineralization. These observations support the
concept that microbial activity responds to a balanced supply of carbon and nitrogen. Despite similar
microbial biomass carbon concentrations in all soils in Alaskan boreal forests, soils with lowest organic
matter quality (spruce and aspen) have immobilized the highest proportion of added nitrogen but have had
the lowest respiration and net mineralization, the longest microbial carbon and nitrogen turnover times,
and the lowest gross immobilization (uptake) of added nitrogen. By contrast, soils with higher organic
matter quality (i.e. birch) have had high gross rates of nitrogen uptake but have turned over this
immobilized nitrogen rapidly due to their high rates of respiration and nitrogen mineralization (Vance and
Chapin, 2001).
Underlying many studies in microbial ecology is the premise that there is a relation between the microbial
community composition and the functional potential of a community. The climate sensitivity of microbemediated soil processes such as carbon and nitrogen cycling offers an interesting case for evaluating the
corresponding sensitivity of microbial community composition to environmental change. Studies on subarctic Sphagnum peatland1 (Figure 6-a) have shown that soils that previously induced changes to carbon
and nitrogen fluxes, have not significantly associated with changes in the phylogenetic composition of
bacterial community. So, the bacterial community in Sphagnum peatland is stable under changing
conditions, despite previous evidences that microbe-mediated soil processes can alter without
concomitant changes in bacterial communities. Variation in bacterial communities could be explained by
1

Genus of approximately 380 accepted species of mosses, commonly known as peat moss.
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the hierarchy: spatial variation more than temporal variation more than climate treatment. Relative
stability of bacterial community composition could be a consequence of high levels of bacterial dormancy,
and/or long-term preservation of DNA from non-living microorganisms (Weedon et al., 2017).
Bog and tundra ecosystems constitute a significant part of the Russian boreal landscapes. A significant part
of this area is covered by fruticose lichen (Figure 6-b) and foliose epigeal lichen (Figure 3). Analysis of
bacterial communities of epigeal bog lichens from Sphagnum bog and tundra occurring in northern Russia,
has indicated that lichens contain a variety of biologically active polysaccharides, acids, quinones, and
glycopeptides. A combination of these compounds acts as a factor in specific selection of bacteria,
suggesting that low temperatures, low pH values, and the presence of available polysaccharides are the
major selective factors for development of this specific group (Pankratov, 2012).

Figure 6. (a) Sphagnum peatland, and (b) Fruticose lichen

In recent years, there has been rising global concern regarding the emergence and increase of antibiotic
resistant pathogens (Allen et al., 2010; D’Costa et al., 2011; World Health Organization, 2014). Human use
of antibiotics may lead to environmental spread of antibiotic resistance (AR) that is anthropogenic in origin.
This may be extremely difficult, given that antibiotic production by environmental microbiota is a natural
process and AR is widespread in nature. AR has been shown to spread readily and quickly, as well as to
exist in the absence of anthropogenic forcing. Examination of AR in the Swedish permafrost sites has
shown that the difference in overall AR proteins between habitats is not significant while each habitat
within the permafrost gradient has different cell densities, pH, bioavailable carbon, water content, nutrient
availability, and other factors that impact microbial life (Diaz et al., 2017).
The effective protection of individual habitats and corresponding vegetation types at the continental scale
is only possible based on a harmonized classification system with clearly defined units that would enable
unequivocal assignment of plant communities to higher syntaxa such as alliances and classes. In many parts
of Europe, Fens (Figure 7) are currently endangered habitats with great importance for biodiversity
protection. Classification of Fen ecosystems in various European countries is different due to diverse
classification concepts. Synthesizing phytosociological data to create a unified classification system in
Europe has recognized the site chemistry (pH, mineral richness) as effective factor on variation in the
species composition of European Fens, sorted from calcareous and extremely rich fens, through rich and
moderately rich fens, to poor fens and dystrophic hollows (Peterka et al., 2017).
Northern Canada is sparsely populated; however, high resource potential has led to increased interest in
exploration and development in the region, causing greater environmental pressures. Habitats of the
Mackenzie Mountains include forested slopes and valleys, dense shrubs, wetlands, bare talus slopes, and
alpine areas resembling Arctic tundra. This structural diversity contributes to the unique and diverse bird
communities, with significant differences in community composition between major habitat types. The
shrub habitat type has the most indicator species followed by alpine tundra, then the combined conifer,
deciduous, and wetland habitat group and the deciduous forest habitat types.
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Figure 7. Fen ecosystem

The low number of indicator species for wetland habitats is likely due to the lack of a riparian zone that
would attract riparian birds (Morissette et al., 2013) and makes wetland habitat different from the conifer
category. Species richness is highest in the tall shrub, alpine, and conifer and short shrub habitats however
short shrub habitats does not contain a unique bird community with respect to other habitats since it is
transitional from alpine tundra to tall shrub habitats. Alpine tundra, the most at risk from climate change,
represents a unique habitat type in this region that contains elements most similar to Arctic tundra (e.g.,
grass/sedge dominated) and is typically devoid of woody vertical structure (shrubs and trees) (Kardynal et
al., 2015). In Arctic and sub-arctic transitional regions, shrub thickets form the tallest type of vegetation
and therefore play an important role in ecosystem functioning. In the Eurasian Arctic, the dominant woody
plants in these shrub-dominated vegetation types are willows (Figure 8). Climate, topography, depth of
active soil layer, soil conditions and biotic factors affect the occurrence, structure and species composition
of willow vegetation. Understanding the responses of willow vegetation to environmental variations in the
region from northwestern Fennoscandia to west Siberia has identified eight different species and
recognized thermal conditions as one of the important drivers of community differentiation which can
significantly affect willow vegetation structure and composition. This vegetation is confined to relatively
moist valley and sloping tundra sites, from mire to mineral soils. The association between temperature
conditions and willow height has shown some nonlinearity indicating other factors affecting willow
abundance, such as grazing by reindeer (Pajunen et al., 2008; Olofsson et al., 2009). This may complicate
understating the vegetation response to climatic warming in tundra regions (Pajunen et al., 2010).

Figure 8. Two major types of willows in Eurasian Arctic: (a) Salix glauca, and (b) S. lanata

Lichens are important components of most terrestrial ecosystems including the sub-arctic tundra. Climate
change has already resulted in a decrease in lichen cover in Arctic regions and this is predicted to continue
(Cornelissen et al., 2001; Epstein et al., 2004; Walker et al., 2006). As the Hudson Bay Lowlands located in
Canada become climatically milder, lichens could become replaced by vascular plants (Cornelissen et al.,
2001). However, 134 different species along with seven habitats containing lichen communities have been
identified in a narrow band of raised calcareous beach ridges on the Hudson Bay. Evaluating method of
reproduction, growth form, and substratum of lichens has indicated genetically and symbiotically diverse
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populations of both algal and fungal partners, resulting from sexual reproduction, equipped to adapt to
changing environments in exposed habitats (Piercey-Normore, 2005). Evaluating lichens diversity and
distribution in four habitat types in Hudson Bay Lowlands has shown that three regions of open coastal
beach ridge, peat plateau bog, and boreal spruce forest host different lichen assemblages, while the
forested coastal beach ridge comprise species that potentially overlap with those in the open coastal beach
ridge and peat plateau bog. Species diversity, evenness, and richness are highest in the coastal beach ridge,
where is the most likely to be disturbed by people and animals. (Piercey-Normore et al., 2016).
Formation of new organic matter through the biomass has commonly been assumed to take place mainly
at the surface, at a specific rate for each system. In most calculations on the supply of organic matter to the
peat forming system, the below-ground parts of the vascular plants have not been more than roughly
estimated. However, several investigations have indicated that the greater part of the carbon assimilated
on peat bogs is continuously translocated to the below-ground biomass of the vascular plants (Sauer-beck
and Johnen, 1977; Wallen, 1983). Studies of plant species in the Stordalen mire, Abisko, Sweden, have
shown an uneven distribution of the fixed carbon between the above- and below-ground biomass. They
continuously feed easily accessible carbon compounds to the peat, mainly within the acrotelm, as fine
roots or as different kinds of root exudates. These carbon compounds decompose extremely fast, and
hence do not accumulate as peat. However, they may support a big microbial biomass, which in turn must
be important for the retention and turnover of mineral nutrients in the peat (Wallen, 1986). Along with
carbon, nitrous oxide (N2O) is one of the major ozone-depleting substances in the atmosphere and the
third most important GHG on the earth (Forster et al., 2007; Ravishankara et al., 2009). Cryoturbated peat
circles (bare surface soil mixed by frost action in acidic tundra; pH 3-4) in the Russian discontinuous
permafrost tundra are nitrate-rich hotspots of N2O emissions in Arctic ecosystems. Increasing thaw-depth
and frequencies of freeze-thaw cycles may increase the availability of organic carbon and nitrogen stored
in permafrost-affected soils, finally fueling denitrification-associated N2O emissions (Mørkved et al., 2006;
Sharma et al., 2006). Studies have provided evidences that (1) the exceptionally high N2O emissions from
cryoturbated peat circles are associated with a specific diverse, and acid-tolerant denitrifier community, (2)
contrasting denitrifier community compositions are associated with high and low N2O emission patterns in
acidic permafrost affected peat soil, and (3) such soils represent a hitherto overlooked reservoir of new
microbial diversity associated with N2O production (Palmer et al., 2012).
One of the major concerns with respect to global climate change is an expected increase in frequency and
duration of extreme climate events (Hansen et al., 2012) which may directly impact below-ground
foodwebs and the activities of component soil organisms. The soil invertebrate community, keystone
decomposers, might respond to these changes by shifts in density, species composition, spatial patterning
and/or functional traits. Experiments on sub-arctic peatlands near lake Torneträsk, in Abisko, Sweden have
indicated that there has been no effect of extreme precipitation and warming on the species composition,
but warming has affected density and Community Weighted Means (CWMs) of the springtail community
(Figure 9) in the shallower pear layers; and might potentially affect other groups of decomposers as well.
These shifts can cause changes in ecosystem functioning as traits involved in the response of a community
can also be linked to those causing the effects on ecosystem processes (Suding et al., 2008). Subtle changes
in moisture conditions, due to increased evapotranspiration, can decrease typically surface-dwelling
species relative to soil-dwelling species (Krab et al., 2013).
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Figure 9. Springtail, soil invertebrate in Arctic peatland

Fish can shape the structure and composition of aquatic communities through top-down control on their
invertebrate prey (Power, 1990). The effect of fish on invertebrate communities can vary with spatial
complexity, habitat heterogeneity, or connectivity (Gilinsky, 1984; Power, 1994; Shurin, 2001). Ninespine
Stickleback (Figure 10), the dominant species in northern-latitude ecosystems, can occupy both top and
intermediate trophic levels in freshwater ecosystems, so their role in food webs as a predator on
invertebrates and as a forage fish for upper level consumers is substantial. In the north and south of the
Arctic Coastal Plain, Alaska, Ninespine Sticklebacks have exerted strong top-down pressure on invertebrate
communities mainly by changing invertebrate taxonomic richness and biomass and, to a lesser extent,
abundance and average invertebrate size (Laske et al., 2017).

Figure 10. Ninespine Stickleback

Avian studies conducted in the 1970s on Alaska's Arctic Coastal Plain indicated that coastal littoral habitats
are important to Arctic-breeding shorebirds for staging prior to fall migration. These studies have found
that shorebirds move from tundra breeding sites to coastal littoral staging areas as the summer progresses.
Use of coastal vs. delta areas for staging likely varies by species because of differences in the habitat
present, and it may also vary with wind and weather conditions, which create spatial and temporal
differences in thermal cover and food availability. Accelerated rates of warming in the Arctic may have a
large impact on the phenology of shorebird staging on the northern Alaska coast. Habitat suitability could
also be reduced through oiling of coastlines, which may reduce forage quality and availability. Increasing
industrial activity is also likely to increase the human footprint in the Arctic, which could affect patterns of
species prevalence, distribution, and habitat use in unpredictable ways (Taylor et al., 2010). Aerial surveys
in the northwestern Seward Peninsula and Cape Krusenstern, Alaska, have shown that a majority of lakes
have been utilized by Yellow-billed and Pacific loons (Figure 11-a, b) during summer and specific lakes have
been consistently reused over multiple years. In addition, estimated nesting populations of both species in
the region have been much larger than previously thought, suggesting that the study area may support
significant populations of both species, warranting additional consideration for conservation. High nestingrate estimates for Yellow-billed loon rather than Pacific loons, combined with similar levels of use without
nesting, have indicated that habitats on this region are likely to be much more important for the overall
conservation of Yellow-billed Loons in Alaska (Schmidt et al., 2014).
Arctic and sub-arctic freshwater lakes are shrinking, drying prematurely, or disappearing entirely due to
accelerated warming (Smith et al., 2005; Riordan et al., 2006). Warmer climates may be advantageous for
species with the space and ability to expand their northern range limit and adjust their phenology to a
changing environment (Parmesan and Yohe, 2003; Meltofte et al., 2007). However, increased
temperatures may be detrimental to species that are dependent on the current structure of Arctic and subarctic breeding grounds, such as the red-necked phalarope (Figure 11-c). A research in a large wetland on
Niglintgak Island, Mackenzie Delta, Northwest Territories, Canada, has identified that potential prey
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availability, water quality and vegetation characteristics are not good predictors of lakes and ponds
occupancy by red-necked phalaropes since there has not been any difference in these parameters between
high-use, low-use, and no-use lakes and ponds. The increased temperatures predicted for the north can
entail the premature drying of lakes and ponds (Smith et al., 2005; Riordan et al., 2006), that would be
particularly problematic for hatchlings, since they depend on ponds for building energy reserves in
preparation for long-distance fall migrations. Large-scale drying would signal the end of suitable breeding
habitat for this highly pond-dependent shorebird (Walpole et al., 2008). The Hudsonian Godwit (Figure 11d) is a Nearctic shorebird that breeds across the Canadian and Alaskan Arctic and sub-arctic and spends the
non-breeding season in southern South America. According to its small population and use of imperiled
habitats, Hudsonian Godwits has been labeled a species of high conservation concern, and the Western
Hemisphere Shorebird Reserve Network has supported the preparation of a Hudsonian Godwit
Conservation Plan. Senner (2008) has evaluated this plan during the non-breeding season of Hudsonian
Godwit. He has recognized important sites for conservation and threats facing Godwits in South America.

Figure 11. (a) Pacific loon, (b) Yellow-billed loon, (c) Red-necked phalaropes, and (d) Husonian Godwit

3.D. Natural processes
Considering the “Natural Processes” as interventions, “GHG Emission/Uptake”, “Hydrology” and
“Biogeochemical Cycling” are the most studied environmental impacts. In following parts, important
aspects of these studies have been summarized. Also, annual distribution of relevant articles to “Natural
Processes” in the database is shown in Appendix (Figure S3-d). This graph shows that among three
considered environmental impacts, “Hydrology” has just been studied in couple of years while “GHG
Emission/Uptake” has been studied more consistently.

3.D.1. GHG emission/uptake
High latitudes are experiencing effects of climate change including warming, degrading permafrost, and
altered hydrology. Climate warming in boreal and arctic regions will likely be twice the global mean
(Serreze and Barry, 2011), and GHG fluxes could increase in the future due to these changes. Reviewed
researches have defined the following questions and their important achievements are presented in what
follows:
•
•
•
•

How can the carbon balance in Arctic regions be affected by spring energy and water fluxes?
How are the spatial and temporal patterns and variations of net ecosystem CO2 exchange (NEE)
and CH4 emissions during the growing and cold seasons?
How can observation, modeling, and estimation of CH4 emissions be improved?
What are the interactions between global warming (drier conditions), physical and environmental
parameters, ecosystem respiration, and carbon balance (net ecosystem CO2 exchange (NEE) and
CH4 emission) in Arctic regions?
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Soil temperature, thickness of the active soil layer, water table level, wind speed and precipitation are
suspected to be as controlling physical and environmental parameters for CH4 emissions in boreal and
Arctic areas. Applying models based on net primary production (NPP), the CH4 emission in northeastern
Greenland has shown a clear variation related to soil temperatures and water table level in the late part of
the summer, whereas the thickness of the active soil layer has been a main controlling parameter in the
thaw period, in the early part of the growing season (Friborg et al., 2000). However, modeling the CH4
emissions from the Yukon River basin, Alaska, for the period 1986-2005 has shown that the average annual
net emissions of CH4 and the precipitation are more closely related to CH4 dynamics than to soil
temperature and active layer depth. While the effects of soil freezing and thawing processes and the
effects of microtopography on hydrology have been suggested to be considered in the quantification of
CH4 emissions, static wetland distribution data or satellite data with a low time resolution have not been
found sufficient for estimating CH4 emissions (Lu and Zhuang, 2012). NASA’s Carbon in Arctic Reservoirs
Vulnerability Experiment (CARVE) aircraft campaign has provided atmospheric GHG observations across
the state of Alaska (2012-2015), that can be used to analyze current and infer future GHG fluxes from
Alaska. Assessing these observations and geostatistical inverse models has indicated that a simple flux
model based on a daily soil temperature map and a static map of wetland extent reproduces the
atmospheric CH4 observations at the statewide, multiyear scale more effectively than global-scale processbased models. This mismatch occurs for two reasons: (1) Process-based models likely underestimate
wetland extent in regions without visible surface water, and (2) Process-based models prematurely shut
down CH4 fluxes at soil temperatures near zero degree of Celsius. However, they can be used as simple and
effective ways of representing CH4 fluxes across Alaska (Miller et al., 2016).
Arctic and boreal ecosystems are estimated to store up to 60% of the carbon in terrestrial ecosystems
(Arneth et al., 2006). Stored carbon in northern wetlands is vulnerable to climatic change. Warming
temperature and decreased soil moisture at higher latitudes accelerate the decomposition of organic
material and the flux of CO2 to the atmosphere. However, increased carbon during a longer growing
season, warmer air temperature, and increased nutrient turnover could offset initial increase in
decomposition. Sensitivity analysis of landscape-scale net ecosystem CO2 exchange (NEE) and the energy
balance to climatic variability at sub-arctic fens in Churchill, Manitoba, has shown that during the present
period the fen is losing carbon nearly three times faster than its long-term historical gain of CO2, indicating
that gross ecosystem photosynthesis may be more variable than ecosystem respiration on diurnal,
seasonal, and inter-annual time scales. An early snow melt combined with wet and warm conditions during
the spring period can lead to large carbon acquisition even when drier conditions are experienced over the
majority of the growing season (Griffis et al., 2000). In this regard, Arneth et al. (2006) have evaluated
spring ecosystem-atmosphere energy and carbon exchange in a Siberian pine forest and mire, suggesting
that there are large differences in forest vs. mire albedo before and during melt resulted in strongly
dissimilar above-canopy net-radiation, sensible and latent heat fluxes. Physiological activity in both
ecosystems has responded rapidly to warming and snow melt, which is essential for survival in Siberia with
its very short summers. Photosynthesis rates (at a very given light) could double from one day to the next
during the very early stage of recovery of photosynthesis activity, both in the forest and in the mire. Forest
vegetation-atmosphere NEE becomes negative the same day, or shorter after, photosynthesis has
commenced. The mire has lagged by about two weeks behind the forest and regained its full carbon uptake
capacity at a slower rate (Arneth et al., 2006).
During the last millennia, the atmospheric CO2 has been converted to soil organic material in peatlands,
because of reduced decomposition rates due to anoxic soil conditions. Changes in temperature and soil
wetness can modify the carbon sink functioning of peatlands since they require a positive water balance to
sustain their moss dominated vegetation and carbon budget. For peatlands as well as for most other
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ecosystem types, NEE of CO2, and CH4 emissions and carbon loss through runoff are important for the
carbon budget. Dependent on timing, severity and duration of a drought, the effects on NEE, gross primary
production (GPP) and ecosystem respiration may differ. Evaluations of impacts of dry conditions (i.e. low
soil water content and high vapor pressure deficit) on the Andøya peatland in Norway, have shown low CO2
flux rates compared to other peatlands, related to the low productivity of the dominating moss and lichen
communities and the maritime settings that have reduced seasonal temperature variations. Decrease in
GPP has caused reduction in NEE under periods of high vapor pressure deficit. However, no persistent
effects of dry conditions on CO2 exchange dynamics are found in this region, indicating that under present
conditions and within the range of observed meteorological conditions, the Andøya blanket bog has
retained its carbon uptake function (Lund et al., 2015).
Peat in the discontinuous permafrost zone contains a globally significant reservoir of carbon that has
undergone multiple permafrost-thaw cycles since the end of the mid-Holocene (about 3700 years ago).
Periods of thaw increase carbon decomposition rates which leads to the release of CO2 and CH4 to the
atmosphere creating potential climate feedback. Studying carbon balance of the peatland over multiple
permafrost-thaw cycles in high levels in Alberta, Canada, have shown that at thaw features, the balance
between increased GPP and higher CH4 emission is stimulated by warmer temperatures and wetter
conditions, favors carbon sequestration and is enhanced peat accumulation. Flux measurements have
suggested that frozen plateaus may intermittently (order of years to decades) act as CO2 sources
depending on temperature and net ecosystem respiration rates, but modeling results suggest that-despite
brief periods of net carbon loss to the atmosphere at the initiation of thaw-integrated over millennia, these
sites have acted as net carbon sinks via peat accumulation. In GHG terms, the transition from frozen
permafrost to thawed wetland is accompanied by increasing CO2 uptake that is partially offset by
increasing CH4 emissions. In decadal time scale (short-term), the net effect of this transition is likely
enhanced warming via increased radiative carbon emissions, while in centuries (long-term) net carbon
deposition provides a negative feedback to climate warming (Wilson et al., 2017). Peatlands are also
primarily distributed in mountains of China overlying permafrost soils, which have experienced changes
such as a reduction in the area and an increase in the active layer depth in this region due to global
warming. Seasonal dynamics of the ecosystem respiration and CH4 fluxes from the permafrost peatlands in
China have demonstrated that a decrease in CH4 emissions and an increase in ecosystem respiration will
likely occur in the peatlands of northeast China due to increasing shrub abundance in the future. It can be
an evidence to effective role of vegetation types and individual governing factors in different communities
in the discrepancy between CO2 and CH4 emissions (Miao et al., 2016).
Most measurements of CH4 fluxes and CO2 emissions are performed during the growing season, while
much fewer studies exist that explain the magnitude and controls of wintertime emissions. It can be due to
difficulties of measurements of the land-atmosphere exchange of CH4 and CO2 in high Arctic tundra
ecosystems in the cold season, resulting in large uncertainty on flux magnitudes and their controlling
factors during this long, frozen period. However, recent snowpack measurements at permafrost wetland
sites in northeastern Greenland and Svalbard have shown that cold season emissions in Greenland have
been lower than growing season fluxes. Regularly, CH4 fluxes have resembled the same spatial pattern,
which is largely attributed to differences in soil wetness controlling substrate accumulation and microbial
activity. In tundra of Svalbard, the snowpack has featured several ice layers, which suppresses the
expected gas emissions to the atmosphere, and conversely leads to snowpack gas accumulations by late
winter. The ratios of CH4 to CO2 in this region have indicated distinctly different source characteristics in
the ice-wedge polygons compared to elsewhere on the measured transect, possibly due to
geomorphological soil cracks. These findings are suggesting important ties between growing season and
cold season GHG emissions from high Arctic tundra (Pirk et al., 2016).
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Based on CH4 cycle in watershed drainages in Barrow, Alaska, Throckmorton et al. (2015) have investigated
spatial balance between subsurface CH4 and dissolved inorganic carbon (DIC_total dissolved CO2) by
estimating mechanisms of their production, transport pathways, and oxidation of subsurface CH4. A shift
from acetoclastic1 (July) toward hydrogenotropic2 (September) methanogenesis has been observed at sites
located toward the end of major freshwater drainages, adjacent to salty estuarine waters, suggesting
landscape-scale effects on CH4 production mechanism. The majority of subsurface CH4 are transported
upward by plant-mediated transport, predominantly bypassing the potential for CH4 oxidation
(Throckmorton et al., 2015). Also, the importance of temporal variability of CH4 production at the
watershed scale has been recognized by Miller et al. (2016) in Alaska, showing that the seasonality of CH4
fluxes has varied during 2012–2014 but that total emissions have not changed significantly among years,
despite substantial differences in soil temperature and precipitation (Miller et al., 2016).

3.D.2. Hydrology
Wetlands are defined as areas with the water table at, near, or above the land surface for long enough to
promote hydric soils, hydrophytic vegetation, and biological activities adapted to wet environments
(NWWG, 1988). Their impacts on water storage and distribution, and water quality have been
considerable. Studies investigated these impacts in the database, have considered the following questions.
Also, a summary about concerns, methods, and results of these studies is presented here.
•
•

•
•
•
•
•

How to develop the monitoring of discharge and water chemistry in the Arctic to reliably detect the
spatiotemporal distribution of the most severe changes?
How has the ability of climate change projections to assess and inform adaptation planning about
forthcoming water cycle changes evolved between the two successive generations of climate
modeling, from the IPCC Third Assessment Report (TAR) and the AR4, for the pan-Arctic drainage
basin and its major river basins?
What is the large-scale contribution of wetlands to total pollutant retention in the landscape?
What are the permafrost effects on the different water flow and water storage components of the
terrestrial water cycle in permafrost environments?
How do temporal fluctuations affect forward and backward water travel time distributions when
combined with spatial variability?
How have interface flow and sea intrusion in coastal aquifers responded to different scenarios of
sea-level rise?
How can hydrological and hydrogeological conditions affect the exchange and flow paths between
deep and shallow groundwater?

The Arctic region contains the largest area of mountain glaciers and ice caps in the Northern Hemisphere.
Amplification in climate and ocean warming has caused enhanced wastage of mountain glaciers and ice
caps and the Greenland ice sheet, increasing the sources of freshwater inflow and causing eustatic sea
level rise and changes in water salinity and temperature of the Arctic Ocean (Bindoff et al., 2007).
Quantitative estimations of mass contributions from glaciers to the Arctic Ocean and sea level rise have
found that the average meltwater fluxes from mountain glaciers and ice caps and the Greenland ice sheet
have increased markedly over the time. Terrestrial runoff, as the major component of freshwater inflow
from land to the Arctic Ocean, has remained significantly larger than the glacier meltwater flux. The
terrestrial runoff increase has been small in relative terms, but in absolute terms it has been of the same
order of magnitude as the meltwater increase from glaciers. The total contribution to sea level rise from
glaciers draining to the Arctic Ocean has increased. The river flow contribution to sea level rise has also
1
2

Describing anaerobic archaea that convert acetic acid to methane.
Organisms that can metabolize molecular hydrogen as a source of energy and produce methane using carbon dioxide.
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been potentially significant, but it has remained highly uncertain and debated. Therefore, a continued
future strong warming in the Arctic may lead to further increased importance of glacier meltwater relative
to river discharge. However, the latter may also be affected by increasing permafrost thawing caused by
the warming trend; together, the considerable total glacier meltwater and river runoff increases affect the
salinity, temperature, and water circulation and thus the whole Arctic Ocean environment (Dyurgerov et
al., 2010).
The effects of global change on society and the Earth system will to a large degree appear through changes
to the water cycle, such as altered precipitation, evapotranspiration and runoff patterns, and drought and
flood pressures (Jarsjö et al., 2012; Bring and Destouni, 2013; Destouni et al., 2013). Changing dynamics of
the water cycle may have large impacts on infrastructure, transportation, natural resource exploration, and
other economic activities in Arctic regions. Therefore, information on hydrological responses to these
changes is crucial to plan for societal adaptation in these regions. Researches on climate change
projections ability to assess and inform adaptation planning about forthcoming water cycle changes in panArctic drainage basins (Figure 12) have shown a considerable temperature increase during the recent
period but only a small precipitation change, while runoff has changed more considerably and mostly
increased over the time. While the temperature projections have been in line with the observed changes,
the precipitation projections are neither capturing the trend nor aligned with the absolute observation
values. There has been further low correlation between the observed basin-scale precipitation changes and
runoff changes. Direct observations further have shown systematically larger (smaller) runoff than
precipitation increases (decreases). Part of this difference is attributable to uncertainties and systematic
bias in precipitation observations, but still indicates that some of the observed increase in Arctic river
runoff is due to other drivers, such as topography, land-water cover and use changes, and water storage
changes, for example melting permafrost and/or groundwater storage changes, within the drainage basins.
Such causes of runoff change affect also sea level, in addition to ocean salinity, and inland water resources,
ecosystems, and infrastructure (Bring and Destouni, 2011). Topography dynamics, determined by erosion
processes, and isostatic and eustatic changes affect the networks of surface water drainage and the
conditions for groundwater flow (Lemieux et al., 2008). Land cover, and land and water use dynamics
affect evapotranspiration as well as regional climate and atmospheric circulation (Shibuo et al., 2007;
Asokan et al., 2010; Destouni et al., 2010; Degu et al., 2011). Simulations of the terrestrial hydrology
associated with different climate, landscape, and permafrost regime scenarios for the coastal catchment of
Forsmark in Sweden, have shown complexity in the connections between different hydrological flow and
water storage components, and consequently in the responses of these components to shifts in climate,
landscape and permafrost regimes. For instance, both the annual runoff and water storage may increase in
a catchment where precipitation decreases if evapotranspiration decreases even more than precipitation.
Hence, linear assumptions of a projected precipitation increase (decrease) leading directly to
correspondingly wetter (drier) landscape conditions may in many cases be too simplistic. These results
illuminate different possible perspectives of what constitutes wetter/drier landscape conditions, in
contrast to the clearer concept of what constitutes a warmer/colder climate (Bosson et al., 2012). Analyses
of past hydro-climatic, agricultural and hydropower changes from twentieth century data for nine major
Swedish drainage basins have shown similar increases of evapotranspiration by non-irrigated agriculture
and hydropower as for irrigated agriculture. In the Swedish basins, non-irrigated agriculture has also
increased, whereas hydropower has decreased temporal runoff variability. A global indication of the
regional results is a net total increase of evapotranspiration that is larger than a proposed associated
planetary boundary. This emphasizes the need for climate and Earth system models to better understand
and quantify drivers of hydrological change in the past for accurate projection of disruptive future changes

26

and also different human uses of water as anthropogenic drivers of hydro-climatic change (Destouni et al.,
2013).

Figure 12. Map of the major drainage basins in the pan-Arctic region. Runoff observation stations are indicated with
circles (Bring and Destouni, 2011)

The density of Arctic runoff monitoring has become increasingly biased and less relevant by decreasing
most and being lowest in river basins with the largest expected climatic changes. Present and projected
future hot-spots of greatest hydro-climatic change differ spatially, so major spatial shifts must occur in the
future monitoring plans among the different Arctic basins so that observations and climate model
projections can converge regarding hydro-climatic change severity (Bring and Destouni, 2013). Observed
rapid and significant changes to the Arctic water cycle indicate that the region is in transition to a state not
previously observed in recent history. To identify and understand the ongoing changes in the Arctic
hydrological cycle, and the impacts on the Arctic Ocean, timely and open access to water and waterchemistry data is essential. Although the monitoring of land-to-sea fluxes of hydrochemical constituents
has recently improved, relatively large and significant high-latitude coastal areas remain unmonitored.
Comparing the characteristics of monitored and unmonitored areas has indicated that the significant
disparity and heterogeneity between characteristic properties of monitored and unmonitored areas limit
the possibility to generalize hydrological and hydrochemical impact assessments based on monitoring data.
For instance, monitoring would need to be extended to better cover the anthropogenic pressures in the
European and Western Siberian part of the pan-Arctic. In North America and Asia, monitoring should be
extended to better represent the permafrost and vegetation types present on the northern rims of these
continents (Bring and Destouni, 2009).
Detecting, monitoring, and anticipating the ecological consequences of climate change are also particular
challenges in the Arctic. The consequences of Arctic change are complicated by a dynamic cryosphere,
shifting hydrological connections, and ecological dynamics that can cause surprising reorganizations of
ecological structure and function. Studies on improving detection, interpretation and projection of inland
ecosystem regime shifts by reflecting associated changes in water discharge and waterborne mass
transport dynamics, have identified and mapped a number of hot-spot areas, where systematic
hydrological–hydrochemical monitoring overlaps with ecological monitoring and observed ecosystem
regime shift occurrences, providing opportunities for improved regime shift understanding, detection and
prediction through linked eco-hydrological investigations. Apart from the hot-spot areas, there is large
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hydrological monitoring blindness to the water flow and waterborne mass transport effects of the
considered climate-driven regime shifts in the inland Arctic ecosystems (Karlsson et al., 2011).
There may be numerous climate change effects on hydrology at high-northern latitudes. These include
decreasing depth and duration of snow cover, permafrost warming and thawing, increasing precipitation
frequency and amount, increasing freshwater discharge, and earlier spring flood peak discharges. The
depth of permafrost that affects the terrestrial freshwater cycle in the Arctic and sub-arctic regions, largely
determines the pathways of water flow through the landscape (Kane et al., 1981). The location and
distribution of these pathways influence the carbon and other biogeochemical cycling in northern latitude
catchments. Determining the actual dissolved organic and inorganic carbon fluxes from the subsurface
landscape for a sub-arctic catchment located in northern Sweden has demonstrated the importance to
correctly represent the spatial distribution of the advective solute travel times along the various flow and
transport pathways. The estimated fluxes have been comparable in magnitude which could shift under
future climate changes that influence the hydrological and biogeochemical system (Lyon et al., 2010).
Further investigations have developed pathway- and travel time-based modeling approach for release and
transport of dissolved organic and inorganic carbon. In a sub-arctic catchment located in northern Sweden
(the same catchment as Lyon et al., 2010) both concentration and load for dissolved organic carbon have
been essentially flow-independent because their dynamics are instead dominated by the annual renewal
and depletion. For dissolved inorganic carbon the load has been highly flow-dependent due to the large
characteristic weathering-dissolution time, relative to the average subsurface water travel time to the
stream. This rate relation keeps the dissolved inorganic carbon concentration essentially flow-independent,
and thereby less fluctuating in time than the dissolved organic carbon load (Jantze et al., 2013).
In Arctic and sub-arctic landscapes, changes in water storage may be attributed to different internal basin
alterations and interconnected processes (Bosson et al., 2012). These include permafrost degradation that
can change water connectivity across the landscape, water distribution and storage within a drainage
basin. Studies have investigated whether permafrost thawing changes thermokarst lake area and number,
and these changes are reflected in and detectable through other associated hydrological changes. Mapping
thermokarst lake changes using Landsat remotely sensed imagery and analyzing climate and water flow
changes in northwestern Siberia have shown that the number and total area of lakes have fluctuated over
the time mainly due to permafrost thawing, rather than changes in precipitation and evapotranspiration
(Karlsson et al., 2012). Over the investigated time extent (1973-2009), lakes both have appeared and
disappeared and there have been numerous drainage events. However, the lake size-distributions in the
region have remained essentially constant over the time, indicating that spatially variable changes in local
subsurface permafrost conditions (rather than spatially uniform seasonal variation or long-term change
over the whole basins) have driven the observed local lake changes (Karlsson et al., 2014). Permafrost
thawing in this region alters the connections between surface and subsurface waters and leads to overall
decreases in water (including ground ice) storage within a basin. Over the large spatial scales of studied
basins, the relative area of possible permafrost degradation has appeared too small to be reflected in
thermokarst lake or hydrological indicators of permafrost change (Karlsson et al., 2012). These results
highlight the importance of using multi-temporal remote sensing data that can reveal complex
spatiotemporal variations and particularly distinguish fluctuations from sustained change trends, for
accurate interpretation of thermokarst lake changes and their possible drivers in periods of climate and
permafrost change (Karlsson et al., 2014).
Hydrological changes in cold regions involve cryospheric change (in permafrost and glaciers) and changes in
different water subsystems (soil water, groundwater, stream networks, lakes and wetlands), as well as
changes in biogeochemical cycling and ecosystems, all of which are influenced by climate change. The
subsurface permafrost-hydrological links are difficult to detect, quantify and predict because the involved
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subsurface flow system is complex, and field observation of both permafrost and hydrological change is
difficult and limited (Woo et al., 2008; Bring and Destouni, 2009; Francis et al., 2009; Arctic-HYDRA, 2010).
Numerical modelling and simulation experiments of the subsurface multiphase flow system that links
permafrost and hydrological changes in a changing climate have been found as essential tools and
methods. Investigating changes in subsurface phase dynamics and flows, with respect to various rates-ofchange of surface temperature increase (warming climate) has shown an overall decrease in seasonal
variability in subsurface discharge is expected for climatic warming. Changes in minimum annual flows are
the most pronounced identifiers of changes due to climatic temperature trends, with the maximum (peak)
annual flows exhibiting relatively less notable change. Changes in minimum flows occur primarily in the
winter and spring seasons. Smaller changes are also apparent in the summer and autumn. These results
demonstrate the need and usefulness of physically based numerical modelling for improved
understanding, interpretation and prediction capabilities of the complex subsurface flow system and its
change with climate-driven permafrost change (Frampton et al., 2013).
The development of permafrost reduces groundwater recharge and flow (Bosson et al., 2012) relative to
unfrozen soil conditions. However, even if groundwater flow is impeded by permafrost, it still exists and its
contribution to surface water is detectable in stream flow (Bense et al., 2009; Frampton et al., 2011; Ge et
al., 2011; Bosson et al., 2012). That is, the change and redistribution of groundwater flow by permafrost
change is manifested in associated stream discharge changes. Applying the numerical groundwater flow
and transport model MIKE SHE in the coastal Forsmark catchment in Sweden to illustrate the exchange of
water between shallow and deeper groundwater has indicated generally decreasing vertical groundwater
flow with depth, and smaller vertical flow under permafrost conditions than under unfrozen conditions.
Inland areas that constitute net discharge zones for groundwater under unfrozen conditions can under
permafrost conditions shift to being through taliks that recharge groundwater since in the studied region
they have been the only flow paths open to feed the groundwater that subsequently discharges into the
sea. Also the overall pattern of both the vertical and the horizontal groundwater flow, and the water
exchange between the deep and shallow groundwater systems, have changed dramatically in the presence
of permafrost relative to unfrozen conditions. The pathways of the deep groundwater flow under
permafrost will be predominantly horizontal and turn to vertical only when they reach and flow the
relatively short distance up through the prevailing taliks. A change from a cool temperate climate to a
periglacial climate without permafrost has only small effect on the groundwater circulation; this is due to
the similarity in total net groundwater recharge and recharge-discharge flow pattern between these two
non-permafrost cases. With permafrost and through taliks present, larger changes in groundwater
circulation occur. In general, both the total groundwater recharge and the corresponding total discharge
have decreased with increasing permafrost depth. In the presence of permafrost, both the distances of
flow and transport pathways, and the associated travel times of deep groundwater and solute to reach the
surface are longer than under unfrozen conditions. These results shed light on how groundwater flow
dynamics and solute transport characteristics may change during climate and associated permafrost
transitions (Bosson et al., 2013).
Many of often densely populated coastal zones rely on groundwater for drinking and for their economies.
Projected climatic changes influence the seaside and/or inland boundary conditions of coastal aquifers, as
well as the salinity of lakes and enclosed seas to which aquifers discharge. Sea intrusion, exacerbated by
intensive exploitation, threatens coastal aquifers with large-scale and slow-to-reverse contamination.
While large-scale changes threaten main freshwater sources in coastal regions, the coastal groundwater
flows that determine the mixing conditions are among the least well monitored and most uncertain
environmental flows (Destouni et al., 2008, Prieto and Destouni, 2011). Investigations on the responses of
sea intrusion in unconfined sloping coastal aquifers to climate-driven sea-level rise have indicated high
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nonlinearity in these responses, implying important thresholds, beyond which the responses of seawater
intrusion to sea-level rise shift abruptly from a stable state of mild change responses to a new stable state
of large responses to small changes that can rapidly lead to full seawater intrusion into a coastal aquifer.
These thresholds are classified into three types of spatial, temporal, and managerial. Aquifer properties
(slope and hydraulic conductivity), and groundwater outflow and hydraulic head conditions are effective
factors on the existence of high response nonlinearity and associated thresholds, that may be controlled by
inland water management, in combination with sea conditions (Maiz et al., 2013).
Waterborne loads of pollutants through the landscape pose major threats to inland and coastal-marine
water quality, ecosystems, water security, and health (Jarsjö et al., 2005; Darracq et al., 2008; Törnqvist et
al., 2011; Nilsson et al., 2013). Various features of a landscape contribute to the regulating ecosystem
service of reducing waterborne pollutant loading to downstream environments. Without this landscapescale ecosystem service, pollutant loading through and from the landscape would be greater (Persson and
Destouni, 2009 and 2011; Destouni et al., 2010) and would require more, and more costly, abatement
measures to achieve the same level of protection for downstream waters (Baresel et al., 2006; Destouni et
al., 2006). At local scales, wetlands have been shown to be effective in retaining pollutants. Analytical
studies on the North and the South Baltic (Swedish) Water Management Districts have found that wetlands
and other landscape features can only contribute significantly to the total large-scale retention if a large
fraction of the total waterborne pollutant transport goes through that features. Also, statistical analyses,
comparing wetlands with two other landscape features (major lakes, and the transport distance of
waterborne nutrient along the surface flow network), have revealed an undetectable effect of wetlands on
nutrient retention at the landscape-scale for the catchments in Swedish Water Management Districts.
Instead, two other landscape features explain much of the variation in the landscape-scale nutrient
retention. In general, these results emphasize the need for consideration of the large-scale pathway
distributions of water flow and pollutant transport through catchments to accurately understand and
quantify the large-scale ecosystem service of pollutant retention. This should enable choice of efficient
strategies and measures for restoring and protecting inland and coastal water quality. In particular,
construction or restoration of wetlands for this purpose may be an inefficient environmental management
strategy, particularly in Baltic Sea since minor wetlands with a relatively small total area are sited far
upstream from major coastal-marine systems (Quin et al., 2015).

3.D.3. Biogeochemical cycling
Northern peatlands contain vast stores of organic matter in the form of organic carbon, nitrogen, and
phosphorus. Both terrestrial and aquatic productivity are typically nutrient limited in tundra ecosystems,
linking nitrogen and phosphorus cycles and transport with carbon cycling. Biogeochemical processes and
an increased supply of nutrients may be coupled with more efficient nitrogen and phosphorus transport in
runoff due to hydroclimatic change. Evaluations of such impacts of biogeochemical process in Arctic
regions have aimed to answer the following general questions. Their important results and conclusions are
also described in what follows:
•
•
•
•
•
•

How is the nitrogen, carbon, and iron isotopic signature in the sub-arctic soils and stream?
How is the abundance of carbon, nitrogen and phosphorus content of plants in sub-arctic regions?
What are the interactions between ground frost, runoff, and biogeochemical transports (carbon
and nitrogen exports) in Arctic and sub-arctic regions?
What are the effective factors on the ratio of organic matter uptake by plants?
How are the dynamics of both soluble organic and inorganic nitrogen/carbon?
What are the biogeochemistry indicator of environmental changes occurring in the boreal zones?
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The availability of nitrogen in accessible forms to plants is one of the primary factors that limits
productivity in terrestrial ecosystems. Amino acids are an important supplementary source of nitrogen for
the growth of plants in wetlands, specifically of Puccinellia Phryganodes (Figure 13). Evaluations of the
amino acids and inorganic nitrogen uptakes by roots of this plant in the southern Lena River delta, north
Russia, have shown rapid responses of roots to fluctuations in external nitrogen concentrations and
edaphic conditions, and the directions and strengths of these responses on rates of nitrogen uptake differ
between the nitrogen sources. Based on the results of excised root experiments, amino acid uptake is likely
at its highest relative to ammonium uptake from the mid- to the late period of the growing season when
soil salinity, soil temperatures and free amino acid concentrations in the soil solution are high (Henry and
Jefferies, 2003).

Figure 13. Puccinellia Phryganodes

Ombrotrophic1 peatlands in boreal and temperate regions are nitrogen-limited ecosystems, whose only
nitrogen source is atmospheric deposition. Peatland plants must develop strategies to use the limited
supplies of nitrogen efficiently and be able to access different types of nitrogen through mycorrhizal
relationships. Studies have reported natural abundance of nitrogen content in a suite of plants and lichens
in coastal peatlands of northern British Columbia, Canada. Herbs, mosses, and shrubs are generally
grouped individually along the nitrogen content gradient from enriched to more depleted values. This
grouping probably reflects similar nitrogen acquiring strategies within the group, but some species with
different strategies showed deviated nitrogen contents from the cluster. Hummock-lawn gradient, which is
illustrated as depth to water table, explains the variation in nitrogen content signature of cryptogams2: the
deeper the groundwater table, the more depleted is the nitrogen content. This trend might be explained
by differences in nitrogen sources and/or differences in internal fractionation during nitrogen translocation
processes (Asada et al., 2005). On the other hand, dinitrogen fixation by cyanobacteria3 is of particular
importance for the nutrient economy of cold biomes, constituting the main pathway for new nitrogen
supplies to tundra ecosystems. Studies on species-specific patterns that determine cryptogam-mediated
rates of nitrogen fixation in the sub-arctic have shown that lichens and bryophytes differ significantly in
their cyanobacterial nitrogen fixation capacity, which is not driven by microhabitat characteristics, but
rather by morphology and physiology. Cyanolichens have been much more prominent fixers than
bryophytes per unit dry weight, but not per unit area due to their low specific thallus weight. Mosses have
not exhibited consistent differences in nitrogen fixation rates across species and functional types. Despite
the very high rates of nitrogen fixation associated with cyanolichens, large cover of mosses per unit area at
the landscape scale compensates for their lower fixation rates, thereby probably making them the primary
regional atmospheric nitrogen sink (Gavazov et al., 2010).
Over past decade, there has been an increased attention to the organic carbon flux to the Arctic ocean and
CO2 exchange between the soil, hydrosphere and the atmosphere. In contrast to an overwhelming number
These environments receive all their water and nutrients from precipitation, rather than from streams or springs. They are
hydrologically isolated from the surrounding landscape, and since rain is acidic and very low in nutrients, they are home to
organisms tolerant of acidic, low-nutrient environments.
2 A plant that reproduces by spores, without flowers or seeds.
3 A phylum of bacteria that obtain their energy through photosynthesis and are the only photosynthetic prokaryotes able to
produce oxygen.
1
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of studies devoted to biogeochemistry of carbon and related GHGs in the boreal and sub-arctic zone,
studies of metal transport and speciation remain restricted to a small number of “pilot” sites with relatively
little information on aqueous geochemistry of metals and their isotopes. With this motivation, distinct
isotopic signatures of dissolved and colloidal iron and systematic evolution of iron isotopic composition in
in surface waters of the sub-arctic zone (North Karelia) and the temperate zone (Central Russia) have been
demonstrated. During filtration and ultrafiltration of organic- and Ferich surface waters, an
unprecedentedly heavy natural iron isotopic composition is observed. Partially anoxic mire and
groundwater have exhibited negative iron isotopic signature, with most water fractions having some iron
isotopic signature, close to the continental crust composition. In contrast, the oxygenated organic-rich
rivers and streams containing organic and organo-mineral colloids have exhibited positive iron isotopic
signature that increase with decreasing particle size. A novel and unexpected finding is that iron-poor,
carbon-rich fraction has exhibited even higher enrichment in heavy iron isotope. Highly positive heavy iron
isotope of the low molecular weight fraction of labile and potentially bioavailable iron in small sub-arctic
rivers may turn out to be a very important source of isotopically heavy iron in the Arctic Ocean. The
mechanisms involved in the production of this isotopically heavy iron may lead this tracer to become a new
indicator of environmental changes occurring in the boreal zone (Ilina et al., 2013).
Despite available data of river nitrogen and organic carbon concentration in catchments draining the
Canadian landscape to marine ecosystems, simple statistical models which include geographical,
hydrological and land use characteristics are also developed to predict nitrogen and carbon export for
regions where no data is existed. Analysis of the model inputs would identify the catchment characteristics
which are most important in explaining the controls of nitrogen and carbon export in Canadian rivers.
These analyses have found that catchments with shallow slopes and high runoff, export higher than
expected levels of nitrogen due to the influence of wetland organic matter, though they are composed of
organic matter with low nitrogen to carbon ratios. However, shallow catchments with low runoff, show
lower than expected nitrogen exports, most likely due to in-catchment denitrification. Organic carbon
exports are in large part determined by the presence or absence of wetlands and runoff levels, as flatter
catchments with high runoff will produce the greatest total organic carbon export (Clair et al., 2013).
Following these investigations, low centered polygons in northern Siberia are studied regarding the carbon
to nitrogen ratio, isotopic and n-alkane characteristics. Low-centered polygons are geomorphological forms
in arctic landscapes originating from frost-heave processes1 in the soil. High variability in all investigated
parameters for two different moisture-related groups of moss species is observed. The differences in
carbon to nitrogen ratios of different species of mosses are originated from the different environmental
requirements. Both carbon and nitrogen isotopic ratios have seemed to be valuable proxies to differentiate
between taxa preferring the polygon rim or pond (Zibulski et al., 2017).
Much attention has focused on the importance of organic carbon stored in peat and its potential to be
cycled to the atmosphere as CH4 and CO2. However, less is known about the storage, transport, and cycling
of nitrogen and phosphorus in these landscapes, despite the potential of nitrogen cycling to the
atmosphere as nitrous oxide. Evaluating the interactions between ground frost, runoff, and biogeochemical
transport throughout the snow-free period in a sub-arctic permafrost pond-peatland system in Canada has
indicated that the role of the water table in Hydrological Response Units (HRUs) as a control on soil
storage, and hence runoff thresholds are implicitly tied to the frost table, particularly in the early season,
due to the perched nature of the hydrology of the system. As the frost table migrates downward
seasonally, capacity for storage increases and the distance from the base of the frost table to the threshold
depth for runoff generation increases in each HRU. If storms occur following a dry period when antecedent
1

Upwards swelling of soil during freezing conditions caused by an increasing presence of ice as it grows towards the surface.
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moisture is low and soil storage capacity is high (i.e., a low frost table), ponds may receive no contributions
from the catchment irrespective of the event size. Upper, less decomposed portions of the peat profile are
rich in organic nitrogen, while ammonium and phosphorus concentrations do not vary with depth. Pond
organic nitrogen and phosphorus concentrations increased through the summer period to a midsummer
maximum, while ammonium followed the opposite trend. Hydrochemical contributions to ponds may be
more reflective of periods of catchment storage exceedance in early- to midsummer and extended
autumnal seasons with increased frequency and intensity of storms, with flow primarily through highly
conductive upper peat layers rich in organic forms of nutrients (Morison et al., 2017).
Below-ground microbial activity, and therefore soil organic matter decomposition, occurs in frozen soils
during the cold seasons of seasonally frozen environments, and in the active layer of perennially frozen
landscapes. Investigations on seasonal dynamics (transition between winter and spring) of soil microbial
biomass and nutrient pools in wet and dry sedge-dominated tundra ecosystems in Manitoba, Canada have
revealed that soil microbial biomass and nutrients are generally elevated in winter compared with summer,
with a steep decline occurring during the time of soil thaw. This pattern has occurred in both wet and dry
sedge meadows, with seasonal differences being more pronounced in the former. Common inter-annual
patterns are observed between wet and dry sites, indicating that year-to-year changes at the landscape
scale are responsible for much of this observed inter-annual variation. The consistency of the timing of
microbial and nutrient declines in relation to soil temperature patterns identifies temperature as the
primary driver of these reductions. The amount of water in the system appears to play a critical role, as
winter microbial and nutrient pools have been much smaller in the dry sites relative to wet sites, and
variation in peak winter pools over four years of observations may be connected to noted hydrological
changes (Edwards and Jefferies, 2013).

4. Knowledge gaps for resilience and sustainability of Arctic wetlands
Despite extended studies and researches evaluating various interactions and their likely environmental
impacts in Arctic and sub-arctic regions, there are still some missing aspects of natural behavior in these
areas that need to be investigated. In this part of the report, the observed knowledge gaps through
reviewing 20% of all collected articles (454 out of 2232) are classified in macro overview of general
literatures and micro overview of each main considered intervention and its environmental impacts.

4.A. General knowledge gaps in literature
Based on presented heat map (Table 1), some interventions and environmental impacts have not been
investigated in previous studies. Among those interventions, “Migration”, “Protected Area”,
“Drainage/Moisture”, “Atmospheric CO2 Level”, and “Chemical Pollution” are not evaluated in Arctic and
sub-arctic regions, suggesting that management and demographic pressures have not been studied in
these regions while they might have significant environmental impacts over time. Considering just natural
procedures, defined categories of different interventions could also affect this conclusion, since some of
them are partially similar and closely related, causes articles evaluating one intervention to be consider in
category of the other similar intervention (e.g. “Atmospheric CO2 Level” and “Climate Change”). But
targeting human pressures (management and demographic), the lack of knowledge is considerable.
Regarding environmental impacts, “Energy Balance”, “Water Storage Capacity”, “Water Quality”, “Nutrient
Reduction”, “Wetland Mapping” and “Modelling Study” are not investigated in the Arctic and sub-arctic
wetlands. While “Carbon Storage” and “Morphology” are also less evaluated. Even about environmental
impacts, defined categories are important, since there are some similarities between couple of
environmental impacts’ categories. For instance, “Carbon Storage” could be covered in “GHG
Emission/Uptake” studies, or “Water Storage Capacity” can be evaluated in studies focusing on
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“Hydrology”. Overall, even having these similarities in mind, there are still different aspects of mentioned
environmental impacts which are not investigated before, specifically in Arctic and sub-arctic areas.
Lack of studies also can be found on interactions between several interventions and environmental
impacts. Almost all environmental impacts of “Climate Change” are studied in a good extent in Arctic
regions. Whereas studies on “Animals”, “Observational” and even “Natural Processes” are focused on
couple of specific environmental impacts. As examples, “Observational” studies have assessed
“Biodiversity” more than others, while this environmental impact has not been evaluated under “Animals”
category as an effective intervention. “Permafrost Thawing” is mostly focused in “Climate Change” studies
but not in “Long-Term Past Climate”, “Land Use Change”, or “Natural Processes”. These interactions are
also important to be studied in the future.

4.B. Climate change studies
In this report, articles on “Plant Performance”, “GHG Emission/Uptake”, and “Permafrost Thawing” are
reviewed and knowledge gaps in “Climate Change” studies based on prepared database of articles are
summarized here:
•

•

•
•

•
•

•
•
•
•
•

Long-term studies on the degree and variation in compositional stability of vegetation because of
climatic and environmental changes to understand better the process underlying compositional
changes and to improve predictions as to what is likely to happen to vegetation with future
climatic change;
Impacts of local climate, topography, soil conditions, land use changes, site-specific species
interactions, abiotic conditions or other drivers on vegetation species composition in different
areas to better understand the site- and habitat-specific dynamics, since based on previous studies
species diversity or productivity could not be considered as predictors of species co-occurrences of
vegetation in all Arctic and sub-arctic regions;
Changes in hydrology of Arctic and sub-arctic regions caused by changes in permafrost and longterm vegetational succession;
Focusing more on winter and spring events than has been the case in previous studies (mostly
growing season events), in high-latitude climate change experiments, since reproductive ecology of
plants is very responsive to climate change depending on specific events, especially during winter
and spring;
Impacts of lack of historic pastures on nutritional stress in the remaining vegetations and animals,
birth and death rates, and thereby reducing species and population density;
Growth differences of various seed lots and provenances, and limits of their acclimation capacity
under climate change conditions, since there are genetic and epigenetic superiorities among
different plants’ seeds;
Quantifying simultaneous climate-induced and predator-mediated cascading effects on ecosystem
structure and functioning in the field;
Direct and indirect interactions between climate change, food webs, and ecological communities in
Arctic and sub-arctic regions;
Temporal changes in the relationships between site-specific plant and animal species reproduction
and environmental factors in relevant region;
Impacts of climate change on microbial communities of Arctic soils and the implications of these
changes at a global level;
Impacts of decadal climate change on partitioning ecosystem respiration, and comparing responses
among ecosystems;
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•
•
•

•

•

•
•

•
•

•
•

•
•

•
•

•

1

Effects of varying duration and depth of snow cover on peatland ecosystems in mid-latitude
mountains;
Accuracy assessment of satellite wetland datasets and static wetland datasets and their
comparisons in Arctic regions;
Impacts of climate change and regional landscape transitions (municipal and economic
developments) on plant succession, landscape evolution in response to deglaciation and uplift,
permafrost and periglacial processes, and coastal geomorphology, including sand dune dynamics;
Ecological and biological consequences of the varying distribution and declined of palsa mires in
Europe due to climate change, since they are known to be biologically heterogeneous
environments with a rich diversity of bird species, and listed as a priority habitat type by the
European Union;
Regional and global sensitivity analysis of permafrost thawing to global warming, since it can result
in changes in the water table depth and wetland area to predict the relative strengthens of CH4 and
CO2 emissions associated with the decomposition of the organic matter present in the permafrost;
Atmospheric response to a large emission rates of CH4 in different Arctic and sub-arctic regions;
Combined measurements/modeling of CO2 fluxes, CH4 emissions, N2O, and dissolved organic
carbon exports to better evaluate carbon and GHG budgets in Arctic and sub-arctic regions, since
these budgets are important for a full accounting of the total impact on the global radiative forcing
from each ecosystem due to its exchanges of trace gases with the atmosphere;
Feedback between the global climate system (warming and drying) and arctic freshwater CH4
emissions;
Effects of snow distribution on the activity of soil micro-organisms in Arctic peatlands, since it
could have consequences on important ecological processes, such as ecosystem respiration,
nutrient cycling, nutrient availability for plant uptake and rates of carbon accumulation in the peat
body;
Effects of wetland inundation extent on quantifying net CO2 and CH4 fluxes and their feedbacks to
the atmospheric climate and chemistry at regional and global scales
Evaluating the time scales for destabilization of marine hydrates in deep sediments and shallow
waters due to climate change, to reduce uncertainties in sizes and locations of the CH4 hydrate
inventories, the time scales associated with heat penetration in the ocean and sediments, and the
fate of CH4 released in the seawater, since large amounts of CH4 are stored in marine hydrates;
Developing dynamic vegetation models and other systems approach models that include the
complexity of drivers;
Developing new conservation plans and measures, if possible, to focus on tree and shrub
encroachment on alpine habitats and to protect snow bed habitats, also to careful reassess the
hunting and fishing regulations;
Developing improved models of carbon dynamics based on extreme events as well as long-term
trends in soil, vegetation and herbivores;
Developing standardized protocols for integrated and adaptive long-term climate change
monitoring so that meta-analyses can be performed, and a new generation of monitoring can
target the success and/or failures of adaptation plans and measures implemented in the future;
Developing capable Earth System Models1 to represent the wetland hydrology, heat and water
transfer, permafrost processes, vegetation transitions, microbial processes, and CH4 processes
(formation, transfer, oxidation, and emission);

These models integrate the interactions of atmosphere, ocean, land, ice, and biosphere to estimate the state of regional and
global climate under a wide variety of conditions.
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•

Horizontal and vertical distributions of the carbon stored as organic matter in the land permafrost
and CH4 hydrates in the ocean sediments.

4.C. Animals studies
Among articles investigated “Animals” as an intervention, the ones that have focused on “Plant
Performance” are reviewed in this report and knowledge gaps in “Animals” studies based on prepared
database of articles are as follows:
•
•
•
•
•
•
•
•
•
•
•
•

Interactions between herbivores and different habitats in Arctic and sub-arctic regions other than
Canada;
Plant-herbivore relations at salt-marsh vegetation to evaluate community changes;
Spatial and temporal fragmentation of intertidal communities because of goose foraging to
establish a baseline before further change occurs;
Impacts of grazing on wet sedge tundra communities in the high Arctic regions;
Interactions between geese nesting pattern and survival of march communities;
Interplay between soil fauna, large grazers and consequences for vegetation community
composition and structure, and dynamics of below-ground carbohydrate reserves;
Developing descriptions of suitable coastal habitats (mostly salt marshes) as staging sites in Russia
during migration and for breeding of avian herbivores;
Quality improvement of vegetation (e.g. nutrient availability) through grazing (e.g. herbivore fecal
addition);
Interactions between soil temperature and moisture, vegetation composition and structure, and
absence of herbivores;
Long-term studies of changing foraging conditions and diet composition at different stages of
population development in a growing breeding colony;
Developing plans and measurements for the management and conservation of grassland and
grassland-shrubland ecosystems;
Developing a model to predict the rate of geese clonal growth with respect to patch dynamics (size
and salinity).

4.D. Observational studies
“observational” studies have mostly evaluated “Biodiversity” as environmental impacts. Reviewing relevant
articles has led to the following knowledge gaps in these studies:
•

•
•
•
•
•
•

Cohesive and rigorous assessment of sympatric avian populations to estimate their abundance and
distribution, reproductive success, habitat performances, space use, and ultimately implementing
successful conservation actions;
Responses of soil invertebrate community (abundance, shifts in vertical distribution, and trait)
structure to elevated temperature;
Soil decomposer (bacterial and microbial) communities’ resilience to multiple sequential extreme
climate events and their longer-term effects on carbon cycling;
Importance of soil microbial community composition effects versus physico-chemical factors in
controlling biogeochemical process rates in Arctic and sub-arctic regions;
Context of changes in microbial function associated with change in microbial community
composition;
Environments’ and communities’ characteristics determining resistance or sensitivity;
Developing monitoring programs to assess changes in different habitats of Arctic and sub-arctic
regions;

36

•
•
•

•
•

•

Net CH4 emissions from polar desert aquatic systems;
Broad-scale information on shorebird use of staging habitats in coastal plains;
Evaluating large-scale patterns of distribution, relative abundance and diversity, phenology, and
habitat performances to predict the effects of changing Arctic conditions on the location and
persistence of staging shorebird aggregations, and also to set conservation targets and priorities
for maintain historic species composition and diversity patterns;
Developing methods for monitoring a large number of small, mobile avian that cannot be detected
remotely via satellite or GPS tracking devices to manage wildlife resources;
Effects of climate change on initiation and termination of breeding and staging periods to develop
monitoring protocols that account for variation in when individuals are most visible or available for
observation;
Proximity of ponds to nest sites, the effects of premature drying of ponds on food availability, the
distribution of resources surrounding ponds, and the occupancy of ponds by broods during the
period preceding fall migration.

4.E. Natural processes studies
Articles of “GHG Emission/Uptake”, “Hydrology”, and “Biogeochemical Cycling” are reviewed in this
category and found knowledge gaps are presented here:
•
•
•
•

•
•
•

•
•
•
•
•
•
•

Addressing and understanding the large scale wetlandscape dynamics;
Value and efficiency of local and small (individual) scale measurements of wetlands in predicting
the wetlandscape functions;
Ability of Arctic and alpine vegetations to modify their microclimate and create habitat for seedling
establishment and growth, under climate variability;
Sensitivity of critical biophysical and biogeochemical processes, including surface energy fluxes,
evapotranspiration, and carbon flux and storage to increased mean annual temperatures, and
longer growing seasons;
Concomitant changes in northern Arctic ecosystem radiation and energy balance, and surfaceatmosphere exchange of CO2 encountering during spring snow-melt;
Predicting ecosystem-scale CH4 and CO2 production in Arctic regions considering substantial
landscape heterogeneity;
Carbon exchange in unmanaged blanket bogs (i.e. nutrient-poor peatlands restricted to maritime
climates, which are extra vulnerable to global warming since they require a positive water balance
to sustain their moss dominated vegetation and carbon sink functioning);
CO2 uptake through plant photosynthesis and carbon export in the form of dissolved organic
carbon to increase knowledge of the net carbon balance of Arctic peatland;
Spatial and temporal variability of CO2 and CH4 production at the watershed scale in Arctic regions;
Magnitude and controls of wintertime CH4 fluxes and CO2 emissions from high Arctic tundra to
compare with growing season emissions;
Estimating actual carbon flux rates moving from the subsurface landscape to surface water systems
in northern latitudes;
Interactions between wetland hydrology, ecology and biogeochemistry;
Interactions between changes in snowmelt date and active layer development, with the overall
vegetation growth patterns in Arctic watersheds;
Frozen ground influences on infiltration, percolation and runoff in both permafrost and more
temperate environments;
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•

•
•
•
•
•
•
•
•

Roles of transition zone in delivering water to streams and wetlands, along with ice regrowth
(Transition zone in permafrost landscapes is an ice-rich layer, which alternates in status between
seasonally frozen ground and permafrost. This zone serves as a buffer zone between the active
layer and long-term permafrost by increasing the latent heat required for thawing.);
Below-ground biogeochemical studies outside of the growing season (i.e. winter and spring) in
Arctic and sub-arctic ecosystems to understand annual and seasonal patterns and processes;
Functionality of wetland retention of waterborne pollutants on large landscape and catchment
scales;
Quantifying submarine groundwater discharge regarding the landscape changes impacts;
Efficiency assessment of monitoring data in capturing variations in hydrological and hydrochemical
parameters in the Arctic regions;
Specific monitoring issues for different scientific goals, environmental and resource management
targets or adaptation to change;
Pan-Arctic assessment of the relative and combined changes in components (different glacier and
river systems) for the total freshwater inflow into the Arctic Ocean;
Anthropogenic and hydro-climatic change in Arctic water flows;
Vulnerability of different regions to ecosystem regime shifts in conjunction with associated
hydrological and biogeochemical cycling changes, and their interactions with changes in climate
across the pan-Arctic.

5. Conclusion
Enhancing the state of knowledge on the status of Arctic wetlands and the effects of climate change are
objectives of the whole project of scoping study which are planned to be achieved in three stages: (1)
Analyzing inventories of Arctic wetlands and their status, (2) Identifying case studies indicating
management impacts on effective policy interventions, and publication of stage 1 outcomes, and (3)
Developing policy options as well as specific management projects, and publication of stage 2 outcomes.
This report has focused on stage 1 to identify knowledge that is needed for producing policy and strategy
recommendations but currently is lacking. In this regarding, three steps are defined: (1) Analyzing wetland
inventories and their coverage, (2) Reviewing current literature on functions and services of Arctic
wetlands, and (3) Identifying needed knowledge gaps on Arctic wetlands. Therefore, the results of
literature review are analyzed and the most important findings regarding interventions and environmental
impacts on Arctic and sub-arctic regions are summarized in different parts of the report to understand the
missing parts of the huge Arctic wetlands investigation puzzle. Various interventions in this project are
defined according to various types of global change, relevant land-water use and management, and
demographic pressures on Arctic and sub-arctic regions. According to the presented heat map of previous
studies, “Migration”, “Protected Area”, “Drainage/Moisture”, “Atmospheric CO2 Level”, and “Chemical
Pollution” are interventions that need to be well investigated in Arctic and sub-arctic regions. There is
significant lack of knowledge on “Energy Balance”, “Water Storage Capacity”, “Water Quality”, “Nutrient
Reduction”, “Wetland Mapping” and “Modelling Study” as environmental impacts of several ongoing
pressures in Arctic and sub-arctic wetlands. Also, some interactions between interventions and
environmental impacts need to be considered in future studies to help in better understanding of functions
and services of Arctic wetlands. For instance, impacts of “Long-Term Past Climate”, “Land Use Change”,
“Atmospheric CO2 Level”, or “Natural Processes” are not studied on “Permafrost Thawing” in Arctic soils,
and can provide a wide range of researches in the future. In this report, mostly studied interventions
(“Climate Change”, “Animals”, “Observational”, and “Natural Processes”) and environmental impacts
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(“Biodiversity”, “Plant Performance”, “GHG Emission/Uptake”, “Permafrost Thawing”, “Hydrology”, and
“Biogeochemical Cycling) are considered and relevant articles are selected to be reviewed.
Regarding “Climate Change” studies, impacts of global warming on Arctic plants growth and vegetation
stability, UV-B radiation changes and photosynthesis performance of high Arctic vegetations, relations
between plant species composition, nitrogen availability, GHG fluxes, and permafrost thawing, net CH4
budget of the Arctic wetlands, and global warming effects on autotrophic and heterotrophic respiration are
well evaluated. However, there are so many obscurities in this context indicating the main knowledge gaps
should be focused on more in future researches, such as winter and spring events in high-latitude climate
change experiments, regional and global sensitivity analysis of permafrost thawing to global warming,
improve models of carbon dynamics based on extreme events, and interactions between climate change,
topography, soil conditions, land use changes, site-specific species interactions, and abiotic conditions on
vegetation species composition.
Relating to “Animals” investigations, plant and soil ecosystem properties, seasonal partitioning of foraging
conditions, grazing system response to global changes, habitat suitability in flyways during herbivores
migration, and interactions between herbivores, plant growth and productivity, nutrient dynamics and
availability for forage species, soil temperature and moisture, and climate factors in grazed and un-grazed
regions are mostly assessed in different regions. However, detailed information about spatial and temporal
fragmentation of forage species communities, interactions between geese nesting pattern and survival and
quality of marsh communities, model development for predicting the rate of geese clonal growth
respecting to patch dynamics, interactions between soil temperature and moisture, vegetation
composition, and absence of herbivores, etc. are lacking.
About “Observational” assessments, performance of conservation programs, impacts of predators on
fauna and flora communities, indicator vegetation species for climate- and human-induced changes,
relations between ecosystem processes and soil microbial communities, and interactions between climate
change, soil characteristics, organic matter and nutrient availability, and invertebrates/shorebirds
communities are the main subjects have been investigated. Along with wide range of considered subjects
in observational studies, there is still lack of knowledge in response of soil invertebrate community
structure to global warming, soil bacterial and microbial communities’ resilience to multiple sequential
extreme climate events, environment characteristics determining resistance, shorebird use of staging
habitats in coastal plants, cohesive assessment of avian populations and so forth. Remaining questions
about these subjects can be answered by future researches.
Concerning “Natural Processes” evaluations, different subjects have been assessed so far, such as: carbon
balance in Arctic regions, spatial and temporal patterns of CO2 exchange and CH4 emissions, vegetation
species resistance to evaporation, exchange and flow paths between deep and shallow groundwater
considering different hydrological conditions, nitrogen, carbon, and iron isotopic signature in the sub-arctic
soils and stream, effective factors on the ratio of organic matter uptake by plants, etc. However, there are
some aspects of natural processes in wetlands to be considered in future investigations, such as: sensitivity
of biophysical and biogeochemical processes, ecosystem-scale CH4 and CO2 production, carbon exchange in
unmanaged peatlands, interactions between wetland hydrology, ecology and biogeochemistry,
anthropogenic and hydro-climatic change in Arctic water flows, and CO2 uptake through plant
photosynthesis and carbon export in the form of dissolved organic carbon.
Final note is that according to the heat map, there are fairly good number of articles on other
interventions/environmental impacts that are not reviewed in this report due to lack of time. Their results
and suggestions can change this conclusion.
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The way wetlands are protected, used, managed and restored impacts major parts of the Arctic region and
contribute to the resilience of the entire region. Correctly managed, wetlands can contribute to limiting
climate change, and also to climate adaptation, water management and contribute with other essential
ecosystem services to the people living in the region as well as maintaining biodiversity. The management
and sustainable use of wetlands represent critical components of Arctic resilience. However, focusing on
individual wetlands does not necessarily provide the correct interpretation of processes and functions
occurring through the landscape. So, there is an essential need to investigate large scale wetlandscape
functions as well as impacts of large scale drivers and interventions.
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Appendix

Table S1. Jointly investigated environmental impacts under each intervention

Figure S1. Jointly investigated environmental impacts regardless of interventions
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Figure S2. Number of articles jointly evaluated environmental impacts under different interventions
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Figure S2_Continue. Number of articles jointly evaluated environmental impacts under different interventions
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Figure S3. Annual distribution of articles for the main interventions and their environmental impacts reviewed in this report
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