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Extreme weather events are increasing in frequency and intensity across the
Arctic, one of the planet’'s most rapidly warming regions. Studies from southern
latitudes have revealed that the ecological impacts of extreme events on living
organisms can be severe and long-lasting, yet data and evidence from within
the terrestrial Arctic biome appear underrepresented. By synthesizing a total of
48 research articles, published over the past 25 years, we highlight the
occurrence of a wide variety of extreme events throughout the Arctic, with
multiple and divergent impacts on local biota. Extreme event impacts were
quantified using a myriad of approaches ranging from circumpolar modelling to
fine-scale experimental studies. We also identified a research bias towards the
quantification of impacts related to a few extreme event types in the same
geographic location (e.g. rain-on-snow events in Svalbard). Moreover, research
investigating extreme event impacts on the ecology of arthropods and
especially freshwater biota were scant, highlighting important knowledge
gaps. While current data allow for hypotheses development, many
uncertainties about the long-term consequences of extreme events to
Arctic ecosystems remain. To advance extreme event research in the
terrestrial Arctic biome, we suggest that future studies i) objectively define
what is extreme in terms of events and ecological impacts using long-term
monitoring data, ii) move beyond single-impact studies and single spatial scales
of observation by taking advantage of pan-Arctic science-based monitoring
networks and iii) consider predictive and mechanistic modelling to estimate
ecosystem-level impacts and recovery.
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Introduction

There is ample scientific evidence revealing the destructive
impacts from long-term changes in mean climatic conditions on
biodiversity and ecosystem functioning (Sintayehu, 2018; Turner
et al, 2020; Weiskopf et al., 2020). However, in addition to
gradual changes in global climate, there is also an increase in the
intensity, frequency and duration of extreme events that are
directly or indirectly related to weather and climate. Extreme
events are considered rare within their statistical reference
distributions at a particular time or place (IPCC, 2012); from
here on: “extreme events”. Some well-known examples are
transient but severe precipitation events (Kirchmeier-Young
and Zhang, 2020), heatwaves (Perkins-Kirkpatrick and Lewis,
2020) and wildfires (Boer et al., 2020). The impact of extreme
events on ecosystems can be severe and long-lasting (Harris et al.,
2018), with profound implications for species conservation and
(Maxwell et al, 2019).

environmental management

10.3389/fenvs.2022.983637

Documenting, quantifying, and understanding the impacts of
extreme events on species and their natural environment has
become a prominent research focus, demonstrated by the sharp
increase in the number of published research papers over the last
5 decades (Figure 1A) and numerous systematic reviews on the
topic (Ummenhofer and Meehl, 2017; McPhillips et al., 2018;
Aoki et al,, 2022).

Nowhere else is climate change more apparent than in the
Arctic (Post et al.,, 2019; IPCC, 2021). Because of the long-term
and gradual increase in surface air temperatures, sea ice loss, and
permafrost thaw associated with Arctic amplification (Previdi
et al, 2021), the Arctic biophysical system is now experiencing
unprecedented change, with implications for regions far beyond
the Arctic (Box et al., 2019). Occurrences of extreme events
across the region have also increased considerably over the past
decades (Landrum and Holland, 2020; Walsh et al., 2020),
specifically in terms of precipitation (Bintanja, 2018) and
temperature (Dobricic et al., 2020) anomalies. In some areas,
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Panela shows trends in annual number of published research articles dealing with extreme events across the entire globe (in SALMON), extreme
event studies in the Arctic (in GREEN) and extreme event studies in the Arctic considering only terrestrial and freshwater studies (in BLUE). Trends are
based on a literature search through the Institute for Scientific Information (ISI) Web of Science database (June 2022) using the search criteria
provided in the figure legend. Note that the y-axis of the graph is on a logarithmic scale. Panel b shows the location (indicated with a red x) of the

48 published studies included in our mini-review that were concerned with impacts of extreme events on terrestrial and freshwater biota in the
Arctic. The size of the study location indicator is scaled relative to the total number of impacts quantified (n = 69). The Arctic boundary as defined by
the Conservation of Arctic Flora and Fauna (CAFF) group is shown as a blue line. Blue dots on the map show the location of research stations
connected to the International Network for Terrestrial Research and Monitoring in the Arctic (INTERACT).
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such extremes are leading to a marked increase in frequency of
icing (Tyler, 2010) and rain-on-snow events during winter
(Putkonen et

socioeconomic consequences (Hansen et al, 2014; Forbes

al, 2009) with negative ecological and
et al, 2016). As elsewhere in the world, the intensity and
duration of wildfires are also increasing and pose a serious
risk to the carbon-storage capacity of the Arctic ecosystem
(Hu et al., 2015).

The potential of extreme events to influence the Arctic and its
biodiversity is substantial and documenting these impacts is a
research priority (Post et al., 2009b; McCrystall et al., 2021).
However, the number of published papers dealing with extreme
event impacts in the Arctic biome represents only a small fraction
of the entire research output on this topic and, moreover, the
number of studies on terrestrial and freshwater biota appear
especially limited (Figure 1A). To fill this knowledge gap, we
synthesized the scientific literature dealing with extreme events in
the Arctic and their ecological impacts on terrestrial and
freshwater biota. We are particularly interested in providing
an overview of the different types of extreme events studied,
the ecological impacts detected, the focal species or taxonomic
groups studied, the methods employed, and whether or not
impact recovery was quantified. We finish the mini-review
with a number of recommendations aimed to facilitate the
detection, evaluation, and documentation of extreme event
impacts on terrestrial and freshwater species within the Arctic
biome.

Extreme event resear_ch in t_he
terrestrial arctic: A mini-review

Based on a literature search through the Institute for
Scientific Information (ISI) Web of Science database and
using the search criteria “Extreme event” AND “Arctic” AND
(“terrestrial” OR “freshwater”), we found 48 published studies
that investigated ecological impacts of extreme events on
terrestrial and freshwater biota in the Arctic (Figure 1B). An
overview of the published articles and data extracted can be
found in Supplementary Table SI.

Our literature search detected research from sites that were
scattered across the Arctic region (Figure 1B), yet the majority of
studies were conducted in mainland Scandinavia (n = 16),
Svalbard (n = 14), Alaska (n = 13), and Greenland (n = 11)
and relatively few extreme event impact studies took place in
Russia (n = 7) and Canada (n = 7). No published studies were
found from Iceland, Finland and the Faroe Islands. Geographic
bias in research output is a known limitation within ecological
literature originating from temperate and tropical systems
(Culumber et al., 2019). Such bias may lead to important gaps
in scientific knowledge with implications for environmental
management, conservation and policy. While it has been
argued that studies of extreme events in northern regions are
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somewhat opportunistic and uncoordinated (Walsh et al., 2020),
geographic bias in extreme event research in the Arctic has never
been formally tested. A likely explanation for the clustered
research output identified here is that logistical constraints
associated with working in remote and often inaccessible areas
in the Arctic hinders the design and implementation of
coordinated and geographically balanced research (Metcalfe
et al., 2018).

Ten different types of extreme events in the Arctic were
reported in the literature (Figure 2) with most of the effort
dedicated to quantifying potential impacts of rain-on-snow
events on terrestrial biota (n = 19). Extreme summer cooling
and rain events, pest outbreaks and landslides were reported least
(Figure 2). In addition, the vast majority of studies reported on
ecological responses following a single extreme event (n = 44)
and only four studies quantified impacts of multiple extreme
events. Although extreme events are by definition rare and as
such single-event studies should be most common, the
occurrence of multiple extreme events as well as the
documentation of their impacts on species and ecosystems
elsewhere in the world are increasing (Bailey and van de Pol,
2016). While the current data and knowledge gained through
single-event studies in the Arctic can contribute to future
hypothesis development and more dedicated experimental
designs, there seems to be a need for a greater focus on multi-
event studies as these are expected to become more common
under continuing global warming (Raymond et al., 2020).

To synthesize ecological impacts of extreme events on Arctic
biota (Figure 2), we relied on five categories as used in the
of the
Programme (CBMP), which was developed specifically to

structure Circumpolar  Biodiversity ~Monitoring
monitor and report on trends in Arctic biodiversity entities
(Christensen et al., 2012; Culp et 2012).

ecological impacts of extreme events were most often

al,, Potential
quantified on vegetation (n = 33) followed by mammals (n =
19), birds (n = 9), arthropods (n = 6) and lastly on freshwater fish
(n=2). Hence, the total number of ecological impacts included in
our mini-review (n = 69) was larger than the number of
published studies (Figure 1 and Figure 2, Supplementary
Table S1). Studying climate change effects on arthropods in
the Arctic is a known research gap (Hoye, 2020), but the
reasons for the few published research articles of extreme
event impacts on freshwater biota in the Arctic are unclear,
especially given the large body of work done on extreme event
impacts in aquatic systems elsewhere in the world (Aoki et al,
2022). It is possible that freshwater systems in the Arctic are
generally studied less compared to terrestrial systems or that
extreme events are less common in Arctic freshwater systems.
Alternatively, studies on extreme events in freshwater systems
may be reported using different definitions and terminology than
those used in our literature search criteria. Whatever the reason,
multiple and intimate linkages exist between terrestrial and
aquatic ecosystems (Gratton et al., 2008; Wrona et al,, 2016),
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FIGURE 2

Categorization of the ecological impacts (n = 69) of extreme events on biota that were observed in terrestrial and freshwater Arctic ecosystems
as documented in 48 studies published between 1995 and 2021. The shapes of the symbols indicate the direction of the ecological impact detected

The colours of the symbols reflect the method used to quantify the impact, and the size of the symbols are scaled relative to the number of studies
that detected the impact.

and a more integrated approach to quantify extreme event Ecological responses to extreme events by terrestrial and
effects on catchments in the future seems desirable, at least in freshwater biota in the Arctic were predominantly negative
the Arctic.

(n = 61), with six of the ecological impacts being positive and
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only two publications found no effect (Figure 2). Positive
responses were mostly restricted to increased growth of
Arctic vegetation following wildfires (Frost et al., 2020) or
experimental summer warming (Marchand et al, 2005).
Interestingly, simulating extreme rain events during
summer also increased growth of the shrub vegetation in
north east Siberia but the same experimental treatment in
northern Sweden showed no effect on the same vegetation
community (Keuper et al, 2012). It remains unclear why
extreme events can have such divergent impacts on the
same species or conversely why ecological impacts are often
species- or group-specific (i.e. idiosyncratic) and what the
involved mechanisms are. Such understanding is required to
improve our predictive capacity on future change so as to
determine whether extreme event-induced ecological impacts
are important determinants of long-term population trends or
ecosystem changes (van de Pol et al,, 2017).

Quantification of extreme event impacts on Arctic biota
were most often obtained through experimental studies (n =
20), followed by empirical monitoring (n = 18), field-studies

(n = 15), modelling (n = 10) and opportunistic observation

(n = 6). The size of the impacted area varied between the
different methods employed (Supplementary Figure S1) with
experiments covering smaller areas than dedicated field-
studies, long-term monitoring, opportunistic observation
data, and empirical-based modelling approaches. Impact
recovery (i.e. post extreme event) on Arctic biota was
29) while in the
40).
Impact recovery was most often quantified using experimental

assessed in 42% of the cases (n =
remaining 58% this was not considered or done (n =

(14% of all cases) or long-term monitoring studies (10% of
cases).

Overall, this mini-review highlights that a wide variety of
extreme events do occur throughout the Arctic and dedicated
effort has been undertaken over the past 25 years to document
and quantify associated ecological impacts on local biota. It is
certainly possible that this mini-review underestimates the
work being done on extreme events in the Arctic as we did not,
for example, consider “grey” literature. While this makes our
synthesis necessarily myopic, the rationale was to provide a
concise and transparent overview of extreme event impacts in
the Arctic based on research that is easily accessible and
interpretable by the entire scientific community. In doing
so, we identified various knowledge gaps and outstanding
questions related to extreme event effects. As climate
change will continue to put pressure on Arctic biodiversity
(Postetal, 2009a; Box et al,, 2019), improved and coordinated
efforts to study and monitor potential impacts and recoveries
over extended temporal and geographic ranges are critical.
Below we provide a number of recommendations that will
hopefully benefit the design and effectiveness of future
research and monitoring efforts on extreme event impacts
in the Arctic biome.
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Define what is considered extreme in
terms of event and ecological impact

There is a general lack of coherence and scientific agreement
in what constitutes and defines an extreme event and whether or
not an ecological impact is even required (van de Pol et al., 2017;
McPhillips et al., 2018; Latimer and Zuckerberg, 2019). In our
mini-review, we considered both qualitative and quantitative
definitions of extreme events as well as “no effect” studies, but
many of the examined papers were opaque in their definition or
qualification of the extremeness of the event and any associated
impact. Lack of clear definitions of “extreme” makes it difficult to
formally attribute ecological impacts or responses to
anthropogenic climate change and, moreover, limits our
ability to generalize ecological responses from site-specific
events and comparison of findings through time and space
(i.e. meta-analyses). Therefore, we support previous pleas that
clear definitions of what constitutes extreme are needed (Smith,
20115 Aoki et al., 2022). Because extreme events and their impacts
are research foci across disciplines (Broska et al., 2020) more
precise definitions of extreme events will improve the application
of ecological research within a multidisciplinary research context.
We do acknowledge, however, that adopting a universal
definition of extreme is difficult under contemporary climate
and environmental change. This may be especially applicable to
research taking place in the Arctic where climate change is
occurring at such a pace that baseline estimates and values on
weather and climatic conditions are rapidly changing. This
means that what may be quantified as an anomaly or extreme
event now, may no longer be so in the (near) future (Landrum
and Holland, 2020). Fitting examples of this issue are rain-on-
snow events and tundra wildfires. Although such events were rare
and considered extreme in the past (and still are in some areas),
they appear to become routine (e.g. annual) occurrence in some
areas of the Arctic and could thus be considered the new normal.
Nonetheless, consistent definitions, quantification and clear
communication of extreme events can only enhance the
understanding and management of potential impacts. We urge
future studies in the Arctic to objectively and quantitatively
define the extremeness of the event (i.e. conditions observed
are at the xth percentile of their statistical reference distributions
at a particular time or place) but also from the perspective of the
response of the biota under investigation by comparing the
impacts to baseline variability in the system. Clearly the
formulation of such definitions relies on long-term data of
environmental conditions as being collected in some science-
based monitoring programs such as the International Tundra
Experiment (ITEX: Henry and Molau, 1997), the Long Term
Ecological Research Network (LTER: Knapp et al., 2012) and the
(CBMP:
Christensen et al., 2020). Increased collaboration among such

Circumpolar ~ Biodiversity ~Monitoring Program

long-term and science-based monitoring programmes across the
Arctic would greatly benefit our understanding of extreme event
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impacts on the Arctic environment and biota as it facilitates
collection of critical data on the spatiotemporal variation in the
occurrences of extreme events and their ecological responses.

Go beyond single-event-impact studies
and spatial scales of observation

As we move further into the Anthropocene with extreme
climatic events impacting biodiversity and peoples livelihood
(Hansen et al., 2014; Forbes et al, 2016), there is a strong
scientific and socioeconomic need to go beyond single-event
and single-impact studies. We found only three studies that
quantified multiple impacts of an extreme event across local
biota (Supplementary Table S1). However, given that food webs
in the Arctic are highly interconnected (Schmidt et al., 2017),
impacts on one trophic level may easily cascade onto others, with
potential ecosystem-wide consequences. Drawing (statistical)
inference on the ecological impacts of extreme climatic events,
and identifying the mechanisms involved, relies on replication
and control across a wide range and number of events and
impacts (Altwegg et al., 2017). Again, long-term and science-
based monitoring programmes provide the temporal resolution
and data needed to start quantifying patterns and drivers of
natural variability in biodiversity across scales. Such programmes
will also increase chances of capturing effects of multiple extreme
events in an area or multiple impacts of single events, and finally
they

consequences.

allow for quantification
this

replication over time and space so as to increase the

of potential cascading

Crucial in respect is experimental
likelihood of collecting data from areas that did experience
the extreme events (impact) and sites that did not (control)
but also before and after an extreme event (Elmendorf et al.,
2012). We recommend that such experimental setups within a
sound hypothesis testing framework are implemented more
widely across the Arctic, which would be possible by taking
advantage of an already existing network of research stations
under the umbrella of the International Network for Terrestrial
Research and Monitoring in the Arctic (INTERACT, 2015). One
clear advantage of designing and implementing a coordinated
research structure on extreme event impacts using INTERACT is
that it will likely reduce geographic bias in research output
identified in our mini-review as connected research stations
are present in some of the areas that are currently
understudied (Figure 1B). Moreover, a pan-Arctic, long-term
monitoring and science-based network will facilitate the
application of a myriad of data collection methods that can
transcend difficulties with spatial and temporal upscaling of
results (Ummenhofer and Meehl, 2017). We acknowledge that
it is not always possible to design long-term experiments or use a
combination of research methods that captures all possible
impacts or extreme events, and most often study designs need
to be tailored to specific research questions. However, to achieve
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a more holistic understanding of extreme event impacts the goal
should be to use a combination of research methods as much as
possible and where baseline data from long-term science-based
monitoring programmes are complemented with insights from
field studies, opportunistic observations, remote sensing,
experimental data, and models. Long-term experiments or
dedicated field studies are especially valuable as they can
identify potential lag effects, feedbacks and interactions
of
recovery (Harris et al, 2020). Implementing multiple study

extreme event impacts and to assess system
designs into pan-Arctic research networks will offer great
potential to further improve our understanding of extreme
event impacts that can occur across multiple spatial and

temporal scales.

Consider predictive modelling and
ecosystem-level impacts

Empirical data and evidence on the impacts of extreme
events on biota are often geographically and taxonomically
idiosyncratic (Bailey and van de Pol, 2016; Metcalfe et al.,
2018; Landrum and Holland, 2020). We also found that the
direction of extreme event impacts in the Arctic sometimes
differed within and between biota and across extreme events
(Figure 2). Although this highlights that the predictability of
local responses to extreme events is low, and more empirical
data is clearly required to better understand the mechanisms
and processes involved, we echo the view that predictive
modelling efforts are a useful addition to the toolkit
required to tackle some of the current knowledge gaps
(Sillmann et al., 2017; Boult and Evans, 2021). Empirical
data derived from long-term, science-based monitoring
programmes combined with e.g., remote sensing products
greatly facilitates the development of hindcasting and
forecasting models to assess previous and future conditions
over large geographic areas and temporal scales. While
modelling entire ecosystems is a demanding task, statistical
models that can incorporate multiple data streams derived
from research-based long-term monitoring programmes to
assess ecosystem dynamics and state changes are already
available (McClintock et al., 2020). We see particular value
for what are called next-generation Individual Based Models,
which can be tailored specifically to study and assess how
ecosystem function and services respond to changes in e.g.
land use and climate (Grimm et al., 2017). Such process-based
simulation models are constructed using pattern-oriented
modelling approaches based on data that can be directly
provided by long-term monitoring programmes and
experimental work embedded within. Doing so makes these
models structurally realistic and increases predictive power
when applied under changing climatic conditions (Stillman
etal., 2015). As we collect more empirical data and gain better
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understanding of the processes and drivers underlying
extreme events and their impacts on Arctic biota, these
models can be used to iteratively evaluate and progress
current evidence and knowledge.
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