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Abstract This review provides a synopsis of the main
findings of individual papers in the special issue Terrestrial
Biodiversity in a Rapidly Changing Arctic. The special
issue was developed to inform the State of the Arctic
Terrestrial ~Biodiversity Report developed by the
Circumpolar Biodiversity Monitoring Program (CBMP)
of the Conservation of Arctic Flora and Fauna (CAFF),
Arctic Council working group. Salient points about the
status and trends of Arctic biodiversity and biodiversity
monitoring are organized by taxonomic groups: (1)
vegetation, (2) invertebrates, (3) mammals, and (4) birds.
This is followed by a discussion about commonalities
across the collection of papers, for example, that
heterogeneity was a predominant pattern of change
particularly when assessing global trends for Arctic
terrestrial ~ biodiversity. Finally, the need for a
comprehensive, integrated, ecosystem-based monitoring
program, coupled with targeted research projects
deciphering causal patterns, is discussed.

Keywords Arctic - Biodiversity monitoring - CAFF -
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INTRODUCTION

Temperatures in the Arctic have, generally, increased by
more than double the global average over the last two
decades (IPCC 2019). This rapid change is expected to
result in widespread shifts in the diversity and distribution
of animal and plant species (Callaghan et al. 2004; Mel-
tofte 2013) and ultimately the interactions among species
(Gilg et al. 2012). Our ability to understand the conse-
quences of these changes, and specifically what is hap-
pening, where, and to what extent, depends on the
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availability of systematically collected monitoring data,
access to those data, and a representative geographic and
temporal extent of monitoring.

The Circumpolar Biodiversity Monitoring Program
(CBMP), an initiative within the Conservation of Arctic
Flora and Fauna (CAFF) working group of the Arctic
Council, was formed to address the pan-Arctic need for
relevant, integrated biodiversity monitoring information.
The CBMP is an international network of scientists, man-
agers, conservation organizations, government agencies, and
Arctic community experts and leaders that collaborate to
develop and implement long-term and comprehensive plans
for monitoring the integrity of Arctic biomes: marine (Gill
et al. 2011), freshwater (Culp et al. 2012), terrestrial
(Christensen et al. 2013), and coastal (Jones et al. 2019).
CBMP monitoring plans were developed based on expert
opinon using an ecosystem-based approach. Each plan pro-
vides a framework for data collection and harmonization
across space and time to determine the status and trends of
Arctic biodiversity and supporting ecosystems and pro-
cesses, to identify knowledge gaps and priorities for moni-
toring, and to provide timely information to managers,
decision-makers, and communities within the Arctic and
globally.

The CBMP Arctic Terrestrial Biodiversity Monitoring
Plan (Christensen et al. 2013), the basis for this special
issue, was developed within the context of a broad-scale
conceptual model (Beever and Woodward 2011). The
model (Fig. 1) was developed to characterize key system
relationships, functions, and organization among terres-
trial biotic groups and interactions with abiotic compo-
nents at multiple scales. This model, in part, guided the
identification and selection of priority monitoring targets,
or focal ecosystems components (FECs), for the terrestrial
CBMP.
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This paper is intended as a stand-alone, comprehen-
sive summary of the main findings of individual papers
in the special issue, Terrestrial Biodiversity in a Rapidly
Changing Arctic. We highlight salient points organized
by taxonomic groups: (1) vegetation, (2) invertebrates,
(3) mammals, and (4) birds, as identified within the
terrestrial conceptual model. We conclude this final paper
of the special issue by positing the need for the CBMP
to work toward a single, circumpolar, multi-disciplinary,
cross-biome monitoring plan that is based on an inte-
grated suite of “core” FECs selected from across the
four CBMP ecosystem monitoring plans. These core
FECs would serve for holistically assessing and reporting
on the state of Arctic biodiversity and biodiversity
monitoring.

4

VEGETATION

In the CBMP Arctic Terrestrial Biodiversity Monitoring
Plan (Christensen et al. 2013), a number of FEC attributes
were identified that specifically address vegetation. These
include species diversity and composition, phenology,
spatial structure, demographics, temporal cycles, health,
and productivity and other ecosystem functions and pro-
cesses. Presented within this issue are complementary
approaches to vegetation monitoring, ranging from plot-
based measures (Bjorkman et al. 2020) to literature and
database analyses (Wasowicz et al. 2020), conceptual dis-
cussions (Ravolainen et al. 2020), and pan-Arctic remote
sensing derived data analyses (Jenkins et al. 2020). Mon-
itoring attributes describing productivity and phenology is
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Plan (Christensen et al. 2013). The model shows key biotic groups (e.g., mammals and invertebrates), relationships among those groups (arrows),
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conducted using both remotely sensed and plot-based
observations. In addition, plot-based monitoring provides
information on plant abundance, composition, and
diversity.

Vegetation: Biodiversity status

Many of the physical and ecological parameters that drive
terrestrial vegetation have experienced significant change
over the past decades. For example, seasonal land surface
temperature has increased significantly since 2001 (Jenkins
et al. 2020). These rapid changes in the physical environ-
ment highlight the importance of a systematic approach to
monitoring across the Arctic, including ecological
responses associated with Arctic vegetation.

The most comprehensively monitored vegetation attri-
bute is phenology, specifically leaf green-up in the spring
and leaf senescence in the fall, which has been monitored
using both remote sensing (Jenkins et al. 2020) and plot-
based (Bjorkman et al. 2020) methods. Both methods
identify a slight trend toward earlier green-up over time, as
well as in response to experimental warming (Bjorkman
et al. 2020). However, trends in green-up varied by bio-
climatic subzone, with significant advancing trends iden-
tified by remote sensing methods in only two of five Arctic
subzones (Circumpolar Arctic Vegetation Map (CAVM)
subzones C and E; Jenkins et al. 2020). In contrast to spring
green-up, fall senescence was relatively stable; remote
sensing methods did not detect significant trends for any
CAVM subzone (Jenkins et al. 2020) and the single plot-
based monitoring observation of senescence trends over
time identified no significant change.

Plot-based monitoring of flowering time revealed mixed
responses; flowering date advanced significantly in six
species, did not change in eight species, and was signifi-
cantly delayed in one species (Bjorkman et al. 2020).
Remote sensing methods also identified a significant
increase in growing season length, nominally extending the
season by approximately 4 days over the study period, in
two of five CAVM subzones (subzones B and E; Jenkins
et al. 2020). In addition, seasonal vegetation productivity or
greenness, measured with the remote sensing metric,
Normalized Difference Vegetation Index (NDVI), showed
a significant increase across the entire pan-Arctic region
since 2001 (Jenkins et al. 2020).

A review of plot-based changes in community compo-
sition and abundance (Bjorkman et al. 2020) found large
variation among sites and species in the direction and
magnitude of change in abundance. Forb, graminoid, and
shrub abundance changed significantly (increased or
decreased) over time in roughly a third of published stud-
ies, while roughly half of the studies identified no signifi-
cant trends in abundance. In studies investigating the effect
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of experimental warming on community composition, the
majority of the responses exhibited no statistical change,
while a small proportion decreased (particularly lichens)
and an even smaller proportion increased significantly in
abundance.

An additional aspect of changing vegetation composition
was addressed in the study by Wasowicz et al. (2020), who
investigated trends in exotic species moving into the Arctic.
They identified 341 non-native and invasive plant species
currently present in the Arctic, a much higher number than
previously realized (e.g., in the Arctic Biodiversity
Assessment (Daniéls et al. 2013), only 190 non-natives were
listed). Of these, 188 were naturalized in at least one of 23
Arctic regions, and 11 species were considered invasive.
They additionally identified regions where the processes of
non-native plant naturalization and invasion are particularly
advanced (e.g., Alaska, Northern Iceland, and the Western
part of the Russian Arctic). A comprehensive picture of
important pathways by which non-native plant species are
introduced to the Arctic emerged from the study, high-
lighting unintentional dispersal.

One of the most notable observations that emerged from
assessing trends in vegetation FECs was the frequency with
which change over time was either not significant or varied
strongly by species or region. This aligns with many other
studies that find high temporal and spatial variability in on-
going changes in the Arctic (e.g., Elmendorf et al. 2012;
Guay et al. 2014; Myers-Smith et al. 2015; Vickers et al.
2016). For both abundance and phenology there is more
often a change toward an increase or earlier start of the
season in the southern and middle latitude regions of the
Arctic. In the high Arctic, there are individual studies
where change over time has been recorded, but less often
than in the low Arctic. Bjorkman and others suggest one
possible reason for such variability is that vegetation
attributes are influenced by multiple drivers in each loca-
tion, and the strength of the drivers likely varies between
locations. Similarly, Jenkins et al. (2020) demonstrated that
trends in remotely sensed phenology varied notably
depending on the variable (e.g., green-up vs. senescence)
and the bioclimatic subzone within which trends were
evaluated. The many plant species and functional groups
that constitute the composite vegetation variables identified
for monitoring in CBMP have a wide range of life-history
and evolutionary strategies and adaptations, and differing
responses to environmental change. The Arctic as a habitat
for plants also holds a great range of conditions, and the
growing conditions at the local scale may vary almost as
much as between large-scale regions due to small-scale
heterogeneity within elevational, topographical, and biotic
factors. Thus, the fact that there are very few uniform, pan-
Arctic trends in vegetation does not necessarily mean that
Arctic vegetation is not changing, but rather that there are
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locally and regionally strong changes that depend on
ecosystem and climate-specific conditions.

Vegetation: Monitoring status

The articles in this special issue compile monitoring data
from remote sensing, plot-based studies, literature reviews,
databases, and expert opinion. Nonetheless, many gaps
remain, both in the data available and in our ability to
interpret them. Jenkins et al. (2020) call for improved
integration of data from multiple sources—harmonization,
as described in the CBMP Arctic Terrestrial Biodiversity
Monitoring Plan (Christensen et al. 2013)—for example,
by validating satellite records and remote sensing data
products with ground observations and modeling tech-
niques. Integrating all three types of data would greatly
improve our ability to detect trends and determine the
spatial extent of these trends, as well as link these trends to
particular drivers.

Bjorkman et al. (2020) highlight gaps in the kind of
on-the-ground data collected and where it is collected; for
example, long-term monitoring of phenology, particularly
beginning and end-of-season phenology (e.g., leaf green-
up and leaf senescence) is rare except in a handful of
sites. In addition, there are relatively few Arctic locations
where annual or near-annual vegetation monitoring is
conducted; these include Svalbard (van der Wal and Stien
2014), the Norwegian mainland (Soininen et al. 2018),
Greenland (Schmidt et al. 2017a), the Canadian high
Arctic (Gauthier et al. 2011), and Alaska (Shaver and
Jonasson 1999). There is a notable paucity of published
monitoring records of any kind (phenology and compo-
sition/abundance) from much of the Siberian Arctic. The
International Tundra Experiment (ITEX) (Henry and
Molau 1997, https://www.gvsu.edu/itex/) and other net-
works such as the Shrub Hub (https://shrubhub.biology.
ualberta.ca) contribute valuable information to long-term
studies of plants and their responses to climate change.
Within the networks, it varies greatly how stable and
frequent the measurements are, varying from one re-vis-
itation to annual monitoring.

In their review of invasive plant species in Arctic
ecosystems, Wasowicz et al. (2020) note that current
monitoring efforts are often not well suited to detect early
stages of invasion. Instead, regular and well-planned
monitoring of heavily disturbed and semi-natural plant
communities should be carried out to detect taxa that are
becoming naturalized as well as early stages of invasion,
which would allow for more rapid action to mitigate the
spread of invasive plants. In addition, the main entry points
of non-native plant propagules should be identified and
monitored on a regular basis.

@ Springer

INVERTEBRATES

In developing the Arctic Terrestrial Biodiversity Monitor-
ing Plan (Christensen et al. 2013), the CBMP recognized
that Arctic invertebrates play fundamental roles in northern
ecosystems, arguably the most essential roles, and that they
exhibit high diversity and abundance. Further, the plan
states there is a fundamental need to understand changes in
invertebrate populations and communities. To this end, it is
vital to conduct long-term monitoring of invertebrates, “a
topic that remains as critical today as when [others] dis-
cussed it 20 years ago” (Christensen et al. 2013, p. 49).
This remains true today, and while some progress has been
made, as has been presented in this issue, Arctic inverte-
brates remain grossly understudied and under-monitored.
Given their inherent links to vegetation through herbivory,
pollination, and soil nutrient cycling, and to mammals and
birds through harassment, parasitism, and food provision
(Fig. 1), there is enormous potential to rectify this through
the CBMP, by monitoring invertebrates directly and
through the combination of monitoring efforts across
biomes and taxonomic groups.

Invertebrates: Biodiversity status

Gillespie et al. (2020a, b) review the status, at least to the
extent possible, of Arctic arthropods. They conducted an
assessment of biodiversity trends found in the literature,
with a pan-Arctic focus on spiders, and a more detailed
account of terrestrial arthropods in the North Atlantic
region of the Arctic, “one of the best documented polar
regions.” Due to the paucity of baseline inventories and
systematic monitoring, little can be said in detail about the
status and trends of Arctic arthropods, even for such a
relatively well-studied region. Gillespie et al. report that
through a lack of ecological information, they often
struggled to categorize species to the pre-determined FECs
and subsequently to arrive at meaningful distribution pat-
terns. However, they did produce a novel database on the
occurrence patterns of 2519 arthropod species in faunistic
regions of Greenland and the Islands of the North Atlantic,
Iceland, Jan Mayen, and Svalbard. From this database, they
offered broad inferences about diversity patterns and con-
firmed that arthropod diversity decreases with latitude, but
that this generalization varies by arthropod group. Such
conclusions do not merely corroborate previous findings
and ecological logic (Danks 1981; Callaghan et al. 2004;
Bocher et al. 2015); they highlight the pressing need for the
initial stages of the CBMP to undertake basic investiga-
tions at each sampling station. For example, at each CBMP
monitoring station, Gillespie et al. (2020a) strongly rec-
ommend the gathering of detailed local baseline informa-
tion of species distribution, relative abundance, and relative
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importance to ecosystem services. Only then can moni-
toring be streamlined to quickly identify key indicator
species, for example.

Despite the bleak outlook for describing the status of
FECs in a well-known area, let alone in poorly studied or
reported areas, Gillespie et al. (2020a, b) report on some
indicative trends for limited, but promising, long-term
datasets collected at Zackenberg and elsewhere in Green-
land. These include the following:

e Significant declines in 7 of 14 muscid fly species were
documented with > 80% decreases in diversity and
abundance in some habitats between 1996 and 2014
(Loboda et al. 2018). Some of these species are
important pollinators in some Arctic countries (Tiusa-
nen et al. 2016), and their larvae may also perform
important roles in freshwater systems (Michelsen
2015).

e A major group of decomposer invertebrates, Collem-
bola, also showed declines in diversity in some habitats
between 2007 and 2017 in Kobbefjord, West Green-
land, but no changes in species richness over the same
period. This may suggest increasing abundances of
dominant species. Such a pattern is also found as
species richness declines with latitude (Callaghan et al.
2004), but this suggestion requires corroboration.

e Variable trends in the species richness and total
abundance of moths in Iceland, with significant decli-
nes in abundance at one sampling station, but increases
in richness at two stations. However, the significance of
trends depend on the timescale considered and varied
widely, even between adjacent stations.

e Significant declines in abundance of certain spider
species were also reported at Zackenberg for the period
between 1996 and 2014. In particular, the decline in
abundance of two habitat specialists is thought to be
linked to climate warming and the earlier onset of
spring (Bowden et al. 2018), and Gillespie et al.
(2020b) suggest that climate-driven habitat changes
may also be important.

e Opverall abundances of invertebrate groups thought to
form an important part of bird and mammal diets have
also declined in Zackenberg between 1996 and 2016.
As this trend was found by simply clustering many
“important” families of invertebrate together, further
work is required to determine the species or groups
driving these trends and the likely causal factors,
particularly if we seek to reverse or halt these worrying
trends (Koltz et al. 2018).

The overall picture of trends in Arctic invertebrate
diversity and abundance painted by Gillespie et al.
(2020a, b) is one of cautious concern. We do not have
sufficient data from enough Arctic locations to set off
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alarm bells that ring as clearly as in other parts of the
world (Hallmann et al. 2017; Lister and Garcia 2018), but
indications from the few good datasets we do have mirror
these temperate findings and may be like the prophetic
canary in the coalmine. Gillespie et al. are reticent to say
more due to the huge inherent spatial and temporal
variability in Arctic invertebrate trends, but they urge
further investigation to ensure we can make decisions that
are more informed.

Invertebrates: Monitoring status

Core messages in describing the status of Arctic arthropod
biodiversity in Gillespie et al. (2020a, b) include (1) the
lack of available information, baseline inventories, and/or
structured monitoring programs, to report on the biodi-
versity status, and (2) the spatial and temporal variability of
trends suggest the need for comprehensive monitoring.
Improving our basic knowledge of species inventories,
ecology, and distribution will provide a stronger foundation
for the CBMP, and ensuring monitoring in indicative
habitats and across uninterrupted timescales will help
researchers to distinguish natural variations from true
species, diversity, and functional changes. For example, we
may continue to find that the prey for vertebrates FECs is in
decline in several Arctic areas, but without details about
the key species, their ecology, the likely drivers of trends,
and the spatial extent and variability of the phenomenon,
we are unlikely to prescribe realistic remedial action. A
further issue that arose from Gillespie et al. (2020b) in
attempting to summarize the distribution and status of pan-
Arctic spider communities was that the information avail-
able is not organized according to same biogeographical
boundaries (e.g., CAVM zones) and varies in quality
between countries. This made it impossible to collate
equivalent datasets for each country and Arctic zone in a
timely manner and subsequently to draw conclusions and
comparisons between regions. This highlights the need to
standardize the recording and reporting aspect of biodi-
versity monitoring.

In summary, Gillespie et al. see enormous potential in
the CBMP, because it sets out protocols for the gathering of
widespread and long-term data that researchers of Arctic
arthropods have been craving. This will build on on-going
monitoring activities (Table 1 in Gillespie et al. 2020b) and
the collaborative platform established by the Network for
Arthropods of the Tundra (NeAT). However, this oppor-
tunity should also be planned carefully at each monitoring
station, for example, by meeting the following:

e Baseline studies are needed at every station to locally
uncover key species, habitats, ecological roles, and
threats.
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e Abiotic data are required at relevant microhabitat
scales.

e Funding should be secured to ensure continuous
identification of the likely huge number of samples
captured and to develop DNA libraries.

e Collaboration and communication between experts
across regions and taxonomic specialisms are needed
to ensure that monitoring opportunities are not missed.
For example, invertebrates captured incidentally in
sampling or studies of vegetation, soil, birds, and
mammals could provide important insights that would
be lost without cooperation throughout the CBMP.

MAMMALS

In the conceptual model of the CBMP Arctic Terrestrial
Biodiversity Monitoring Plan (Christensen et al. 2013)
(Fig. 1), mammals are the group with the lowest taxonomic
diversity but include the largest of the Arctic terrestrial
animals. They are fundamental to their ecosystems, often
essential to the cultures and food security of Arctic peo-
ples, and include charismatic species representing Arctic
wilderness in people’s imagination. The terrestrial moni-
toring plan identified six mammalian FECs: (i) large her-
bivores, (ii) medium sized herbivores/omnivores, (iii)
small herbivores, (iv) large predators, (v) medium sized
predators, and (vi) small predators. Of these six functional
groups, muskoxen (Ovibos moschatus, Cuyler et al. 2020)
and lemmings (Lemmus spp. and Dicrostonyx spp., Ehrich
et al. 2020), representing large and small herbivores,
respectively, and occupying key positions in tundra food
webs, were addressed in this special issue.

Assessment of status and trend, associated with the
CBMP terrestrial monitoring plan and the forthcoming
State of the Arctic Terrestrial Biodiversity Report, but
beyond the scope of this paper, is also available for two
other taxa of Arctic mammals: wild reindeer/caribou
(Rangifer tarandus, https://carma.caff.is/) and Arctic fox
(Vulpes lagopus, Berteaux et al. 2017).

Mammals: Biodiversity status

Abundance is the FEC attribute for which most data exist
for Arctic mammal populations. In the case of muskoxen,
inferences regarding abundance across regions are com-
plicated by differences in monitoring methodology and the
large amount of variation in temporal and geographic
extent of surveys. Population trajectories may also be the
product of management actions. In addition to transloca-
tions, management may also involve harvest or removal of
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animals. Highlights of FEC attributes for muskoxen pro-
vided by Cuyler et al. (2020) include the following:

e Current circumpolar abundance estimate for muskoxen
is higher than estimates from 2013 and 2017. Recent
variations indicated that 23 muskox populations/regions
were increasing, nine were stable, six were decreasing,
and 17 were unknown. Of note, however, the two with
steepest declines were, in 2000, the largest endemic
populations in the world.

e Information on muskox demographics, health, and
phenology is difficult to obtain and not widely collected
or reported. This limits comparisons across populations.

e Although general distribution is well defined, detailed
information on spatial structure is typically not
available.

e Available genetic information indicates that muskox
populations have gone through several bottlenecks and
extirpation events resulting in low genetic variability,
which created very low diversity in the major histo-
compatibility complex. Ability to respond to infectious
diseases may be impaired. Further, translocated popu-
lations originated from relatively few animals, exacer-
bating already low diversity in some areas.

Lemmings are well known for their multi-annual density
fluctuations, also known as lemming cycles, that create
periodic pulses of herbivory pressure and resources for
predators. Abundance data for lemmings showed large
amounts of heterogeneity across years, sites, and species.
Norwegian lemmings exhibited regular outbreaks at 3- to
6-year intervals, but sometimes much longer periods
without outbreaks, and large variation in amplitude. Out-
side of Fennoscandia, heterogeneity was even greater.
Regular cycles with a period of 3—4 years were observed at
some sites, but this pattern varied considerably. In many
cases, patterns were difficult to discern because of large
differences in amplitude or monitoring methodology.

Due to the large variability in amplitude and regularity
of lemming cycles, trends are inherently difficult to iden-
tify. Given that caveat, and the heterogeneity in existing
data, as presented in Ehrich et al. (2020), available data
indicate the following:

e No evidence that pan-Arctic lemming populations were
increasing or decreasing over the last 25 years. Con-
sidering lemmings in different communities revealed a
negative trend for low Arctic populations outside of
Fennoscandia sympatric with voles. There were also
indications of a negative trend in Russia, where several
of the decreasing mixed community populations were
located.
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e With one exception, all low Arctic lemming popula-
tions occurred in mixed small rodent communities
including one or more species of voles.

e Change in species composition was noted at two low
Arctic monitoring sites with meadow voles (Microtus
pennsylvanicus) appearing in capture data in 2010 in
Churchill Manitoba and M. middendorffii voles
observed in South-eastern Taimyr in 2013 for the first
time.

e For lemmings, health and phenology were seldom
monitored. Demographic data were collected at about
half of the 38 sites monitored but a synthesis of current
trends is not available.

Mammals: Monitoring status

The two papers in this special issue reveal a considerable
circumpolar effort to monitor Arctic mammal populations.
Population size estimates were available for all 55 delin-
eated muskox populations (Cuyler et al. 2020). Lemming
population dynamics are currently monitored at 38 sites
covering all biogeographic subzones and major geographic
areas of the Arctic, mostly through a variety of abundance
indices (Ehrich et al. 2020). For both FECs, it was difficult
to assess overall trends because of large heterogeneity in
methods and effort, infrequent surveys, and inconsistencies
in the data in the case of muskoxen, and important geo-
graphic gaps in the case of lemming data. Unstandardized
methods and variable data quality together with unrepre-
sentative geographic coverage are likely to be the main
challenges for monitoring trends in mammal populations in
the Arctic today. Moreover, while abundance is assessed in
all monitoring programs, demography, health, or spatial
and genetic structure data (FEC attributes identified in the
CBMP Arctic Terrestrial Biodiversity Monitoring Plan) are
only rarely collected systematically.

Understanding trends resulting from the impact of eco-
logical drivers is only possible if likely drivers are also
measured at a relevant scale (Ims and Yoccoz 2017). Thus,
both papers about mammals in this volume stress the
necessity to apply a truly ecosystem-based approach to
monitoring, in accordance with the recommendations of the
CBMP. They highlight the lack of integration of important
abiotic data into monitoring programs, such as the intensity
and extent of adverse weather events or snow conditions at
an appropriate scale. Large herbivores are an essential
resource and integral to the cultures of Arctic peoples.
Understanding the role of different drivers is crucial for
appropriate management of animal populations in rapidly
changing ecosystems and Arctic societies. Further, plan-
ning of ecosystem-based monitoring programs should
include significant stakeholders, integrate local and
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traditional knowledge, and where possible community-
based monitoring (Cuyler et al. 2020).

Today’s rapid and accelerating rates of change in the
Arctic may exceed the adaptability and resilience of Arctic
mammals. Relevant, timely monitoring, and accessible
data are a priority. Past and present efforts are generally
sporadic and poorly funded, regardless of species. While
monitoring has increased in recent years, lack of stan-
dardization and data about drivers measured at appropriate
scales remain major challenges for both analyses of
specific population trends, but also circum-Arctic synthe-
ses. Several CBMP mammal networks are -currently
engaged in finding solutions.

BIRDS

As outlined in the CBMP Arctic Terrestrial Biodiversity
Monitoring Plan (Christensen et al. 2013, p. 75), “birds, as
keystone consumers in Arctic ecosystems, are highly
affected by the processes and drivers (biotic, abiotic and
anthropogenic) that affect their food base...Furthermore,
for many of the long-[distance] migrant species, the major
factors affecting the abundance of avian species may
operate outside of...the annual cycle when the birds are
present in Arctic regions.” The latter point makes birds
unique because other FECs must cope with the Arctic
winter, whereas the majority of Arctic-breeding bird spe-
cies leave the Arctic in winter. Many of them move rela-
tively short distances to temperate regions, while some
winter in the tropics and the southern hemisphere. Thus,
compared to other terrestrial FECs, birds are affected by a
range of drivers over wider scales.

In this issue, circumpolar terrestrial bird FEC-attribute
trends and monitoring coverage are discussed in three
papers: Fuglei et al. (2020) focused on the Arctic-resident
herbivores, rock ptarmigans (Lagopus muta), and willow
ptarmigans (Lagopus lagopus); Franke et al. (2020)
focused on top predators, the Arctic-resident gyrfalcon
(Falco rusticolus), and the migrant peregrine falcon (Falco
peregrinus); and Smith et al. (2020) reviewed the status of
all main terrestrial bird populations (88 species included)
according to functional groups (herbivore, insectivore,
etc.), and ‘flyways’ (main migration routes) utilized by
different populations.

Birds: Biodiversity status

Fuglei et al. (2020) compiled the first circumpolar synthesis
of ptarmigan trends and added considerable broad-scale
understanding of ptarmigan population dynamics. For rock
ptarmigan, there was a significant, declining trend in den-
sity in 10 of 31 monitoring sites (time series), while a
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significant increase in density was found at five sites. For
willow ptarmigan, there were significant negative density
trends at two sites, and at three sites there were close to
significant negative trends. Three sites showed significant
positive trends. Multi-annual population cycles are com-
mon, but cycle period and amplitude varied spatially and
temporally. Only 4 and 3 time series (monitoring sites) for
rock ptarmigan and willow ptarmigan, respectively, failed
to show evidence of cyclic dynamics. Both species dis-
played some periods with population cycles (3-6 year
‘short,” and 9-12 year ‘long’ cycles), and cyclicity changed
through time for some populations of both species. Long
cycles appeared to be most prevalent in North America
where they may be linked to snowshoe hare cycles
(through an alternative prey mechanism, Boonstra et al.
2016) or in Iceland where they could be driven by gyr-
falcon predation (gyrfalcon territory occupancy also cyclic,
lagging after ptarmigan; Nielsen 2011). Short cycles were
most prevalent in Scandinavia where they seem to be
linked to rodent cycles. Interestingly, populations relatively
close to each other, in some cases (e.g., NE and SE Iceland
rock ptarmigans), had contrasting changes in cycle period
over time—i.e., population peaks and lows became more
frequent in some areas and less frequent in others nearby.

For the top avian predators, Franke et al. (2020) pro-
vided the first overview of monitoring sites for gyrfalcons
and peregrine falcons. The authors analyzed long-term
trends in occupancy and productivity and summarized
information for recommended CBMP FEC attributes. At
the circum-Arctic scale, for peregrine falcons, 9 of 12
monitoring sites indicated that occupancy was either
stable or had increased over the course of monitoring, and
three monitoring sites resulted in trends that indicated
occupancy had declined. Seven of 10 peregrine falcon
monitoring sites presented productivity trends that were
either stable or increasing, and three resulted in trends that
had declined. After experiencing lows in abundance in the
1970s, the peregrine falcon has recovered from pesticide-
induced population crashes throughout the Nearctic and
Palearctic. For gyrfalcons at the circumpolar scale, occu-
pancy trends at 10 of 12 monitoring sites were found to be
stable or had increased, whereas occupancy at the two
remaining monitoring sites had declined. Productivity
trends for gyrfalcons at 9 of 11 monitoring were stable,
none showed evidence of increased productivity, and two
presented trends that declined over the course of the
monitoring period. For both species, monitored populations
were considered to be generally stable, and assuming that
these patterns hold beyond the temporal and spatial extents
of the monitoring sites, it is reasonable to suggest that
breeding populations at broader scales in the Arctic were
similarly stable.

@ Springer

Taking a meta-view on terrestrial Arctic ‘tundra birds’
as FECs (88 species included), Smith et al.’s (2020) sum-
mary revealed that, overall, declines were most prevalent in
waders (insectivores) and least prevalent in herbivore
waterfowl (geese) whereas increasing population trends
were most common in geese and least common in waders
and other waterbirds. Within flyways, increases were
generally most common in geese and least common among
waders and waterbirds. Fewer waterfowl populations were
increasing in the Central Asian and East Asian—Aus-
tralasian flyways. The largest proportion of declining spe-
cies was among the waders in all but the Central Asian
flyways, where a large majority of waders had unknown
trends.

Many species showed contrasting trends between dif-
ferent populations/flyways. This variation complicated our
ability to draw broad conclusions, but findings to-date
include the following:

e Most populations are faring well—65 species (74%)
had at least one increasing or stable flyway population.

e For more than half of all species, there are reasons for
concern for some flyway populations: 50 species (57%)
had at least one population in decline, and for 22
species (21%), all populations were declining.

e For 25% of the species, trends are unknown for at least
one population; the largest proportion of unknown
population trends are in the Central Asian flyway.

While several taxa declined, status is (so far) only
known to be critical for a handful of species: the ‘possibly
extinct’ (sensu TUCN Redlist terminology) Eskimo curlew
(Numenius borealis), the ‘critically endangered’ Siberian
crane (Leucogeranus leucogeranus) and spoon-billed
sandpiper (Calidris pygmaea), three ‘near threatened’
subspecies of the red knot—the rufa in the Americas fly-
way and the pierssmai and rogersi in the East Asian-
Australasian Flyway—and the ‘near threatened’ western
Palearctic subpopulation of the lesser white-fronted goose
(Smith et al. 2020).

Birds: Monitoring status

Ptarmigan populations have been monitored at over 90
sites, with about half of them still being monitored (Fuglei
et al. 2020). Peregrine falcon and/or gyrfalcons are moni-
tored at 24 sites (Franke et al. 2020). Waders and geese are
monitored at many sites across the Arctic, but since these
taxa are often gregarious at migration stopover and win-
tering sites, data on population trends are also supported by
monitoring efforts outside the Arctic (CAFF 2018a). Data
on passerines (mostly insectivores) and piscivores are
scarcer.
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While the number of terrestrial bird-monitoring studies
across the Arctic (Fig. 2) appears impressive, spatial cov-
erage is uneven with most monitoring in the low Arctic
(and sub-Arctic), Iceland, and Scandinavia, and relatively
few in high Arctic; the Arctic Archipelago and Canada,
Greenland, and central and eastern Russia are relatively
poorly covered for all FECs.

Nevertheless, the current network of monitoring sites
provides a good basis for further coordinated monitoring of
bird populations and further analyses of trophic interactions

Focal Ecosystem Components
- main actvive monitoring sites
° Carnivores

Herbivores - ptarmigan
° Herbivores - waterfowl

INTERACT station

()3

Insectivores - waders

Mixed o6

¢ O

Omnivores

and effects of external drivers. To further contribute to an
ecosystem-based approach to monitoring, bird monitoring
would need to address the following issues:

e Standardization of field protocols, data collection
methods, terminology, and reporting to enhance data
quality and facilitate comparisons among sites, includ-
ing development of database tools for archiving data
and semi-automated procedures capable of accumulat-
ing on-going data summaries.

High Arctic
Low Arctic

Sub Arctic
CAFF Boundary

LN

Fig. 2 Geographical coverage of terrestrial birds FEC monitoring in the Arctic; based on Arctic Shorebird Demographics Network (2014),
INTERACT (2015), Fuglei et al. (2020), Franke et al. (2020), and M. Soloviev (pers. comm.)
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e Better integration within and among studies across
trophic levels. For example, gyrfalcon occupancy
(Falkdalen et al. 2011; Nielsen 2011) and reproductive
success (Barichello and Mossop 2011; Koskimies
2011) are known to depend on ptarmigan cycles.

e Better integration of factors that underpin changes in
phenology, demography, and abundance.

e Collection of non-invasive samples for analyses of
genetics, isotopes, and contaminants (e.g., molted
feathers, pellets, eggshells, addled eggs, prey remains).

e Promotion of community-based monitoring, use of
citizen science, and application of traditional
knowledge.

e Promotion of studies engaged in collecting multi-
species, and long-term time series data for estimating
trophic interactions, particularly those associated with
cyclic patterns. For example, ptarmigan and gyrfalcons,
and small mammals and peregrine falcons, gyrfalcons,
snowy owls (Bubo scandiacus), rough-legged buzzards
(Buteo lagopus), and jaegers (Stercorarius spp).

DISCUSSION

That the Arctic is changing is beyond doubt, as is illus-
trated by the papers presented in this special issue. While
numerous characteristics of the Arctic are exhibiting
directional change (Box et al. 2019), the papers assembled
here highlight heterogeneity as a predominant pattern
particularly when assessing global trends of change for
Arctic terrestrial biodiversity. This was the case, at least to
some extent, for each of the FECs in the CBMP terrestrial
conceptual model (Fig. 1). Geographic variability in trends
and species-specific responses to environmental changes
were consistent patterns revealed for vegetation, spatial and
temporal variability in documented trends for invertebrates
was predominant, and similar, high variation was reported
for FEC attributes for birds and mammals. Bjorkman et al.
(2020) suggest that vegetation attributes are influenced by
multiple drivers in each location, and that the strength of
the drivers varies by location, a contention which is likely
to be valid for other FECs as well. It is therefore pivotal,
but also a key challenge for CBMP as a pan-Arctic mon-
itoring program, to conduct monitoring at all relevant
scales, temporally as well as spatially.

The documented variability highlights the difficulty in
synthesizing results at a pan-Arctic scale and necessitates
eco-regionally specific conceptual models to guide biodi-
versity monitoring locally and regionally. Such conceptual
models would help to ensure focus on the most likely
drivers of biodiversity change in each region and ensure
that monitoring protocols include necessary variables to
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understand causal links between drivers and changes in
FEC attributes. Further, averaging observations over many
localities and thus over many different ecoregions logically
results in the absence of statistically significant overall
trends of change, as regional variations are smoothed. This
is counterproductive to understanding Arctic biodiversity
change. Rather than searching unsuccessfully for circum-
polar trends, we should, perhaps, instead ask how, where,
and why there is variation in the response of Arctic FECs to
environmental changes.

The Arctic is home to a diverse and unique set of spe-
cies. Being species-poor compared to lower latitudes,
Arctic food webs have been regarded as being rather
simple (Legagneux et al. 2012). Recent studies, however,
have described Arctic webs in unprecedented detail and
have exposed complex and highly interconnected interac-
tions (Wirta et al. 2014; Schmidt et al. 2017a). This con-
nectedness has implications for how the system responds to
environmental changes, as impacts on one trophic level
may propagate onto other levels. For instance, recent
reports of increased temporal mismatch between plant
flowering and their pollinators, induced by warmer cli-
mates, may have repercussions for plants and arthropods
(Hgye et al. 2013; Schmidt et al. 2016), but the negative
impacts of warming may even cascade onto another trophic
level—insectivorous birds (Reneerkens et al. 2016).

To more fully understand the impacts of environmental
change requires a long-term perspective and evaluation
across multiple scales and interactions, simultaneously.
The CBMP is predicated on an ecosystem approach and
conceptual models that identify important linkages and
cross-biome interactions. Although the papers in this issue
often allude to the importance of these interactions, most
have had to rely on monitoring and/or research based on a
reductionist approach. The exception is Jenkins et al.
(2020), in which the authors analyze terrestrial and marine
FECs and potential drivers simultaneously, across space
and time, in part, looking for cross-biome relationships and
commonalities in trend, if only correlative in nature. We
strongly urge the CBMP to advance Objective 3.3: Develop
integrated and targeted State of the Arctic Biodiversity
Reporting, in the “Circumpolar Biodiversity Monitoring
Program Strategic Plan: 2018-2021" (CAFF 2018b). In
achieving this objective, the CBMP could accomplish the
desired “ecosystem-based program of work that considers
biodiversity elements, system drivers, and interactions
within and across the marine, coastal, freshwater, and ter-
restrial environments,...[simultaneously, and] achieve a
single, circumpolar, interdisciplinary State of the Arctic
Biodiversity Report...”

An extensive, integrated, ecosystem-based monitoring
program would preferably be coupled with targeted
research projects deciphering processes causing patterns
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observed in monitoring programs (Schmidt et al. 2017b).
The CBMP Arctic Terrestrial Biodiversity Monitoring Plan
recommends a balance of targeted, research-based moni-
toring (e.g., Lindenmayer and Lichens 2010) and survey-
based status and trend monitoring in order to increase the
geographic extent over which changes can be detected
(Christensen et al. 2013). While survey-based monitoring
contributes to understanding how biodiversity elements are
changing across time and space, the papers in this special
issue clearly illustrate limitations of this approach alone.
Large-scale surveys based on existing data gathered for
multiple purposes (well exemplified by the small rodent
monitoring data; Ehrich et al. 2020) do not allow causal
mechanisms to be identified. We recognize that, as opposed
to physical attributes of the environment, predicting the
ecological responses to future climate, for instance, is
prone to much larger uncertainties (Urban 2019).
Nonetheless, developing an improved mechanistic under-
standing of how Arctic ecosystems work, and coupling this
with systematic long-term monitoring of status and trends,
would allow us to track both changes in Arctic FECs
(biodiversity) and the likely drivers of that change. We
would, then, be able to provide knowledge targeted toward
informing national resource management decision-making
and national and international conservation initiatives and
commitments.
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