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Abstract
1.	 Climate warming and subsequent landscape transformations result in rapid ecological 

change in Arctic freshwaters. Here we provide a synthesis of the diversity of benthic 
diatoms, plankton, macrophytes, macroinvertebrates, and fish in Arctic freshwaters.

2.	 We developed a multi-organism measure of α diversity to characterise circum-
polar spatial patterns and their environmental correlates, and we assessed 
ecoregion-level β diversity for all organism groups across the Arctic.

3.	 Alpha diversity was lowest at high latitudes and elevations and where dispersal bar-
riers exist. Diversity was positively related to temperature, and both temperature 
and connectivity limited diversity on high latitude islands. Beta diversity was highly 
variable among ecoregions for most organism groups, ranging from 0 (complete 
similarity) to 1 (complete dissimilarity). The high degree of dissimilarity within many 
ecoregions illustrates the uniqueness of many Arctic freshwater communities.

4.	 Northward range expansion of freshwater taxa into Arctic regions may lead to 
increased competition for cold-stenothermic and cold-adapted species, and ul-
timately lead to the extinction of unique Arctic species. Societal responses to 
predicted impacts include: (1) actions to improve detection of changes (e.g., har-
monised monitoring, remote sensing) and engagement with Arctic residents and 
Indigenous Peoples; and (2) actions to reduce the impact of unwanted changes 
(e.g., reductions of CO2 emissions, action against the spread of invasive species).

5.	 Current Arctic freshwater monitoring shows large gaps in spatial coverage, while 
time series data are scarce. Arctic countries should develop an intensified, long-
term monitoring programme with routine reporting. Such an approach will allow 
detection of long-term changes in water quality, biodiversity, and ecosystem 
services of Arctic freshwaters.
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1  |  INTRODUC TION

Humans are impacting the Earth's environment through large-scale 
land-use changes, fossil fuel burning, extensive deforestation, and 
resource extraction, thereby affecting natural ecosystem processes 
and climate at an unprecedented rate (IPCC, 2021). The Arctic re-
gion is particularly vulnerable to these pressures, as increases in 
temperature and precipitation (Bitanja & Andry, 2017; IPCC, 2021; 
Serreze & Barry, 2011) are leading to glacier melt (Zemp et al., 2015), 
permafrost thaw (Kokelj et  al.,  2015), shorter winter ice duration 
(AMAP, 2019; Meridith et al., 2019), and increased vegetation growth 
(Elmendorf et al., 2012; Jenkins et al., 2020). Moreover, the Arctic 
is increasingly subjected to land use modification (e.g., agriculture, 
urbanisation) and resource exploitation (e.g., mining, hydropower) 
that result in altered erosion rates, increased water withdrawal, and 
contaminant release, among others (e.g., Cherry et al., 2017; Gregor 
et al., 1998). The recent climate report from the Intergovernmental 
Panel on Climate Change (IPCC, 2021) indicates that there is high 
confidence that warming in the Arctic will continue to exceed twice 
the global rate. The cumulative effects of increased warming and 
human activities contribute to the transformation of Arctic land-
scapes, including freshwater habitats.

Across the circumpolar region, alterations to freshwater habitats 
and biodiversity in response to climate change and development are 
already visible (Heino et al., 2020). For example, historical data and 
paleolimnological records indicate that the period of ice cover on 
Arctic lakes and rivers has decreased, with a pattern of later freezing 
and earlier ice break-up being strongly associated with air tempera-
ture changes (Lento et  al.,  2019; Prowse et  al.,  2011). In this spe-
cial issue, Svenning et  al.  (2022) used historical fish catch records 
to show that increasing temperatures are associated with long-term 
shifts in the relative proportions of Arctic charr and brown trout in 
Norway and Iceland. Furthermore, Kahlert et  al.  (2022) analysed 
paleolimnological records of diatoms and found large changes in 
taxonomic composition of Arctic lakes over the last c. 200  years. 
Environmental change in the Arctic is also evident from water qual-
ity data collected over the last 50 years, and trends are expected to 
continue as climate change progresses and human activity acceler-
ates (Huser et al., 2022). Landscape-level processes driven by warm-
ing and development in the Arctic can be traced in the runoff of the 
rivers that drain these landscapes, and are expected to result in a 
loss of both habitat and abundances of cold stenothermic species 
(IPBES, 2019; Lento et al., 2019), favour the northward migration of 
species (Pecl et al., 2017), and contribute to changes in the genetic 
diversity of key fish species (Östergren et al., 2021). Unfortunately, 
our ability to detect and track such abrupt and irreversible change in 
Arctic freshwater biota is limited by a lack of coordinated monitoring 
and assessment (Heino et al., 2020).

During the last decade, the freshwater group of the Circumpolar 
Biodiversity Monitoring Program (CBMP-Freshwater), part of the 
Conservation of Arctic Flora and Fauna (CAFF) biodiversity working 
group of the Arctic Council, has worked on the implementation of 
their circumpolar freshwater monitoring plan (Culp et al., 2012). The 

first stage of implementation included the gathering of existing bio-
diversity data from all Arctic countries and subsequent assessment of 
the current status and trends in Arctic freshwater. Such an analysis is 
necessary to analyse spatial patterns in biodiversity, identify diver-
sity hotspots, establish baselines for monitoring continued change, 
and identify gaps in the coverage of Arctic freshwater monitoring. 
CBMP-Freshwater has collected existing data from government, 
industrial and academic research sources to produce a circumpolar 
database of freshwater biodiversity and supporting variables (CBMP-
Freshwater database, housed at the Arctic Biodiversity Data Service, 
www.abds.is; see Lento et al., 2019). Collected data were harmon-
ised and integrated (see Culp et al., 2022 and special issue papers 
listed below for details), and selected biotic and abiotic data for lakes 
(Figure 1a) and rivers (Figure 1b) were used to assess baselines of 
biodiversity of key organism groups and ecological change in Arctic 
freshwaters. Special issue papers included circumpolar assessments 
for water quality (Huser et al., 2022) and specific organism groups 
including plankton (Schartau et al., 2022), benthic diatoms (Kahlert 
et al., 2022), macroinvertebrates (Lento, Culp et al., 2022) and fish 
(Laske et  al.,  2022); smaller-scale regional assessments of multi-
ple groups for North America (Lento, Laske et al., 2022), Iceland/
Norway (Svenning et al., 2022), Fennoscandia (Brittain et al., 2022; 
Lau et al., 2022), and Russia (Fefilova et al., 2022); but did not include 
a circumpolar-scale assessment of multi-organism diversity patterns. 
In addition, Knopp et al. (2022) provided a systematic review of doc-
umented Indigenous Knowledge of freshwater biodiversity.

In this paper, we provide a novel synthesis of the data from the 
special issue papers, including all organism groups and all regions 
of the Arctic. We develop a multi-organism measure of α diversity 
to characterise circumpolar spatial patterns and contrast ecoregion-
level β diversity for all groups across the circumpolar region. 
Furthermore, we identify spatial patterns and hotspots of biodiver-
sity across organism groups and summarise the major environmental 
correlates of biodiversity patterns and predicted drivers of change. 
The analyses in this paper complement the special issue papers by 
providing a broad-scale assessment of the data that integrates and 
synthesises the findings in those papers. Additionally, we discuss 
the need for development of coordinated and harmonised long-term 
circumpolar freshwater monitoring to build a framework for science 
communication and decision support.

2  |  ALPHA DIVERSIT Y

A primary objective of this paper was to use estimates of α diver-
sity (taxonomic richness at local scales) from assessments of single 
organism groups in the special issue and develop an estimate of α 
diversity that was integrated across multiple organism groups over 
the circum-Arctic scale. As sampling effort was uneven within and 
among regions, the papers in this special issue used rarefaction, or 
the estimation of taxonomic richness at the same number of sites in 
each region using species accumulation curves (and extrapolation of 
curves as needed; see Colwell et al., 2012 for details), to control for 

http://www.abds.is
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differences in sample frequency. Rarefaction was done at the catch-
ment or ecoregion scale (using Terrestrial Ecoregions of the World; 
Olson et  al.,  2001) to provide standardised, and thus comparable 
estimates of local-scale diversity. Rarefaction was completed using 
EstimateS (Colwell, 2013).

To develop a measure of multi-organism α diversity, we in-
tegrated the rarefied estimates (diversity at 10 sites within each 
ecoregion) for each organism group in lakes (phytoplankton, benthic 
diatoms, macrophytes, zooplankton, benthic macroinvertebrates, 
and fish) and rivers (benthic diatoms and macroinvertebrates, and 
fish). Because diversity is naturally higher in primary producers (e.g., 
diatoms) than in higher trophic levels (e.g., fish), we first standardised 
the rarefied α diversity estimates for each ecoregion by subtracting 
the mean rarefied diversity estimate for the organism group (aver-
aged across all ecoregions) and dividing by the group's standard de-
viation. In this way, rarefied diversity for each group was converted 
to Z-scores, allowing for a standardised comparison across organism 
groups. As not all groups were sampled in every ecoregion, we could 
not sum the standardised diversity estimates for each ecoregion, 
but instead calculated average standardised diversity (lake average 
Z ranged from −1.25 to 1.2; river average Z ranged from −1.67 to 
2.0). This allowed for a circumpolar comparison of standardised es-
timates of α diversity (averaged among organism groups) that were 
less affected by local sampling frequency or natural differences in 
species richness among trophic levels. Average standardised diver-
sity estimates for each ecoregion were classified separately for lakes 
and rivers as low (Z < −0.5), average (−0.5 < Z < 0.5), or high diversity 
(Z > 0.5).

We used simple linear regression to analyse the relationship be-
tween standardised estimates of multi-organism α diversity in ecore-
gions and temperature, with separate regressions for lakes, rivers, and 
lakes and rivers combined. In this analysis, the maximum long-term 
average (1970–2000) August air temperature (data from WorldClim 
Version 2; worldclim.org/version2), summarised for the ecoregion, 
was used as a proxy for the warmest temperatures found in each 
ecoregion. Spatial connectivity was visualised in regression plots 
with different symbols for ecoregions based on whether they were 
completely found on the continental mainland, on islands, or whether 
there were both mainland and islands within the ecoregion. Analyses 
were completed in R version 4.0.2 (R Development Core Team, 2015) 
and graphs were created using the package ggplot2 (Wickham, 2016).

2.1  |  Circum-Arctic patterns in multi-organism 
α diversity

Spatial patterns in average standardised diversity reflected latitu-
dinal, elevational, and geographic constraints. In both lakes and riv-
ers, low diversity was commonly found at high latitudes, and high 
elevations, and on islands (Figure  2). For lakes, this pattern was 
paralleled by low diversity in Greenland, Iceland, Faroe Islands, 
Svalbard, and islands of northern Russia (Figure  2a), whereas riv-
ers also showed low diversity in northern and eastern regions of 
the Canadian Arctic Archipelago, coastal areas of Norway, and on 
Wrangel Island (Figure 2b). Areas of the Arctic with high standard-
ised diversity were similar for both lakes and rivers, and included 

F I G U R E  1  Circumpolar sample sites in lakes (a) and rivers (b) with biotic (red points) or abiotic (yellow points) data included in analyses 
in special issue papers. Ecoregions that are wholly or partly located within the Arctic boundary (as defined by the combination of the 
Conservation of Arctic Flora and Fauna [CAFF] and Arctic Biodiversity Assessment [ABA] boundaries) are indicated in grey. Biotic site points 
are layered over abiotic sites. Site locations can be found on abds.is. Country layer (white) and ocean layer (light blue) from www.natur​alear​
thdata.com; ecoregion layer from Terrestrial Ecoregions of the World (Olson et al., 2001); CAFF and ABA boundaries from abds.is

http://www.naturalearthdata.com
http://www.naturalearthdata.com
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ecoregions at the warmer, lower latitudes of North America and 
ecoregions in Fennoscandia and western Russia that are warmed by 
the Gulf Stream. These high-biodiversity regions also have generally 
good spatial connectivity, allowing for movement of taxa, and hold 
the source populations for northward migrating species. Although 
these relatively warm and highly connected regions represent the bi-
odiversity hotspots in the Arctic, it is the low-diversity regions (high 
latitude, high elevation, and remote islands) that best represent the 
unique communities of Arctic freshwaters, which are dominated by 
cold stenotherms and cold-water adapted species of the north.

Regional and group-specific α diversity results described in the 
special issue largely support these broader multi-organism patterns. 
In circumpolar assessments, α diversity was lowest at the highest lat-
itudes for benthic diatoms (Kahlert et al., 2022), plankton (Schartau 
et al., 2022), benthic macroinvertebrates (Lento, Culp  et al., 2022), 
and fish (Laske et al., 2022), and showed general declines with in-
creasing latitudes. This latitudinal decline was strongest and most 
consistent for benthic macroinvertebrates, both at circumpolar and 
regional scales (Lento, Culp et al., 2022; Lento, Laske et al., 2022). 
Hotspots for biodiversity varied among taxonomic groups, but 
commonly included Fennoscandia, low-latitude and low-altitude 
regions of Canada, and coastal regions of Alaska. Regional analy-
ses of biodiversity patterns for single organism groups in the spe-
cial issue papers did differ in some cases from the multi-organism, 
circumpolar patterns presented here. These results are not nec-
essarily contradictory, but are likely to be a consequence of the 

combined effects of differences in spatial scales of the studies and 
region-specific conditions. Warming has not been uniform across 
the Arctic regions (Hansen et al., 1999) and responses to warming 
will therefore differ among regions (Lento, Culp et al., 2022, but see 
also Taylor et  al.,  2020). Such heterogeneity in responses under-
scores the need for both regional and circumpolar assessment of 
diversity change in response to climate warming.

2.2  |  Potential drivers of α diversity

Temperature and spatial connectivity were identified in the special 
issue as two main factors that constrain Arctic freshwater α diversity 
(see Laske et al., 2022; Lento, Culp et al., 2022; Schartau et al., 2022), 
and our broad-scale multi-organism assessment of average standard-
ised diversity corroborated these findings (Figure 2). Low diversity was 
observed in cold regions at high latitudes and high elevations and where 
there are barriers to dispersal (on islands and around mountain ranges). 
The positive relationship between diversity and temperature is consist-
ent with the hypothesis that diversity is limited where temperatures 
are low because the physiological tolerance for cold temperatures is 
exceeded for most taxa (e.g., Currie et al., 2004). However, because the 
northernmost borders of the North American and Eurasian continental 
mainland are at approximately 68°N, and many high-latitude regions 
of the Arctic are islands, it is difficult to disentangle the effects of low 
temperature from those caused by geographic disconnection.

F I G U R E  2  Alpha diversity of (a) lakes and (b) rivers in ecoregions across the circumpolar region, with ecoregions characterised based 
on average standardised taxonomic richness estimates as low (Z < −0.5), average (−0.5 < Z < 0.5), or high diversity (Z > 0.5). Standardised 
rarefied taxonomic richness was averaged for all organism groups sampled in the ecoregion (averaged across one or more of phytoplankton 
(lakes only), benthic diatoms, macrophytes (lakes only), zooplankton (lakes only), benthic macroinvertebrates, and fish). The black line marks 
the combined Conservation of Arctic Flora and Fauna (CAFF) and Arctic Biodiversity Assessment (ABA) boundaries of the Arctic, and 
ecoregions that intersect the boundary but had insufficient data for analysis are indicated in grey. Country layer (white) and ocean layer 
(light blue) from www.natur​alear​thdata.com; ecoregion layer from Terrestrial Ecoregions of the World (Olson et al., 2001); CAFF and ABA 
boundaries from abds.is

http://www.naturalearthdata.com
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To separate the confounding effects of temperature and geo-
graphic connectivity on α diversity, we explored the relationship 
between multi-organism diversity and temperature for ecoregions 
distinguished as being on islands, on the mainland, or a combination 
of mainland and island. This analysis showed a significant positive 
relationship between diversity and temperature for both lakes and 
rivers, although the relationship was stronger for rivers (Figure  3, 
Table 1). Multi-organism diversity was lower in island ecoregions than 
in mainland ecoregions across the temperature gradient (Figure 3c), 
which suggests a direct additive effect of low temperatures and a 
lack of spatial connectivity on diversity in these ecoregions. Where 
connectivity is higher (i.e., mainland regions), species richness is 
most susceptible to a large-scale gradual increase following contin-
ued warming as warming affects the distribution and competitive 
success of species and results in gradual species replacements. For 
example, Svenning et al. (2022) described the gradual change in sal-
monid species composition in northern European rivers, including 
the gradual replacement of the cold stenotherm species Arctic Char 
with brown trout that are competitively superior in warmer waters. 
These unique long-term catch statistics show this change quantita-
tively, and similar shifts in fish species composition are part of docu-
mented observations by Indigenous Peoples in other regions of the 
Arctic (Knopp et al., 2022). This implies that many poor dispersers 
among cold stenothermic or cold-adapted species may approach ex-
tinction at the northernmost edge of the continental mainland when 
temperatures increase beyond their upper tolerance range.

High variability in the relationship between diversity and tem-
perature in the middle of the temperature gradient probably reflects 
a stronger response of diversity to other environmental variables. 
Besides temperature and spatial connectivity, water chemistry 
was also found to be an important diversity correlate, particularly 
for diatoms. Low diatom diversity in lakes in northern Quebec and 
Labrador in eastern Canada is likely to be a consequence of the his-
torically stable cold temperatures in that region (Prowse et al., 2006) 
and the influence of the soft waters of lakes on the Precambrian 
Shield in this region (Huser et  al.,  2022; Kahlert et  al.,  2022). 
Conversely, high diatom diversity in lakes was found elsewhere in 
the Arctic, particularly in the Middle Arctic ecoregion of Canada (re-
sulting in high average standardised diversity at lower latitudes of 
the Canadian Arctic archipelago; Figure 2a), where geology supports 
favourable water chemistry conditions for diatoms. Benthic diatom/
algae assemblages are the primary basal resource in Arctic lakes and 
rivers (Vadeboncoeur et al., 2002), supplying consumers with a high-
quality food resource (Parrish, 2009). Continued warming (Prowse 
et al., 2011; Schartau et al., 2022) and declines in water N/P ratios 
(Bergström et  al.,  2020) will disadvantage diatoms and relative to 
cyanobacteria, which lack the highly unsaturated fatty acids that 
are typical for diatoms and promote organism growth and repro-
duction (Parrish, 2009). These qualitative shifts in the biochemical 
composition of basal resources have strong repercussions for the 
trophic transfer efficiency of aquatic food webs (c.f. Brett & Müller-
Navarra, 1997), ultimately affecting fish production. Indirect effects 
of warming on community composition and species distributions will 

be mediated by gradual landscape transformations, such as perma-
frost thaws and the increased vegetation growth or shrubification, 
that will modify hydrological patterns, nutrient, and sediment run-
off, thereby modifying the physical and chemical habitat of aquatic 
flora and fauna (Chin et al., 2016; Huser et al., 2022). Examination 
of the response of freshwater biota to changes in the physical and 
chemical habitat will therefore become more important as the direct 
and indirect impacts of warming and development are felt.

3  |  BETA DIVERSIT Y

Beta diversity measures the level of dissimilarity in community 
structure among sites within a defined region (Whittaker,  1972). 
High β diversity indicates large differences in the taxonomic compo-
sition of assemblages among sites, whereas low β diversity indicates 
a high level of taxonomic similarity. Beta diversity thus provides an 
estimate of the degree of assemblage differentiation among sites in 
a region. Beta diversity can also be partitioned into its component 
parts: turnover, which indicates the replacement of species between 
sites, and nestedness, which describes the loss of species between 
sites (Baselga, 2010, 2012).

Patterns in β diversity were a focus of several regional or 
organism-specific assessments in this special issue (e.g., see Brittain 
et al., 2022; Laske et al., 2022; Schartau et al., 2022), but these did 
not compare large-scale patterns across all organism groups. Here, 
we provide a broader circumpolar comparison across all organism 
groups by calculating β diversity and the contributions of its com-
ponents within ecoregions for phytoplankton, benthic diatoms, 
macrophytes, zooplankton, benthic macroinvertebrates, and fish 
in lakes, and for benthic diatoms, benthic macroinvertebrates, and 
fish in rivers. We used Sørensen's dissimilarity coefficient, βSor to 
estimate β diversity (Baselga, 2010). The value of βSor ranges from 0 
to 1, where 0 indicates identical taxonomic composition at all sites 
and 1 denotes that sites have completely different sets of taxa. The 
metrics βSIM and βNES were used to estimate the portion of β diver-
sity that was attributed to turnover and nestedness, respectively 
(see Baselga, 2010, 2012; Baselga & Orme, 2012 for details). Beta 
diversity and its components were estimated in R Version 4.0.2 (R 
Development Core Team, 2015) using the package βpart (Baselga & 
Orme, 2012).

3.1  |  Synthesis of beta diversity for 
all organism groups

The circumpolar analysis of beta diversity showed strong spatial vari-
ability among ecoregions for most organism groups in lakes (Figure 4) 
and rivers (Figure 5). Although β diversity was low for some ecoregions 
on high-latitude islands (i.e., strong similarity among sites), the pattern 
was not consistent for lakes or rivers and did not represent a trend of 
lower β diversity at higher latitudes (correlation between β diversity 
and latitude: r = −0.01 for lakes and r = 0 for rivers). Moderate to high 
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β diversity was common for ecoregions in Alaska and Fennoscandia, 
with βSor exceeding 0.5 for most organism groups in lakes and riv-
ers (Figure 4 and Figure 5), consistent with the higher β diversity for 
these regions reported in the special issue papers (Laske et al., 2022; 
Schartau et  al.,  2022). At the circumpolar scale, the high degree of 

assemblage dissimilarity within many ecoregions and the overall high 
variability in β diversity among ecoregions is not surprising considering 
that our data set covered large parts of the Arctic region and a wide 
range of environmental conditions (e.g., different climatic and habitat 
conditions, system size, nutrient concentrations, etc.).

F I G U R E  3  Least-squares simple linear 
regression of average standardised α 
diversity (rarefied within ecoregions) 
as a function of the long-term average 
maximum August air temperature (as 
a proxy for maximum summer water 
temperature) within an ecoregion for (a) 
lakes, (b) rivers, and (c) lakes and rivers 
combined, with points for each ecoregion 
indicating whether the ecoregion is on 
the continental mainland (squares), is on 
an island (triangles), or is composed of 
mainland and islands (circles). A regression 
line is shown (blue) with 95% confidence 
intervals (grey shading) on each plot
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Beta diversity partitioning showed that turnover (i.e., the re-
placement of species across sites) generally contributed more to β 
diversity than nestedness. Turnover accounted on average for 66% 
(benthic macroinvertebrates) to 89% (diatoms) across groups for 
lakes and 61% (fish) to 76% (diatoms) for rivers (Figures  4 and 5). 
We interpret the high contributions of turnover in lakes and rivers 
as a consequence of several ecological and/or logistical factors, in-
cluding: (1) natural taxonomic differences among sites due to dif-
ferences in environmental conditions within ecoregions (Johnson 

& Goedkoop, 2002); (2) non-synchronous range expansion of taxa 
into ecoregions (Pecl et  al.,  2017); and (3) sampling effort within 
ecoregions that was not sufficient to capture the full range of tax-
onomic richness among sites, leading to a lower ability to detect 
rare taxa. Nestedness had a moderate to high contribution to total β 
diversity in some ecoregions, although this varied among organism 
groups. For example, zooplankton, macroinvertebrates, and fish in 
lakes displayed a greater contribution of nestedness to β diversity 
than did primary producers (benthic diatoms, phytoplankton, and 

TA B L E  1  Results of linear regressions of average standardised α diversity (rarefied for ecoregions) as a function of long-term average 
maximum August air temperature, with separate regression completed for lakes, rivers, and lakes and rivers combined

Response variable Intercept Slope t p RMS r2

Lake diversity −0.941 0.081 2.366 0.026 0.461 0.177

River diversity −2.089 0.164 4.553 <0.001 0.561 0.453

Lake and river diversity −1.515 0.124 4.898 <0.001 0.525 0.312

Note: Regression slopes and intercepts represent the change in α diversity with increasing temperature. The table presents intercepts, slopes, and t 
and p-values for slopes, residual mean squares (RMS), and r2 for the regressions

F I G U R E  4  Average lake β diversity within ecoregions of consumers (a) zooplankton, (b) benthic macroinvertebrates, and (c) fish, and 
producers (d) phytoplankton, (e) benthic diatoms, and (f) macrophytes, with total β diversity (bars) partitioned into (turquoise) turnover 
and (coral) nestedness. The solid circle indicates β diversity = 1, and the dashed circle indicates β diversity = 0.5. Beta diversity was 
calculated within hydrobasins and averaged across hydrobasins for each ecoregion. Bars represents the total β diversity in an ecoregion, 
divided into the diversity that is due to turnover and due to nestedness and are arranged longitudinally by the centre of each ecoregion. 
Geographic regions of the Arctic are indicated by codes (AK = Alaska, CA = Canada, GL = Greenland, IC = Iceland, FA = Faroe Islands, 
FS = Fennoscandia, RU = Russia mainland, WI = Wrangel Island). Bars are absent in areas where data were lacking or insufficient to calculate 
β diversity. Country layer (white) and ocean layer (light blue) from www.natur​alear​thdata.com

http://www.naturalearthdata.com
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macrophytes; Figure 4). A similar pattern was observed for rivers, 
with a higher contribution of nestedness in higher trophic levels 
(Figure  5). This pattern, which indicated that there was a greater 
proportion of community dissimilarity that was due to taxa turnover 
in lower trophic levels, is probably related to the high taxonomic 
richness (large regional species pool, and therefore high probability 
of encountering different species when sampling across the region) 
and good dispersal capabilities of groups such as phytoplankton and 
benthic diatoms.

Our assessment indicates that β diversity and its components are 
a powerful and integral part of Arctic biodiversity analyses, as these 
metrics capture both the northward migration of sub-Arctic species 
(e.g., Pecl et al., 2017) and the concurrent extinctions of cold-adapted 
Arctic species (Heino et al., 2020) through assessment of community 
dissimilarity. Thus, it provides critical information about changes in 
biodiversity that is complementary to summary metrics such as spe-
cies richness. Hillebrand et al. (2018) argued that trends in richness 
are insufficient to detect important compositional shifts in biodiver-
sity, as richness can increase even in deteriorating or changing envi-
ronments if species immigration rates exceed extinction rates. This 
is also true at the larger spatial scales of Arctic regions where unique 
species, which often have high conservation value, may go extinct 
and be irreversibly replaced by less cold-tolerant species or inva-
sives as a result of warming, resulting in no net change or a net gain 
of taxa with warming (Heino et al., 2020). Biodiversity assessments 
therefore need to go beyond the simple analysis of richness and use 
more meaningful estimates of biodiversity such as turnover species 
exchange ratios (Korhonen et  al.,  2010) to detect true changes in 
biodiversity.

4  |  CURRENT STATE OF MONITORING

Our ability to detect impacts on Arctic freshwater biodiversity under 
continued climate change and human development is highly depend-
ent on having an established set of baseline conditions and monitor-
ing changes from those baselines. The papers in this special issue 
and the CBMP-Freshwater State of Arctic Freshwater Biodiversity 
Report (Lento et al., 2019) have made considerable advancements 
in establishing such baselines. Future monitoring should aim at de-
tecting temporal changes in diversity and community composition, 
range shifts of species, and re-definition of the boundaries of the 
Arctic biome based on altered climatic conditions. Our data compila-
tion and assessments highlight the many gaps in the spatial and tem-
poral coverage of monitoring efforts (Figure 1) and, consequently, 
our limited knowledge of Arctic freshwater biodiversity (Figures 4 
and 5). Relatively densely populated, smaller countries generally had 
better spatial data coverage than larger countries with more remote, 
sparsely populated areas of the Arctic. However, time series data 
were largely non-existent throughout the circumpolar Arctic, which 
makes it difficult to detect temporal biodiversity change. Despite a 
tremendous effort by staff from all Arctic countries, we undoubtedly 

F I G U R E  5  Average river β diversity within ecoregions of 
consumers (a) benthic macroinvertebrates and (b) fish, and 
primary producers (c) benthic diatoms, with total β diversity (bars) 
partitioned into (turquoise) turnover and (coral) nestedness. 
The solid circle indicates β diversity = 1, and the dashed circle 
indicates β diversity = 0.5. Beta diversity was calculated 
within hydrobasins and averaged across hydrobasins for each 
ecoregion. Bars represent the total β diversity in an ecoregion, 
divided into the diversity that is due to turnover and due to 
nestedness and are arranged longitudinally by the centre of each 
ecoregion. Geographic regions of the Arctic are indicated by 
codes (AK = Alaska, CA = Canada, GL = Greenland, IC = Iceland, 
FA = Faroe Islands, FS = Fennoscandia, RU = Russia mainland, 
WI = Wrangel Island). Bars are absent in areas where data were 
absent or insufficient to calculate β diversity. Country layer (white) 
and ocean layer (light blue) from www.natur​alear​thdata.com

http://www.naturalearthdata.com
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missed data from less available data sources, such as those in less 
accessible government and research archives. This underscores the 
importance of data preservation and availability from research pro-
jects, which currently is a high priority of research funders in many 
countries. Therefore, additional investments in appropriate data-
base infrastructure is a critical priority, as this is a prerequisite for 
future data availability and science-based assessments of freshwa-
ter biodiversity status and trends.

Beyond the existing data gaps, there is also a great need to im-
prove the design and coverage of ongoing and future monitoring, as 
this will further improve our ability to detect changes in biodiversity. 
To assess the current state of monitoring activities in Arctic fresh-
waters, we classified existing monitoring efforts for each organism 
group in each Arctic country based on whether: (1) there was routine 
monitoring with consistent funding and good spatial coverage; (2) 
routine monitoring with consistent funding and poor spatial cover-
age; (3) sporadic or limited monitoring with insecure funding (no rou-
tine monitoring, but generally only academic research programmes 
or other such limited efforts); or (4) no coverage. We visualised these 
classifications by plotting findings for each country as a subset area 
proportional to its total land area in the Arctic. The most apparent 
finding is that most of the routine monitoring with secure funding 
takes place in countries with relatively small land areas in the Arctic 
(Norway, Sweden, Finland, Iceland), particularly for lakes (Figures 6 
and 7). Canadian routine monitoring shows a strong focus on riv-
ers (although with poor spatial coverage), while that of lakes is ex-
tremely limited. Similarly, Alaska and the Russian Arctic lack routine 
monitoring with consistent funding for biota in lakes and rivers, and 
generally only have sporadic/limited sampling with insecure funding. 
Greenland also lacks routine monitoring for several organism groups, 
with the exception of a few long time-series for lakes. Without se-
cure funding for routine monitoring, collection of time series data 

will be impossible, and our ability to detect changes in response to 
climate warming will be extremely limited. Of course, the remote-
ness and geographical expanse of the Arctic leads to extremely high 
costs and difficult logistics for monitoring (Mallory et al., 2018) and 
contributes to its poor status.

5  |  AN IMPROVED FR AME WORK 
FOR A SSESSMENT OF FRESHWATER 
ECOLOGIC AL CHANGE IN THE ARC TIC

Recent publications have addressed key research themes (Harper 
et  al.,  2021) and the need for societal responses and action plans 
(Tickner et  al.,  2020) to halt the global loss of freshwater biodi-
versity, without specifically addressing biodiversity change in the 
Arctic. Societal responses to predicted impacts in freshwaters glob-
ally and in the Arctic generally fall into: (1) actions to improve detec-
tion of changes; and (2) actions to reduce the impact of unwanted 
changes. Actions to reduce the impact of unwanted changes and 
to prevent such changes include global reductions of CO2 emis-
sions, international agreements on measures to limit impacts of 
climate change and development on freshwater ecosystems, and 
increased conservation action for these ecosystems. An important 
response would be ensuring that global freshwater biodiversity, and 
the conservation of the unique biodiversity in Arctic freshwaters, 
is included in the Secretariat of the United Nations’ Convention on 
Biological Diversity’s post-2020 Global Biodiversity Framework, 
which guides biodiversity conservation and monitoring actions up to 
2030 (Convention on Biological Diversity, 2021) and relevant chap-
ters in Keith et al.  (2020) that address Arctic freshwater typology. 
Lower-latitude species are predicted to move northward into Arctic 
freshwaters as warming continues, which implies that overall species 

F I G U R E  6  Treemaps summarising 
monitoring status in lakes for 
each organism group (fish, benthic 
macroinvertebrates, zooplankton, 
phytoplankton, benthic algae, 
macrophytes) and abiotic variables, 
with each rectangle in the treemap 
corresponding to a region of the Arctic 
as indicated by the key in the upper 
right-hand corner of the figure, and with 
the size of each rectangle proportional 
to the land area in the Arctic within the 
region and the colour of each rectangle 
indicating the level of monitoring (routine 
monitoring with secure funding and good 
spatial coverage; routine monitoring with 
secure funding and poor spatial coverage; 
not routinely monitored with insecure or 
sporadic funding; and no coverage)
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richness will increase, but that this increase will be at the cost of 
unique species and the low-diversity assemblages that characterise 
Arctic freshwaters (Heino et al., 2020). This is a challenging message 
to communicate to decision makers and the public, as high biodi-
versity is commonly more valued than low biodiversity. Indeed, the 
first draft of the post-2020 Global Biodiversity Framework targets 
increased biodiversity globally, despite the fact that this is an un-
wanted change predicted to occur in Arctic systems with continued 
warming (Taylor et al., 2020). If Arctic countries have the ambition to 
halt the loss of unique biodiversity in Arctic regions, then they need 
to account for these species’ vulnerability through environmental 
management (c.f. Williams et al., 2008). Such management decisions 
to specifically protect vulnerable species can, however, only be suc-
cessful if we also manage to reduce global CO2-emissions in line with 
international agreements and put a halt to continued warming.

Detection of the gradual or abrupt changes in the state of fresh-
water ecosystems requires intensified monitoring at larger spatial 
scales through a combination of globally harmonised monitoring 
activities, long-term ecological studies, remote sensing, and en-
gagement with Arctic residents and Indigenous Peoples to develop 
community-based monitoring and to better weave western science 
with Indigenous Knowledge. Arctic countries could tackle the sam-
pling of remote Arctic lakes and rivers by launching a monitoring pro-
gramme that combines remote sensing (e.g. snow cover, chlorophyll 
water concentrations, landscape greening) with a sampling design 
that allows more intensive monitoring (i.e., time series of biological 
variables and supporting water chemistry variables) on a regional 
scale. The latter could, for example, cover a population of lakes and 
rivers near settlements and/or research stations and engage local 
community members. The lack of species-level information for 

speciose organism groups such as chironomids and diatoms can be 
overcome by applying DNA-metabarcoding techniques that have 
developed rapidly during the last decade; this would deliver bet-
ter insight into the biodiversity of organism groups with a complex 
taxonomy (e.g. Brodin et al., 2013). Also, environmental DNA tech-
niques, which test for DNA sequences in water samples, may be use-
ful for the early detection of new and potentially invasive species.

One of the primary goals of CBMP-Freshwater is to offset the 
current lack of spatial monitoring coverage through the promotion 
of coordinated, harmonised circum-Arctic monitoring of fresh-
waters (see Lento et al., 2019 for full discussion of recommended 
approaches). Arctic countries would benefit from a reporting sys-
tem that obliges them to report on changes in the biodiversity 
and water quality (i.e., both baseline and pollution monitoring) 
of their Arctic lakes and rivers. In the European Union, monitor-
ing and assessment initiatives build upon science-based methods 
and target specific stressors such as eutrophication, acidification, 
and ecological integrity while assessing baseline water quality 
conditions. Such requirements are part of legislative frameworks 
such as the European Water Framework Directive (EC, 2000). An 
important first step towards coordinated circumpolar monitoring 
would be better harmonisation of sampling approaches (includ-
ing equipment type, sampled habitats within a system), which 
would increase the inter-comparability of data from different 
sources and improve the capacity for large, circumpolar assess-
ments. Harmonisation of sampling methods has been identified 
as a priority for both regional and global assessment of fresh-
water biodiversity (Turak et  al., 2017), and coordination among 
Arctic countries could contribute to such global efforts. Similarly, 
European Arctic countries apply common monitoring methods 

F I G U R E  7  Treemaps summarising 
monitoring status in rivers for 
each organism group (fish, benthic 
macroinvertebrates, benthic algae) and 
abiotic variables, with each rectangle in 
the treemap corresponding to a region 
of the Arctic as indicated by the key 
in the upper right-hand corner of the 
figure, and with the size of each rectangle 
proportional to the land area in the 
Arctic within the region and the colour 
of each rectangle indicating the level 
of monitoring (routine monitoring with 
secure funding and good spatial coverage; 
routine monitoring with secure funding 
and poor spatial coverage; not routinely 
monitored with insecure or sporadic 
funding; and no coverage)
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(e.g. sampling effort, size fraction) that quantify the richness and 
composition of assemblages, provide a good measure of biodiver-
sity, and allow for an analysis of systematic changes in time and 
space. These frameworks offer a model for other Arctic and non-
Arctic countries and could easily be extended to include assess-
ment of biodiversity and ecological change of Arctic freshwaters.

One other area of Arctic freshwater monitoring and assess-
ment that is currently lacking in most countries is engagement with 
Indigenous communities and consideration of Indigenous Knowledge 
and methodologies (Sidorova, 2020; Wong et al., 2020). Indigenous 
Peoples of the Arctic perceive strong bonds with the natural envi-
ronment in which they live, a world view that integrates their way 
of life with the ecosystem and the benefits that they derive from it 
(Inuit Circumpolar Council Alaska, 2020). In this special issue, Knopp 
et al. (2022) found that documented Indigenous Knowledge on Arctic 
freshwater biodiversity included greater spatial coverage of fish ob-
servations with additional species that were absent in the CBMP-
Freshwater database. Documented Indigenous Knowledge included 
widespread observations of a number of freshwater habitat shifts, 
such as permafrost thaw and changes to ice on/ice off regimes, con-
sistent with predicted impacts of climate change. Recognising the im-
portance of Indigenous observations and methodologies to monitor 
landscape change, it is important to develop ways of engagement that 
are founded on mutual sharing of knowledge (Wong et al., 2020; Woo 
et  al.,  2007). Weaving western science and Indigenous Knowledge 
rather than attempting to integrate Indigenous Knowledge into 
western science frameworks recognises both ways of knowing as 
independent and unique, and mobilises the knowledge from both 
systems while retaining that independence (Henri et al., 2021; Tengö 
et al., 2017). However, the engagement of Indigenous communities in 
the design and implementation of monitoring must include adequate 
financial compensation for participants to support their contribution 
of knowledge, time, and land management. Such an approach focuses 
on increasing the capacity for participation and building relationships 
that ensure a respectful collaboration with Indigenous communities 
and that are founded on strong communication, as well as the sharing 
and co-production of knowledge.

6  |  CONCLUSION

The most recent IPCC report (IPCC,  2021) indicates that climate 
change is causing warming at unprecedented rates, particularly in 
the Arctic. Our synthesis of Arctic freshwater biodiversity shows 
that diversity is lowest in high latitudes, high elevations, and cold, 
spatially-disconnected regions. Continued warming will therefore 
put constraints on the cold-stenotherm species that form the unique 
fauna and flora of Arctic freshwaters. The gradual movement of cold-
stenotherms to higher latitudes is a conveyor-belt analogue to the 
escalator to extinction described for species that migrate to higher el-
evations in the tropics (Urban, 2018) and is an irreversible process. 
These changes ultimately affect the ecosystem services by freshwa-
ters that are key to Indigenous Peoples and other residents of the 

Arctic. This process is already occurring at large spatial scales, as evi-
denced by the long-term changes in community composition identi-
fied in this special issue, and will accelerate with continued warming. 
To detect species migrations/replacements/extinctions in the remote 
regions of the north, the Arctic Council countries should consider 
launching an intensified monitoring programme that combines cir-
cumpolar remote sensing with on-site monitoring on a regional scale. 
Such an approach would benefit from international agreements 
that include repeated reporting of the changes in biodiversity and 
water quality of Arctic freshwaters. This monitoring would ideally 
be co-developed with Indigenous Peoples to ensure interweaving of 
western science and Indigenous methods, and it must be built on a 
funding model that provides adequate compensation for Indigenous 
contributors. The Arctic Council (e.g. working groups CAFF, Arctic 
Monitoring and Assessment Programme) is the key organisation and 
forum for dialogue and implementation of such an Arctic observa-
tional network in which freshwater ecosystems should play a key role 
as they integrate catchment change across landscapes.

ACKNOWLEDG MENTS
All authors have contributed to this synthesis paper, with data col-
lections and analyses interpretations, as well as in writing/editing. 
National government organisations that contributed data including 
Environment and Climate Change Canada, Department of Fisheries 
and Oceans Canada, Parks Canada Nahanni National Park Reserve, 
Parks Canada Western Arctic Field Unit, Danish Environmental 
Protection Agency (Ministry of Environment of Denmark), Danish 
Ministry of Climate, Energy and Utilities, Greenland Ecological 
Monitoring, Ministry of the Environment of Finland, Centre for 
Economic Development, Transport and the Environment of Finnish 
Lapland, Finnish Environment Institute, Natural Resources Institute 
of Finland and Finnish Universities of Helsinki, Turku and Oulu, The 
Norwegian Environmental Protection Agency, the Swedish Agency 
for Marine and Water Management (SWAM), and the Swedish 
Environmental Protection Agency (SEPA). We also thank the follow-
ing data providers: Newfoundland and Labrador Water Resources 
Management Division; the Ontario Ministry of the Environment 
(MOE) Cooperative Freshwater Ecology Unit; members of the 
Paleoecological Environmental Assessment & Research Laboratory, 
including Dermot Antoniades, Marianne Douglas, Irene Gregory-
Eaves, Katherine Griffiths, Kathryn Hargan, Adam Jeziorski, Bronwyn 
Keatley, Tamsin Laing, Tammy Karst-Riddoch, Darlene Lim, Kathryn 
McCleary, Neal Michelutti, Alyson Paul, Reinhard Pienitz, Emily 
Stewart, Jon Sweetman, Joshua Thienpont; Jan Weckström; University 
of Ottawa Laboratory for Paleoclimatology and Climatology; contrib-
utors to the online Circumpolar Diatom Database (CDD), including 
Reinhard Pienitz, Ghislain Côté, Marie-Andrée Fallu, and Laurence 
Laperrière; Institute of Biology of the Komi Scientific Centre of 
the Ural Branch of the Russian Academy of Sciences; Institute of 
Biophysics of Federal Research Center “Krasnoyarsk Science Center”; 
of the Siberian Branch of Russian Academy of Sciences; Siberian 
Federal University; Institute of Geology and Petroleum Technologies 
of the Kazan Federal University; Lena DeltaNature Reserve; Swedish 



    |  221GOEDKOOP et al.

University of Agricultural Sciences (SLU), data host for national fresh-
water monitoring in Sweden; Greenland Ecosystem Monitoring (GEM) 
programme; Icelandic Marine and Freshwater Research Institute; 
University of Iceland; Hólar University College; the Icelandic Institute 
of Natural History; the Natural History Museum of Kópavogur. The 
study contributes to the Federal Tasks of the Department of Animals 
Ecology of the Institute of Biology of Komi Science Centre of the Ural 
Branch of the Russian Academy of Sciences (to E. Fefilova). We also 
acknowledge Christian E. Zimmerman and two anonymous reviewers 
for valuable input on an earlier version of this manuscript. Finally, we 
acknowledge the Conservation of Arctic Flora and Fauna (CAFF) for 
their support throughout this process.

CONFLIC T OF INTERE S T
The authors assert that there are no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The metadata and (where allowed by data contributors) raw 
data used in this paper will be made available on the CAFF Arctic 
Biodiversity Data Service (ABDS; abds.is). The ABDS is the Arctic 
GBIF (Global Biodiversity Information Facility).

ORCID
Willem Goedkoop   https://orcid.org/0000-0002-4775-5676 
Joseph M. Culp   https://orcid.org/0000-0003-3051-8794 
Elena Fefilova   https://orcid.org/0000-0001-9329-3030 
Jennifer Lento   https://orcid.org/0000-0002-8098-4825 

R E FE R E N C E S
AMAP (2019). AMAP climate change update 2019: An update to key find-

ings of snow, water, ice and permafrost in the Arctic (SWIPA) 2017 (p. 
12). Arctic Monitoring and Assessment Programme (AMAP).

Baselga, A. (2010). Partitioning the turnover and nestedness components 
of beta diversity. Global Ecology and Biogeography, 19, 134–143.

Baselga, A. (2012). The relationship between species replacement, 
dissimilarity derived from nestedness, and nestedness. Global 
Ecology and Biogeography, 21(12), 1223–1232. https://doi.
org/10.1111/j.1466-8238.2011.00756.x

Baselga, A., & Orme, C. D. L. (2012). betapart: An R-package for the study 
of beta diversity. Methods in Ecology and Evolution, 3, 808–812.

Bergström, A.-K., Jönsson, A., Isles, P. D. F., Creed, I. F., & Lau, D. C. P. 
(2020). Changes in nutritional quality and nutrient limitation re-
gimes of phytoplankton in response to declining N-deposition in 
mountain lakes. Aquatic Sciences, 82, 31.

Bintanja, R., & Andry, O. (2017). Towards a rain-dominated Arctic. Nature 
Climate Change, 7(4), 263. https://doi.org/10.1038/nclim​ate3240

Brett, M. T., & Müller-Navarra, D. C. (1997). The role of highly un- satu-
rated fatty acids in aquatic food web processes. Freshwater Biology, 
38, 483–499.

Brittain, J. E., Heino, J., Friberg, N., Aroviita, J., Kahlert, M., Karjalainen, 
S.-M., … Ylikörkkö, J. (2022). Ecological correlates of riverine di-
atom and macroinvertebrate alpha and beta diversity across 
Arctic Fennoscandia. Freshwater Biology, 67, 49–63. https://doi.
org/10.1111/fwb.13616

Brodin, Y., Ejdung, G., Strandberg, J., & Lyrholm, T. (2013). Improving 
environmental and biodiversity monitoring in the Baltic Sea using 
DNA barcoding of Chironomidae (Diptera). Molecular Ecology 
Resources, 13, 996–1004.

Cherry, J. E., Knapp, C., Trainor, S., Ray, A. J., Tedesche, M., & Walker, 
S. (2017). Planning for climate change impacts on hydropower in 
the Far North. Hydrology and Earth System Sciences, 21, 133–151. 
https://doi.org/10.5194/hess-21-133-2017

Chin, K. S., Lento, J., Culp, J. M., Lacelle, D., & Kokelj, S. V. (2016). 
Permafrost thaw and intense thermokarst activity decreases abun-
dance of stream benthic macroinvertebrates. Global Change Biology, 
22, 2715–2728.

Colwell, R. K. (2013). EstimateS: Statistical estimation of species richness 
and shared species from samples. Version 9. User's Guide and appli-
cation published at: http://purl.oclc.org/estim​ates

Colwell, R. K., Chao, A., Gotelli, N. J., Lin, S.-Y., Mao, C. X., Chazdon, R. 
L., & Longino, J. T. (2012). Models and estimators linking individual-
based and sample-based rarefaction, extrapolation and compari-
son of assemblages. Journal of Plant Ecology, 5(1), 3–21. https://doi.
org/10.1093/jpe/rtr044

Convention on Biological Diversity (2021). First draft of the post-2020 
Global Biodiversity Framework. https://www.cbd.int/confe​rence​s/
post2​020/wg202​0-03/docum​ents

Culp, J. M., Goedkoop, W., Christensen, T., Christoffersen, K. S., Fefilova, 
E., Liljaniemi, P., … Lento, J. (2022). Establishing biodiversity base-
lines and trends and evaluating drivers of ecological change in 
circum-Arctic rivers and lakes. Freshwater Biology, 67, 1–13. https://
doi.org/10.1111/fwb.13805

Culp, J. M., Lento, J., Goedkoop, W., Power, M., Rautio, M., Christoffersen, 
K. S., … Svoboda, M. (2012). Developing a circumpolar monitor-
ing framework for Arctic freshwater biodiversity. Biodiversity, 13, 
215–227.

Currie, D. J., Mittlebach, G. G., Cornell, H. V., Field, R., Guégan, J.-F., 
Hawkins, B. A., … Turner, J. R. G. (2004). Predictions and tests 
of climate-based hypotheses of broad-scale variation in tax-
onomic richness. Ecology Letters, 7, 1121–1134. https://doi.
org/10.1111/j.1461-0248.2004.00671.x

EC (2000). Directive 2000/60/EC of the European Parliament and of 
the Council of 23 October 2000 establishing a framework for 
Community action in the field of water policy. Official Journal of the 
European Communities, 2000, L327.

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Björk, R. G., Boulanger-
Lapointe, N., Cooper, E. J., … Wipf, S. (2012). Plot-scale evidence 
of tundra vegetation change and links to recent summer warming. 
Nature Climate Change, 2, 453–457. https://doi.org/10.1038/nclim​
ate1465

Fefilova, E., Dubovskaya, O., Frolova, L., Abramova, E., Kononova, O., 
Nigamatzyanova, G., … Kochanova, E. (2022). Biogeographic pat-
terns of planktonic and meiobenthic fauna diversity of the Russian 
Arctic. Freshwater Biology, 67, 78–94. https://doi.org/10.1111/
fwb.13624

Gregor, D. J., Loeng, H., & Barrie, L. (1998). Chapter 3: The influence of 
physical and chemical processes on contaminant transport into and 
within the Arctic. AMAP assessment report: Arctic pollution Issues 
(pp. 25–116). Oslo, Norway: Arctic Monitoring and Assessment 
Programme (AMAP).

Hansen, J., Ruedy, R., Glascoe, J., & Sato, M. (1999). GISS anal-
ysis of surface temperature change. Journal of Geophysical 
Research: Atmospheres, 104(D24), 30997–31022. https://doi.
org/10.1029/1999J​D900835

Harper, M., Mejbel, H. S., Longert, D., Abell, R., Beard, T. D., Benneth, J. 
R., … Cooke, S. J. (2021). Twenty-five essential research questions 
to inform the protection and restoration of freshwater biodiver-
sity. Aquatic Conservation: Marine and Freshwater Ecosystems, 31, 
2632–2653.

Heino, J., Culp, J. M., Erkinaro, J., Goedkoop, W., Lento, J., Rühland, K. M., 
& Smol, J. P. (2020). Abruptly and irreversibly changing Arctic fresh-
waters urgently require standardized monitoring. Journal of Applied 
Ecology, 57, 1192–1198.

https://orcid.org/0000-0002-4775-5676
https://orcid.org/0000-0002-4775-5676
https://orcid.org/0000-0003-3051-8794
https://orcid.org/0000-0003-3051-8794
https://orcid.org/0000-0001-9329-3030
https://orcid.org/0000-0001-9329-3030
https://orcid.org/0000-0002-8098-4825
https://orcid.org/0000-0002-8098-4825
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1038/nclimate3240
https://doi.org/10.1111/fwb.13616
https://doi.org/10.1111/fwb.13616
https://doi.org/10.5194/hess-21-133-2017
http://purl.oclc.org/estimates
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1093/jpe/rtr044
https://www.cbd.int/conferences/post2020/wg2020-03/documents
https://www.cbd.int/conferences/post2020/wg2020-03/documents
https://doi.org/10.1111/fwb.13805
https://doi.org/10.1111/fwb.13805
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1038/nclimate1465
https://doi.org/10.1038/nclimate1465
https://doi.org/10.1111/fwb.13624
https://doi.org/10.1111/fwb.13624
https://doi.org/10.1029/1999JD900835
https://doi.org/10.1029/1999JD900835


222  |    GOEDKOOP et al.

Henri, D. A., Provencher, J. F., Bowles, E., Taylor, J. J., Steel, J., Chelick, 
C., … Alexander, S. M. (2021). Weaving indigenous knowledge 
systems and Western sciences in terrestrial research, moni-
toring and management in Canada: A protocol for a systematic 
map. Ecological Solutions and Evidence, 2(2), e12057. https://doi.
org/10.1002/2688-8319.12057

Hillebrand, H., Blasius, B., Borer, E. T., Chase, J. M., Downing, J. A., 
Eriksson, B. K., … Ryabov, A. B. (2018). Biodiversity change is un-
coupled from species richness trends: Consequences for conserva-
tion and monitoring. Journal of Applied Ecology, 55, 169–184.

Huser, B. J., Futter, M. N., Bogan, D., Brittain, J. E., Culp, J. M., Goedkoop, 
W., … Lento, J. (2022). Spatial and temporal variation in Arctic 
freshwater chemistry – Reflecting climate-induced landscape alter-
ations and a changing template for biodiversity. Freshwater Biology, 
67, 14–29. https://doi.org/10.1111/fwb.13645

Inuit Circumpolar Council Alaska (2020). Food Sovereignty and Self-
Governance: Inuit role in managing arctic marine resources. Retrieved 
from Inuit Circumpolar Council Alaska: iccalaska.org.

IPBES (2019). Global assessment report on biodiversity and ecosystem ser-
vices of the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services. IPBES Secretariat.

IPCC (2021). Summary for policymakers. In V. Masson-Delmotte, P. 
Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger… B. Zhou (Eds.), 
Climate change 2021: The physical science basis. Contribution 
of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University 
Press. In press.

Jenkins, L. K., Barry, T., Bosse, K. R., Currie, W. S., Christensen, T., Longan, 
S., … Taylor, J. (2020). Satellite-based decadal change assessments 
of pan-Arctic environments. Ambio, 49, 820–832. https://doi.
org/10.1007/s1328​0-019-01249​-z

Johnson, R. K., & Goedkoop, W. (2002). Littoral macroinvertebrate com-
munities: Spatial scale and ecological linkages. Freshwater Biology, 
47, 1840–1854.

Kahlert, M., Rühland, K. M., Lavoie, I., Keck, F., Saulnier-Talbot, E., Bogan, 
D., … Smol, J. P. (2022). Biodiversity patterns of Arctic diatom as-
semblages in lakes and streams: Current reference conditions and 
historical context for biomonitoring. Freshwater Biology, 67, 116–
140. https://doi.org/10.1111/fwb.13490

Keith, D. A., Ferrer-Paris, J. R., Nicholson, E., & Kingsford, R. T. (Eds.) 
(2020). The IUCN Global Ecosystem Typology 2.0: Descriptive profiles 
for biomes and ecosystem functional groups. IUCN.

Knopp, J. A., Levenstein, B., Watson, A., Ivanova, I., & Lento, J. (2022). 
Systematic review of documented Indigenous Knowledge of fresh-
water biodiversity in the circumpolar Arctic. Freshwater Biology, 67, 
194–209. https://doi.org/10.1111/fwb.13570

Kokelj, S. V., Tunnicliffe, J., Lacelle, D., Lantz, T. C., Chin, K. S., & Fraser, 
R. (2015). Increased precipitation drives mega slump development 
and destabilization of ice-rich permafrost terrain, northwestern 
Canada. Global and Planetary Change, 129, 56–68.

Korhonen, J. J., Soininen, J., & Hillebrand, H. (2010). A quantitative anal-
ysis of temporal turnover in aquatic species assemblages across 
ecosystems. Ecology, 91, 508–517.

Laske, S. M., Amundsen, P.-A., Christoffersen, K. S., Erkinaro, J., 
Guðbergsson, G., Hayden, B., … Zimmerman, C. E. (2022). 
Circumpolar patterns of Arctic freshwater fish biodiversity: A base-
line for monitoring. Freshwater Biology, 67, 176–193. https://doi.
org/10.1111/fwb.13405

Lau, D. C. P., Christoffersen, K. S., Erkinaro, J., Hayden, B., Heino, J., 
Hellsten, S., Holmgren, K., … Goedkoop, W. (2022). Multitrophic 
biodiversity patterns and environmental descriptors of sub-Arctic 
lakes in northern Europe. Freshwater Biology, 67, 30–48. https://doi.
org/10.1111/fwb.13477

Lento, J., Culp, J. M., Levenstein, B., Aroviita, J., Baturina, M. A., Bogan, 
D., … Goedkoop, W. (2022).Temperature and spatial connectivity 

drive patterns in freshwater macroinvertebrate diversity across the 
Arctic. Freshwater Biology, 67, 159–175. https://doi.org/10.1111/
fwb.13805

Lento, J., Goedkoop, W., Culp, J. M., Christoffersen, K. S., Lárusson, K. 
F., Fefilova, E., … Svenning, M. (2019). State of the Arctic freshwater 
biodiversity. Conservation of Arctic Flora and Fauna International 
Secretariat.

Lento, J., Laske, S. M., Lavoie, I., Bogan, D., Brua, R. B., Campeau, S., … 
Zimmerman, C. E. (2022). Diversity of diatoms, benthic macroin-
vertebrates, and fish varies in response to different environmental 
correlates in Arctic rivers across North America. Freshwater Biology, 
67, 95–115. https://doi.org/10.1111/fwb.13600

Mallory, M. L., Gilchrist, H. G., Janssen, M., Major, H. L., Merkel, F., 
Provencher, J. F., & Strøm, H. (2018). Financial costs of conduct-
ing science in the Arctic: Examples from seabird research. Arctic 
Science, 4, 624–633. https://doi.org/10.1139/as-2017-0019

Meredith, M., Sommerkorn, M., Cassotta, S., Derksen, C., Ekaykin, A., 
Hollowed, A., … Schuur, E. A. G. (2019). Polar regions. In: IPCC 
Special Report on the Ocean and Cryosphere in a Changing Climate 
[H.-O. Pörtner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. 
Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. 
Okem, J. Petzold, B. Rama, & N.M. Weyer (eds.)].

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. 
V. N., Underwood, E. C., … Kassem, K. R. (2001). Terrestrial ecoregions 
of the world: A new map of life on Earth. BioScience, 51, 933–938.

Östergren, J., Palm, S., Gilbey, J., Spong, G., Dannewitz, J., Königsson, 
H., … Vasemägi, A. (2021). A century of genetic homogenization 
in Baltic Salmon – Evidence from archival DNA. Proceedings of 
the Royal Society B: Biological Sciences, 288, 20203147. https://doi.
org/10.1098/rspb.2020.3147

Parrish, C. C. (2009). Essential fatty acids in aquatic food webs. In M. T. 
Arts, M. T. Brett, & M. Kainz (Eds.), Lipids in aquatic ecosystems (pp. 
309–326). Springer.

Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, 
I.-C., … Williams, S. E. (2017). Biodiversity redistribution under 
climate change: Impacts on ecosystems and human well-being. 
Science, 355, 1–9. https://doi.org/10.1126/scien​ce.aai9214

Prowse, T. D., Alfredsen, K., Beltaos, S., Bonsal, B., Duguay, C., Korhola, 
A., … Weyhenmeyer, G. A. (2011). Past and future changes in Arctic 
lake and river ice. Ambio, 40, 53–62. https://doi.org/10.1007/s1328​
0-011-0216-7

Prowse, T. D., Wrona, F. J., Reist, J. D., Gibson, J. J., Hobbie, J. E., 
Lévesque, L. M. J., & Vincent, W. F. (2006). Historical changes in 
Arctic freshwater ecosystems. Ambio, 35, 339–346.

R Development Core Team (2015). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. http://
www.R-proje​ct.org

Schartau, A. K., Mariash, H. L., Christoffersen, K. S., Bogan, D., 
Dubovskaya, O. P., Fefilova, E. B., … Kahilainen, K. K. (2022). First 
circumpolar assessment of Arctic freshwater phytoplankton and 
zooplankton diversity: Spatial patterns and environmental driv-
ers. Freshwater Biology, 67, 141–158. https://doi.org/10.1111/
fwb.13783

Serreze, M. C., & Barry, R. G. (2011). Processes and impacts of Arctic 
amplification: A research synthesis. Global and Planetary Change, 77, 
85–96. https://doi.org/10.1016/j.glopl​acha.2011.03.004

Sidorova, E. (2020). The incorporation of traditional ecological knowl-
edge in the Arctic Council: Lip service? Polar Record, 56, 1–12. 
https://doi.org/10.1017/S0032​24742​0000273

Svenning, M.-A., Falkegård, M., Dempson, J. B., Power, M., Bårdsen, B.-
J., Guðbergsson, G., & Fauchald, P. (2022). Temporal changes in 
the relative abundance of anadromous Arctic charr, brown trout, 
and Atlantic salmon in northern Europe: Do they reflect changing 
climates? Freshwater Biology, 67, 64–77. https://doi.org/10.1111/
fwb.13693

https://doi.org/10.1002/2688-8319.12057
https://doi.org/10.1002/2688-8319.12057
https://doi.org/10.1111/fwb.13645
https://doi.org/10.1007/s13280-019-01249-z
https://doi.org/10.1007/s13280-019-01249-z
https://doi.org/10.1111/fwb.13490
https://doi.org/10.1111/fwb.13570
https://doi.org/10.1111/fwb.13405
https://doi.org/10.1111/fwb.13405
https://doi.org/10.1111/fwb.13477
https://doi.org/10.1111/fwb.13477
https://doi.org/10.1111/fwb.13805
https://doi.org/10.1111/fwb.13805
https://doi.org/10.1111/fwb.13600
https://doi.org/10.1139/as-2017-0019
https://doi.org/10.1098/rspb.2020.3147
https://doi.org/10.1098/rspb.2020.3147
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1007/s13280-011-0216-7
https://doi.org/10.1007/s13280-011-0216-7
http://www.R-project.org
http://www.R-project.org
https://doi.org/10.1111/fwb.13783
https://doi.org/10.1111/fwb.13783
https://doi.org/10.1016/j.gloplacha.2011.03.004
https://doi.org/10.1017/S0032247420000273
https://doi.org/10.1111/fwb.13693
https://doi.org/10.1111/fwb.13693


    |  223GOEDKOOP et al.

Taylor, J. J., Lawler, J. P., Aronsson, M., Barry, T., Bjorkman, A. D., 
Christensen, T., … Schmidt, N. M. (2020). Arctic terrestrial biodiver-
sity status and trends: A synopsis of science supporting the CBMP 
State of Arctic Terrestrial Biodiversity Report. Ambio, 49, 833–847. 
https://doi.org/10.1007/s1328​0-019-01303​-w

Tengö, M., Hill, R., Malmer, P., Raymond, C. M., Spierenburg, M., 
Danielsen, F., … Folke, C. (2017). Weaving knowledge systems in 
IPBES, CBD and beyond—lessons learned for sustainability. Current 
Opinion in Environmental Sustainability, 26, 17–25. https://doi.
org/10.1016/j.cosust.2016.12.005

Tickner, D., Opperman, J. J., Abell, R., Acreman, M., Arthington, A. H., 
Bunn, S. E., … Young, L., 2020). Bending the curve of global fresh-
water biodiversity loss: An emergency recovery plan. BioScience, 
70, 330–342. https://doi.org/10.1093/biosc​i/biaa002

Turak, E., Dudgeon, D., Harrison, I. J., Freyhof, J., De Wever, A., Revenga, 
C., … Lento, J. (2017). Observations of inland water biodiversity: 
Progress, needs and priorities. In M. Walters & R. Scholes (Eds.), The 
GEO handbook on biodiversity observation networks (pp. 165–186). 
Cham: Springer. https://doi.org/10.1007/978-3-319-27288​-7_7

Urban, M. C. (2018). Escalator to extinction. Proceedings of the National 
Academy of Sciences of the United States of America, 115, 11871–
11873. https://doi.org/10.1073/pnas.18174​16115

Vadeboncoeur, Y., Vander zanden, M. J., & Lodge, D. M. (2002). Putting 
the lake back together: Reintegrating benthic pathways into lake 
food web models. BioScience, 52, 44–55.

Whittaker, R. H. (1972). Evolution and measurement of species diversity. 
Taxon, 21, 213–251. https://doi.org/10.2307/1218190

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer-
Verlag. https://ggplo​t2.tidyv​erse.org

Williams, S. E., Shoo, L. P., Isaac, J. L., Hoffmann, A. A., & Langham, G. 
(2008). Towards an integrated framework for assessing the vul-
nerability of species to climate change. PLOS Biology, 6(12), e325. 
https://doi.org/10.1371/journ​al.pbio.0060325

Wong, C., Ballegooyen, K., Ignace, L., Johnson, M. J., & Swanson, H. 
(2020). Towards reconciliation: 10 Calls to Action to natural sci-
entists working in Canada. FACETS, 5, 769–783. https://doi.
org/10.1139/facet​s-2020-0005

Woo, M.-K., Modeste, P., Martz, L., Blondin, J., Kochtubajda, B., Tutcho, 
D., … Modeste, W. (2007). Science meets traditional knowledge: 
Water and climate in the Sahtu (Great Bear Lake) region, Northwest 
Territories, Canada. Arctic, 60, 37–46.

Zemp, M., Frey, H., Gärtner-Roer, I., Nussbaumer, S. U., Hoelzle, M., Paul, 
F., … Vincent, C. (2015). Historically unprecedented global glacier 
decline in the early 21st century. Journal of Glaciology, 61, 745–762. 
https://doi.org/10.3189/2015J​oG15J017

How to cite this article: Goedkoop W, Culp JM, Christensen T, 
et al. Improving the framework for assessment of ecological 
change in the Arctic: A circumpolar synthesis of freshwater 
biodiversity. Freshwater Biology. 2022; 67:210–223. https://doi.
org/10.1111/fwb.13873

https://doi.org/10.1007/s13280-019-01303-w
https://doi.org/10.1016/j.cosust.2016.12.005
https://doi.org/10.1016/j.cosust.2016.12.005
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1007/978-3-319-27288-7_7
https://doi.org/10.1073/pnas.1817416115
https://doi.org/10.2307/1218190
https://ggplot2.tidyverse.org
https://doi.org/10.1371/journal.pbio.0060325
https://doi.org/10.1139/facets-2020-0005
https://doi.org/10.1139/facets-2020-0005
https://doi.org/10.3189/2015JoG15J017
https://doi.org/10.1111/fwb.13873
https://doi.org/10.1111/fwb.13873

