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Abstract

1. Arctic freshwaters are facing multiple environmental pressures, including rapid cli-

mate change and increasing land-use activities. Freshwater plankton assemblages
are expected to reflect the effects of these stressors through shifts in species
distributions and changes to biodiversity. These changes may occur rapidly due
to the short generation times and high dispersal capabilities of both phyto- and

zooplankton.

. Spatial patterns and contemporary trends in plankton diversity throughout the

circumpolar region were assessed using data from more than 300 lakes in the
U.S.A. (Alaska), Canada, Greenland, Iceland, the Faroe Islands, Norway, Sweden,
Finland, and Russia. The main objectives of this study were: (1) to assess spa-
tial patterns of plankton diversity focusing on pelagic communities; (2) to assess
dominant component of B diversity (turnover or nestedness); (3) to identify which
environmental factors best explain diversity; and (4) to provide recommendations
for future monitoring and assessment of freshwater plankton communities across

the Arctic region.

. Phytoplankton and crustacean zooplankton diversity varied substantially across

the Arctic and was positively related to summer air temperature. However, for
zooplankton, the positive correlation between summer temperature and species
numbers decreased with increasing latitude. Taxonomic richness was lower in the
high Arctic compared to the sub- and low Arctic for zooplankton but this pat-
tern was less clear for phytoplankton. Fennoscandia and inland regions of Russia

represented hotspots for, respectively, phytoplankton and zooplankton diversity,
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1 | INTRODUCTION

The Arctic region is experiencing dramatic climate change, with both
air temperature and precipitation expected to continue to increase
more rapidly than in any other region of the world (Bintanja, 2018;
IPCC, 2014; NOAA, 2018). This will have direct and indirect effects
on freshwater ecosystems and their biodiversity. Warmer tempera-
tures are predicted to change species distributions, allowing some
species to expand their range while others will lose habitats (Heino
et al., 2009; Post et al., 2009; Rolls et al., 2017). Also, human activ-
ities are growing in the Arctic regions in the form of infrastructure
(roads, airports, settlements), oil and gas drilling, industrial pollution,
and mining activities, which will lead to increased pressure on the
landscape that may result in cumulative effects such as eutrophica-
tion and browning of freshwaters (Hayden et al., 2019; Huntington
et al.,, 2007; Wrona et al., 2013). Latitudinal and longitudinal biodi-
versity studies across Arctic regions are required to understand a
range of current environmental conditions and provide a baseline in
order to better predict the magnitude of future changes.

A characteristic feature of the Arctic landscape is the great di-
versity and abundance of lakes and ponds derived from repeated
glacial cycles evident in large parts of the circumpolar region, as
well as in regions with discontinuous permafrost. Environmental
conditions vary greatly at both larger (ecoregions) and smaller
(watercourses, lakes, and ponds) spatial scales and are driven
by differences in bedrock-type, geomorphological processes,
and temperature regimes, among other factors (ACIA, 2005;
AMAP, 1998, 2017). Thermokarst or thaw ponds and lakes, which
account for approximately 25% of the estimated total area cov-
ered by ponds and lakes in the Arctic (Grosse et al., 2013), encom-
pass a variety of transparencies and trophic conditions, whereas

most Arctic ponds and lakes are oligotrophic with low nutrient

whereas isolated regions had lower taxonomic richness. Ecoregions with high o
diversity generally also had high p diversity, and turnover was the most important
component of B diversity in all ecoregions.

4. For both phytoplankton and zooplankton, climatic variables were the most im-
portant environmental factors influencing diversity patterns, consistent with pre-
vious studies that examined shorter temperature gradients. However, barriers
to dispersal may have also played a role in limiting diversity on islands. A better
understanding of how diversity patterns are determined by colonisation history,
environmental variables, and biotic interactions requires more monitoring data
with locations dispersed evenly across the circumpolar Arctic. Furthermore, the
importance of turnover in regional diversity patterns indicates that more extensive

sampling is required to fully characterise the species pool of Arctic lakes.

o diversity, B diversity, ecoregions, latitude, taxonomic richness, temperature

conditions (Rautio et al.,, 2011; Wauthy et al., 2018). Despite
this great limnological diversity, the majority of Arctic lakes and
ponds are characterised by low biodiversity and relatively simple
food webs (Christoffersen et al., 2008; Rautio et al., 2011). These
characteristics make them highly sensitive to environmental pres-
sures that alter biodiversity and ecosystem properties (Hayden
et al., 2017; Lizotte, 2008; Vadeboncoeur et al., 2003).

Due to a short growing season and typically nutrient-poor
conditions, Arctic lake and pond ecosystems are expected to re-
spond rapidly to increasing temperature and nutrient concentra-
tions (Przytulska et al., 2017; Rouse et al., 1997). Phytoplankton
and zooplankton are suitable as indicators of such environmental
change because they have high taxonomic diversity, have short
generation times, and respond to subtle changes in temperature
and mixing regimes (Adrian et al., 2009). While species distribu-
tions and composition of phyto- and zooplankton assemblages
have been well-studied in some regions of the Arctic, these biotic
groups are not typically included in monitoring programmes and
therefore, large-scale assessment of their circumpolar diversity is
lacking (Wrona et al., 2013).

Phytoplankton species richness and biomass can vary greatly
across Arctic lakes and ponds depending on the environmental
conditions that regulate their essential needs for resources (pri-
marily light, inorganic carbon and other nutrients) and on loss rates
from UV radiation, viruses, and predation by zooplankton (Prowse
et al., 2006; Reynolds, 2006). The number of species and overall
biomass is expected to decrease with increasing latitude due to
lower temperatures caused by reduced solar radiation and leading
to a shorter growing season (Gaston, 2000; Stomp et al., 2011).
Zooplankton communities of Arctic lakes typically include crus-
taceans (calanoid and cyclopoid copepods and cladocerans) and

rotifers. Despite the typically oligotrophic conditions of Arctic
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freshwaters, zooplankton abundance and biomass can be rela-
tively high in shallow Arctic lakes because of the absence of fish
and the presence of benthic algal mats that are important feed-
ing habitats (e.g. Mariash et al., 2014; Rautio & Vincent, 2006).
Many ponds and lakes in the Arctic are devoid of fish because
they are shallow (<3 m) and the water column is partially or com-
pletely frozen to the bottom during the winter (e.g. Christoffersen
et al., 2008). These fishless ponds and lakes are characterised by
high abundances of the herbivorous zooplankton Daphnia, an im-
portant taxon for the structure and functioning of many freshwa-
ter communities and food-webs across the northern hemisphere
(e.g. Jeppesen et al., 2017; O’'Brien et al., 2004; Stross et al., 1980).
Climate change is predicted to exert both direct and indirect ef-
fects on Arctic zooplankton assemblages. For example, warmer
temperatures, a longer open-water season, and higher primary
productivity will favour many cladoceran species at the expense
of copepods (Rautio et al., 2008). Climate and land-use changes in
Arctic regions can jointly shift lake biological communities from a
periphyton-dominated system towards food-webs driven by pe-
lagic phytoplankton production. For zooplankton, these food-web
shifts result in clear changes in diversity and composition. For ex-
ample, small filter-feeding cladocerans benefit more from increas-
ing phytoplankton biomass compared to larger cladocerans and
omnivorous copepods (Hayden et al., 2017, 2019) that rely more
on their lipid storages during periods of food shortage (Grosbois
etal.,, 2017).

Latitude, longitude, and elevation are undoubtedly important
spatial factors influencing aquatic communities; however, local envi-
ronmental factors mainly drive phytoplankton diversity (Henriques-
Silva et al.,, 2016; Hessen et al., 2006; Stomp et al., 2011). For
example, plankton diversity has a well-established positive relation-
ship with lake size (Dodson, 1992; Dodson et al., 2000; Merrix-Jones
et al., 2013). Global environmental change, leading to a combination
of increased water temperatures and nutrient inputs to Arctic lakes,
is predicted to result in increased primary productivity, an increased
number of species, and a shift in community composition of plank-
ton (Heino et al., 2009). Circumpolar plankton data from different
Arctic regions would likely provide a key to understanding how cli-
mate and productivity drive biodiversity in lakes and ponds.

This study was part of the first circumpolar Arctic freshwa-
ter biodiversity assessment, led by the Freshwater Group of the
Circumpolar Biodiversity Monitoring Program (CBMP), which is a
part of the Arctic Council's Conservation of Arctic Flora and Fauna
(CAFF) working group. The aim of this synthesis was to combine and
analyse currently available data to establish a baseline for future
monitoring and assessment of plankton communities in the Arctic by
describing the biogeographical distribution of pelagic communities
of phytoplankton and zooplankton.

Specific objectives were first to assess spatial patterns of a diver-
sity, as taxonomic richness, and p diversity components (turnover, or
change in taxa, and nestedness, or loss of taxa; Baselga, 2010) across
the Arctic, and then to link regional patterns in plankton diversity

to climate and other environmental variables. We hypothesised (H1)
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that plankton a diversity decreases with increasing latitude, from
subarctic towards high Arctic, because the harsh environmental con-
ditions at high latitudes limit survival by some species (Henriques-
Silva et al., 2016; Hillebrand, 2004; Righetti et al., 2019). Second,
we hypothesised (H2) that turnover contributes more to p diversity
than nestedness throughout the Arctic, due to high environmen-
tal heterogeneity and dispersal constraints caused by glaciation
events in the past (Henriques-Silva et al., 2016; Righetti et al., 2019;
Soininen et al., 2018). Further, we hypothesised (H3) that plankton
species richness is limited by local environmental conditions such
as temperature, productivity, and habitat space, and we predicted
that richness would be inversely related to elevation above sea level
and positively related to summer temperature (both are proxies for
the length of the growing season), precipitation (proxy for nutrient
flux from catchment) and lake area (more habitats) as shown across
taxonomic groups (Dodson et al.,, 2000; Gaston, 2000; Righetti
et al., 2019). Finally, we have discussed apparent knowledge gaps
that have emerged from current study and have provided recom-
mendations for future monitoring programmes across the Arctic.

2 | METHODS
2.1 | Data description
2.1.1 | Data collection

This study aggregated existing data from a number of sources in-
cluding government monitoring programmes, academic research
programmes, industry monitoring efforts, and published papers
and reports. Data were limited from countries where data were not
readily accessible and where there was no continuous monitoring,
such as Canada and Russia (see CAFF, 2019 for more details). The
metadata and, where possible, datasets used in this study are pub-
licly available on the Conservation of Arctic Flora and Fauna's Arctic
Biodiversity Data Service (ABDS), at the website http://abds.is.

2.1.2 | Selection of samples and description of data

Across data sources, phytoplankton were generally collected by a
bottle grab for surface samples, with a volume-specific sampler for
depth-specific or depth-integrated samples, or with a plankton net.
Most samples were collected by a volume-specific sampler without
any subsequent sieving/filtration. If sieving was applied, a mesh size
of 10 or 20 um was used (see Supplement 1 for details and Table
S1a for the final dataset). Zooplankton samples were collected with
a plankton net for depth-integrated samples, or a volume-specific
sampler followed by sieving for depth-specific samples. Mesh size
ranged from 20 to 156 pm, however most samples were collected
by a plankton net with a 50-156 pm mesh size for crustaceans and
45-100 pm mesh size for rotifers (see Supplement 1 for details and

Table S1b,c for the final datasets). Species richness of crustaceans
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was not correlated with mesh size (r = -0.09), which indicated that
variation in mesh size did not affect the number of crustacean spe-
cies sampled. However, as sampling in most regions did not specifi-
cally target rotifers, and as they were not efficiently collected by
larger mesh sizes, rotifers were excluded from zooplankton analysis.
A comprehensive species list of rotifers found in the datasets is pre-
sented for information in Table S9.

Based on collection methods, all phytoplankton were considered
pelagic. Zooplankton assemblages are composed of true pelagic taxa
mainly found in open waters, but they can also contain benthic spe-
cies, particularly in small water bodies. Since this study focused on
planktonic assemblages, we excluded all samples indicated to rep-
resent benthic habitats (e.g. littoral, scrape, close to bottom). For
both phytoplankton and zooplankton, depth-specific samples were
combined into one sample so that all stations were represented by
composite samples. The resulting datasets, which were used to give
a general overview of samples and plankton taxa represented in the
CBMP-Freshwater database (ABDS), included a total of 1,736 sam-
ples from 272 lakes for phytoplankton (PHYTOTAL; Figure 1a; Table
S2) and 3,105 samples from 442 lakes for zooplankton (ZOOTOTAL;
Figure 1c; Table S3; see Supplement 1 for details). The lakes cov-
ered a wide geospatial gradient in latitude (55.2-83.5°N), longi-
tude (-159.8 to -91.9°E), elevation (0-947 m a.s.l.), and lake area
(<0.0001 ha-1,043 km?). Further, the dataset included deep (strati-
fied) lakes as well as shallow lakes and small ponds of different origin
(tundra, bedrock, thermokarst). In this paper, we have not made any
attempt to differentiate between ponds and lakes as information on
lake depth was missing in many cases.

There were some differences among lakes with respect to sampling
effort (e.g. single to multiple sampling events) and time of sampling.
The collection time period for samples ranged from 1908 to 2015 for
phytoplankton, and from 1900 to 2016 for zooplankton (see Tables S4
and S5 for details). However, only Greenland had phytoplankton and
zooplankton data available before 1910. With the exception of a few
zooplankton samples from Greenland and Norway obtained between
1910 and 1960, the remaining data from Greenland and other regions
were collected between 1960 and 2016. Overall, there was very little
overlap between the zooplankton and phytoplankton sampling sites
and dates (<20% based on final datasets; PHYDIV and CRUSTDIV).
Repeated sampling events within a year were rare among the data-
sets, although the seasonal timing of sampling did vary among lakes,
but most sampling was done during open water. Multi-year sampling
was limited, and only 18 lakes with phytoplankton samples and nine
lakes with zooplankton samples had >10 years of data (Tables S6 and
S7). Temporal patterns were not assessed because time series data
were too sparse. Selection of data time periods and samples is dis-

cussed further in the description of data analysis.

2.1.3 | Harmonisation of nomenclature

Nomenclature was harmonised according to recent taxonomic

sources to adjust for any regional differences in naming conventions,

and we updated nomenclature from older samples that used out-
dated taxonomy. For phytoplankton, we cross-referenced our taxon
list with species on AlgaeBase® (Guiry & Guiry, 2017). If a taxon in
the dataset was not matched with AlgaeBase, the next higher taxo-
nomic classification level was used (see Table S8 for the most com-
mon phytoplankton taxa across the Arctic zones). For most analyses,
the number of taxa (species-level) was used, for a- and p diversity
both species-level and class-level were analysed. Zooplankton no-
menclature was corrected and updated based on the latest inter-
nationally accepted nomenclature (see Table S9 with references).
For taxa with unclear taxonomy, for instance due to hybridisation,
we combined records of species into species groups (e.g. Daphnia
longispina complex, which includes Daphnia cristata, D. cucullata,
D. galeata, D. hyalina, D. longispina, and D. umbria).

Harmonisation of nomenclature resulted in a phytoplankton
dataset of 1,535 taxa across 42 classes, 1,154 of which were iden-
tified to the species level. The phytoplankton diversity was charac-
terised by 140 common taxa across 15 classes, which contributed
to 85% of the phytoplankton diversity (Table S8). Many taxa were
encountered only a few times and in less than 10% of the lakes.
The zooplankton dataset included a total of 363 taxa, 288 of which
were identified to species (Table S9). Approximately 40% of all taxa
were found in only one or two lakes. The main groups (i.e. Calanoida,
Cyclopoida, and Cladocera) were represented by 29, 37, and 65 spe-
cies, respectively. Rotifera were represented by a further 125 spe-
cies (Table S9). Harpacticoida and Ostracoda were represented by
22 and 11 species each, whereas other groups were represented by
nine taxa (Table S9).

2.2 | Data analysis

2.2.1 | Harmonisation and aggregation of data prior
to analysis

Assessment of spatial patterns in plankton assemblages required
further data harmonisation and aggregation to minimise bias in
the data resulting from differences in the timing and frequency of
sampling among lakes (see Supplement 1 for details). We selected
only data collected within the growing season (June-September).
To avoid confounding spatial trends with temporal trends, we
omitted older data from our analysis and only selected data from
2000-2016. All data (e.g. recorded as biomass, density, or count)
were converted to presence-absence due to limited data on abun-
dance/biomass and to account for differences in sampling meth-
odology. Prior to analysis, samples from single-taxon surveys were
removed. Zooplankton samples with a high proportion of benthic
species and samples with low taxonomic resolution were also
removed.

For all statistical analyses, each lake appears only once in the
dataset. For analysis of taxonomic richness at the lake scale, we
averaged presence-absence data by lake, across temporal and

spatial variation in the data (see Supplement 1 for details). The
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FIGURE 1 Maps of lakes with plankton data used in the present study. (a) Phytoplankton included in the CBMP database (PHYTOTAL);
(b) phytoplankton used in analysis of phytoplankton diversity (PHYDIV); (c) zooplankton included in the CBMP database (ZOOTOTAL); (d)
crustacean zooplankton used in the analysis of diversity (CRUSTDIV). Lakes with data on rotifers (ROTDIV) are also indicated. Additional
maps presenting lakes with environmental data used in the analysis of Arctic plankton are shown in Figure S1. Background map downloaded

from: Esri, DeLorme, GEBCO, NOAA, NGDC, and other contributors (https://www.arcgis.com/home/item.htmI?id=305cb48615d743f89fe7
0ff3a819e59e)

resulting datasets included 171 lakes for phytoplankton (PHYDIV;
Figure 1b, Table S2) and 206 lakes for crustacean zooplankton
(CRUSTDIV; Figure 1d, Table S3). For further analysis of o and p
diversity, we selected one sample from each lake. This sample was
selected from the last year with data (see Supplement 1 for de-
tails), resulting in a dataset of 171 lakes with 1,533 phytoplank-
ton taxa belonging to 42 classes (PHYDIV) and 186 lakes with 45

crustacean taxa (species and genera; CRUSTDIV2; see Table S9).
CRUSTDIV2 is similar to CRUSTDIV except for 20 Finnish lakes,
which were excluded prior to analysis (see Supplement 1). For both
phytoplankton and zooplankton, samples were chosen to max-
imise the quantity of data for spatial analysis. We acknowledge
that diversity may be underestimated in some regions if chosen

samples did not reflect the full suite of taxa found across sampling
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years, but the selection of a single sample was intended to avoid
introducing temporal variation into the data.

2.2.2 | Geographical regions

To standardise the spatial scale of the circumpolar analysis of di-
versity, stations were grouped based on regional conditions in
biogeography, climate, and other environmental factors that could
potentially affect habitat conditions within freshwater ecosystems
(Olson et al., 2001). At the largest scale, stations were classified by
Arctic zone (subarctic, low Arctic, and high Arctic), following the
Arctic Biodiversity Assessment (CAFF, 2013), resulting in a broad
south-north gradient. Data from other southern climatic zones (re-
stricted to the Faroe Islands and Swedish alpine sites) were com-
bined with the data from the subarctic region. This broad grouping
of lakes by Arctic zone allowed us to assess broad-scale relationships
between species richness and water chemistry, despite the lack of
data on water chemistry from many lakes.

Lakes were further classified by ecoregion for assessment,
using climate-based terrestrial ecoregions (Terrestrial Ecoregions of
the World; Olson et al., 2001) rather than the larger flow-related
Freshwater Ecoregions of the World (Abell et al., 2008), which do
not reflect regional climate differences as strongly. To provide a
standardised and automated approach to grouping lakes at smaller
scales and extracting geospatial supporting variables, lakes were
grouped into standardised catchments at two spatial scales by
using hydrobasins from the global HydroSHEDS project (Lehner &
Grill, 2013). Hydrobasins are standardly derived catchments that
range in size from continental-scale basins (level 01 hydrobasins)
through a hierarchy of sub-basins extracted at successively smaller
scales to the smallest-sized sub-basins (level 12 hydrobasins). Mid-
scale level 05 hydrobasins were chosen to group lakes for esti-
mation of B diversity within each ecoregion. The smaller level 07
hydrobasins were used to extract the geospatial variables tempera-

ture and precipitation.

2.2.3 | Environmental data

In our analysis of spatial patterns in plankton diversity, we in-
cluded several key geospatial and environmental variables: latitude,
longitude, site elevation (m), lake area (km?), long-term average
(1970-2000) mean annual precipitation (mm), long-term average
(1970-2000) mean annual air temperature (°C), long-term aver-
age (1970-2000) mean summer (July-August) air temperature (°C)
as proxy for water temperature (which was only available for few
lakes), conductivity (Cond, uS/cm), and total phosphorus (TP, mg/L).
For phytoplankton we also included chlorophyll-a (Chl a, ug/L), total
nitrogen (mg/L), dissolved oxygen (mg/L), pH, Secchi depth (m),
calcium (Ca, mg/L), chloride (Cl, mg/L), and potassium (K, mg/L),
whereas total organic carbon (TOC, mg/L) was included for zoo-

plankton only. Some values below detection/reporting limits were

reported for TP. Detection limits were often not reported and there-
fore we ran the analyses with the values reported (i.e. no adjustment
of values).

Climate geospatial layers from WorldClim version 2 (http://www.
worldclim.org/) were used to calculate annual mean and monthly
mean long-term average (1970-2000) precipitation and air tem-
perature values for each level 07 hydrobasin (standardised catch-
ment). Long-term average mean summer air temperatures were
calculated from the average of monthly mean values for July and
August. Long-term average mean summer and winter air tempera-
tures were strongly correlated, and therefore we did not include the
latter metric in our analysis. For conductivity, we used values from
laboratory measurements and included only field measurements if
no laboratory measurements were available. Other parameters (e.g.
presence and composition of fish community, lake depth, and water
chemistry) were available but only for a very limited number of sites
in the CBMP database.

To understand which environmental factors potentially can
explain the observed differences in taxonomic richness between
Arctic zones, we compared differences in medians for all abiotic
variables between Arctic zones using Kruskal-Wallis test and pair-
wise Wilcoxon rank sum tests with Holm-adjusted p-values for mul-
tiple comparisons. Statistical analyses were performed in R 3.4.3 (R

Development Core Team, 2017).

2.2.4 | Analysis of spatial patterns in diversity

Our analysis focused on three aspects of freshwater biodiversity:
taxonomic richness (as observed per lake); a diversity (here defined
as the rarefied number of taxa found at an ecoregion scale), and p
diversity (here defined as compositional dissimilarity between lakes
within the ecoregion).

We assessed observed taxonomic richness (per lake) across
Arctic zones (sub-, low, and high Arctic). Comparisons between
zones were made with Kruskal-Wallis test and pairwise Wilcoxon
rank sum tests with Holm-adjusted p-values for multiple compari-
sons. We used non-parametric tests since taxonomic richness data
were not normally distributed and for each of the datasets, variances
differed between the three Arctic zones (Bartlett's K*(2) = 43.21
and K%(2) = 20.34 for phytoplankton and zooplankton, respectively,
p < 0.001 for both). Statistical analyses were performed in R 3.4.3.

We compared a standardised measure of o diversity (as rarefied
taxon richness) among ecoregions to assess regional and climatic
influences on diversity patterns. To account for differences in the
numbers of lakes that were sampled in each ecoregion, which ranged
from two to 57 and which can affect comparisons of diversity if more
species are encountered as additional lakes are sampled (Colwell
et al., 2012), we used rarefaction curves to estimate the average
number of taxa found within each ecoregion at a chosen number of
lakes (e.g. Colwell, 2013). In this procedure, sample-based rarefac-
tion curves were generated for each ecoregion with a minimum of

five sampled lakes (to ensure sufficient data to generate accurate
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estimates), and curves were extrapolated, if necessary, to include
estimates for at least 10 lakes (see Colwell et al., 2004 for details on
extrapolation). Rarefaction curves were randomised 100 times, and
the average taxonomic diversity was estimated with upper and lower
95% confidence intervals. Rarefied or extrapolated « diversity esti-
mates at 10 lakes were then extracted from the curve, with 10 lakes
chosen as the extraction point to maximise the accuracy of diversity
estimates for highly sampled ecoregions (e.g. those with more than
10 lakes), while avoiding excessive extrapolation of those ecoregions
with 5-10 lakes. Estimation of « diversity through rarefaction curves
was completed using the program EstimateS (Colwell, 2013; Colwell
& Elsensohn, 2014).

We estimated  diversity and the relative contribution of each
of its component parts, turnover (dissimilarity by replacement of
taxa among samples) and nestedness (dissimilarity by loss of taxa
among samples) following Baselga (2010). Beta diversity was es-
timated for each level 05 hydrobasin within each ecoregion using
multiple-site dissimilarities as Serensen dissimilarity (psog) and par-
titioned into turnover (f,,,) and nestedness (B s) components (see
Baselga, 2010). A perfectly nested community means that sites with
lower richness are subsets of sites with higher richness, whereas
a community with high turnover can have the same richness, but
different species at each site, i.e. different species composition
(Almeida-Neto et al., 2012). Hydrobasin-scale estimates of § diver-
sity, turnover, and nestedness were averaged for each ecoregion to
determine the dominant component. If neither of the components
(turnover or nestedness) contributed to 266.7% (i.e. two-thirds,
chosen as a conservative threshold) of the B diversity, they were
regarded as contributing equally to p diversity. Analysis of p diver-
sity was conducted using the betapart package version 1.5.1 in R
(Baselga & Orme, 2012).

2.2.5 | Analysis of environmental variables

Preliminary exploration showed considerable heterogeneity in the
variance of environmental variables, and substantial regional and
country-wise differences in the number of taxa. Therefore, in the
analysis of relationships between plankton taxonomic richness and
environmental variables, we constructed mixed effects models in
R 3.4.3, using the Ime4 package (Bates et al., 2015). The datasets
covered a limited range in temperature and other environmental
variables; therefore, we are unlikely to have captured a full gradi-
ent in these variables and we chose linear models. Prior to model
fitting, the data were checked for heteroscedasticity, normality, and
influential outliers by examining plots of residuals (Zuur et al., 2009).
For simplicity (to avoid circular statistics), we transformed latitude
and longitude to the shortest geographical distance from the equa-
tor and 0/180° meridian, calculated using the WGS84 ellipsoid and
the Vincenty (ellipsoid) method (Vincenty, 1975) in the R package
geosphere (Hijmans, 2019). We analysed biotic-abiotic relationships
for two different subsets of PHYDIV and CRUSTDIV, respectively

Freshwater Biology =%VA| LEYM

(see Figure S1). The full mixed effects models (PHYENV1: 171 lakes;
CRUSTENV1: 206 lakes) were fitted using maximum likelihood and
included average number of taxa as a response variable, and distance
from the equator (not in phytoplankton sets, see below), distance
from 0/180° meridian, elevation, lake area, annual precipitation
and average summer air temperature as fixed variables and country
as a random variable with random intercepts. In addition, we con-
structed models for more limited phytoplankton and zooplankton
datasets where variables, indicative of the nutrient condition/pro-
ductivity, were included as additional fixed variables. Total phospho-
rus (PHYENV2: 57 lakes) and specific conductivity (CRUSTENV2:
98 lakes) were chosen because they were best represented in the
data as indicators of productivity. Our selection of predictors are
anchored in existing literature: species diversity generally decreases
with increase in latitude (Hillebrand, 2004), and follows decrease
in annual precipitation and in temperature (Gaston, 2000; Righetti
et al., 2019). Similarly, there is strong evidence that species diversity
decreases with elevation (Hessen et al., 2006; Stomp et al., 2011),
and some evidence that species diversity may follow longitudinal
gradients (Hessen et al., 2006). In addition, planktonic species di-
versity is expected to correlate with lake area (Dodson, 1992) and
productivity (Dodson et al., 2000). All fixed variables were centred
by subtracting median from the values. Country was included as a
random variable into the mixed effects models to address the (ap-
parent) diversity of sampling methods among countries, but this var-
iable was reduced from the full models because the number of lakes
was only two or three in some of the countries and change in Akaike
information criterion (AAIC) of models with and without the random
variable was <2.0. Therefore, only the full model for PHYENV1 was
a mixed effect model (country as a random variable) and the full
models for CRUSTENV1, CRUSTENV2 and PHYENV2 were multi-
ple linear regression models. The full models included two-way in-
teractions of the fixed variables only if they were informative (85%
confidence intervals [Cls] of the estimates did not include zero). The
full models did not include annual air temperature nor continentality
(measured as temperature difference between the coldest and the
warmest month) since they were strongly correlated with precipita-
tion (Pearson's r = 0.77 and -0.70, respectively, p < 0.001). In addi-
tion, distance from equator was removed from the PHYENV1 and
PHYENV2 full models because of moderate correlations with pre-
cipitation and summer temperature (Pearson's r = -0.61, p < 0.001),
and because it increased substantially the variance inflation factors
(>5) if included in the full models. Following the principle of par-
simony, we included as few parameters as possible and simplified
models according to the procedures described in Richards (2015).
We identified top models, using the dredge function in the R package
MuMlIn (Barton, 2020), and ranked the models based on corrected
AIC (AICc; models with AAICc < 6.0 from the best model were in-
cluded in top models), and removed nested models. We calculated
adjusted r?, Akaike weight, variance inflation factors and 85% Cls
(Arnold, 2010; Grueber et al., 2011) for each model and each vari-

able in top models.
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3 | RESULTS
3.1 | General overview of plankton taxa

The most common phytoplankton genera (PHYTOTAL) across all
five classes in terms of overall number and spatial distribution were
Gymnodinium (dinoflagellate), Katablepharis, Cryptomonas (cryp-
tophyte), Chlamydomonas (chlorophyte), Cyclotella (diatom), and
Dinobryon (chrysophyte; Table S8). The most common zooplankton
species (ZOOTOTAL), in terms of number of lakes and spatial distri-
bution of observations, were the cyclopoid copepod Cyclops scutifer,
the calanoid copepod Leptodiaptomus angustilobus, and the clad-
oceran D. longispina complex. Among the rotifers, Kellicottia long-
ispina was most common. Less than 50% (77 taxa) of all crustacean
taxa (Calanoida, Cyclopoida, Cladocera) were assigned as pelagic or
regularly found in either pelagic or benthic habitat; the remaining
taxa may be assigned as truly benthic (Table S9). For rotifers, 97%
(131 taxa) of all taxa with known habitat preferences were regularly
associated with open waters or mixed habitat (Table S9).

3.2 | Diversity patterns in different Arctic zones and
ecoregions (H1)

Plankton diversity was assessed as taxonomic richness per lake com-
pared across Arctic zones, as well as a diversity across ecoregions.
There were sparse data from the key continental regions of Arctic
Russia and Canada, and the remaining coverage was geographically

uneven apart from Norway.
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Phytoplankton species-level taxonomic richness did not differ
significantly among Arctic zones (Kruskal-Wallis test; y2(2) = 2.86,
p = 0.24). The median taxonomic richness was 15.0, 16.5, and 12.0
species in the subarctic, low Arctic, and high Arctic, respectively
(Figure 2a). Chrysophytes, chlorophytes, diatoms, and cyanobac-
teria were the most taxon-rich groups of phytoplankton across all
Arctic zones (together accounting for >50% of the species rich-
ness; Figure S2a). Especially high taxonomic richness (>40 taxa/
lake) was restricted to subarctic regions of Canada, Finland, and
Sweden (Figure S3). Of all the chemical parameters, only 10 were
represented by enough lakes for comparison between Arctic zones
(Table S10). Among these, TP, dissolved oxygen, pH, calcium, chlo-
ride, and potassium showed significant differences between Arctic
zones with highest median values in high Arctic (Figure S4a, Table
S11). There was also a significant difference between median annual
precipitation among Arctic zones, with subarctic sites being wetter
than high and low Arctic (Table S11).

For comparisons among ecoregions, phytoplankton o« diversity
was assessed for seven ecoregions that had >5 lakes (Figure 3a,
Table S14). When data were rarefied to assess taxonomic richness
at 10 lakes for each ecoregion, the highest « diversity was found for
the Scandinavian and Russian taiga with an estimate of 143 species
(26 classes) and the Scandinavian Montane Birch forest and grass-
lands ecoregion (126 species, 11 classes), both of which had signifi-
cantly higher species diversity than all other ecoregions (Figure 3a,
Figure S5a). The Arctic coastal tundra and the Kalaallit Nunaat low
Arctic tundra ecoregions yielded similar a diversity measures with
86-88 species (17-19 classes) and had significantly higher diversity

than most remaining ecoregions (Figure 3a, Figure S5a, Table S14).
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FIGURE 2 Taxonomic richness (average per lake) across Arctic zones for (a) phytoplankton species-level (PHYDIV) and (b) crustacean
zooplankton (CRUSTDIV). Box-plot displaying median, first and third quantiles (box), minimum and maximum (whiskers), and outliers (points).
Sample size (number of lakes) is given under the zone name on the x-axis. Different letters given above boxes indicate that the zones differ

significantly (p < 0.05) in taxonomic richness
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FIGURE 3 Results of the circumpolar assessment of plankton diversity comparing ecoregions with >5 lakes with phytoplankton and
crustacean zooplankton data. (a) Phytoplankton a diversity (number of species) with rarefaction or extrapolation to 10 lakes; (b) zooplankton
a diversity (number of species) with rarefaction or extrapolation to 10 lakes; (c) dominant component of phytoplankton p diversity (turnover;
nestedness, approximately equal contribution); (d) dominant component of zooplankton B diversity. The ecoregions are indicated by the
following labels: AC, Arctic coastal tundra; AD, Arctic desert; BB, Brooks-British Range tundra; ES, east Siberian taiga; Fl, Faroe Islands
boreal grasslands; KH, Kalaallit Nunaat high arctic tundra; KL, Kalaallit Nunaat low arctic tundra; KK, Kamchatka-Kurile meadows and sparse
forests; NR, north-west Russian-Novaya Zemlya tundra; SR, Scandinavian and Russian taiga; SM, Scandinavian Montane Birch forest and
grasslands; TC, Taimyr-Central Siberian tundra; WI, Wrangel Island arctic desert; YG, Yamal-Gydan tundra. See Tables S14 and S15 for

details

Alpha diversity was lowest in Kalaallit Nunaat high Arctic tundra and
the Taimyr-central Siberian tundra, which had 33-46 species con-
sisting of 12-19 classes (Figure 3a, Figure S5a, Table S14).
Taxonomic richness of crustacean zooplankton differed sig-
nificantly among Arctic zones (Kruskal-Wallis test; X2(2) = 24.40,
p < 0.001). The lowest richness was found in the high Arctic (median
3 taxa per lake) which differed significantly from subarctic (median 5
taxa per lake, Wilcoxon test, p < 0.001) and low Arctic zones (median
4 taxa per lake, Wilcoxon test, p = 0.004; Figure 2b). The taxonomic
richness in the low Arctic was also significantly lower than in the

subarctic (Wilcoxon test, p = 0.004). While calanoid copepods were

the most species rich group in the subarctic and the low Arctic, ac-
counting for about 50% of the total species numbers, all three groups
(Calanoida, Cyclopoida, and Cladocera) were equally represented in
the high Arctic (Figure S2b). For the crustacean zooplankton dataset,
geospatial and climatic variables differed significantly among Arctic
zones, as did phosphorus and conductivity (Table S12). As with the
phytoplankton dataset, mean annual air temperature, mean summer
air temperature and mean annual precipitation were highest in the
subarctic and lowest in the high Arctic, and median phosphorus con-
centration and conductivity were higher in the high Arctic than in
other zones (Figure S4b, Table S13). Median lake area was highest in
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the subarctic and lowest in the high Arctic with few lakes >1 km? in
the latter (Figure S4b).

For the among-ecoregion comparisons, a diversity of zooplank-
ton was assessed for 10 ecoregions that had moderate to high
numbers of sampled sites, and a diversity estimates were extracted
at 10 lakes for comparison (Figure 3b, Table S15). Among these
ecoregions, a diversity of crustacean zooplankton was highest for
the Taimyr-central Siberian tundra with an estimate of 20 taxa in
10 lakes followed by north-west Russian-Novaya Zemlya tundra
with 16 taxa and Kamchatka-Kurile meadows and sparse forests
with 12 taxa (Figure 3b, Table S15). Alpha diversity was lowest in
the Faroe Islands boreal grasslands with 4 taxa, and the Arctic des-
ert with 5 taxa, both of which had significantly lower o diversity
estimates than the three most diverse ecoregions (Figure 3b, Table
S15).

3.3 | Components of p diversity (H2)

Beta diversity of phytoplankton at the class-level ranged between
0.05 to 0.71 within ecoregions (Table S14). Beta diversity was high-
est for the Arctic coastal tundra, followed by the East Siberian taiga,
Taimyr-central Siberian tundra, and the Kalaallit Nunaat low Arctic
tundra, all of which had p diversity measures of 0.50 or more. This
indicates that the lakes in these regions showed the highest among-
lake diversity, i.e. showed a high differentiation in phytoplankton as-
semblages based on class-level data. Beta diversity was lowest in the
Kalaallit Nunaat high Arctic tundra (0.05) and the Scandinavian and
Russian taiga (0.10), indicating that similar classes of phytoplankton
were found among lakes (Table S14). Turnover was the dominant
component of B diversity in only two of seven ecoregions (Figure S5,
Table S14), accounting for at least 67.7% of the total p diversity. In
contrast, species-level B diversity indicated greater differences
among sites, with B diversity in nine ecoregions ranging from 0.29
to 0.88 (Table S14). The highest  diversity was found in the Arctic
coastal tundra and the East Siberian taiga (both 0.88), while the low-
est B diversity was in Kalaallit Nunaat high Arctic tundra (0.29) and
the Scandinavian and Russian taiga (0.49). Turnover was the domi-
nant component of B diversity in all but the Kalaallit Nunaat high
Arctic tundra (for which only 57% of p diversity was attributed to
turnover; Figure 3c).

Beta diversity of crustacean zooplankton, calculated for 10
ecoregions, ranged from 0.36 to 0.89 (Table S15), indicating in-
termediate to low similarity among assemblages. Beta diversity
exceeded 0.80 in two of the ecoregions, the Arctic coastal tundra
and the north-west Russian-Novaya Zemlya tundra, indicating
that these ecoregions had the highest differences in crustacean
zooplankton assemblage composition among lakes. Except for
two ecoregions, turnover was the most important component of
B diversity in all ecoregions, accounting for 51%-97% of p diver-
sity (Figure 3d, Table S15). For Faroe Islands boreal grasslands and
Yamal-Gydan tundra, turnover and nestedness were considered

close to equal.

3.4 | Taxonomic richness and environmental
variables (H3)

The three top models (AAICc < 6) of phytoplankton taxonomic rich-
ness (PHYENV1) included elevation, distance from 0/180° meridian
(a proxy for longitude), summer temperature, and lake area as fixed
variables (Table 1). The best model included elevation, lake area,
and summer temperature as fixed variables (marginal r? = 0.10, con-
ditional r? = 0.85), while the simplest of the models included only
elevation and summer temperature (marginal r?> = 0.11, conditional
r? = 0.83). Elevation was the only predictor with strong support as
it was included as a fixed variable in all three selected models. The
effects of the fixed variables on the average number of taxa were
weak (Table 1, Figure 4a). For example, an increase of 100 m in el-
evation decreased number of taxa by 1.9 (85% Cl 1.3-2.5) using the
best model. However, the importance of variation in climatic con-
ditions over elevation was supported by the analysis of a smaller
dataset, which included TP in addition to geospatial and climate
data (PHYENV?2). The average number of phytoplankton taxa was
best explained using a model that included interaction between dis-
tance from 0/180° meridian and precipitation and between distance
from 0/180° meridian and summer temperature (adjusted r? = 0.50,
Table 1).

The three top models of crustacean zooplankton taxonomic
richness (CRUSTENV1) included distance from equator (a proxy for
latitude), summer air temperature, distance from 0/180° meridian (a
proxy for longitude), and interaction of distance from equator and
summer temperature as fixed variables (Table 2). The best model
included all those variables (adjusted r? = 0.21) while the simplest
of the models included only distance from 0/180° meridian and
summer temperature (adjusted r? = 0.18). Summer temperature was
the only predictor with strong support as it was included as a fixed
variable in all three selected models, but the effect was weak as an
increase of 10°C in mean summer temperature increased richness by
2.5 (85% Cl 1.8-3.1) using the simplest model (Table 2). In the best
model, the effect of summer temperature depended on distance
from the equator: the effect of summer temperature was stronger at
lower latitudes and ceased at high latitudes (Figure 4b). The support
of summer temperature was weaker when considering the smaller
dataset, which included conductivity in addition to geospatial and
climate data (CRUSTENV2). The top models of this dataset included
interaction of distance from 0/180° meridian and precipitation, sum-
mer temperature and conductivity as fixed variables. The best model
included all these variables (adjusted r? = 0.53), but the interaction
term (EW:Pr) was the only predictor with strong support as it was

included in all top models (Table 2).

4 | DISCUSSION

Taxonomic richness of pelagic zooplankton was highest in the sub-
arctic and lowest in the high Arctic. Taxonomic diversity varied

as expected across the Arctic, but the diversity relationship with
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FIGURE 4 Taxonomic richness plotted against model variables for (a) phytoplankton (PHYENV1) top-ranked model and (b) crustacean
zooplankton (CRUSTENV1) top-ranked model. The predictor variables are not centred unlike in model testing (Tables 1 and 2). Distance
from 0/180° meridian is a proxy for longitude and distance from equator (dL) is a proxy for latitude. The effect of summer temperature on
crustacean zooplankton depends on latitude: summer temperature has a stronger effect the lower the latitude is, and there is no effect in
high latitude. The inner x-axis ticks represent the observations (lakes). Test statistics of regressions are presented in Tables 1 and 2, whereas
diagnostic plots for all variables used in the regression models are presented in Figures S6-58

latitude was weaker than expected, especially for phytoplankton.
The P diversity for both phyto- and zooplankton indicated inter-
mediate to low similarity among assemblages, and the most impor-
tant component of f§ diversity was turnover instead of nestedness.
Phytoplankton taxonomic richness was mainly associated with el-
evation, lake area and summer temperature, whereas zooplankton
taxonomic richness models included a proxy for longitude and the

interaction between summer temperature and a proxy for latitude.

4.1 | Alpha diversity decreases towards the high
Arctic (H1)

We found some evidence that plankton taxonomic diversity tended
to decrease from the subarctic towards the high Arctic, which is con-
sistent with the hypothesis that plankton richness is limited by the
harsh conditions at high latitudes of the Arctic that include lower
temperatures, shorter growing seasons, and longer periods of ice
cover (Gaston, 2000). Broadly, phyto- and zooplankton diversity
followed our hypothesised trend of less diversity at higher lati-
tudes, which is also consistent with previous aquatic research (e.g.
Henriques-Silva et al., 2016; Hillebrand, 2004; Righetti et al., 2019).
Despite a shorter temperature gradient, a similar decrease in zoo-
plankton diversity towards high latitudes has been shown for both
Arctic lakes (Patalas, 1990) and ponds (e.g. Jeppesen et al., 2017;
Rautio & Vincent, 2006).

Isolated lakes, those on islands, were also found to be less diverse
than those on the mainland, which is in line with earlier observations
(Rautio et al., 2008). A specific distribution pattern was less marked
for phytoplankton than zooplankton, indicating that crustacean zoo-
plankton may be more dispersal limited than phytoplankton. This
is consistent with the prediction that dispersal rate is negatively
correlated to body size among organisms that disperse passively,
because abundance is the fundamental driver of dispersal and organ-
ism size and abundance are inversely related (e.g. Hillebrand, 2004;
Soininen et al., 2007). These differences have implications for poten-
tial changes in species composition in response to climate change, as
barriers to dispersal may slow the rate of change in species distribu-
tions (Strecker et al., 2008; Thomas et al., 2001).

4.2 | Beta diversity decreases with increasing
latitude, with turnover as the most important
component (H2)

Generally, p diversity was similar for zooplankton and phytoplankton
(species-level data), with high p diversity for both plankton groups
in coastal regions of the Canadian Arctic and in inland regions of
Russia, indicating large assemblage differences among lakes in these
ecoregions. Our results were partly consistent with other studies,
indicating an inverse relationship between § diversity and latitude
(Soininen et al., 2018).



153

WILEY

Freshwater Biology

SCHARTAU ET AL.

"S|opOW Pa}SaU JO [BAOWIDI J9}48 POIBIND[EII 2I9M (‘M) SIYSISM S)IBXY "S|SpOW ||E 404 USAIS 3Je (Jp) WOpPa3J4 JO S9439p

PUE (T00'0 > d SeN[eA . ||e ‘,d) ;4 PRISNIPY "S|9POW ||B 404 UBAIS S| (Q$SR.) 1043 [ENPIS] B3 JO UOIIBIASP PIEPUE)S ‘(ASD) 13SEIEP YOED JOJ USAIS SI 3N|BA [BJIUSD BY3 PUE ‘UBIpaW a3 Suizdenqns Ag pausjued
3J9M S3|GBIIBA P3XI4 ||V "S|9POW [[B Ul Si333weled 10 UBAIS 3. (D) S|BAIS3UI 92UBPIUOD %G8 ‘(ST ,0T ‘PUOD) AHAIINPUOD PUE (|3AB] BSS 3AOGE W QT ‘A3|3) UOIIBAR|S ‘(WW ‘d3.d) Uolzeyiddaid [enuue ueaw
(D, ‘dwia] ) d4njesadwia) Jle JSWWNS UBSW ‘(,W>} 0T ‘B1Yy) eaJe je| (W ,0T “ISp) J03enba Wouy SoUelSIP (W ,OT Ul PassaIdxa JIUn ‘AAF) UBIPLISW ,08T/Q WOI) 2DUE)S|P S.e SI|GeIIeA PaXI) dY | S9ION

£9°0 826  68/T  S8TT  OV9.  620T  T0000 A9D
5000  £0°0- ¥0'0 LT°0 SeY %S'T6 1D
Z000  0€0- 200 01’0 z6'€ %SL 1D

LIT°0 oce  Lege 9 150 87’1 €000  8T0- €00 €10 eIy g
5000 920 Y00 ST'0 ze Y %S'T6 1D
Z00'0 800 200 800 16'€ %SL1D

920 [ST  07Zes 9 150 LTT #7000 LTO €00 110 Ty z
5000  ¥0°0- Y20 %00 Y10 1144 %S'T6 1D
Z000  9Z0- 900 200 L00 66'€ %SL 1D
£09°0 - v'oge L €50 ST'T ¥000  STO- STO0 €00 110 0Ty T ZANILSNYD
‘m  0DIyV DIV 4p #  @ssal  23udM3 puod  dwsy 2314 SE] 1sp M3 ealy  1dou]  |9pon eleq
876 v6'€T ST'8 z9'9L £9°0T 20000 A9
1€0 500 6 %S'T6 1D
810 100 STV %SL 1D

2900 LO'S 8'TLL b 810 95°T S20 €00 e £
Z0'0- v¥0 €00 vy %526 1D
¥0'0- 820 L00- 1454 %SL1D

8ST0 61 669L g 020 vS'T £0°0- 9€°0 z0'0- 6T z
200- ov'0 €00 500 9gy %S'T6 1D
¥0'0- ¥2'0 L00- 100 00 %S 1D
080 - L'99L 9 120 €51 £0°0- z€0 200~ €00 8Ty 1 TANILSNYD
‘m 2DIVV o)\ p A assai dwsaj:7sp dwsaj 23ud ISTE 1sp M3 eay 1doyu [PPOIN eleq

aN[eA DD|Y UO paseq payuel ‘uopjue|dooz ueadelsnid
10} S3|gelIeA [EIUSWUOIIAUS pue [eljeds Sy} 03 SSSUYDLI dJWOUOXe]} SUie|al S|9pow UoIssalSal 104 (9> [0D|V V] UOLISIIID UoIFewoul dlexy pa3daJlod ul agueyd) sppow dolayl z 374dV.L



SCHARTAU ET AL.

il—Wl |BA'G Freshwater Biology

For zooplankton and phytoplankton, species replacement (i.e.
turnover) across lakes was the predominant component of assem-
blage differences in all ecoregions, consistent with the results of
global meta-analysis (Soininen et al., 2018). Our results on B diversity
and its dominant component (i.e. turnover vs. nestedness) suggest
that lake plankton assemblages vary across the Arctic, even within
climatically-similar regions, and that this variation is due to finding
new and different taxa among lakes. We attribute this variation to
the geographical diversity and glacial history across the Arctic en-
abling dispersal, especially in northern Europe where modern plank-
ton diversity is higher. Our results corroborate trends identified with
global marine phytoplankton diversity patterns, where turnover is
an increasingly important component in Arctic regions with increas-
ing environmental heterogeneity (Righetti et al., 2019). Diversity of
Arctic lake plankton, therefore, is not well described if sampling is
conducted on a small number of lakes, as assemblage composition
may differ considerably among lakes and the total species pool may
be expanded if a larger number of lakes were surveyed. Based on
calculated p diversity for Arctic lakes, a large part of global variabil-
ity is indeed found in Arctic lakes (Soininen et al., 2018). This may
indicate that both historical events, such as repeated glaciations
(Hewitt, 2000), as well as continuing harsh environmental condi-
tions contribute to heterogeneity in f diversity (Soininen et al., 2018;
Whittaker et al., 2001). A number of lake features could also con-
tribute to these patterns, including local selective pressures such
as the presence, composition, and abundances of fish populations,
which may have a strong effect on zooplankton assemblage com-
position (Brooks & Dodson, 1965; Hessen et al., 2006). For exam-
ple, large-bodied Daphnia species are often the dominant species
in many fishless ponds and lakes in the Arctic (Edmondson, 1955;
Jeppesen et al., 2017; van Geest et al., 2007), whereas daphnids are
usually absent in lakes with fish (O'Brien et al., 2004). Our results
also showed this pattern, as D. pulex was found in nearly 50% of
our studied lakes in Svalbard, Greenland, and Alaska, whereas they
were not found in any of the larger lakes with fish in Fennoscandia.
However, a better understanding of how diversity patterns are de-
termined by colonisation history, environmental variables, and biotic
interactions, requires more monitoring data, especially on fish as-

semblages and other local stressors (Lau et al., 2022).

4.3 | Climatic variables are the most important
factors affecting taxonomic richness (H3)

Taxonomic richness of both phytoplankton and crustacean zoo-
plankton was positively related to mean summer air temperature,
closely following the results of other analyses (Gaston, 2000;
Hessen et al., 2007; Righetti et al., 2019). This supports other find-
ings that taxonomic richness is positively related to the length of the
growing season (Hessen et al., 2007), which is directly linked to the
mean summer air temperature. The negative effect of elevation on
phytoplankton richness also points in the same direction. However,

the positive effect of summer temperature on zooplankton richness

decreased with increasing latitude. This may be attributed to dis-
persal limitation exceeding that of temperature in the highest lati-
tude sites, such as lakes at Svalbard and Canadian Arctic archipelago,
which are islands, preventing higher richness. Furthermore, the ef-
fects of mean summer air temperature and other environmental
variables were weak, which may have been due to interacting ef-
fects of parameters, since temperature will also affect ice cover, in-
coming dissolved organic carbon, and nutrients. Temperature when
paired with higher dissolved organic carbon was found to increase
phytoplankton abundance and uptake of TP (Weidman et al., 2014).
Zooplankton at higher latitudes may be more limited by food avail-
ability rather than temperature (de Senerpont Domis et al., 2013).
Evidence of an east-west gradient (measured as distance from
0/180° meridian) on taxonomic richness was weak, which warrants
further study of data that are more evenly distributed circum-polarly.
The random effect of the country was evident in the phytoplankton
dataset indicating substantial country-dependent differences in the
sampling and/or identification methods.

We did not find any strong evidence for a positive relationship
between taxonomic richness and lake area for either phytoplankton
or zooplankton. This result was in contrast to numerous other stud-
ies (Dodson, 1992; Dodson et al., 2000; O'Brien et al., 2004; Stomp
et al., 2011), but consistent with the findings of Strecker et al. (2008)
who found a negative relationship between richness and lake size in
high Arctic lakes on Ellesmere Island in Canada. Other studies indi-
cated that lake size is a poor predictor of taxonomic richness, and that
other environmental variables such as lake productivity, plankton com-
munity composition, fish community structure, and differences in im-
migration and extinction are more important for zooplankton species
richness (Hessen et al., 2006; Merrix-Jones et al., 2013). Differences
between studies could also be explained by differences in the range
of lake area data and species richness, with smaller range and lower
species numbers in the Arctic lakes (O'Brien et al., 2004). Furthermore,
large lakes were rare in our datasets and this may have contributed to
the weak relationship between richness and lake area in our plankton
datasets. Environmental data (especially lake water chemistry) were
generally sparse, signifying a clear need for a large spatial study from
the Arctic including climatic, lake chemistry, lake morphometry, and
biotic variables to test our results.

5 | CONCLUSIONS AND
RECOMMENDATIONS

Our findings confirmed that there is considerable variation in plankton
community composition across the Arctic. Arctic lakes are identified
as sentinels of climate change and collecting detailed data across envi-
ronmental gradients and across regions, from the subarctic to the high
Arctic, will improve our understanding of the changes to biodiversity
across the northern hemisphere. Currently, gaps in plankton monitor-
ing coverage include continental areas of Arctic Canada and Siberia.
However, monitoring in large areas of the Arctic is very challenging, as

these locations are only accessible by air, and remote sensing methods
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(e.g. high-resolution satellite data) should therefore be considered in
combination with more conventional monitoring methodology (Heino
et al., 2020). For more accessible sites, remote sensing data should be
accompanied by a set of basic water chemistry measurements.

Future monitoring efforts should also endeavour to improve
consistency in sample processing methods and taxonomic resolution
using the most updated nomenclature. Further, it is important to in-
clude both impacted and pristine sites in different ecoregions and
zones for long-term monitoring, in order to differentiate between
climate-induced and multi-stressor changes. We acknowledge that
the current dataset used to draw these conclusions does not cover
all areas of the Arctic, nor does it include all data that have been
collected to date. To facilitate more conclusive circumpolar datasets
in future biodiversity assessments, CAFF has created a data upload
facility with data policy statement https://abds.is/index.php/contr
ibute-data. We hope that this initial effort would promote future
monitoring efforts and provision critical data to the next circumpolar

biodiversity assessment with higher regional resolution.
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