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ABSTRACT

We examine the role of local environmental and spatial factors in explaining variation in the composition of cladoceran
assemblages from surface sediments within a set of 50 lakes spanning a broad southwest to northeast transect across the central
Canadian Arctic treeline region from Yellowknife (Northwest Territories) to the northern boundary of the Thelon Game Sanctuary
(Nunavut Territory). Within each lake, the cladoceran fauna was identified based on the subfossil exoskeletal remains preserved in
recently deposited lake sediments. Physical and chemical limnological data were measured in August of 1996 and 1998. Spatial data
were generated based on latitude and longitude using Principal Coordinates of Neighbors Matrices analysis (PCNM). The
relationships between cladocerans and the measured environmental and spatial variables were examined using both unconstrained
(Principal Components Analysis, PCA) and constrained (Redundancy Analysis, RDA) ordination techniques. Variance partitioning,
based on partial RDAs, was used to identify the relative importance of significant environmental and spatial explanatory variables.
Three environmental variables were identified as significantly influencing cladoceran community structure: surface water
temperature, dissolved organic carbon (DOC), and total phosphorus (TP). Five PCNM-generated spatial variables were also
significant in explaining cladoceran distributions. Variance partitioning attributed 14% of the variance in the distribution of
Cladocera to spatial factors, an additional 10% to spatially-structured environmental variables, and 8% to environmental factors
that were not spatially-structured. Within the central Canadian Arctic treeline region, spatial and other environmental processes had
an important influence on the distribution of cladoceran communities. The strong influence of spatial factors was related to the large
ecoclimatic gradient across treeline. The distribution patterns of cladocerans suggest that they have potential for use in
paleoenvironmental assessments of northern ecosystems, a region of considerable interest for environmental change research.
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1. INTRODUCTION The Cladocera (Crustacea: Branchiopoda) are a key

There has been increasing evidence documenting the group of organisms in many Arctic and subarctic lakes
impacts of recent climate warming on Arctic and and ponds, comprising an important component of the
subarctic ecosystems (e.g., Serreze et al. 2000; ACIA zooplankton and benthos. While pelagic zooplankton
2004; Overland et al. 2004; Hinzman et al. 2005; Smith communities have been relatively well studied (e.g.,
et al. 2005; Smol et al. 2005; Smol & Douglas 2007a, Swadling et al. 2000; O'Brien et al. 2004), information
b). The effects of climate change are expected to be on the distribution of benthic and plant-associated taxa
most severe in high-latitude regions, as feedbacks from (ie., Chydoridae) in most regions is limited (e.g.,
decreasing snow cover and melting sea ice will result in Hebert & Hann 1986; Korhola 1999; Jeppesen et al.
accelerated warming in Arctic regions over the next 2001; Sweetman & Smol 2006a). Currently, very little
century (Chapin et al. 2005; Serreze & Francis 2006). information exists on the cladoceran communities in the
Freshwater lakes and ponds are a prominent component central Canadian Arctic treeline I'CgiOl’l (Bardach 1954,
of the northern landscape, and climate change is pre- Reed 1959; Moore 1978). As this region is expected to
dicted to have significant impacts on aquatic ecosys- be one of the most sensitive to environmental change
tems. Smol et al. (2005), for example, have shown that (MacDonald et al. 1998; Serreze et al. 2000; Hinzman
many biological communities in Arctic lakes and ponds et al. 2005; Holtmeier & Broll 2005), it is important to
have already undergone substantial and unprecedented determine the factors controlling current cladoceran
shifts over the past ~150 years. Understanding how distributions. Moreover, because of the strong climatic
aquatic communities will respond to further climate and environmental gradients across treeline, high lati-
warming, however, is difficult for many groups of tude regions represent critical areas to examine how
Organisms’ as little is known about their current distri- environmental factors influence the distribution of bio-
bution within the Arctic, or the factors regulating their logical communities (Korhola 1999; Swadling ez al.

occurrence. 2000; Riihland et al. 2003a, b; Walker et al. 2003).
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Because most Arctic and subarctic lakes are remote
and difficult to access, obtaining information on clado-
ceran communities in these lakes can be challenging.
Cladoceran species fluctuate in their abundance season-
ally, and occupy a variety of different habitats. As a
result, many species are typically overlooked in tradi-
tional limnological sampling approaches (Jeppesen et
al. 2003; Vandekerkhove ef al. 2005). An alternative
approach is through the use of paleolimnological meth-
ods. By analyzing the remains of cladocerans from the
top centimeter of sediment in each lake, taxa deposited
over the past few years can be identified. By comparing
the distribution of taxa within the surface sediments of
each lake with the existing environmental conditions, an
understanding of the relationship between the distribu-
tions of species in relation to environmental factors can
be obtained. The use of sedimentary cladoceran remains
to examine environmental relationships has been used
successfully in other northern regions, including Finland
(Korhola 1999; Korhola et al. 2000), Greenland (Jeppe-
sen et al. 2001; 2003), Alaska (Sweetman & Smol
2006a), and central British Columbia (Bos & Cumming
2003), as well as in European alpine regions (Lotter et
al. 1997, 1998; Bigler et al. 2006; Heegaard et al. 2006;
Brancelj et al. 2008).

Several factors related to climate warming might be
predicted to impact the structure of cladoceran commu-
nities. Putatively, changes to lake temperatures may
have both direct and indirect impacts on cladocerans. In
subarctic (Korhola 1999) and alpine (Lotter et al. 1997)
regions of Europe, temperature has been shown to be an
important factor in structuring cladoceran communities.
Climate has also been shown to be an important deter-
minant of more temperate zooplankton communities
worldwide (e.g., Patalas 1990; Stemberger et al. 1996;
Gyllstrom et al. 2005). In addition to warmer tempera-
tures and increased precipitation, other environmental
factors that may influence cladoceran communities are
also predicted to change along with climate warming.
These include changes in DOC and UV penetration
(Williamson et al. 2001; Rautio & Korhola 2002; Zell-
mer et al. 2004), duration of ice cover (Magnuson et al.
2000; Smol et al. 2005; Duguay et al. 2006), changes in
water level (Klein et al. 2005; Korhola et al. 2005) and
melting permafrost (Jorgenson et al. 2001; Kokelj et al.
2005; Smith et al. 2005), which could result in increases
in ion and nutrient concentrations in lakes. We might
expect that environmental factors related to climate
change would have a strong influence in regulating clado-
ceran assemblages within Arctic and subarctic regions.

Within the central Canadian Arctic treeline region,
Sweetman et al. (2008) reported significant shifts in
cladoceran species to have occurred from pre-industrial
periods to the present. The observed changes in clado-
ceran assemblages, however, were subdued compared to
shifts in algal communities at the same sites, and recent
climate change did not appear to result in concurrent
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changes in the Cladocera within this region (Sweetman
et al. 2008). It may be possible that cladoceran assem-
blages are more resilient to climate-related environ-
mental shifts, however our knowledge of the role of
environmental factors in regulating cladoceran assem-
blages in northern Canada is limited.

The objectives of this study, therefore, are to deter-
mine which environmental and spatial factors are
important in influencing cladoceran communities in a
series of lakes in the critically sensitive area of the cen-
tral Canadian Arctic treeline region. Cladocera were
identified from the lakes based on their remains from
surface sediments. Because of the strong environmental
gradients at treeline, we hypothesize that space and spa-
tially-structured environmental variables are potentially
important determinants of cladoceran community
structure in lakes in this climatically and environmen-
tally sensitive region.

2. METHODS
2.1. Study area

Our study included 50 lakes located near Arctic
treeline in the central Northwest Territories and Nuna-
vut, Canada (Fig. 1), that were previously analyzed for
water chemistry variables (Riihland er a/. 2003b) and
diatom distributions (Rithland & Smol 2002; Riihland et
al. 2003a), and for the response of cladocerans and dia-
toms to recent environmental changes (Rithland et al.
2003c; Sweetman et al. 2008). The lakes were distrib-
uted across a broad southwest to northeast transect
between Yellowknife (62°32' N, 114°13' W) and the
northern boundary of the Thelon Game Sanctuary
(66°41' N, 104°55" W). There are strong vegetational
and climatic gradients across this transect. As a result,
the study lakes are located across three major ecozones,
from the boreal forest zone in the south, through the
forest-tundra transitional zone, and into the Arctic tun-
dra zone in the north (Riithland & Smol 2002; Riihland
et al. 2003a; Sweetman et al. 2008).

Vegetation in the boreal forest is dominated by
coniferous tree species, primarily black spruce (Picea
mariana P. Mill.), white spruce (P. glauca (Moench)
Voss.), balsam fir (dbies balsamea (L.) P. Mill.), and
jackpine (Pinus banksiana Lamb.) (Ritchie 1993). In the
forest-tundra transition zone, coniferous trees are also
dominant, particularly black spruce, white spruce, and
larch (Larix laricina (Du Roi) K. Koch); however, sev-
eral deciduous trees are also present, including balsam
poplar (Populus balsamifera L.), trembling aspen (P.
tremuloides Michx.) and paper birch (Betula papyrifera
Marsh.) (Sirois 1992). Vegetation in the Arctic tundra
consists of mostly sedges (Carex spp. L.), lichen-heath
and various dwarf-shrubs (Ritchie 1993).

The climate of the study region is subarctic conti-
nental, with long, cold winters, and short, warm sum-
mers. There is a gradient of both temperature and pre-
cipitation, with warmer seasonal temperatures and
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Fig. 1. Location of the 50 study lakes in relation to the position of the arctic treeline. Lake numbers follow those used in Riihland &

Smol (2002) and Riihland et al. (2003a, b, ¢).

higher annual precipitation occurring in the boreal forest
sites in the south, compared to the Arctic tundra sites in
the north. In the boreal forest region near Yellowknife,
mean daily temperatures range from 16.5 °C in July to
-27.9 °C in January, mean annual precipitation is 267
mm (Environment Canada 1990), and the ice-free
period on the lakes lasts approximately 120 days (Wedel
et al. 1990). The northern tundra sites, in comparison,
have mean daily temperatures of 9.9 °C in July and
-31.4 °C in January, a mean annual precipitation of 200
mm (Environment Canada 1990), and an ice-free period
of about 90 days (Wedel et al. 1990). The study area is
underlain by permafrost, with regions of discontinuous
permafrost occurring in the watersheds of the lakes
within the boreal forest, and continuous permafrost
occurring north of treeline, in the Arctic tundra zone.

With the exception of Slipper Lake (an Arctic tundra
site), the lakes were unnamed, and were assigned num-
bers based on the order of sampling (Riithland 2001).
Further information on the geology, vegetation, soils
and climate of the study area are provided by Riihland
(2001), Rithland & Smol (2002) and Riihland ef al.
(2003 a, b). The physical and chemical characteristics of
the lakes are described in detail by Riihland et al.
(2003b).

2.2. Sampling

We examined the distribution of cladoceran remains
from the sediments of a set of 50 lakes used previously
to investigate evidence from diatom (Riihland et al.
2003c) and cladoceran (Sweetman et al. 2008) assem-

blages for recent environmental change in this region.
This lake set was a subset of 77 calibration lakes used to
develop diatom-based calibration transfer functions
(Riihland & Smol 2002). Lakes TK6 to TK-36 were
sampled in August, 1996; Lakes TK-37 to TK-58 were
sampled in August, 1998, and Slipper Lake (SL), a tun-
dra site, was sampled through the ice in March, 1997.
Surface sediments from each lake were collected at
approximately the deepest point of each lake using a
gravity corer (Glew et al. 2001). The top 1-2 cm were
sectioned using a Glew (1988) vertical extruder, and
transported to Queen's University (Kingston, Ontario),
where the sediment was kept in a 4.0 °C coldroom until
analyses of cladoceran remains were performed. Further
details on the collection of sediments and limnological
data are provided in Riihland & Smol (2002) and Riih-
land et al. (2003a, b, ¢).

2.3. Preparation and analyses of sediment samples

Subsamples of sediments from each lake site were
processed for cladoceran remains following standard
procedures, as described in Korhola & Rautio (2001).
Briefly, sediment was deflocculated in a 10% KOH
solution and heated at 80 °C for approximately 30 min-
utes. Sediment was then rinsed through a 37 pm sieve.
The material retained on the sieve was transferred into a
small vial with distilled water, and a few drops of etha-
nol were added to prevent fungal growth. Two to three
drops of a safranin-glycerin solution were also added to
stain cladoceran remains. 50 pL aliquots were pipetted
onto slides and counted at 400x magnification. Entire
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coverslips were enumerated to avoid any bias from
unequal distribution of remains on the slide. For each
species, the most abundant remain (i.e., head shield,
carapace, postabdomen) was used to calculate the num-
ber of individuals in a sample (Frey 1986). Slides were
counted until a minimum of 50 individuals had been
enumerated per lake, a sum that was shown to produce
reliable results in other paleo-invertebrate investigations
(Heiri & Lotter 2001; Larocque 2001; Quinlan & Smol
2001).

2.4. Taxonomy

Identification of cladoceran remains was based on
several sources, primarily Sweetman and Smol (2006b)
as well as Bos (2001), Frey (1959, 1962, 1965, 1980,
1985), Hebert (1995), Megard (1967) and Smirnov
(1974, 1996). Because the entire organism does not
generally preserve intact, but separates into component
parts of the exoskeleton (i.e., head shield, shell, and
postabdomen), it was not possible to identify some taxa
to the species level, based on the remains we recovered.
In particular, we had difficulties separating two small
species of Alona, A. guttata (Sars 1862) and A. barbu-
lata (Megard 1967), and combined all remains resem-
bling these two species as Alona guttata/barbulata.
Similarly, while most remains of the Bosminidae we
encountered were likely Bosmina longirostris (Miiller
1785), on many head shields the head pores necessary to
correctly distinguish them from other bosminids were
not visible, so we grouped all Bosmina spp. for the pur-
poses of analyses. Most of the Daphnia remains we
found were postabdominal claws of the Daphnia pulex
complex, likely Daphnia middendorffiana (Fischer
1851). However, the postabdominal claws of this Daph-
nia group are indistinguishable from each other, and we
classified all Daphnia claws with enlarged teeth in the
middle pecten region as belonging to the Daphnia pulex
complex (Sweetman & Smol 2006b).

2.5. Data Analysis

Out of the 50 lakes included in this study, insuffi-
cient cladoceran remains were recovered from three of
the lakes (TK-13, TK-21 and TK-49). As a result, these
lakes were excluded from further analyses. In addition,
the two most northern sites (TK-6 and TK-7) were
found to be outliers in the preliminary ordinations of the
spatial data, and were subsequently removed from
analyses. Therefore, the final cladoceran data set con-
sisted of 29 taxa occurring in 45 sites, 11 tundra, 11 for-
est-tundra, and 23 boreal forest lakes. Prior to analyses,
the species data were Hellinger-transformed, as sug-
gested by Legendre & Gallagher (2001), to allow the
use of Euclidean-based ordination methods (i.e.,
Redundancy Analysis, RDA; Principal Components
Analysis, PCA). Hellinger-transformations also offer
the advantage of not strongly weighting rare taxa in the
analyses (Legendre & Gallagher 2001).
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We used PCA, an unconstrained ordination method,
to summarize the distribution of cladoceran taxa across
our study sites. The PCA represents the full variation in
the cladoceran community, and can be useful in com-
paring to analyses using direct ordination methods (i.e.,
RDA), where the variation in cladoceran taxa is con-
strained to explanatory variables. A comparison of the
PCA and RDA results allows us to assess how closely
our explanatory variables capture the complete variance
in the cladoceran data set (Bos & Cumming 2003).

For constrained ordination methods, we incorporated
into our analysis several environmental variables con-
sidered to be potentially important in structuring clado-
ceran communities, including nutrients [total phospho-
rus unfiltered (TP), total nitrogen (TN), total Kjeldahl
nitrogen (TKN)], chlorophyll-a, dissolved inorganic
carbon (DIC), dissolved organic carbon (DOC), major
ions [calcium (Ca), sodium (Na), potassium (K), mag-
nesium (Mg), chloride (Cl), sulfate (SO4)], specific con-
ductivity (COND), pH, surface water temperature
(TEMP), lake depth (DEPTH), and surface area
(AREA). Prior to analyses, several of the environmental
variables were transformed using either a square-root or
log (n + 1) transformation to improve homoscedasticity.

A set of spatial variables were generated through the
use of PCNM analysis (Principal Coordinates of
Neighbors Matrices: Borcard & Legendre 2002; Bor-
card et al. 2004) based on the longitude and latitude of
each site. PCNM is a method for detecting and quanti-
fying spatial patterns over a range of different scales.
Latitude and longitude were first converted into Carte-
sian coordinates (X, Y). Using the X and Y coordinates,
a matrix of PCNM variables was created using the pro-
gram SpaceMaker2 (Borcard & Legendre 2004). A
truncation distance of 50 km was used. This analysis
yielded 22 PCNM variables. Because of the irregular
pattern of the occurrence of our study sites across the
landscape, the PCNM variables do not show regular
sine-shaped patterns (Borcard & Legendre 2002; Bor-
card et al. 2004), but represent a sequence of broad to
medium scale variation across our study area (Fig. 2).

The contribution of both environmental variables
and spatial factors in structuring the cladoceran com-
munity was assessed through the use of variance parti-
tioning (Borcard et al. 1992). Partitioning was done
through partial canonical redundancy analysis (partial
RDA) using the program CANOCO version 4.5 (ter
Braak & Smilauer 2002). To avoid artificially increas-
ing the explanatory power in our analyses through the
inclusion of redundant explanatory variables, we first
ran a series of partial RDAs constrained to each indi-
vidual environmental or spatial variable alone. Vari-
ables were only retained in the analyses if they
explained a significant (a0 <0.05) amount of variance in
the cladoceran data. All significance testing was
assessed by Monte Carlo permutation tests using 999
unrestricted permutations in CANOCO version 4.5 (ter
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Braak & Smilauer 2002). Following the exclusion of all
non-significant explanatory variables, we then ran two
separate RDAs for all the significant environmental and
spatial variables remaining. To eliminate collinearity
among variables within each category, explanatory vari-
ables with the highest variance inflation factor (VIF)
were sequentially removed until all VIFs were less than
5 (ter Braak & Smilauer 2002). Following this, we ran a
forward-selection procedure to select the minimum set
of spatial and environmental variables that could
explain a significant amount (a0 <0.05) of variation in
the cladoceran data. Finally, a series of partially con-
strained RDAs were performed using the following
groups of variables: 1) only the forward-selected envi-
ronmental variables; 2) only the forward-selected spatial
variables; 3) all forward-selected environmental vari-
ables, with the forward-selected spatial variables as
covariables; 4) all forward-selected spatial variables,
with the forward-selected environmental variables as
covariables. The variance explained by each of these
groups allows us to determine the amount of variance in
the cladoceran data that is explained by the environ-
mental data alone, the spatial data alone, by environ-
mental data that is spatially structured, as well as the
amount of unexplained variance (Borcard et al. 1992;
Legendre & Legendre 1998).

3. RESULTS

The remains of twenty-nine cladoceran taxa were
identified from the sediments of our lakes. While most
taxa appeared to be widely distributed, and present in
lakes from all three ecozones (Fig. 3), some cladoceran
groups are more common in certain ecozones. For
example, Alona circumfimbriata (Megard 1967), A.
quadrangularis (O.F. Miiller 1776) and Sida crystallina
americana (Korovchinsky 1979) occurred in higher
relative abundances in the boreal forest region. Simi-
larly, Graptoleberis testudinaria (Fischer 1848), Pleu-
roxus trigonellus (O.F. Miller 1785) and Chydorus cf.
biovatus only occurred in lakes in the boreal forest (Fig.
3). Alonella nana (Baird 1850), Chydorus piger (Sars
1862) and Eurycercus (Bullatifrons) spp. (Frey 1975)
was recorded predominately in the boreal forest and for-
est tundra, whereas Alonella excisa (Fisher 1854) was
found mainly in the Arctic tundra and forest tundra sites
(Fig. 3). Among the pelagic cladoceran taxa, members
of the Daphnia pulex group were more abundant in the
boreal forest lakes, whereas D. longiremis (Sars 1861)
was found exclusively in Arctic tundra lakes. The Bos-
minidae were widely distributed across our sampling
transect (Fig. 3).
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3.1. Unconstrained ordination (PCA)

Together, PCA axis 1 (A = 0.249) and axis 2 (A =
0.178) explained 42.7% of the total variance in the
cladoceran data. The first two axes show a clear separa-
tion of both species (Fig. 4a) and sites (Fig. 4b) within
our lake set. The pelagic cladoceran Bosmina spp. were
most strongly correlated with the main direction of
variation (axis 1), with lakes on the right of the ordina-
tion biplot having higher relative abundances of Bos-
mina (Fig. 4a). These lakes included TK-16 and TK-17
in the Arctic tundra zone, which both had over 80%
relative abundance of Bosmina; lakes TK-53 (forest-tun-
dra transition) and TK-26 (boreal forest), which had
Bosmina comprising over 70% of the relative abun-
dance of cladoceran remains. When environmental vari-
ables are passively projected onto the ordination axes
(Fig. 4c), depth emerges as being closely correlated with
axis 1, with lakes containing high Bosmina abundance
tending to be deeper. The spatial variable PCNM14 was
also strongly correlated with this axis (Fig. 4c). Axis 2
was strongly correlated with several benthic and plant-
associated taxa, as well as the pelagic Daphnia spp.
(Fig. 4a). Axis 2 appeared to separate lakes from the
boreal forest (top half of the biplot) and lakes in the
Arctic tundra and forest-tundra ecozones (bottom half of
biplot (Fig. 4b). Axis 2 was strongly correlated with the

lake surface water temperature gradient, and also
appeared to be closely related to gradients in nutrients
(TP), DOC, and specific conductivity (Fig. 4c). Two
spatial variables, PCNM1 and PCNM4 also appear to be
correlated with this gradient (Fig. 4c). Taxa that tended
to be more abundant in the boreal forest environment
included Alona circumfimbriata (Megard 1967), Chy-
dorus brevilabris (Frey 1980), Sida crystallina ameri-
cana, and members of the Daphnia pulex complex.
Taxa more abundant in the tundra and forest-tundra
transition regions included Chydorus gibbus (Sars 1890)
and Eurycercus spp. (Fig. 4a).

3.2. Constrained ordination (RDA)

When the relationship between environmental vari-
ables and Cladocera is examined through direct ordina-
tion methods (i.e., RDA), the most noticeable difference
between the RDA and PCA performed on the same
cladoceran data set is a reversal of the two main axes
(Fig. 5). A comparison of the species and site scores for
the RDA and PCA shows that both species and site
scores for RDA axis 1 (A = 0.125) are significantly cor-
related with those of PCA axis 2 (Tab. 1). Similarly, the
species and site scores for RDA axis 2 (A = 0.082) are
significantly correlated with PCA axis 1 (Tab. 1). The
greatest source of variation in our cladoceran data is
related to the gradient in bosminid relative abundance.
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Tab. 1. Coefficient of determination (+°) describ-
ing correlations between PCA and RDA species
and site scores. * significant at o = 0.05.

RDA sp. axis 1

RDA sp. axis 2

PCA sp. axis 1 -0.37
PCA sp. axis 2 0.84*
PCA site axis 1 -0.59
PCA site axis 2 0.79%*

-0.53

-0.38
-0.85%

-0.35

Our measured variables, however, are much better
descriptors of the second-greatest direction of variation
in the species, which is closely correlated with gradients
in temperature, DOC, nutrients and ions (Fig. 4, 5).

Forward-selection in RDA identified 3 environ-
mental variables that were significant in explaining a
portion of the variation in the cladoceran distribution
within these lakes, namely temperature, total phospho-
rus (TP), and DOC (Fig. 5a). Conductivity and maxi-

mum depth, which were not significant in the forward-
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Fig. 6. Variance partitioning results illustrating the proportion of variation in the cladoceran data explained by forward-selected
environmental variables, forward-selected spatial variables, and unexplained variation.

selection procedure, are plotted as supplementary vari-
ables (i.e., they do not have any influence on the ordi-
nation). Conductivity was correlated with temperature,
DOC, and TP, but did not contribute significant addi-
tional information to the RDA, and therefore was
removed from the analysis. Depth was not significant in
the overall ordination, but was significantly correlated
with Bosmina abundance (Pearson correlation, r = 0.41;
p = 0.005), and is shown for reference purposes. Of the
22 PCNM spatial variables, five were significant in
forward-selection procedures of the RDA: PCNMI, 2,
4, 14, and 15 (Fig. 5a).

3.3. Variance partitioning (partial RDAs)

Using the two subsets of forward-selected environ-
mental and spatial variables, we used variance parti-
tioning (Borcard et al. 1992; Legendre & Legendre
1998) to separate the amount of variance in the clado-
ceran taxa each group could explain. Spatial and envi-
ronmental variables together could account for 31.6% of
the variation in Cladocera within our study lakes (Fig.
6). 7.9% was attributed to "pure" environmental varia-
tion (non-spatially structured environmental factors),
13.6% in "pure" spatial variation, and 10.1% by spa-
tially structured components of the environmental vari-
ables included in the analysis. 68.4% of the variation in
Cladocera was unexplained by either the spatial or envi-
ronmental variables considered in the analysis.

4. DISCUSSION

Most species of cladocerans we recorded in our lake
set were widely distributed across the study region,
occurring in all three ecozones. The diversity of species
recorded in our subarctic treeline lakes was very similar
to the cladoceran fauna previously reported from lakes
in Alaska (Sweetman & Smol 2006a). The similarity of
the cladoceran assemblages that we encountered in our
Canadian lakes to the Alaskan fauna, and the widespread
occurrence of most species across the sampling transect,
suggests that dispersal is probably not a factor limiting
the occurrence of cladocerans in northern lakes.
Recently, several authors have suggested that cladocer-
ans have a relatively high dispersal capacity (i.e., Havel
& Shurin 2004; Louette & DeMeester 2005). In con-
trast, Hebert & Hann (1986) found that ponds in the
Canadian Arctic contained microcrustacean assem-

blages that were much less diverse than those in north-
ern Alaska. They suggested that dispersal from the
western Beringian refugium was likely limited. Hebert
and Hann's (1986) investigation, however, included
more dispersal-limited taxa, such as copepods, whereas
our study only examined Cladocera. Cladocerans appear
to have fairly widespread distributions in northern eco-
regions in Western Canada and Alaska.

One cladoceran taxon, Unapertura latens (Sarmaja-
Korjonen et al. 2000), which we found in our sites in
the central Canadian treeline region, was not found in
our Alaskan lakes (Sweetman & Smol 2006a), nor has it
been previously reported within any lakes in North
America. To date, U. latens has only been reported in
lakes in Finland (Sarmaja-Korjonen et al. 2000). Our
discovery of U. latens in North America lakes suggests
a much larger range than previously thought for this
species, with a possible circumpolar distribution.

Despite the extensive distributions of most taxa
within our lakes, there were distinct differences in the
relative abundance of cladocerans across ecozones, sug-
gesting that factors other than dispersal may influence
cladoceran abundances in subarctic lakes. We found that
three environmental variables (lake water temperature,
nutrients, and dissolved organic carbon) could explain a
significant amount of the variation in cladoceran com-
munity structure across the central Canadian Arctic
treeline. These three variables are strongly associated
with the steep north-south ecoclimatic gradient associ-
ated with treeline, where lakes in the boreal forest are
typically warmer, more nutrient rich, and have higher
concentrations of DOC than lakes in the forest-tundra
and Arctic tundra ecozones (Riihland et al. 2003b). The
strong relationship of cladoceran communities to cli-
mate-related variables suggests that the Cladocera
should be sensitive indicators of both past and future
climate change, and valuable ecological and paleolim-
nological monitoring tools. However, a regional
assessment of changes in cladoceran composition from
preindustrial periods to present (Sweetman et al. 2008)
found that, although significant changes in cladoceran
species were observed in the last few centuries, the
response of cladocerans to climate warming was subtle
and muted compared to other paleolimnological indicators.

Interestingly, however, despite the lack of a strong
response to recent climate warming within our study
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lakes (Sweetman et al. 2008), surface water temperature
was the environmental variable that explained the great-
est proportion of variation in the distribution of Clado-
cera. Temperature has been identified previously as an
important factor in regulating cladoceran assemblages in
other northern regions, including Finnish Lapland (Kor-
hola 1999; Sarmaja-Korjonen et al. 2006), Norway
(Hessen et al. 2006) and the Yukon Territory (Swadling
et al. 2000). Increased water temperatures could result
in increased mortality or reproductive failure for cold-
adapted taxa (Moore et al. 1996). Moore (1978) deter-
mined that temperature had a significant influence on
the diversity, abundance, and fecundity of zooplankton
species in a set of 18 lakes in the Northwest Territories.
Temperature has also been found to be an important
explanatory variable in structuring cladoceran assem-
blages in alpine lakes within Europe (Lotter et al. 1997,
Bigler et al. 2006; Heegaard et al. 2006), where past
temperatures have been reconstructed using cladoceran-
based quantitative inference models (Lotter ef al. 2000;
Duigan & Birks 2000).

A second environmental factor that was identified as
important in influencing cladoceran distribution in our
treeline lakes was DOC. Within our lake set, there was a
large gradient in DOC, as lakes in the boreal forest
receive much higher inputs of allochthonous humic
matter compared to tundra lakes (Riihland et al. 2003a,
b). DOC has an important role in the attenuation of UV
radiation, and not only reduces direct mortality in zoo-
plankton from UV radiation, but decreases predation
from visual-based predators, such as fish (Wissel et al.
2003; Persaud & Williamson 2005). Differences in
lakewater DOC concentrations has been shown previ-
ously to affect zooplankton community structure in
Arctic and subarctic regions (e.g., Williamson et al.
2001; Rautio & Korhola 2002; Zellmer et al. 2004; Hes-
sen et al. 2004), and so it is not surprising that DOC was
identified as an important variable in structuring clado-
ceran communities in our treeline lakes. With future
climate change, synergistic effects of changing DOC
levels, UV exposure, and changing temperatures may
alter food web dynamics considerably (Persaud & Wil-
liamson 2005; Cooke et al. 2006).

Total phosphorus was also identified as being an
important measured variable in explaining the distribu-
tion of cladoceran taxa within our lake set. TP has pre-
viously been recognized as an important variable in
structuring cladoceran communities in other regions
(e.g., Brodersen et al. 1998; Lotter et al. 1998; Bos &
Cumming 2003; Gyllstrdm et al. 2005; Sweetman &
Smol 2006a). Although most lakes in our study were
oligotrophic, there was a notable latitudinal gradient in
nutrients across our study transect, with boreal forest
lakes tending to have higher TP concentrations than
those in the tundra or forest tundra regions (Riihland et
al. 2003b). Arctic tundra lakes are typically oligotrophic
and nutrient limited (Levine & Whalen 2001), but nutri-
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ent loading to these lakes is predicted to increase with
climate warming (Prowse et al. 2006). O'Brien et al.
(2005) found that primary productivity and Daphnia
populations increased following experimental fertiliza-
tion to half of a partitioned Arctic lake. Future changes
in nutrient concentrations in northern lakes will also
likely have strong impacts on cladoceran community
composition.

Given the strong latitudinal gradients in vegetation
and climate across treeline, it was not surprising that a
large component of the explained variation was related
to spatial factors. Together, spatially-structured envi-
ronmental variables and "pure" spatial variation (i.e.,
independent spatial effects) accounted for 23.7% of the
variation in cladoceran assemblages, whereas non-spa-
tial variability captured only 7.9% of the variation in
Cladocera. Water chemistry and temperature show
strong latitudinal gradients, which has been observed in
several treeline studies (Pienitz et al. 1997; Gregory-
Eaves et al. 2000; Riithland & Smol 2002; Riihland et al.
2003b). Unmeasured environmental factors, such as
macrophyte abundance or predation regimes, may also
be captured by the "pure" spatial component.

One probable source of variation in cladoceran
communities within these lakes which we could not ac-
count for in our analysis is predation and trophic inter-
actions. Several studies have linked regulation of zoo-
plankton in Arctic lakes by either predation by fish (e.g.,
Jeppesen et al. 2003; O'Brien et al. 2004) or inverte-
brates (O'Brien 2001; Wissel ef al. 2003). There is little
information on potential fish and invertebrate predator
communities in our study lakes, although we found the
remains of Chaoborus mandibles in several of these
lakes (Sweetman & Smol 2006¢).

Another factor that would have an important influ-
ence on cladoceran distributions is habitat availability.
Many of the benthic and plant-associated taxa (e.g.,
chydorids) have strong habitat preferences (Tremel et
al. 2000). The low abundance and diversity of chydorid
fauna in many tundra ponds may be due to inadequate
availability of substrate (Hebert & Hann 1986; Sweet-
man & Smol 2006a). Longer growing seasons and
increased temperatures could result in greater habitat
diversity, such as increased macrophyte abundance in
Arctic lakes, which could have a large impact on clado-
ceran communities.

5. CONCLUSIONS

The distributional patterns of cladoceran taxa in the
50 study lakes from the central Canadian Arctic treeline
region are clearly related to the strong ecoclimatic gra-
dient that occurs across treeline. We recorded distinct
assemblages of Cladocera within the boreal forest, for-
est-tundra and Arctic tundra ecozones. Cladoceran dis-
tributions showed the strongest relationships to three
environmental variables (lake water temperature, dis-
solved organic carbon, nutrients) that varied substan-
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tially across treeline, and that are expected to change
significantly in response to future climate warming.
Spatial variability accounted for a large component
(23.7%) of the variation in cladoceran communities
within our study lakes, with spatially-structured envi-
ronmental variables accounting for 10.1%, and a "pure"
spatial component contributing an additional 13.6%.
Future climate warming is likely to result in a restruc-
turing of the forest-tundra transitional region and, as a
result, large changes in cladoceran community structure
may be expected.
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