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Abstract

We analysed associations between zooplankton species composition and local abiotic factors in 30 lakes located
along a 900 km south-north transect from Whitehorse (Yukon Territory) to Inuvik (Northwest Territories). The
lakes were situated in three broadly defined vegetation zones: (i) Boreal forest (between Whitehorse and Dawson
City), (ii) alpine tundra (Ogilvie mountains north of Dawson City) and (iii) subarctic forest-tundra (near Inuvik).
Lakes in the alpine tundra were characterised by lower conductivity, temperature, chlorophylla and nutrients
than those in the other two zones. Those in the forest-tundra were generally small and shallow, and had higher
chlorophylla concentrations than lakes further south. Lakes in forested catchments spanned a larger latitudinal
range and exhibited a greater variety of physical and chemical characteristics. However, they were generally deeper,
with higher conductivity, temperature and ionic concentrations. Forty-one zooplankton taxa were identified from
the 30 lakes, of which the most frequently occurring were the rotifersConochilus unicornis, Kellicottia longispina,
Keratella cochlearisandPolyarthra vulgaris, the cladoceransDaphnia middendorffianaandBosmina longirostris,
and the copepodsLeptodiaptomus pribilofensis, Heterocope septentrionalisandCyclopsspp. The lakes contained
between two and fifteen species (mean = 6.9). Alpine tundra lakes contained slightly less species (mean = 5.8) than
those at lower elevations; in particular the cladoceran fauna was depauperate or absent. Relationships among the
lakes, species and environmental factors were examined using canonical correspondence analysis, with forward
selection and associated Monte Carlo permutation tests. Chloride, silica and temperature showed statistically
significant relationships with species distribution, and together these abiotic factors explained 25% of the variation
in zooplankton communities within Yukon and Northwest Territories lakes.

Introduction

Local and regional processes interact to influence the
composition of zooplankton communities in lacustrine
habitats. At local scales, biotic and abiotic factors
shown to correlate with patterns of zooplankton distri-
bution include pH, ionic concentrations, productivity
and predator assemblages (e.g. Brooks & Dodson,
1965; Pinel-Alloul et al., 1990, 1995; Dodson, 1992;
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Shaw & Kelso, 1992; Shurin et al., 2000). Examples
of regional scale processes include colonisation his-
tory and dispersal mechanisms, which will influence
broad-scale trends in distribution. In subarctic and
arctic regions, where extended periods of ice cover
and extreme seasonality in irradiance restrict primary
production to brief summer periods, both dispersal
capabilities and environmental conditions could act to
limit zooplankton diversity. Species richness might be
low in high latitude lakes because few species have the
opportunity to colonise them. If this were the case, it
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would be expected that no relationship between spe-
cies and physical factors would exist. In contrast, if
environmental conditions (e.g. low productivity, low
temperatures) prevent species from forming viable
populations, strong associations between limnology
and species distributions would be expected.

In order to examine these predictions, we explored
patterns of zooplankton distribution in a series of high
latitude lakes in the Yukon (YT) and Northwest Ter-
ritories (NWT), and used the physical and chemical
attributes of these lakes (Pienitz et al., 1997) to in-
vestigate the influence that local abiotic factors have
on structuring the zooplankton communities. Pien-
itz et al. (1997) showed that these abiotic factors
were strongly related to the bedrock geology and
catchment vegetation of the lakes. Lakes in north-
western Canada provide a good opportunity to study
fundamental species–environment relationships. De-
glaciation of the region occurred within the last 16 000
years (Matthews, 1992), and so species invasions
must have taken place relatively recently. Moreover,
in comparison with many lakes in southern Canada,
northern lakes have experienced little onsite human
disturbance.

Approximately 35 species of crustaceans have
been recorded in two previous studies of Yukon lakes
(Lindsey et al., 1981; Shortreed & Stockner, 1986).
The most commonly occurring copepods in both stud-
ies wereCyclops scutiferandDiaptomus pribilofensis,
which were distributed over the whole of the regions
sampled.Heterocope septentrionaliswas also distrib-
uted widely, and, though never a numerically dom-
inant species, it contributed substantially to biomass.
Similarly, cladocerans, includingDaphnia longiremis,
Daphnia middendorffianaandEubosmina longispina,
were never numerically dominant, but were important
contributors to biomass. While copepods and clado-
cerans were documented quite extensively, less in-
formation is available regarding the planktonic rotifer
fauna of the lakes. Lindsey et al. (1981) provided
abundances of rotifers but, unfortunately, identifica-
tions were given only for very common species, such
asKellicottia longispina. While rotifers rarely domin-
ate the biomass of a lake they often exceed crustaceans
in both abundance and species diversity (Pejler, 1995).
Therefore, this group must be included in any efforts
to assess factors affecting species richness of lakes.

Materials and methods

Study sites

Two previous papers describe the physical and chem-
ical limnology of 59 lakes located between Whitehorse
(YT) and the Tuktoyaktuk Peninsula (NWT) (Pienitz
et al., 1995, 1997). The present study examined the zo-
oplankton communities from 29 of those 59 lakes and
one additional lake (lake 60). For ease of comparison
the labels designated by Pienitz et al. (1995, 1997)
were retained, thus this study encompassed lakes 1–25
and 56–60. The 30 lakes were sampled along a south-
north transect between Whitehorse, YT (60◦ 44′ N,
135◦ 04′ W), and Inuvik, NWT (68◦ 21′ N, 133◦ 43′
W), which roughly followed the routes of the Klondike
and Dempster Highways (Figure 1). Our set of lakes
covers a different and greater latitudinal range than
that of previous investigations in the Yukon: between
60◦ 11′ N, 131◦ 40′ W and 63◦ 43′ N, 139◦ 49′ W
(Shortreed & Stockner, 1986), and between 59◦ 26′
N, 133◦ 35′ W and 66◦ 11′ N, 136◦ 25′ W (Lindsey
et al., 1981). The sampling transect traversed three
major ecoclimatic provinces (as defined by the Eco-
regions Working Group (1989)): (1) Boreal forest,
which dominated between Whitehorse and Dawson
City; (2) Alpine tundra located in the Ogilvie Moun-
tains north of Dawson City; and (3) Forest-tundra,
near Inuvik, which was characterised by dwarf white
and black spruce trees (Picea glaucaandP. mariana).

All lakes studied were natural with the exception
of lake 4, which is artificially dammed and is used as
the water supply for the Whitehorse area. The lakes
span large gradients in their physical and chemical
limnology. Many of the lakes are rich in HCO−3 , Ca2+
and SO2−

4 , with the proportions of these ions reflecting
the chemistry of the surrounding soils and bedrock,
as well as catchment vegetation type. The duration
of ice cover on the lakes ranges from approximately
150 days in the south to 250 days in the north (Pienitz
et al., 1997). The lakes were small- to medium-sized
(1.1–1260 ha) basins that were circular in shape and
greater than 1 m in depth. Although fish are known
to inhabit many lakes in the Yukon (Lindsey et al.,
1981; Shortreed & Stockner, 1986), we made no ob-
servations about the extent of their occurrence in our
lakes.

Sample collection

Samples were collected from the lakes between 1 and
24 July 1990. They were obtained from the deepest
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Figure 1. Locations of the 30 lakes sampled in the Yukon and Northwest Territories (N.W.T).



214

part of the lake, usually near the center. Zooplankton
were sampled with a Wisconsin net (mesh size: 50
µm; mouth diameter: 25 cm) that was towed through
the water column. Each catch was preserved in 100%
ethanol and kept refrigerated until sorted. The zo-
oplankton were identified to the lowest taxon possible,
usually to species level. Copepod nauplii could not
be identified positively and were pooled. If the num-
ber of individuals in a sample was less than 1500 the
entire catch was sorted, otherwise it was split so that
between 1000 and 1500 organisms were counted. No
flow meter was attached to the sampling net, thus
the volume filtered could not be determined. There-
fore, the numbers of each taxon are expressed as a
proportion (%) of the total sample.

Full details of the physical and chemical vari-
ables measured are given in Pienitz et al. (1997),
and are summarized briefly here. Morphometric and
geographical-environmental variables recorded for
each site included lake surface area (AREA), alti-
tude (ALT), maximum depth (DEPTH), latitude (LAT)
and longitude (LONG). The lakes were further classi-
fied as occurring in one of the following vegetation
zones: boreal forest (FOREST, including some lakes
in peatlands), sub-arctic woodland (WOOD, includes
forest-tundra and lichen woodland), and alpine tundra
(ALPINE). Field measurements were made of water
transparency (TRANS), conductivity (COND), water
temperature (TEMP), dissolved oxygen content (DO)
and pH. Water samples were collected from approxim-
ately 0.5 m water depth using polyethylene sampling
bottles. Water chemistry analyses were performed
by the National Water Research Institute (Burling-
ton, Ontario). Twenty-one chemical variables were
measured: Nitrite (NO2), nitrate (NO3), ammonia
(NH3), soluble reactive phosphate-phosphorus (SRP),
dissolved organic carbon (DOC), dissolved inorganic
carbon (DIC), total Kjeldahl nitrogen (TKN), filtered
total ‘dissolved’ phosphorus (TFP), unfiltered total
phosphorus (TPU), particulate organic carbon (POC),
particulate nitrogen (PN), total chlorophyll, uncorrec-
ted (CHLaU) and corrected (CHLaC) for phaeophytin,
sodium (Na), potassium (K), calcium (Ca), chloride
(Cl), sulphate (SO4), dissolved silica (SiO2), iron (Fe)
and manganese (Mn).

Statistical analyses

Prior to statistical analysis, the environmental data
were screened to reject any variables that had missing
values (DO) or values that fell below the minimum

detection limit (CHLaC, NO2, NO3, NH3, SRP). Lon-
gitude was also excluded. Relationships between the
lakes and environmental factors were examined us-
ing principal components analysis (PCA; CANOCO
Version 3.12; Ter Braak, 1988, 1990). PCA is an or-
dination technique used to reduce the dimensionality
of multivariate data sets and enable graphical presenta-
tion of the relationships between factors. Twenty-three
variables were included in the analysis, with a fur-
ther five added as passive variables (ALT, FOREST,
WOOD, ALPINE, LAT). Passive variables have no
influence on the ordination axes, but are added after-
wards so that their relationship with the other factors
can be determined from the ordination biplot. The
variables were tested for skewness and a ln(x+1)
transformation applied to approximate a normal dis-
tribution for the following: DEPTH, AREA, COND,
TRANS, TPU, TPF, DIC, TKN, TN, SiO2, SO4, Ca,
Na, K, Cl, CHLaU, POC, PN, Fe and Mn. All lakes
were included in the initial analysis, however lake 60
was an extreme outlier that had the effect of com-
pressing the other 29 lakes into a tight cluster on the
PCA biplot. The environmental factors were therefore
re-analysed with the exclusion of lake 60.

Relationships between the zooplankton taxa and
the lakes were analysed with correspondence analysis
(CA), an ordination technique that is often used when
species’ response curves can be assumed to be unim-
odal. Taxa were included in the analysis if they were
present in two or more lakes and reached a relative
abundance of greater than 1% in at least one lake. All
species data were square-root transformed to minim-
ize skewness in the data. Twenty-three taxa and 29
lakes were included in the analysis. Rare species were
downweighted.

Canonical correspondence analysis (CCA) was
performed on the same subset of 23 taxa and 29
lakes to assess the influence of environmental factors
on the distribution of zooplankton. CCA is a direct
gradient analysis technique where the ordination axes
are constrained to be linear combinations of envir-
onmental factors. Seven environmental variables had
very high (>20) variance inflation factors and were re-
moved from the analysis. The 16 remaining variables
included in the analysis were PN, Cl, Mn, DEPTH,
TRANS, CHLaU, TPF, Ca, DOC, TKN, AREA, pH,
SiO2, Fe, TEMP and COND. The forward selection
option of CCA, which is analogous to the technique
of stepwise multiple regression, was used to determ-
ine the minimum number of explanatory factors that
could explain statistically significant (p≤0.05) pro-
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Figure 2. Principal Components Analysis of the 23 physical, chem-
ical and environmental factors measured for 29 lakes (lake 60
excluded). The five passive variables are represented by arrows with
broken lines. Shaded region highlights lakes located in the alpine
tundra.

portions of variation in the species data. The signi-
ficance of these variables was assessed using Monte
Carlo permutation tests (with 99 unrestricted permuta-
tions). The species scores were scaled to be weighted
averages of the site scores.

Results

Environment

Table 1 shows the mean and range of the physical,
chemical and morphometric variables measured for
each lake in the three major vegetation zones. The
full data set for 29 of the lakes is presented else-
where (Pienitz et al., 1997), and so only the data for
lake 60 is shown separately here. The lakes within
the boreal forest spanned a larger physical and chem-
ical gradient than lakes in the other vegetation zones.
They were alkaline (pH), and showed higher mean
values for those factors associated with conductiv-
ity (COND, Na, Cl, K, Ca, SO4, DIC). Lakes in
the alpine tundra zone were smaller (AREA), and
showed lower mean conductivity (COND, Na, Cl, K,
Ca, SO4, DIC), temperature (TEMP), chlorophylla
concentration (CHLaU), and nutrient concentrations
(SiO2, TKN, TPU), particularly when compared to
boreal forest lakes. Forest-tundra lakes were gener-
ally intermediate between the other two zones, though

Figure 3. Relative abundance (%) of rotifers, copepods and clado-
cerans in the 30 lakes of the study.

the mean chlorophylla (CHLaU) concentration was
higher. PCA of these data showed that alpine tundra
lakes tended to group together away from the boreal
forest and forest-tundra sites (Figure 2), indicating that
these lakes were physically and chemically different,
and emphasising the tendencies shown in Table 1. The
position of the alpine tundra lakes away from the main
spread of the environmental variables suggests they
were oligotrophic.

The conductivity of lake 60 was ten times greater
than the maximum of the other 29 lakes (Table 1), so
the lake was removed from the PCA (Figure 2). PCA
axis 1 explained 39% of the variation in the environ-
mental data, with PCA axis 2 accounting for a further
23%. The variables which were significantly correl-
ated (p≤0.05) with axis 1 included DEPTH, TRANS,
AREA, Fe, Ca, SiO2 and Mn. Those associated with
axis 2 were TEMP, DOC, TKN and TN. In general,
similar variables clustered together (as indicated by
the small angles between the arrows); for example,
those associated with nutrients (TPU, PN, POC and
TKN, DOC, TN). Variables related to ionic concen-
trations (K, Cl, Na, SO4, COND, DIC) also tended to
cluster together, in the bottom right quadrant.
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Table 1. Environmental factors measured in 30 lakes of the Yukon and Northwest Territories, showing the mean (SD) and range
(minimum, maximum) for lakes in each major vegetation zone.N is the number of lakes used for each calculation. Lake 60 is shown
separately. Complete data sets for the remaining lakes are found in Pienitz et al. (1997)

Variable Boreal Forest (N = 17) Alpine Tundra (N = 6) Forest-Tundra (N = 6)

Mean (SD) MIN MAX Lake 60 Mean (SD) MIN MAX Mean (SD) MIN MAX

LAT (◦N) 62.5 (1.7) 60.4 67.1 62.8 64.8 (1.1) 64.3 67.1 66.7 (3.1) 60.4 68.2

LONG (◦W) 135.7 (0.9) 134.6 138.0 136.6 137.8 (.9) 136.0 138.2 133.9 (1.0) 133.2 135.4

ALT (m) 662 (132) 366 1021 600 1057 (279) 549 1387 305 (417) 30.0 1113

DEPTH (m) 13.0 (12.5) 3.0 49.0 1.1 6.3 (4.9) 1.9 15.5 3.7 (2.2) 1.2 7.0

AREA (ha) 72.4 (84.) 8.6 331 9.5 36.6 (52.9) 4.2 144 217 (512) 1.1 1262

pH 8.2 (0.4) 7.5 8.8 8.6 8.0 (1.2) 5.9 9.3 7.6 (0.5) 6.9 8.1

TEMP (◦C) 20.4 (1.8) 17.0 23.0 22.5 15.8 (1.6) 13.5 17.5 17.7 (2.0) 14.0 20.0

COND (µS cm−1) 272 (365) 24.0 1500 15000 72.8 (34.5) 32.0 113 105 (47.0) 35.0 153

DO (mg l−1) 12.9 (1.0) 11.4 14.4 11.6 12.7 (0.6) 11.7 13.2 12.8 (1.2) 11.1 14.6

TRANS (m) 4.7 (3.3) 1.4 11.5 0.5 4.1 (2.8) 1.9 9.5 2.9 (2.1) 1.0 6.5

TPU (µg l−1) 14.3 (8.8) 4.3 35.4 108 11.0 (6.5) 4.0 23.1 22.2 (16.7) 3.7 44.9

TPF (µg l−1) 7.4 (4.8) 0.2 14.5 88.4 6.6 (4.0) 2.8 14.1 14.2 (10.8) 2.9 34.1

NO2 (µg l−1) 0.7 (0.7) 0.2 2.9 3.0 0.9 (0.6) 0.2 2.0 1.5 (1.5) 0.2 4.3

NO3(µg l−1) 22.2 (47.9) 10.0 208 10.0 10.0 (0) 10.0 10.0 12.8 (6.9) 10.0 27.0

SRP (µg l−1) 1.9 (1.6) 0.5 7.5 20.2 1.2 (0.7) 0.5 2.4 3.1 (3.4) 1.4 10.1

NH3 (µg l−1) 9.0 (8.0) 5.0 31.0 1080 6.0 (2.4) 5.0 11.0 9.0 (6.8) 5.0 22.0

DOC (mg l−1) 15.9 (7.2) 7.8 35.1 20.4 7.9 (3.9) 3.1 12.3 13.0 (6.6) 3.8 22.6

DIC (mg l−1) 33.0 (35.2) 2.2 134 82.8 9.0 (8.3) 0.3 20.5 8.5 (5.6) 2.1 14.4

TKN (µg l−1) 568 (317) 208 1293 13100 263 (163) 72.0 498 493 (223) 121 700

TN (µg l−1) 722 (393) 259 1585 14600 343 (175) 123 606 587 (230) 158 803

SiO2 (mg l−1) 4.5 (4.1) 0.2 12.5 6.2 1.4 (0.8) 0.3 2.0 2.6 (2.8) 0.5 7.8

SO4 (mg l−1) 112 (300) 0.5 1242 20500 13.5 (13.4) 1.9 39.0 21.8 (14.3) 5.2 38.9

Ca (mg l−1) 23.3 (15.8) 3.5 50.3 265 15.2 (10.0) 5.8 31.6 18.0 (11.6) 6.5 39.2

Na (mg l−1) 17.8 (45.1) 0.4 187 827 1.5 (1.6) 0.2 3.7 2.9 (2.7) 0.9 8.3

K (mg l−1) 3.9 (7.1) 0.5 29.9 229 0.3 (0.2) 0.1 0.6 1.1 (.5) 0.7 2.1

Cl (mg l−1) 6.2 (15.9) 0.4 63.6 659 0.4 (0.1) 0.2 0.6 2.6 (2.2) 0.3 6.1

CHLaU (µg l−1) 2.3 (2.6) 0.1 10.5 2.9 0.9 (0.1) 0.8 1.1 2.9 (2.5) 1.1 7.9

CHLaC (µg l−1) 1.1 (1.9) 0.1 8.0 5.3 0.5 (0.3) 0.1 0.8 2.0 (2.5) 0.1 6.7

POC (µg l−1) 959 (857) 279 3280 3730 474 (177) 252 664 545 (413) 158 1340

PN (µg l−1) 131 (115) 40.0 396 596 69.3 (22.9) 40.0 96.0 80.3 (61.1) 26.0 200

Fe (µg l−1) 78.2 (146) 5.9 612 15.0 186 (242) 35.2 664 395 (484) 8.6 1280

Mn (µg l−1) 12.1 (6.9) 2.0 23.0 11.2 42.7 (58.2) 11.0 160 20.7 (15.0) 5.0 44.0

Zooplankton

Forty-one zooplankton taxa were identified from the
lakes, including 22 rotifers, 11 cladocerans and 8
copepods. The relative abundances of each taxon are
given in Table 2. Rotifers comprised between 2 and
80% of the total abundance per lake, and cladocer-
ans and copepods accounted for 0–45%, and 0–90%,
respectively (Figure 3). The number of taxa present
per lake ranged from 2 in lake 60 to 15 in lake 8
(mean = 6.9 per lake) (Table 3). All lakes (except lake
60) contained at least two species of rotifer and one

species of copepod. In several lakes no cladocerans
were recorded: 4, 15, 18, 19, 21, 59 and 60. Fourteen
species were recorded once only. The rotifers en-
countered most frequently wereKellicottia longispina
(80% of lakes),Conochilus unicornis(60%), Ker-
atella cochlearis cochlearis(27%) and Polyarthra
vulgaris (23%). Cladocerans includedDaphnia mid-
dendorffiana(47%), Bosmina longirostris(23%) and
Polyphemus pediculus(33%). Amongst the copepods
Leptodiaptomus pribilofensis, Heterocope septentri-
onalisandCyclopsspp. were all recorded from 15 or
more lakes.
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Figure 4. Correspondence Analysis (CA) of 23 zooplankton taxa
and 29 lakes (lake 60 excluded). Bottom panel (A) shows portion of
CA biplot on an expanded scale. Taxa abbreviations are:Conochilus
unicornis(CONO),Kellicottia longispina(KELL), Keratella coch-
learis cochlearis (KCOC), Keratella cochlearis faluta(KFAL),
Keratella cochlearis recurvispina(KREC), Keratella cochlearis
robusta (KROB), Notholca labis (NLAB), Ploesoma truncatum
(PLOE),Polyarthra remata(PREM),Polyarthra vulgaris(PVUL),
Synchaeta oblonga(SOBL),Synchaeta stylata(SSTY),Testudinella
tridentata (TEST), Bosmina longirostris(BOSM), Daphnia am-
bigua (DAMB), Daphnia middendorffiana(DMID), Polyphemus
pediculus (POLY), Acanthodiaptomus denticornis(ACAN), Cy-
clops spp. (CYCL), Heterocope septentrionalis(HETE), Lepto-
diaptomus pribilofensis(LPRI), Leptodiaptomus tyrrelli(LTYR),
Skistodiaptomus oregonensis(SKIS).

Figure 4 shows the distribution of 23 zooplankton
taxa relative to that of 29 lakes, as determined by CA.
The first two axes accounted for 38% of the variance
in the data. Lakes 1 and 2 contained very few rotifers
(Figure 3), and their distribution was driven largely
by the copepodSkistodiaptomus oregonensis(SKIS)
and the cladoceransBosmina longirostris(BOSM) and
Polyphemus pediculus(POLY). Lake 3 contained a
high proportion of the rotiferPloesoma truncatum
(PLOE; 88.5%) and clustered away from the other

Figure 5. Canonical Correspondence Analysis biplot showing the
relationship between zooplankton taxa (closed circles) and the
three statistically significant environmental factors (arrows). Species
abbreviations as for Figure 4.

lakes. Lakes 7 and 8 were the only ones to contain
the rotiferSynchaeta stylata(SSTY), and the former
also had a high abundance of the rotiferPolyarthra
vulgaris (PVUL; 45.4%). Other lakes in the forested
catchments showed less clear patterns in their distri-
bution, although there was some clustering of lakes
that were geographically close together. For example,
lakes 9–11 all contained high proportions of the rotifer
Kellicottia longispina(KELL).

The alpine tundra lakes clustered together on the
far bottom left of the diagram, suggesting those lakes
contained a similar suite of species; e.g. the cope-
pod Leptodiaptomus pribilofensis(LPRI) was com-
mon to them. However, the paucity of cladocerans
in these lakes probably drove their distribution on the
biplot. Only two contained cladocerans: Lake 20 had
Daphnia middendorffiana(DMID; 0.1%) and lake 58
containedBosmina longirostris(BOSM; 2.4%) and
Daphnia ambigua(DAMB; 2.1%).

Most lakes of the forest-tundra clustered together
to the left side of the biplot. The exception being lake
4, which was geographically distant from the others
(Figure 1), and was unusual in being an artificially
dammed lake. Lakes 22–25 and 57 hadLeptodiap-
tomus pribilofensis(LPRI) andDaphnia middendorf-
fiana(DMID) in common.

Zooplankton–environment relationships

The influence of 16 environmental variables on the
distribution of zooplankton in 29 lakes was assessed
using CCA. The results of this analysis are dis-
played in Figure 5, with the environmental variables
represented by arrows and the species depicted by
points. CCA axis 1 (30.3%) and axis 2 (16.4%) ex-
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Table 2. Percentage composition of the 41 zooplankton taxa recorded from 30 lakes in the Yukon and Northwest Territories. Lakes are grouped
according to the vegetation zone in which they occurred

Boreal Forest

1 2 3 5 6 7 8 9 10 11 12 13

Rotifera
1. Asplanchna priodonta 0.5 0.1 0.9

2. Brachionus plicatilis

3. Cephalodella gibba

4. Conochilus unicornis 0.2 40.5 6.2 9.3 5.4 3.7

5. Gastropus stylifer 0.9 0.6

6. Kellicottia longispina 0.6 1.9 5.8 81.2 3.6 36.7 58.1 33.0 55.1 7.9 1.4

7. Keratella cochlearis cochlearis 2.8 0.1 3.8 2.3

8. Keratella cochlearis faluta 28.0 20.7

9. Keratella cochlearis recurvispina 0.6 2.2 8.2

10. Keratella cochlearis robusta

11. Keratella earlinae 0.2

12. Keratella quadrata frenzeli 2.4

13. Keratella taurocephala

14. Notholca labis

15. Notholca striata 0.8

16. Ploesoma truncatum 88.4 0.2 0.2

17. Polyarthra remata 40.4

18. Polyarthra vulgaris 9.5 45.4 22.3 2.3 10.3

19. Synchaeta oblonga 9.6 1.8

20. Synchaeta stylata 46.4 0.1

21. Testudinella tridentata

22. Trichocercac. capucina

Cladocera
23. Bosmina longirostris 9.8 13.9 <0.1

24. Ceriodaphnia quadrangula 0.1

25. Ceriodaphniasp. 2.3

26. Chydorus sphaericus 0.2 <0.1 0.2

27. Daphnia ambigua 3.1 0.2 0.1

28. Daphnia galeata mendotae 27.1

29. Daphnia obtusa 11.6

30. Daphnia middendorffiana <0.1 0.6 1.1 0.7 0.1

31. Daphnia pulicaria

32. Daphnia rosea

33. Polyphemus pediculus 31.2 7.4 <0.1 0.2 0.1 0.1 0.1 0.4

Copepoda
34. Acanthodiaptomus denticornis 0.3 7.0

35. Cyclopsspp. 1.0 0.9 <0.1 0.1 1.1 <0.1 3.5 0.1 1.0 0.9

36. Leptodiaptomus connexus

37. Hesperodiaptomus kenai 8.2

38. Heterocope septentrionalis 0.8 <0.1 0.5

39. Leptodiaptomus pribilofensis 42.5 80.1

40. Leptodiaptomus tyrrelli 2.3 5.5 4.1

41. Skistodiaptomus oregonensis 53.5 64.8 <0.1

42. Unidentified nauplii 0.6 8.3 0.3 0.2 0.3 0.6 5.7 58.7 .693 15.4 13.7
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Table 2. Continued

Boreal Forest Alpine Tundra Forest-Tundra

14 15 16 17 56 60 18 19 20 21 58 59 4 22 23 24 25 57

1.

2. 93.3

3. 7.7

4. 31.8 5.31 10.1 3.7 69.1 16.1 38.9 78.1 51.5 70.0 1.3 45.6

5.

6. 6.2 4.8 29.8 15.0 0.6 2.4 5.5 11.7 68.0 10.3 2.5 26.0 10.6

7. 44.0 27.4 9.1 1.3

8.

9. 19.5

10. 1.3 0.1 0.2

11.

12.

13. 0.3 0.5

14. 0.5 3.9

15.

16.

17. 24.2

18. 1.2 0.1

19. 0.6 0.5

20.

21. 1.6 5.5

22. 1.4

23. 2.4

24.

25.

26.

27. 2.1

28.

29.

30. <0.1 0.3 0.1 0.1 0.1 <0.1 3. 0.2 3.0

31. 0.9

32. 0.1

33. 2.1 <0.1

34.

35. 0.7 1.2 0.1 1.5 0.5 2.1 11.7 5.4 1.1 10.4 16.5 0.6 0.5 0.9 1.7

36. 6.7

37.

38. 1.5 0.2 0.1 2.3 0.3 0.6 0.5 1.3 2.9 0.2 1.2 0.1

39. 55.4 29.2 12.6 19.1 1.6 21.1 24.0 37.7 5.9 21.9 65.1 12.9 11.7 62.9 39.0 28.9

40.

41. 4.4

42. 9.9 55.9 70.8 45.5 13.4 4.6 47.8 17.3 11.8 27.4 3.4 1.5 20.6 17.5 30.2 13.0 9.1
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Table 3. Number of zooplankton taxa identified from each lake in each vegetation zone

Boreal Forest Alpine Tundra

Lake Rotifera Cladocera Copepoda Total Lake Rotifera Cladocera Copepoda Total

1 2 3 2 7 18 3 0 3 6

2 2 2 2 6 19 1 0 3 4

3 4 3 2 9 20 1 1 3 5

5 5 2 3 10 21 3 0 3 6

6 4 3 3 10 58 4 2 2 8

7 5 3 0 8 59 4 0 2 6

8 9 4 2 15

9 4 2 2 8

10 3 1 2 6

11 3 3 2 8 Forest-Tundra

12 5 2 2 9 Lake Rotifera Cladocera Copepoda Total

13 2 1 2 5 4 4 0 2 6

14 1 1 2 4 22 3 1 3 7

15 3 0 3 6 23 2 1 3 6

16 3 1 3 7 24 2 1 2 5

17 2 1 3 6 25 3 2 2 7

56 5 2 2 9 57 2 2 3 7

60 1 0 1 2

plained a substantial proportion of the variation in the
zooplankton–environment relationships. With forward
selection and Monte Carlo permutation tests, CCA
identified a minimal subset of three environmental
variables that explained significant (p≤0.05) propor-
tions of the variation in the species data. Only these
variables are shown on the biplot. In descending order
of significance they were chloride (Cl), silica (SiO2)
and temperature (TEMP), and together they accoun-
ted for 25% of the total variance explained by the
original 16 variables. The relative contribution and
significance of these three factors to CCA axes 1 and 2
was assessed by examining the canonical coefficients.
Chloride contributed significantly (based on the ap-
proximate t-tests) to axis 1, and temperature and silica
to axis 2.

Positioning of zooplankton species along the chlor-
ide axis highlights that the copepodSkistodiaptomus
oregonensis(SKIS) and the cladoceransDaphnia am-
bigua (DAMB), Polyphemus pediculus(POLY) and
Bosmina longirostris(BOSM) predominated in lakes
with higher ionic concentrations. Along the temper-
ature/silica axis, the copepodsLeptodiaptomus tyrrelli
(LTYR) andAcanthocyclops denticornis(ACAN), and
the rotifersKeratella cochlearis faluta(KFAL), Pol-
yarthra vulgaris(PVUL), Synchaeta stylata(SSTY),

Keratella cochlearis recurvispina(KREC) andPloe-
soma truncatum(PLOE) predominated in warmer
lakes with higher silica concentrations.

Discussion

Zooplankton

Forty-one zooplankton taxa were identified from the
lakes in the Yukon and Northwest Territories, of which
the most commonly occurring (although not necessar-
ily the most abundant) were the rotifersConochilus
unicornisandKellicottia longispina, the cladocerans
Daphnia middendorffianaandPolyphemus pediculus,
and the copepodsHeterocope septentrionalis, Lepto-
diaptomus pribilofensisandCyclopsspp. Of the spe-
cies reported in the present study, most have been
recorded previously from lakes in the Yukon and
Northwest Territories (Whiteside et al., 1980; Short-
reed & Stockner, 1986; Chengalath & Koste, 1989),
and many have also been reported from northern Brit-
ish Columbia and Alaska (Chengalath & Shih, 1994;
O’Brien et al., 1997).

Among the rotifers encountered were a number of
widely distributed species, includingConochilus uni-
cornis, Kellicottia longispinaandPolyarthra vulgaris.
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Less commonly reported species includedKeratella
taurocephala, which was present in lakes 4 and 18.
This species has long been recognized as acidophilic
(Chengalath & Koste, 1983), yet it occurred in lakes
of pH 8.1 and 8.6, respectively.Keratella cochlearis
falutaandKeratella cochlearis recurvispinaare gener-
ally rare, and their presence in substantial proportions
in lake 8 was interesting. One difficulty in assessing
the zoogeographyof these taxa arises from the fact that
many previous papers do not distinguish between the
sub-species of theKeratella cochlearisspecies com-
plex. Therefore, the widespread reporting ofKeratella
cochlearismight be misleading, as it is possible that
members of the species complex have a relatively re-
stricted distribution compared with the overall range
of the complex (Chengalath & Koste, 1983). The
presence ofBrachionus plicatilisin lake 60 was not
surprising, as this species is often the dominant (or
only) rotifer in lakes of salinities greater than 20 g
l−1 (Pejler, 1995), and is also typical of alkaline wa-
ters. Lake 60 was very shallow (1.1 m) and probably
freezes to the bottom in winter.Brachionus plica-
tilis can produce resting eggs (Hagiwara et al., 1995),
which would ensure its survival during that time.

The cladoceran assemblage was also composed
primarily of commonly occurring species.Daphnia
middendorffiana, which was present in approximately
50% of the lakes, is reasonably tolerant of a wide
chemical gradient, but is particularly susceptible to
predation by planktivorous fish (Carter et al., 1980).
As the presence or absence of fish was not recor-
ded in our study, we can draw no conclusions about
their influence on cladoceran distribution.Polyphemus
pediculusand Bosmina longirostriswere found pre-
dominantly in lakes of the boreal forest, and were
tolerant of wide chemical gradients. However, both
species were most common in southern lakes with
high conductivity and ionic concentrations. Most of
the other cladocerans occurred in low abundances in
one to three lakes. Exceptions wereDaphnia galeata
mendotae(27%), which was found in lake 11, and
Daphnia obtusain lake 9 (12%).

The compositions of the calanoid copepod as-
semblages were generally characteristic of those found
in high latitudes in North America (e.g. Hebert &
Hann, 1986).Acanthodiaptomus denticornis, Lepto-
diaptomus tyrrelli, Leptodiaptomus pribilofensisand
Heterocope septentrionalisare all typical of high el-
evations and/or the western subarctic region of Alaska
and Canada (Shortreed & Stockner, 1986; Kling et
al., 1992).Acanthodiaptomus denticornisis thought

to be restricted to shallow lakes in unglaciated ter-
rain (Lindsey et al., 1981), but was found to colonize
rapidly lakes and ponds on the Klutlan moraines in
the Yukon (Whiteside et al., 1980). In the present
study it occurred only in lakes 8 and 9, shallow lakes
in the southern Yukon.Skistodiaptomus oregonensis
was found in lakes 1–4, the southernmost sampled in
our study. This copepod has been defined as having a
centre of distribution south of 60◦N (Patalas, 1990),
and it is possible that the most important factor re-
stricting its northern dispersal is an intolerance of the
effects of July air temperatures below 15◦C.

The species richness of cyclopoid copepods could
not be addressed in our study, as the majority of taxa
were early stage copepodids that were not identifiable
to species. Cyclopoids occurred in 25 of the 30 lakes,
usually accounting for no more than 5% of zooplank-
ton abundance. The exceptions were lakes 4, 19 and
58, where relative cyclopoid abundance reached 16, 12
and 10% respectively. Previous studies have revealed
that the cyclopoid fauna of northwestern Canadian
lakes is comparatively rich, with 12 species identified
from the Yukon and 21 from the Northwest Territories
(summarised in Chengalath & Shih, 1994).

Zooplankton–environment relationships

The CCA revealed that the abiotic variables chlor-
ide, temperature and silica together explained 25% of
the variation in species composition. No other vari-
able tested was statistically significant. This suggests
a significant role for other local or regional processes.
Local biotic factors which could be important structur-
ing forces include competition, predation, food quality
and species behaviour. Other variables, such as lake
size, lake location and pH, which have been shown
to be important in some other studies (e.g. Shaw &
Kelso, 1992), did not explain significant portions of
variation in the data. Inclusion of important biotic
parameters, such as a measure of the intensity of pred-
ation by fish and other planktivorous species, would
be expected to result in an explanation of more of the
variability. This conclusion was also reached by Pinel-
Alloul et al. (1995), who showed, for a series of lakes
in southern Québec, Canada, that biotic and abiotic
factors considered in concert substantially increased
their explanatory power (48%) than when either was
considered alone (11–31%).

In this study, a limited number of species was
found to be associated with increased chloride con-
centrations. These included the copepodSkisto-
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diaptomus oregonensisand the cladoceransDaph-
nia ambigua, Polyphemus pediculusand Bosmina
longirostris. These species were common in lakes 1
and 2, which had much higher chloride concentrations
(63.6 mg l−1 and 24.5 mg l−1, respectively) than the
average for boreal forest lakes (6.2 mg l−1, exclud-
ing lake 60). Lakes 1 (700µS cm−1) and 2 (1500
µS cm−1) also had higher than average conductiv-
ity (mean: 272µS cm−1), and these lakes contained
very few rotifers. Many rotifers do not tolerate con-
ductivities of greater than 400µS cm−1 (Kling et al.,
1992).

Along the temperature/silica axis, copepods
(Leptodiaptomus tyrrelliand Acanthocyclops dentic-
ornis) and rotifers (Keratella cochlearis faluta, Pol-
yarthra vulgaris, Synchaeta stylata, Keratella coch-
learis recurvispinaandPloesoma truncatum), but no
cladocerans, were associated with warmer lake tem-
peratures and higher silica concentrations. In a pre-
vious study, the best predictor for a general south to
north decline in the number of crustacean species over
22 broad geographic regions of Canada, was mean
July air temperatures (Patalas, 1990), which would
be correlated with water temperatures. In the north-
western geographical region, which encompassed the
areas included in the current study, species richness
decreased from the southern to the northern Yukon.
However, an increase near the MacKenzie Delta re-
gion of the Northwest Territories was counter to the
general trend, indicating that factors other than tem-
perature played a major role in structuring these zo-
oplankton communities. The results from the present
studies supported this conclusion: even though tem-
perature explained some of the variability observed,
the greater majority of the variability was attributable
to other processes.

Temperature also decreases with increasing alti-
tude, generally resulting in impoverished lakes in
alpine regions. Thus, this variable explained some of
the differences between the alpine tundra lakes and
those at lower altitudes. In this study, alpine tundra
lakes contained a lower mean number of taxa (5.8)
than the average for the lakes at lower altitude (7.2).

It is difficult to see how silica would act directly
to structure zooplankton communities, and it is more
informative to view this factor as it relates to diatoms,
which can form a significant dietary component of
zooplankton. Silica was an important factor in struc-
turing diatom assemblages in Yukon and Northwest
Territories lakes, being found in higher concentrations
in boreal forest lakes (Pienitz et al., 1995). Silica con-

Figure 6. Distribution of zooplankton within and between each
major vegetation type. The number of taxa that occur in one ve-
getation type is represented at the vertices of the triangle, those
shared between two types are shown on the edge joining them, and
those recorded from all three zones are indicated in the centre of the
triangle. The sizes of the squares are scaled to reflect the number of
taxa in each category.

centrations affect the succession and composition of
diatom assemblages, which, in turn, will influence the
composition and abundance of zooplankton. It is pos-
sible that a greater variety and abundance of potential
prey items in boreal forest lakes accounted for, in part,
the generally greater zooplankton species richness.

In the present study, 25% of the variability was
explained by identifiable local, abiotic variables. It
is improbable that the remaining 75% of the vari-
ation could be explained by other, local variables. It is
more than likely that regional factors, including broad
botanical ecozones, and dispersal of zooplankton into
the region, play a considerable role as well. In Fig-
ure 6 we compare the number of taxa found in the
three major vegetation zones, to examine similarities
between the zones. The two species from lake 60,
the copepodLeptodiaptomus connexusand the rotifer
Brachionus plicatilisare excluded due to the unusual
chemistry and biology of this lake. Of the remaining
thirty-nine species, seven (17%) were found in lakes
of all three zones, four (10%) were common to the
boreal forest and forest-tundra, two (5%) to the boreal
forest and alpine tundra, and only one (3%) to the
forest-tundra and alpine tundra. Twenty (51%) spe-
cies were found only in lakes of the boreal forest,
four (10%) in the alpine tundra and one (3%) in the
forest-tundra. The majority of lakes sampled was in
the boreal forest zone, which might account for why
the greatest number of taxa was found there. Alterna-
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tively, the more favourable conditions experienced by
these lakes (e.g. higher temperatures, greater volume,
high chlorophylla concentrations; Pienitz et al., 1997)
might be responsible for the higher diversity.

Decreased species richness is common at higher
latitudes, as the lakes tend to be isolated from biogeo-
graphic pools of potentially colonizing species (Stark-
weather, 1990). However, in the present study, latitude
was not a statistically significant factor in explain-
ing variation in the species distribution. Dispersal by
zooplankton is facilitated by the production of resting
stages that might become attached to the feathers and
fur of birds and mammals during their south–north mi-
gratory routes (Reid & Reed, 1994). Evidence for the
importance of such migrations was obtained by Patalas
(1990), who analysed the patterns of zooplankton dis-
tribution in western Canada. Similarities in the fauna
between the Yukon and British Columbia indicated
that dispersal between these regions was likely. In con-
trast, faunal communities in lakes from the MacKenzie
Delta region were more similar to those in northern
Manitoba, linked together by migratory routes, than to
those in the northern Yukon. Such processes possibly
explain the poor relationship between latitude and
zooplankton diversity observed in the present study.

Following an opportunity for dispersal, success-
ful colonization depends on a species’ ability to avoid
predators while competing for resources such as food
and space. The length of the growing season in lakes at
high latitudes is curtailed by short periods of sunlight
and an extended ice cover. Low temperatures and short
growing seasons are believed to decrease the diversity
and limit the distribution of cladocerans in the Arctic
(Kling et al., 1992). To be successful colonisers at high
latitudes, zooplankton must also display physiolo-
gical and life history traits which are conducive to
survival in the polar environment, including comple-
tion of the life cycles within a limited period and the
ability to form resting stages during unfavourable con-
ditions (Hebert & Hann, 1986). The lakes near Inuvik
contained a similar suite of species, withDaphnia
middendorffiana, Cyclopsspp. andLeptodiaptomus
pribilofensisbeing the common crustaceans. Although
these lakes are ice-covered for a longer period than
the southern lakes, higher productivity in the summer
might enable these taxa to complete crucial parts of
their life cycles in reduced time.

In conclusion, local abiotic factors were important
in structuring the zooplankton communities of Yukon
and Northwest Territories lakes. However, from our
analysis, it appears that a range of variables not meas-

ured in this study must also have been important. For
example, the interactions of zooplankton with fish and
phytoplankton might act to influence species distribu-
tions, and the harshness of subarctic and arctic habitats
probably contributes significantly to species compos-
ition. Those species with good dispersal capabilities,
and the ability to withstand extremes in temperat-
ure, day-length and productivity, will be successful
colonizers of lakes at high latitudes.

Acknowledgements

This study was financed by the Natural Sciences and
Engineering Research Council of Canada through op-
erating grants to RP and to J. P. Smol (field work). We
also thank the Polar Continental Shelf Project and the
Northern Studies Training Program for further finan-
cial assistance. We acknowledge R. Hall, A. Uutala
and I. Walker for assistance with sampling in the field,
and D. Lean for water chemistry analysis. Thanks
to P. Legendre for discussions about the statistics. J.
Gibson and two anonymous reviewers made helpful
comments on the manuscript.

References

Brooks, J. L. & S. I. Dodson, 1965. Predation, body size and
composition of plankton. Science 150: 28–35.

Carter, J. C. H., M. J. Dadswell, J. C. Roff & W. G. Sprules, 1980.
Distribution and zoogeography of planktonic crustaceans and
dipterans in glaciated eastern North America. Can. J. Zool. 58:
1355–1387.

Chengalath, R. & W. Koste, 1983. Rotifera from northeastern Que-
bec, Newfoundland and Labrador, Canada. Hydrobiologia 104
(Dev. Hydrobiol. 14): 49–56.

Chengalath, R. & W. Koste, 1989. Composition and distribu-
tional patterns in arctic rotifers. Hydrobiologia 186/187 (Dev.
Hydrobiol. 52): 191–200.

Chengalath, R. & C.-t. Shih, 1994. Littoral freshwater copepods of
northwestern North America: Northern British Columbia. Verh.
int. Verein. Limnol. 25: 2421–2431.

Dodson, S. I., 1992. Predicting crustacean zooplankton species
richness. Limnol. Oceanogr. 37: 848–856.

Ecoregions Working Group, 1989. Ecoclimatic regions of Canada,
first approximation. Ecological land classification series No.
23. Ecoregions Working Group, Environment Canada, Ottawa,
Ontario.

Hagiwara, A., N. Hoshi, F. Kawahara, K. Tominaga & K. Hirayama,
1995. Resting eggs of the marine rotiferBrachionus plicatilus
Müller: Development and effect of irradiation on hatching.
Hydrobiologia 313/314: 223–229.

Hebert, P. D. N. & B. J. Hann, 1986. Patterns in the composition of
Arctic tundra pond microcrustacean communities. Can. J. Fish.
aquat. Sci. 43: 1416–1425.



224

Kling, G. W., W. J. O’Brien, M. C. Miller & A. E. Hershey, 1992.
The biogeochemistry and zoogeography of lakes and rivers in
arctic Alaska. Hydrobiologia 240 (Dev. Hydrobiol. 78): 1–14.

Lindsey, C. C., K. Patalas, R. A. Bodaly & C. P. Archibald, 1981.
Glaciation and the physical, chemical and biological limnology
of Yukon lakes. Can. Tech. Rep. Fish. Aquat. Sci. no. 966.

Matthews, J. A., 1992. The ecology of recently-deglaciated terrain.
Cambridge University Press, Cambridge: 386 pp.

O’Brien, W. J., M. Bahr, A. E. Hershey, J. E. Hobbie, G. W. Kip-
phut, G. W. Kling, H. Kling, M. McDonald, M. C. Miller, P.
Rublee & J. R. Vestal, 1997. The limnology of Toolik Lake.
In Milner, A. M. & M. W. Oswood, (eds), Freshwaters of
Alaska. Ecological Studies, Vol. 119. Springer-Verlag, New
York: 61–106.

Patalas, K., 1990. Diversity of the zooplankton communities in Ca-
nadian lakes as a function of climate. Verh. int. Ver. Limnol. 24:
360–368.

Pejler, B., 1995. Relation to habitat in rotifers. Hydrobiologia
313/314: 267–278.

Pienitz, R., J. P. Smol & H. J. B. Birks, 1995. Assessment of fresh-
water diatoms as quantitative indicators of past climatic change
in the Yukon and Northwest Territories, Canada. J. Palaeolimnol.
13: 21–49.

Pienitz, R., J. P. Smol & D. R. S. Lean, 1997. Physical and chemical
limnology of 59 lakes located between the southern Yukon and
the Tuktoyaktuk Peninsula, Northwest Territories (Canada). Can.
J. Fish. aquat. Sci. 54: 330–346.

Pinel-Alloul, B., G. Methot, G. Verreault & Y. Vigneault, 1990.
Zooplankton species associations in Québec lakes: variation with
abiotic factors, including natural and anthropogenic acidifica-
tion. Can. J. Fish. aquat. Sci. 47: 110–121.

Pinel-Alloul, B., T. Niyonsenga & P. Legendre, 1995. Spatial and
environmental components of freshwater zooplankton structure.
Écoscience 2: 1–19.

Reid, J. W. & E. B. Reed, 1994. First records of two neotropical
species ofMesocyclops(Copepoda) from Yukon Territory: Cases
of passive dispersal? Arctic 47: 80–87.

Shaw, M. A. & J. R. M. Kelso, 1992. Environmental factors influ-
encing zooplankton species composition of lakes in north-central
Ontario, Canada. Hydrobiologia 241: 141–154.

Shortreed, K. S. & J. G. Stockner, 1986. Trophic status of 19 Sub-
arctic lakes in the Yukon Territory. Can. J. Fish. aquat. Sci. 43:
797–805.

Shurin, J. B., J. E. Havel, M. A. Leibold & B. Pinel-Alloul,
2000. Local and regional zooplankton species richness: A scale-
independent test for saturation. Ecology 81.

Starkweather, P. L., 1990. Zooplankton community structure of high
elevation lakes: Biogeographic and predator–prey interactions.
Verh. int. Ver. Limnol. 24: 513–517.

Ter Braak, C. J. F., 1988. CANOCO: A FORTRAN program for
canonical community ordination by (partial) (detrended) (canon-
ical) correspondence analysis principal components analysis and
redundancy analysis (version 2.1). Tech Rep. No. LWA-88-02.
Institute of Applied Computer Science, Statistical Department,
Wageningen, 6700 AC Wageningen, The Netherlands.

Ter Braak, C. J. F., 1990. CANOCO: A FORTRAN program for
canonical community ordination. Microcomputer Power, Ithaca,
New York.

Whiteside, M. C., J. P. Bradbury & S. J. Tarapchak, 1980. Limno-
logy of the Klutlan Moraines, Yukon Territory, Canada. Quat.
Res. 14: 130–148.


