Limnol. Oceanogr., 49(4, part 2), 2004, 1250-1261
© 2004, by the American Society of Limnology and Oceanography, Inc.

Physical, chemical, and biotic effects on arctic zooplankton communities and diversity

W. John O'Brient

Department of Systematics and Ecology, University of Kansas, Lawrence, Kansas 66045

Michadl Barfield

Department of Zoology, University of Florida, Gainesville, Florida 32611-8525

Neil D. Bettez?

Ecosystems Center, Marine Biological Laboratory, Woods Hole, Massachusetts 02543

Gretchen M. Gettel? and Anne E. Hershey*

Department of Biological Sciences, University of Minnesota Duluth, Duluth, Minnesota 55812

Michadl E. McDonald

U.S. EPA National Health and Environmental Effects Research Laboratory, Research Triangle Park, North Carolina 27711

Michael C. Miller

Department of Biological Sciences, University of Cincinnati, Cincinnati, Ohio 45221

Howard Mooers

Department of Geology, University of Minnesota Duluth, Duluth, Minnesota 55812

John Pastor, Carl Richards, and Jeff Schuldt

Natural Resources Research Institute, University of Minnesota Duluth, Duluth, Minnesota 55812

Abstract

We examined how physical and chemical factors and fish populations affected the presence and density of
zooplankton species in 104 Alaskan arctic lakes. Five fish species and nine zooplankters were sampled from the
lakes. Lake depth was related to the distribution of zooplankton in that smaller zooplankton species were found in
deep lakes and large species in shallow lakes. Neither ionic strength nor chlorophyll was a major factor in zoo-
plankton presence or absence. When fish were present, few, if any, very large zooplankton occurred together.
However, the relationship between the presence and density of smaller-sized zooplankton species and the presence
of specific species of fish was complex and did not fit anticipated patterns. The diversity of zooplankton in these
arctic lakes was not related to chemistry or fish distribution, but species richness increased with increasing lake
area and depth. For a few zooplankters (notably Holopedium gibberum), the fraction of lakes containing the zoo-

plankter varied by region.

The study of freshwater zooplankton and zooplankton
communities has a long and storied history (Forbes 1887).
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Early work focused on chemical and physical influences on
zooplankton communities and biology (Hutchinson 1967).
For example, Daphnia pulex is more tolerant of low oxygen
than other species in the genus Daphnia and commonly oc-
curs in ponds, which may develop low oxygen levels, es-
pecialy during the winter. It was early recognized that Hol-
opedium gibberum only occurred in lakes with low pH and
low levels of calcium (Hamilton 1958; Hutchinson 1967).
Interest in the importance of pH in affecting zooplankton
species and communities was revived with the identification
of acid rain in the 1970s (Dillon et al. 1984; Doka et a.
1997).
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Interest in the physical factors that affect zooplankton was
also an early phenomenon in limnology (Hutchinson 1967).
It was well known that Diaphanosoma brachiurum was a
warm-water species occurring only in the summer in tem-
perate lakes, whereas Diaphnia longiremis was a cold-water
species only occurring in the cool hypolimnion in the south-
ern part of its range (Hutchinson 1967). Interest in the effect
of lake morphometry followed the demonstration that lake
productivity and fish production were greater in shallow than
in deep lakes (Rawson 1952, 1955).

A more recent idea is that fish predation structures fresh-
water zooplankton communities (Hrbacek 1962; Brooks and
Dodson 1965; O’ Brien 1979; Northcote 1988; O’ Brien et al.
1990). More recently, it has been claimed that not only do
fish structure zooplankton communities but the strength or
weakness of this predation may affect lower trophic levels
through cascading trophic interactions (Shapiro 1980; Car-
penter et al. 1985, 1987). For example, when planktivory is
strong, zooplankton densities and biomass may be low, al-
lowing phytoplankton to become abundant and even creating
nuisance blooms (Shapiro and Wright 1984). Conversely,
when planktivory is weak, zooplankton densities and bio-
mass may be high and phytoplankton abundance low. Sim-
ilar forces appear to be at work in other food webs (e.g.,
freshwater benthic [Bronmark et al. 1992] and rocky coastal
marine [Paine 1966; Lotze and Worm 2001] food webs).

The arctic is a good region to study these effects of lake
morphometry, water chemistry, fish presence, and commu-
nity composition on zooplankton communities, because it is
relatively pristine, with little regional anthropogenic pollu-
tion and natural fish communities unaltered by stocking.
However, much previous work on arctic zooplankton com-
munity composition and structure has focused on either one
lake or a small number of lakes (Hobbie 1980; O'Brien et
al. 1997). Although there have been a number of surveys of
arctic lake zooplankton, these surveys often only reported
the presence or absence of zooplankton, with little other in-
formation (O'Brien et al. 1979).

In the present article, we present data describing 104 Alas-
kan arctic lakes, with an emphasis on zooplankton distri-
bution and diversity, and addressing the following questions.
(1) What is the relationship between the presence and di-
versity of zooplankton and lake morphometry? (2) What is
the relationship between the presence and diversity of zoo-
plankton and chemical parameters of the lakes? (3) What is
the relationship between the presence, density, and diversity
of zooplankton in these lakes and the presence of fish and
the nature of the fish communities?

Materials and methods

Sudy area—The research was conducted in the piedmont
region of the Brooks Mountains in the vicinity of the Toolik
Lake Field Station (TLFS) (68°38'00"N, 148°36'15"W), 248
km south of Prudhoe Bay along the Dalton Highway (Fig.
1). The region is made up of gently rolling hills containing
many hundreds of small lakes. The vegetation is primarily
heath and tussock tundra (Walker and Walker 1996). The
geology of the region is dominated by glacial advances and
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retreats emanating from the nearby Brooks Mountains. There
have been four magjor glacia intervals in the area (Hamilton
1982, 1986) with the two most recent, termed Itkillik |
(40,000 yr BP) and lItkillik Il (25,000-11,000 yr BP), re-
sulting in alandscape mosaic of differently aged areas. Many
lakes in the region are, consequently, kettle basins of small
size, ranging from a few hectares to nearly 2,000 ha. The
ice-free season is from mid-June through mid-September,
and the lakes are dimictic, with epilimnetic temperatures
reaching as high as 18°C during some summers. Dissolved
oxygen is always high because of the extreme oligotrophic
nature of these lakes (Miller et al. 1986; Whalen and Al-
exander 1986), with inorganic nutrients near detection limits,
averaging 0.22 umol L=* NO,, 0.75 wmol L-* NH,, and 0.8
umol L=t PO,, and particulate phosphorus and nitrogen av-
eraging 1.7 wmol L-* and 31.3 ug L%, respectively. How-
ever, Secchi depths are fairly shallow because of humic acids
and are rarely >5.5 m at midsummer, athough they are
sometimes deeper later in the summer.

Limnological and fish collection methods—One hundred
and four lakes in the study area were visited at least once
during summer stratification (late June to early August) in
19961999 (Fig. 1). This sampling schedule may have
missed Diaptomus pribilofensis in a few lakes, because this
species commonly appears during early July (Johnson pers.
comm.). Because zooplankton densities vary through the
summer, many of our analyses used presence/absence data,
which should be less sensitive to date of sampling (as well
as other sources of error, such as the nonrandom distribution
of zooplankton). Some lakes were reached by walking from
the TLFS or from the Dalton highway. In most cases, a he-
licopter dropped a crew and equipment near a series of |akes.
A full suite of chemical and biological measurements was
made on each lake, but methods are given only for those
used in the present analysis. Conductivity was measured us-
ing a conductivity meter arrayed on a Hydrolab H20 mul-
tiprobe, which was deployed from a small inflated raft an-
chored near the deepest point in the lake. Water for
chlorophyll a determinations was taken using a Van Dorn
water bottle from 1 m below the surface, also from the an-
chored raft. While water was being collected, another raft
was used to determine lake morphometry using a Furuno
150 sonar with a strip chart recorder. In the rare instances
that the sonar was unavailable, maximum depth was mea-
sured using a hand-held dive sonar deployed from the sta-
tionary raft. Lake area was digitized using USGS maps.

For Chl a determinations, lake water was filtered through
a precombusted Whatman GF/C glassfiber filter, then ex-
tracted in 90% acetone in a cool, dark place for 24 h. Chl a
absorbance was measured on a Turner Designs 10-Au-005-
CE fluorometer. These techniques are described in greater
detail at http://ecosystems.mbl.edu/ARC/data_doc/lakes/
2001l akesprotocols.html.

Fish communities were surveyed by a variety of tech-
niques, and gill nets were used as the major device for as-
sessing the presence of pelagic species. Six fish species were
distributed in the region: lake trout (Salvelinus nhamaycush),
arctic char (Salvelinus alpinus), arctic grayling (Thymallus
arcticus), round whitefish (Prosopium cylindraceum), slimy
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Fig. 1. The Toolik Lake region, showing the location of the geomorphic-trophic hypothesis |akes

up through lake 110.

sculpin (Cottus cognatus) and burbot (Lota lota). Burbot
were not vulnerable to gill nets, angling, or trot lines and
thus were not used in the analysis. The gill nets used had
variable-sized mesh openings ranging 38-135 mm and were
26 m long and 1.4 m deep. The gill nets were deployed from
an inflated raft running perpendicular to the shore, with the
smallest mesh near shore. The nets were in the water for
only a few hours, which was usually sufficient to determine
the presence of fish species. Most fish were released. In lakes
where fish were thought to be present (because of depth and
outflow steepness) but were not captured during the gillnet-
ting, angling was secondarily used to assess fish presence.
Lakes that were too shallow to support fish were not resam-
pled by angling. The presence of slimy sculpin was assessed
using unbaited jar traps (McDonald et al. 1982) set for ~24
h. Traps were deployed from shore on the day before the
full survey. Jar-trap surveys were supplemented with visual
inspection from shore (sculpin could often be seen) and by
using a minnow seine or dip net. There were few lakes in
which we failed to catch fish where we expected them.
Zooplankton were collected using a 30-cm diameter 335-
pm mesh plankton net. This mesh size is small enough to
capture all adult crustacean zooplankton, which are the only
life stages that can be reliably identified as to species. The
net was towed from the bottom of shallow lakes, and from
10 m in deeper lakes, to the surface. In very shallow lakes,
severa vertical tows were taken and pooled. Each sample

had at least 6 m of total tow length, which would have sam-
pled >400 liters, making it unlikely that a species with a
density >0.01 individuals L~* would be missed (assuming
they were randomly distributed). The zooplankton were pre-
served with 100% ethanol and 4% formalin mixed 1:1 with
the sample. Zooplankton were identified using the keys in
Edmondson (1959) with an M-5 Wild dissecting microscope.
The body lengths of Daphnia middendorffiana from five
lakes containing fish (107 individuals) and five lakes without
fish (218 individuals) were measured with an ocular micro-
meter in the dissecting microscope. Species richness (the
number of species present) was used as a measure of zoo-
plankton diversity.

Satistical methods—To investigate the co-occurrence of
zooplankton species within lakes, the G test was used (Wil-
liams's correction was used with all G tests; Sokal and Rohlf
1981). To examine the correlations among densities of zoo-
plankton species across lakes, a y test (similar to Kendall's
7 test, with a correction for ties) based on ranks was done
for all pairs of zooplankton. Zooplankton presence data were
available for al lakes, but densities were measured in only
84 lakes (some lakes were too shallow to get an accurate
quantitative sample). To examine the relationship between
species occupancy (defined as the proportion of lakes in
which the species occurred) and its average density in all
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lakes in which it was present, regression on the log-trans-
formed local densities was used.

Logistical regression was used to test the effect of maxi-
mum lake depth, Chl a concentration, and conductivity on
the presence of each zooplankton species. Multiple logistical
regression with lake depth and fish presence (any species)
as predictors was also used to predict zooplankter presence.
Lake depths were available for 87 lakes; data on chemical
parameters were available for all lakes (except one for Chl
a). Conductivity was negatively correlated (—0.31) with Chl
a. Because of this correlation, a separate set of regression
analyses was done for conductivity and Chl a. A v test was
also used to test for any correlation between densities of each
zooplankter and these two variables. Simple linear regression
was used to test for relationships between the logarithm of
species richness and physical and chemical parameters of the
lakes. For lake area, this regression was done including all
lakes and then repeated including only lakes with fish.

To examine the relationship between the presence of each
zooplankton species and the presence of individual fish spe-
cies and different fish communities, G tests were used. First,
for each zooplankter, the G test was used to test for differ-
ences in its presence in lakes with fish compared with those
without fish. Then the G test was used to test for the inde-
pendence of the presence of each zooplankter and each fish
species. Finally, for al lakes with fish, the G test was used
to test whether the presence of each zooplankter depended
on the fish community. For species present in more than half
of the lakes (D. middendorffiana, Heterocope septentrion-
alis, D. pribilofensis, and Cyclops scutifer), the median den-
sities were tested for dependence on the fish community (in-
cluding lakes with no fish) using the Kruskal-Wallis test.
This test was also used to test for differences in the median
density of each zooplankter in the presence and absence of
each fish species (except whitefish, which was present in few
lakes).

A G test was used to test for differences in the presence
of each of the zooplankton species in the four major clusters
of lakes (one each near Itigaknit and Galbraith Lakes, one
east of the Kuparuk River, and one west of the Itkillik River)
shown in Fig. 1 (lakes 1-9, 82-86, 91, and 110 were ex-
cluded). The average diversity of zooplankton was compared
for different fish communities, and for lakes with and with-
out fish, using analysis of variance.

Results

Description of lakes—The lakes of the Toolik region are
relatively shallow and small. Their chemistry is quite vari-
able. For example, the conductivity varies by a factor of 40
and chlorophyll by a factor of ~1,000 among these lakes.
These major differences in chemistry are explained, at least
in part, by differences in glacial history. There are some
glacial maps of the region (Hamilton 1982) but no detailed
glacial maps of the entire region covered by this survey.
Therefore, it is not possible to characterize the probable age
of all the lakes surveyed.

The shallowest lake visited was <1 m deep, and the deep-
est was 37 m deep; the median depth was 9.1 m. Lake areas
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ranged 0.1-79.7 ha, with a median and geometric mean of
3.1 ha. The lowest conductivity was 6.3 uS cm~, and the
highest conductivity was 256 uS cm~. The lowest Chl a
level was 0.0039 ug L%, and the highest was 3.5 ug L.

As mentioned previously, six species of freshwater fish
occur in the Toolik region of arctic Alaska, one of which,
burbot, is quite difficult to sample. Given the five detectable
fish species and the possibility of alake having no fish, there
are 32 possible fish combinations that could occur. Of these,
17 different fish communities, or combinations of fish spe-
cies, including no fish, occurred in the 104 surveyed lakes.
Six of these communities were found in only one lake each,
and one community was present in only two lakes. There-
fore, these seven communities (and eight lakes) were ex-
cluded from analyses by fish community because of inade-
quate sample size (leaving 96 lakes and 10 fish communities,
each present in at least five lakes). The 10 communities an-
alyzed were no fish present (25 lakes); grayling only (13);
grayling and sculpin (9); grayling, sculpin, and whitefish (6);
lake trout, grayling, and sculpin (12); sculpin only (5); lake
trout and sculpin (6); lake trout, grayling, char, and sculpin
(7); lake trout, char, and sculpin (5); and char and sculpin
(8). Sculpin occurred alone and was present in every fish
community except in those lakes that had only grayling.
Grayling occurred aone and in four other communities.
Lake trout did not occur aone but did occur in four com-
munities. Whitefish occurred in only 1 of the 10 communi-
ties (the one with grayling, sculpin, and whitefish).

The lakes contained seven species of zooplankton within
the size range of 0.4—4.0 mm. These are listed in order of
increasing body length as given in Edmondson (1959): Bos-
mina longirostris (0.4-0.5 mm), D. longiremis (0.8-1.2
mm), D. pribilofensis (1.0-1.8 mm), C. scutifer (1.1-1.9
mm), H. gibberum (1.5-2.2 mm), D. middendorffiana (2.5~
3.0 mm), and H. septentrionalis (3.0—4.0 mm). The littoral
species Polyphemus pedunculus, although occasionally col-
lected, was not included in the analysis because this species
is alittoral-zone inhabitant, and we did not routinely sample
the littoral zone for zooplankton. There were four species
much larger than 4.0 mm: a phantom midge Chaoborus cf.
trivattatus (an invertebrate predator) and three herbivorous
species: the fairy shrimps Brachionecta paludosa and Po-
lyartemiella hazeni, and an amphipod of the genus Gam-
marus sp. Because fairy shrimp and amphipods are large-
bodied, herbivorous, and commonly occurred together, they
are collectively referred to as ‘“ megaherbivores.”

Analyses were conducted to determine the co-occurrence
of particular species. The presence of H. septentrionalis was
negatively related to the presence of both D. longiremis and
B. longirostris (both species present in >70% of lakes with-
out Heterocope and <30% of lakes with Heterocope), and
the presence of D. longiremis was positively related to B.
longirostris (each occurred in ~42% of lakes, but they oc-
curred together in ~32%; all three of these relationships
were significant at P < 0.001). The presence of D. longi-
remis was negatively related to Chaoborus (the former was
present in 47% of lakes without Chaoborus and only 12%
of lakes with Chaoborus; P < 0.01). There were also weaker
relationships (P < 0.05) between the presence of D. longi-
remis and both C. scutifer (positive) and megaherbivores
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Fig. 2. The abundance (logarithm of density) of each zooplankter
as afunction of its range (occupancy—the fraction of lakesin which
the species was present). Black circles represent lakes with fish;
white triangles represent lakes without fish. The cubic regression
line shown was calculated using all lakes (r2 = 35.7%, P < 0.001).
The zooplankters are, from left to right (low to high occupancy):
megaherbivores (0.05), Chaoborus (0.14), B. longirostris (0.33), H.
gibberum (0.37), D. longiremis (0.38), D. middendorffiana (0.52),
H. septentrionalis (0.71), D. pribilofensis (0.87), and C. scutifer
(0.99).

(negative) and between D. middendorffiana and Chaoborus
(positive; P < 0.05 for all).

Similar results were found for correlations among densi-
ties of zooplankton species. The nonparametric vy tests gave
highly significant (P < 0.001) negative correlations between
H. septentrionalis and both D. longiremis and B. longiros-
tris. There were highly significant (P < 0.001) positive cor-
relations of D. middendorffiana with Chaoborus and D. lon-
giremis with B. longirostris.

Figure 2 shows the relationship between zooplankton
abundance (density in lakes that contained the species) and
range (here called occupancy, which is the proportion of
lakes in which the species or group was found). White tri-
angles represent lakes without fish. Two species (D. pribi-
lofensis and C. scutifer, the rightmost two lines of pointsin
Fig. 2) were present in aimost all lakes and had relatively
high densities. Two groups (megaherbivores and Chaoborus
sp., to the left in the figure) were rare and had low densities.
The other five species were more moderate on both scales.
Linear regression was highly significant, but cubic regression
is shown here because it gave a better fit and more normal
residuals. The cubic regression lineis an increasing function,
with r2 = 35.7% and P < 0.001. Therefore, these data in-
dicate that the density of individual species of zooplankton
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Fig. 3. The species-area curve: the number of zooplankton spe-
ciesin alake versus the logarithm of lake surface area. Black circles
represent lakes with fish; white triangles represent lakes without
fish. The solid line is the regression for al lakes (slope = 0.0566,
r2 = 0.082, P < 0.01). The dashed line is the regression for lakes
with fish only (slope = 0.0975, r2 = 0.172, P < 0.001).

is positively related to the frequency of their occurrence
across these arctic lakes.

Zooplankton and lake morphometry—Using logistical re-
gression, D. longiremis (P < 0.001, odds ratio = 1.15), B.
longirostris (P < 0.05, odds ratio = 1.09), and C. scutifer
(P < 0.05, odds ratio = 1.46) were more likely to be found
in deeper lakes, whereas Chaoborus (P < 0.05, odds ratio
= 0.85) and megaherbivores (P < 0.01, odds ratio = 0.58)
were more likely to be found in shallower lakes that gen-
erally lacked fish. The presence of all other zooplankton spe-
cies was not significantly related to lake depth.

When both lake depth and fish presence were used as
predictors, depth was still significant for D. longiremis (P <
0.01, odds ratio = 1.14), B. longirostris (P < 0.05, odds
ratio = 1.07), and megaherbivores (P < 0.05, odds ratio =
0.58) but was no longer significant for Chaoborus, for which
fish presence was significant (P < 0.01, odds ratio = 10.25),
and fish were a'so significant for megaherbivores (P < 0.05,
odds ratio = 21.46). Both depth (P < 0.05, odds ratio =
1.09) and the presence of fish (P = 0.001, odds ratio =
11.66) were significant for D. middendorffiana.

Using linear regression, species richness (logarithm of
number of species) was significantly related to lake depth
and to the logarithm of lake area (both P < 0.01), with
higher richness in larger and deeper lakes (Fig. 3, al points
and solid line, slope = 0.0566, r2 = 0.082). It was dlightly
more significant for depth, but we show the results for area
because this is the more commonly reported relationship.
This trend was even more pronounced when only lakes with
fish were included in the analysis (P < 0.001; Fig. 3, black
symbols and dashed line, slope = 0.0975, r2 = 0.172).

Zooplankton and lake chemistry—Separate logistical re-
gressions were run for al combinations of the nine species
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Table 1. The relationship between the presence of individua fish species (or any fish) and the presence of zooplankton species.
Lake Arctic
Species Sculpin Grayling trout char Whitefish Any fish
B. longirostris + 0 0 + 0 +
D. longiremis +++ 0 + +++ 0 ++
D. pribilofensis 0 0 0 0 0 0
C. scutifer 0 0 0 0 0 0
H. gibberum 0 0 0 0 0 0
D. middendorffiana 0 - 0 0 - —
H. septentrionalis 0 0 0 0 0 0
Chaoborus spp. — - - - 0 —
Megaherbivores — - - - 0 —
0: no significant relationship; +: the zooplankton is more likely when the fish species is present, —: the zooplankton is less likely when the fish speciesis
present. The “Any fish” column gives results of comparing all lakes with fish to lakes without fish. +, - = P < 0.05; ++,—- =P < 0.01; +++, — =
P < 0.001.

of zooplankton and two chemical parameters (conductivity
and Chl a). Of these 18 analyses, only 3 yielded significant
results (all P < 0.001): the presence of H. gibberum was
negatively related to conductivity (odds ratio = 0.96), and
that of D. pribilofensis was related positively to conductivity
(odds ratio = 1.02) and negatively to chlorophyll (odds ratio
= 0.05).

The relationships between zooplankter density and con-
ductivity and chlorophyll were similar (with one additional
significant relationship). H. gibberum density was negatively
correlated with conductivity (y test, P < 0.001). This was
mostly due to the presence of H. gibberum only in dilute
lakes. When considering only lakes with H. gibberum, there
was still a somewhat negative relationship between H. gib-
berum density and conductivity, but it was not significant
(linear regression on logarithm of densities). Overall, H. gib-
berum density was positively correlated with Chl a (P <
0.01). However, considering only lakes with H. gibberum,
there was no relationship between H. gibberum density and
Chl a concentration.

D. pribilofensis density was negatively correlated with
Chl a and was positively correlated with conductivity (both
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Fig. 4. Size distributions of D. middendorffiana in lakes with and
without fish.

P < 0.01), the opposite pattern to H. gibberum. The rela-
tionship of D. pribilofensis density with Chl a is amost L-
shaped, with all but one lake with D. pribilofensis density
>2 L-! having Chl a levels <0.4 mg L% In contrast, the
relationship with conductivity showed only a higher concen-
tration of points in the low-density, low-conductivity region
than elsewhere. Overall, then, it appears that these chemical
parameters are relatively unimportant determinants of pres-
ence or absence. There was no significant correlation be-
tween the density of any other zooplankter and Chl a or
conductivity.

Species richness was not affected by chlorophyll concen-
tration (P > 0.2). There was a small and marginally signif-
icant negative relationship between species richness and con-
ductivity (P = 0.04, slope equivalent to ~1 less species at
the highest conductivity, relative to the lowest). However,
this effect is entirely due to the presence of H. gibberum
only in dilute water; if this species is excluded, the slope is
dlightly positive and P > 0.5.

Zooplankton and the presence of fish—The presence of
zooplankton varied in lakes with and without fish (last col-
umn of Table 1). Larger species—D. middendorffiana (in
88% of lakes without fish and 48% of lakes with fish), Chao-
borus (44% and 6%), and megaherbivores (40% and 1%)—
were more likely to be present in the absence of fish. How-
ever, the average size of D. middendorffiana was smaller in
lakes with fish than in lakes without fish (Fig. 4). Smaller
species—D. longiremis (in 49% of lakes with fish and 16%
without fish) and B. longirostris (49% and 24%)—were
more likely to be present in lakes with fish.

Table 1 also indicates the significant relationships be-
tween the presence or absence of zooplankton speciesin the
lakes and the presence of individual species of fish. Where
slimy sculpin or arctic char were present, B. longirostris and
D. longiremis were more likely to be present and Chaoborus
and megaherbivores were less likely to be present. In lakes
that contained grayling, D. middendorffiana, Chaoborus, and
megaherbivores were less likely to be present. In lakes that
contained lake trout, D. longiremis was more likely and
Chaoborus and megaherbivores were less likely to be pre-
sent. The presence of D. middendorffiana was negatively
related to the presence of whitefish. Figure 5 shows the mag-
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Fig. 5. Highly significant (P < 0.01) effects of fish species on
the presence of zooplankters. The figure shows the proportion of
lakes containing the zooplankter for lakes with and without the fish
species. The fish species shown are lake trout (It), arctic grayling
(gr), slimy sculpin (ss), and arctic char (ac).

nitude of the effects (the fraction of lakes with the zooplank-
ter, with and without the fish species) that were significant
at the P = 0.01 level.

The density of all zooplankters except D. pribilofensiswas
significantly related to presence of at least one of fish species
(Table 2). In general, higher densities of smaller species of
zooplankton and lower densities of larger species occurred
in the presence of fish. Some of the patterns of the effects
of individual fish species on zooplankton were unexpected.
Three species of fish—slimy sculpin, artic char, and lake
trout—that are not considered to be highly planktivorous
were more consistently related to zooplankton densities than
was grayling, which are thought to be more planktivorous
than other arctic fish species. Where slimy sculpin or arctic
char were present, B. longirostris, D. longiremis, and C. scu-
tifer were more dense; where lake trout was present, D. lon-
giremis and C. scutifer were more dense. H. septentrionalis
had lower densities in the presence of sculpin and char,
Chaoborus had lower densities with sculpin and lake trout,
and megaherbivores had lower densities with sculpin. In the
presence of grayling, only one zooplankton species, H. gib-
berum, had increased density, whereas D. middendorffiana,
Chaoborus, and megaherbivores tended to have lower den-
sities.

The G test, which examined whether the presence of each
zooplankton species was dependent on the fish communities,
indicated a significant result for some zooplankters—name-
ly, H. septentrionalis (P < 0.05), D. longiremis (P < 0.01)
and B. longirostris (P < 0.01). Lakes with only char and
sculpin were much less likely to have H. septentrionalis and
more likely to have D. longiremis and B. longirostris than
any other lakes (although, for D. longiremis, three other lake
types were close).

Using the Kruskal-Wallis test, there were significant dif-
ferences by fish community in densities of C. scutifer (P <
0.05), H. septentrionalis (P < 0.05), and D. middendorffiana
(P = 0.001). The latter was much more abundant in lakes
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Table 2. The relationship between the presence of different spe-
cies of fish and zooplankton densities.

Gray-
Species Sculpin ling Lake trout Arctic char
B. longirostris + 0 0 ++
D. longiremis +++ 0 + ++
D. pribilofensis 0 0 0 0
C. scutifer ++ 0 ++ +
H. gibberum 0 + 0 0
D. middendorffiana 0 - 0 0
H. septentrionalis - 0 0 -
Chaaoborus spp. - - - 0
Megaherbivores - - 0 0
0: no significant relationship; +: higher densities of zooplankton in lakes
containing the species of fish; —: lower densities of zooplankton in lakes
containing that fish species. +, - = P < 0.05; ++,— =P < 0.01; +++
= P < 0.001.

with no fish than in any others. Plots of the zooplankton
densities by fish community did not indicate any other clear
patterns of variation.

There was a significant difference in species richness
among the 10 different fish communities (P < 0.05). Com-
munities that included char or sculpin alone tended to have
high richness (=5), whereas those with no fish or grayling
with no char tended to have low richness (as low as 3.6 for
lakes with grayling and sculpin only).

Zooplankton and region—Two zooplankton species
showed highly significant differences by region (P < 0.001).
D. pribilofensis was common overall but was present in only
44% of the lakes in the region northwest of Galbraith Lake.
The other species with highly significant results was H. gib-
berum, which was present in none of the lakes in the cluster
near Itigaknit Lake (it was present in slightly more than half
of all other lakes, including five of nine geomorphic-trophic
hypothesis lakes west of the Itigaknit cluster). D. longiremis
was also less common in the Itigaknit region, although it
was present in ~14% of these lakes, and the differences with
other regions were only significant at the P = 0.05 level.
Only one other zooplankter showed significant (P < 0.05)
regional differences: H. septentrionalis was more common
in the Itigaknit cluster and the cluster east of the Kuparuk
River and was less common in the other two regions (max-
imum 77% around ltigaknit, minimum 33% northwest of
Galbraith Lake).

Discussion

The zooplankton species found in these lakes are those com-
monly reported in the Arctic (Edmondson 1955; Comita
1956; O’'Brien et al. 1979; Stross et a. 1980; Hobbie 1984).
The only exception is Chaoborus. Earlier research that did
not report Chaoborus focused on lakes with fish, where
Chaoborus almost never occur.

The patterns of co-occurrence we found for zooplankton
species are expected and fairly well understood. The pres-
ence of two small cladocerans, D. longiremis and B. longi-
rostris, was negatively associated with the presence of two
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major zooplanktivorous plankton species H. septentrionalis
and Chaoborus. Luecke and O’ Brien (1983) showed that H.
septentrionalis ate >10 times more small prey than large
prey and almost 100 times more of the small-bodied B. lon-
girostris than the large-bodied D. middendorffiana. We
found D. middendorffiana to be positively associated with
Chaaoborus, likely because the adults of D. middendorffiana
are essentially immune from Chaoborus predation because
of gape limitation in Chaoborus (Swift 1992).

A positive relationship between abundance (geometric
mean density where present) and range (occupancy) was ob-
served. This positive relationship has been widely observed,
and many explanations have been offered (Holt et al. 1997;
Gaston and Blackburn 2000). Two common classes of ex-
planation are based on population (including metapopula-
tion) dynamics and resource use. A third class of explanation
isthat this relationship is an artifact of sampling; if a species
is rare, it is more likely to be missed with inadequate sam-
pling and so might seem to be present in fewer locations.
More than three fourths of lakes were >5 m deep, and du-
plicate tows were performed, giving 700-1,400 liters of wa
ter sampled for these lakes. With a random zooplankton dis-
tribution at a density of 0.005 L1, we should still detect it
95% of the time in these lakes. Of course, afew lakes could
not be sampled this thoroughly, and zooplankton sometimes
have a clumped distribution, so sampling could have an ef-
fect, especially for Chaoborus. However, we think this is
unlikely to be a significant factor for the megaherbivores,
which were almost always observed in the lake by other
researchers while they were setting gill nets or searching for
sculpin.

Another explanation involves the distribution of fish. The
two zooplankton species that we found to be both abundant
and widespread (C. scutifer and D. pribilofensis) are much
less vulnerable to fish predation than the two that were |least
abundant and most rare (Chaoborus and the megaherbivores)
(Schmidt and O’ Brien 1982). The average abundances of the
other species, but not their occupancy, were also correlated
with their vulnerability to fish predation. In Fig. 2, lakes
without fish are indicated with open triangles, and these tend
to be lakes with Chaoborus and megaherbivores and with
high concentrations of H. septentrionalis and D. midden-
dorffiana. When we plotted average density versus occupan-
cy for only lakes with no fish, there was no positive rela-
tionship but, instead, a U-shaped one, with higher densities
at low and high occupancies (this is not obvious from the
figure, but the occupancies are different if we consider only
fishless lakes). This suggests that fish play arole by elimi-
nating some species or reducing them to low levels, allowing
othersto persist or increase in abundance because of reduced
predation or competition.

We also found that H. septentrionalis had a lower density
than would be expected for its range, compared with other
species. Its average value was below the regression line, and,
without H. septentrionalis, the regression line would be
much higher at its occupancy and much closer to linear. This
may be because Heterocope is a predator. Predators are fre-
quently less dense than their prey and may occur at fairly
low densities even where conditions are quite favorable.
With species at different trophic levels, it might be that pred-
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ators tend to be lower and to the right on density-range plots
relative to species at a lower trophic level. However, pred-
ators also tend to be larger than their prey, and it has been
found that size does not affect the position of a species rel-
ative to the regression line (Gaston and Blackburn 2000).

The fish community of the lakes surveyed is quite con-
strained and consists of only six species. Thisis due largely
to the barrier represented by the Brooks Mountains, which
run east to west across the whole northern tier of Alaska and
block fish colonization from the south. The fish fauna south
of the Brooks Mountains is much more diverse and includes
such species as salmon, several species of whitefish, and
northern pike (Scott and Crossman 1973; O’Brien and Hug-
gins 1974, 1976). All of the fish species inhabiting the Toolik
region ultimately had to have had colonists that invaded the
Arctic Ocean and then invaded the streams and rivers drain-
ing into the Arctic Ocean.

Although there are only six fish species in the Toolik re-
gion, it is clear that they are not randomly assorted across
the lakes. Only 17 fish communities (including no fish) oc-
curred of the possible 32 permutations (of the 5 fishes sam-
pled), and 7 of these only occurred in one or two lakes. One
reason for this constraint is the morphometry of the land-
scape, especially the steepness of some critical stretch of the
outflow from any given lake. Hershey et al. (1999) showed
that the steepness of the outflow of lakes provides a variable
barrier that acts as afilter against the invasion of fish species.
For example, it is thought that |ake trout may be the poorest
invader, swimming up only the most gentle of outflow
streams (Hershey et al. 1999, 2000). Hence, it would be
unusual to find only lake trout in a lake. If lake trout could
invade a lake, then a much better invader, such as simy
sculpin, would surely also be present. The survey results
show exactly this pattern.

Zooplankton and lake morphometry—The relationships
found between the presence of certain zooplankton and lake
depth (D. longiremis, B. longirostris, and C. scutifer more
likely in deep lakes and Chaoborus sp. more likely in shal-
low lakes) are probably an effect of fish presence or absence.
Fish are more likely to be found in deep lakes, and this is
where we found the small zooplankton species that are rarely
fed on by fish (O'Brien et a. 1979; Schmidt and O’ Brien
1982) but are fed on by large invertebrates. Chaoborus sp.
are very vulnerable to fish predation and are therefore found
primarily in the shallow lakes, where fish are absent. Except
for Chaoborus, depth remained significant (but generaly at
reduced significance) for al of these zooplankters, even
when fish presence was also used as a predictor. So thereis
some evidence for an effect of depth apart from fish, but,
because fish and depth were correlated, the effects of the
two were hard to separate, especially with all fish lumped
together. (We performed additional analyses using each fish
species as a predictor in addition to depth, for which depth
was only significant for megaherbivores, but these results
were more problematic because of correlations among some
fish species.)

The relationship between species richness and lake area
is commonly found both for zooplankton (Browne 1981,
Fryer 1985; Dodson 1991, 1992), fish (Eckman 1995), and
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many terrestrial island faunal groups (Connor and McCoy
1979). The slopes of the two regression lines in the present
study (0.057 al lakes and 0.098 in lakes with fish) were
close to those found by Dodson (1991, 1992): 0.054 for 32
European lakes and 0.094 for 64 North American lakes.
Most of these lakes probably had fish, so our fish lake re-
gression results are probably the more comparable, and the
slope is very similar to that of the North American lakes.
However, the variability in arctic lakes is considerably great-
er than that found by Dodson (1991, 1992). Dodson reported
rz = 0.33 for the European lakes and 0.57 for the North
American lakes. In comparison, we found r2 = 0.082 for all
lakes and 0.172 for lakes with fish. The main reason for our
lower r2 value is likely the range of the data. Dodson’s data
sets each spanned ~10 orders of magnitude in area, whereas
our data spanned only 3. For the same error variance, in-
creasing the range of the independent variable almost always
increases r2? (because it increases the variance due to the
regression). Another possible reason for our lower r? value
is the lower number of zooplankton species in our study (a
maximum of 7, compared with maxima of 22 in Dodson
1991 and 33 in Dodson 1992). The number of species must
be an integer, so, on species-area plots, points must lie on
horizontal lines. With a logarithmic species number scale,
these lines are farther apart with fewer species. Therefore,
there is more error variance because of the discreteness of
species number with our data than for those of Dobson. One
other possible factor is conductivity, which strongly affects
the presence of H. gibberum. In fact, the logarithm of con-
ductivity is a significant predictor of the residua of the spe-
cies-area regression, and including it with area raises r? to
0.31 for lakes with fish.

MacArthur and Wilson (1967) suggested that the species-
area curve could be explained by differences in immigration
and extinction on different-sized islands. We have few data
on extinctions but have demonstrated that colonization is
still possible, because not all lakes and ponds are inhabited
by all of the species that are possible. For example, in 1980
and 1992, H. septentrionalis was introduced into two ponds
in the same region that lacked this species, and they thrived
(O’Brien and Luecke 1988; O'Brien 2001), which indicates
that colonization can still occur in the lakes and ponds of
this region.

Zooplankton and lake chemistry—Some of the chemical
effects noted here have been observed in other lake regions.
It is well known that H. gibberum is a species that primarily
occurs in lakes of low akalinity and low calcium (Hamilton
1958; Hessen et al. 1995). Furthermore, other studies have
reported that diaptomid and leptodiatomid species tend to be
found in lakes with low productivity and phytoplankton bio-
mass (Keller and Pitblado 1984, 1989). However, Keller and
Pitelado (1989) found that the major distributional differ-
ences of zooplankton species in northern Ontario could not
be explained by variations in water quality conditions. Thus,
our results showing little effect of lake chemistry on the
distribution of zooplankton are consistent with those of oth-
ers.
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Zooplankton and presence of fish—The relationship be-
tween the presence or absence of zooplankton species and
fish is what might be expected given size-selective feeding
by fish (Brooks and Dodson 1965; O’ Brien et a. 1990; Wal-
ton et al. 1997). The very large bodied zooplankton (me-
gaherbivores and Chaoborus sp.) and the intermediate-sized
D. middendorffiana are less likely to occur with fish, where-
as the small-bodied species (D. longiremis and B. longiros-
tris) are more likely to occur with fish. The planktivorous
feeding of two of the species (Iake trout and grayling) have
been studied. Schmidt and O’'Brien (1982) found that adult
and juvenile grayling could locate large zooplankton prey
(2.5 mm) 20 times more readily than small zooplankton (1.0
mm), and the prey-locating ability of juvenile lake trout was
very comparable (Kettle and O'Brien 1978). The one inter-
mediate body-sized species that did not show a negative re-
lationship with fish was H. septentrionalis. Schmidt and
O'Brien (1982) found that this species could evade the suc-
tion attack of arctic grayling. At 15°C, adult grayling could
not capture H. septentrionalis.

Although the relationship between simple fish presence
and absence and zooplankton community structure was
straightforward, and, as expected, the same was not the case
for individual fish species. For example, we did not expect
slimy sculpin to have any effect on zooplankton. Yet there
was a positive relationship between the presence of sculpin
and both D. longiremis and B. longirostris, and a negative
relationship was seen between sculpin and the very large
bodied Chaoborus and megaherbivores. These are the rela-
tionships one would expect to find with a mgjor planktivo-
rous fish. Slimy sculpin are a benthic fish that lack an air
bladder and are thought to be obligate benthivores (Brandt
1986) and not to occur high up in the water column (Hoek-
stra and Janssen 1985). Hershey (1985) and Goyke and Her-
shey (1992) found that sculpin feeding is sufficient to control
chironomid densities. However, it may be that the juvenile
sculpin are pelagic and feed on zooplankton. We have aso
captured several sculpin in insect emergence traps positioned
several meters off the bottom of lakes. Likewise, the fact
that there is a positive relationship between the presence of
arctic char and the two small cladocerans, D. longiremis and
B. longirostris, but no such relationship for grayling, is cu-
rious. Grayling are thought to be the most highly plankti-
vorous of the six species of fish present in the Toolik region
(O’Brien et al. 1979), whereas char feed primarily on snails
(A.E.H. pers. abs.).

Fish communities had significant effects on H. septen-
trionalis, D. longiremis, and B. longirostris. However, no
particular fish community stood out as having a dramatic
effect on any zooplankton species, with the exception that
H. septentrionalis, which was less likely to be present in the
char and sculpin community. This result was again unex-
pected, because neither sculpin nor char are thought to be
very planktivorous.

Therefore, there is much evidence for the direct effects of
fish on large zooplankton and indirect effects on smaller zoo-
plankton. However, in some respects, the effect of fish is
less than might be expected given the results of Brooks and
Dodson (1965), who found that large zooplankton could not
coexist with a highly planktivorous fish. The comparison to
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Brooks and Dodson (1965) is complex. They dealt with ba-
sically two size classes of zooplankton: 0.2—1.0 mm (small)
and 0.6-1.8 mm (large), with one species, Leptodora (5.0
mm), comparable to the megafauna included in the present
study. With the introduction of alewives, al of the large
zooplankton were eliminated; the only species left was a0.9-
mm Cyclops. In the current study, the small zooplankton (B.
longirostris, D. longiremis, D. pribilofensis, and C. scutifer)
are larger (0.5-1.8 mm) than the small zooplankton in Crys-
tal Lake. Likewise, the large zooplankton species (H. gib-
berum, D. middendorffiana, and H. septentrionalis) are much
larger (0.5-3.5 mm) than those in Crystal Lake. With the
exception of Leptodora, there were no very large zooplank-
ton in Crystal Lake. Yet, even with this, the only nearly
absolute effect of fish was that the very large zooplankton
rarely exist with fish. After this, there were tendencies for
the small cladoceran species (D. longiremis and B. longi-
rostris) to occur with fish (possibly because of the elimi-
nation of their invertebrate predators by fish) and larger spe-
cies such as D. middendorffiana to occur with fish but with
reduced body size. An obvious explanation is that there are
no obligate planktivores in the fish fauna in this region. Arc-
tic grayling are known generalists that are able to thrive in
both lakes and streams and to forage on a wide variety of
prey, from drifting insects in streams to zooplankton and
emerging insects in lakes. In the subarctic, where there are
whitefish, which are obligate planktivores, the situation is
much more like that in Crystal Lake (O’ Brien 1975).

We found that the average body size of D. middendorffi-
ana was smaller in lakes with fish than in lakes without fish
(Fig. 4). The median size of the D. middendorffiana in lakes
with fish was still larger than the median size of zooplankton
found by Brooks and Dodson (1965) in the presence of ale-
wives. Two relatively large zooplankton, D. middendorffiana
and H. septentrionalis, frequently coexisted with fish, in-
cluding arctic grayling. However, grayling are not particu-
larly planktivorous as adults, as has been shown in diet stud-
ies (O'Brien et al. 1979; Merrick et al. 1992). Recent work
in a lake in the Toolik region has shown that the summer
diet of grayling is composed almost entirely of emerging
insects (W.J.O'B. pers. abs.). Furthermore, thereis agrowing
awareness that many fish derive far more energy from ben-
thic sources than has been previously thought (Zanden and
Vadeboncoeur 2002).

Zooplankton and region—The striking absence of D. pri-
bilofensis in some of the cluster of lakes to the northwest of
Galbraith Lake could be an artifact of the sampling dates,
because all the lakes in which this species was absent were
sampled during late June (1999). We now have direct evi-
dence that D. pribilofensis does not appear in Toolik Lake
until early July (Johnson pers. comm.). If these regional
lakes are similar, then D. pribilofensis could well be present
in these lakes, just not in June. The other species that showed
a strong regiona distribution pattern was H. gibberum,
which was absent from the lakes near Itigaknit Lake. The
surface, and presumably the lakes themselves, are quite
young, being deposited during the Itkillik Il phase, from
25,000 to 11,500 yr BP (Hamilton 1982). Young landscapes
would be expected to have large amounts of solutes, yielding
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lakes of high conductivity, which is known to inhibit H.
gibberum. Another species, D. longiremis, was low in oc-
currence in this same region, whereas H. septentrionalis was
more common in the region.

Thus, amagjor finding of the present study was the striking
positive relationship between occupancy and density of zoo-
plankton. Two species, D. pribilofensis and C. scutifer, were
virtually in every lake and are quite dense, whereas the very
large-bodied species were much less dense and occurred
only in lakes without fish. The remaining species were in-
termediate in size, but their distribution across the landscape
was complex. Some of these species are responding to lake
chemistry like H. gibberum or tend to occur together, like
D. longiremis and B. longirostris. Another major finding was
the lack of major effect of any factors other than lake depth
and area on species richness (although fish community had
some effect). Dodson (1992) found that species richness sig-
nificantly increased with increasing primary productivity. In
the present study, there was no effect of Chl a on species
richness. Finally, as discussed above, was the finding of the
relatively low effect of fish species on zooplankton distri-
bution. However, the major unusual finding was the effect
of arctic char and especially sculpin on zooplankton distri-
bution, which was completely unexpected. Even with the
relatively low diversity in these arctic lakes, more research
is needed to clarify the interactions between fishes and zoo-
plankton.
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