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Abstract

Recent studies document diel horizontal migration by large zooplankton in eutrophic shallow lakes. Risk of preda-
tion from planktivorous fishes could induce such behaviour. We studied diel horizontal distribution of cladocerans
in 31 mainly shallow oligotrophic and mesotrophic New Zealand (NZ) and North American (NA) temperate lakes.
In terms of weight, fish catch per net (CPUEw) in multiple mesh-sized gill nets was similar in the two sets of lakes,
while CPUE by number (CPUEn) was overall higher in the NA lakes. Unlike previous results from eutrophic,
temperate lakes, we found no significant diel variations in density in the pelagic and littoral zones, suggesting
no diel horizontal migration of zooplankton. In the NZ lakes,DaphniaandCeriodaphniawere evenly distributed
between the littoral zone and the pelagial, while in the NA lakesDaphniawere more abundant in the pelagial
andCeriodaphniain the littoral zone. In the oligotrophic fishless NZ lakes, largeDaphnia carinatadominated,
whereas the smallerCeriodaphnia dubiadominated in lakes with high CPUE’s. In both the NZ and the NA lakes,
Daphniashowed no clear correlation to fish CPUEn. However, in the NA lakes,Daphniaoccurred at fish CPUEn
values at which they were eliminated in the NZ lakes, which may be related to differences in water transparency,
reflecting a higher chlorophylla and humic content in the NA lakes.

Introduction

Zooplankton, especially cladocerans such asDaphnia
andCeriodaphnia, play an important role in shallow
lakes as they reduce algal abundance via filtration and
constitute an important food source to both plankti-
vorous fish and omnivorous and piscivorous fish fry
(Wetzel, 1983). Large-bodied zooplankton, such as
Daphniaspp., are extremely vulnerable to predation
by fish (Brooks & Dodson, 1965). High densities of
planktivorous fish imply a significant reduction in the
abundance of large-sized zooplankton species which
may contribute to the shift from a clearwater to a
turbid state (Scheffer et al., 1993). To avoid predat-
ors, large-bodied zooplankton seek refuge during the
day when they are particularly vulnerable to visually
foraging predators. In deep stratified lakes, zooplank-
ton seek daytime refuge in the cold darker waters of
the metalimnion-hypolimnion (Gliwicz, 1986; Dini &

Carpenter, 1988; Lampert, 1993). In shallow lakes
with less severe gradients in light and temperature,
vertical migration cannot be exploited to the same ex-
tent as in deep lakes. Instead, daytime aggregation
of pelagic zooplankton in structured areas may occur
(Kairesalo, 1980; Timms & Moss, 1984; Lauridsen &
Buenk, 1996; Stansfield et al., 1997). Such areas with
high structural complexity, e.g. macrophytes within
a littoral zone, may serve as refuge for zooplank-
ton against their predators (Timms & Moss, 1984;
Lauridsen & Lodge, 1996).

Daytime aggregation in or near macrophytes, diel
horizontal migration (DHM), was initially suggested
by Timms & Moss (1984). Today several studies con-
firm the existence of DHM (Davies, 1985; DeStasio,
1993). In Denmark, this phenomenon is documented
by studies in eutrophic lakes (Lauridsen & Buenk,
1996; Lauridsen et al., 1996; Jeppesen et al., 1997a).
However, these eutrophic lakes have high densities of
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planktivorous fish and, consequently, a high predation
pressure on zooplankton. Recent studies show a more
even horizontal distribution during the day in oligo-
and mesotrophic systems than in eutrophic lakes (Vis-
man et al., 1994; Smiley & Tessier, 1998), but little is
known about night-time distribution and DHM.

In deep lakes, diel vertical migration (DVM) is
reduced when fish are removed (Dini & Carpenter,
1988; DeStasio, 1993). Thus, assuming the advant-
age of DVM and DHM is the same, i.e. avoidance
of predators, we predict that DHM in shallow lakes
increases with increasing abundance of zooplank-
tivorous fish. Therefore, we studied the horizontal
distribution and DHM of daphnids and ceriodaphnids
in oligo-mesotrophic shallow lakes with contrasting
fish densities. The two genera were selected because
they are key grazers in the pelagial (daphnids) and
macrophyte-coveredareas (ceriodaphnids) (Dodson &
Hanazato, 1995; Perrow et al., in press) in both sets
of lakes. The two sets of lakes differed in that the
NZ lakes were dominated by few large fish, while the
NA lakes were dominated by large numbers of smaller
fish. In addition, the NA lakes were less clear than the
NZ lakes.

Study areas

We surveyed 16 New Zealand (NZ) and 15 North
American (NA) temperate lakes. The NZ lakes were
situated on the South Island in the Canterbury and the
Otago region, and the NA lakes in the Ottawa National
Forest, in the upper peninsula of Michigan. With a few
New Zealand exceptions, we focused on shallow (un-
stratified) oligo- mesotrophic lakes with a size range
of 0.2–615 ha (Table 1).

Materials and methods

The lake sampling was conducted in late summer,
January/February in New Zealand and August in the
NA lakes, when fish predation was expected to be at
the seasonal maximum (Jeppesen et al., 1997b). We
sampled fish by conducting overnight catches using
multiple mesh-sized gill nets. Each net was 42 m long
and 1.5 m deep and consisted of 14 different mesh
sizes ranging from 6.25 mm to 75 mm, randomly dis-
tributed in 3 m sections. We suspended the nets at
mid-depth. In the NZ lakes, 6 nets were set in 10 of
the 16 lakes and only 2–5 nets in six lakes because

of their smaller size. Half of the nets were set in the
littoral, 20–30 m from the shore and parallel to it, and
the rest were set mid-lake. In the NA lakes, only 3 nets
were used, and they were all suspended mid-lake. For
each section in each net, we weighed and measured a
representative sample of at least 10 of each species; in
addition, all fish were counted per section and the total
catch per net was weighed.

In five NA lakes containing game fish according
to the Michigan Department of Natural Resources
(MDNR) (Perch, Harding, Bobcat, Holly and Crystal
Lakes), regulations prevented us from using gill nets.
Instead, we used fyke nets (1.6 m wide, 1 m deep,
20 mm mesh with a 15–20 m long lead) in Perch Lake
and Harding Lake and obtained fyke net data from
MDNR on Bobcat, Holly and Crystal Lake.

We sampled zooplankton at 3 and 5 (NA and
NZ lakes, respectively) stations in both the littoral
zone and the pelagial (defined as the central parts of
the lakes irrespective of whether macrophytes were
present or not). Daytime sampling took place between
noon and 4 p.m. and night-time sampling between
11 p.m. and 2 a.m. The littoral samples were taken
at 20% of maximum depth or maximum 1 m depth
with a transparent tube sampler (1.5 m long, diameter
75 mm). When submerged macrophytes occurred, we
collected water near the plant bed edge. In the pela-
gial, we took depth-integrated samples (2–5 samples
depending on depth) using a Patalas sampler. From
each of the 6–10 stations, a sample consisted of 3–5
pooled subsamples to account for patchiness. Of this
pooled sample we filtered a 6–15 l sub-sample on a 20
or 50µm filter (NZ and NA lakes, respectively) which
was then fixed with Lugol’s solution. Zooplankton
were counted and keyed to genus/species at 40–100×
magnification.

We visually estimated macrophyte coverage (per-
centage of bottom covered by macrophytes) using a
water glass. If this was not possible (a few pelagial
stations in deeper lakes), macrophytes were registered
as being present or absent after sampling with a plant
rake.

From the pelagial mid-station, we collected water
for total phosphorus (0.25 l unfiltered) and chlorophyll
a (1 l). Lake water total phosphorus (TP) was determ-
ined as molybdate reactive phosphorus (Murphy & Ri-
ley, 1962) following persulphate digestion (Koroleff,
1970). In NZ, chlorophylla was filtered on GF/C fil-
ters and determined spectrophotometrically after etha-
nol extraction (Jespersen & Christoffersen, 1987). In
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Table 1. Morphometric data, total phosphorus and chlorophylla, and littoral (Litt) and pelagic (Pel) macrophyte coverage at the
sampled stations in the 16 New Zealand (NZ) and 15 North American (NA) lakes. If macrophytes could not be estimated visually,
they were registered as present (+) or absent (−). Lakes are in order of increasing CPUEs by numbers

Lake name Max. depth at Area Total-P Chla Litt. macrophyte Pel. macrophyte

pel. sampling (ha) (µg P l−1) (µg l−1) coverage (%) coverage (%)

stations (m)

NZ lakes

Kelland Pond 4.0 4 16.5 1.4 0 20

Swan Lagoon 2.3 25 42 4.2 10 +

All Day Bay 0.7 10 603 5.6 80 100

Grey Duck Pond 1.9 3 41 1.7 68 +

Howden 3.0 30 14.8 1.2 82 +

Sarah 7.1 20 6.3 1.6 100 +

Henrietta 2.5 4 12.8 5.5 20 100

Evelyn 3.0 15 7.5 1.8 100 100

Middleton 4.5 20 10.4 5.8 0 +

Horseshoe 1.6 3 15.9 2.5 94 5

Red Lagoon 1.2 15 15.0 4.0 58 18

Butchers Dam 9.0 20 52 100 −
Emma 1.6 155 15.4 1.6 82 70

Roundabout 2.5 13 63 8.4 92 100

Waihola 1.9 615 60 7.7 0 +

Tomahawk L. 2 1.1 10 85 10.1 0 0

NA lakes

Brown 3.5 25.5 12 11.5 67 −
Bobcat 3 30 17 14 97 −
Holly 3.5 15 16 10.2 77 −
Crystal 2.7 6 8 8.1 90 37

Harding 3.75 18 15 53 57 −
Foxpaw 5.5 5 12 2.7 100 −
Perch 1.5 33 5 4.7 63 −
Ridge 2.5 5 5 9.4 33 −
Mullahy 2 0.5 4 4.1 52 +

Heart 1.1 80 8.6 12.3 83 −
Orchid 3 9 24 13.1 100 +

Trout Pond 0.75 0.2 17 23.8 50 24

Houser 1.5 16 23 7.1 100 −
Sucker 2 190 18 22.7 90 +

Lower Holmes 0.9 24 11.4 6.3 100 100

NA, chlorophylla was filtered on GF/C filters and de-
termined using fluorometry after methanol extraction.

Results

The lakes studied were generally shallow with a max-
imum depth ranging from 0.7 m to 9 m and covered
a fish gradient of 6–309# net−1 (CPUEn – catch per

unit effort by number) in the NA lakes and of 0–140#
net−1 in the NZ lakes. TP ranged from 4 to 603µg
P l−1 (median=16µg P l−1) in the NZ lakes and 4–
24 µg P l−1 (median 12µg P l−1) in the NA lakes
(Table 1). In the NZ lakes, chlorophylla ranged from
1.2 to 10.1µg l−1 (median=4.0µg l−1), while chloro-
phyll a was significantly higher (t-test, p=0.002) in
the NA lakes, ranging between 2.7 and 23.8µg l−1

(median=9.4µg l−1).
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Figure 1. Fish CPUE by numbers (top) and by biomass (bottom) vs.
total phosphorus (TP) for the New Zealand (♦) and North American
(�) lakes.

Macrophytes

In the NZ lakes, macrophytes occurred in the littoral
and pelagic zones of 12 and 14 of the 16 lakes, re-
spectively. In the littoral zone, macrophyte coverage
ranged from 20 to 100% and from 5 to 100% in the
pelagic zone. In the NA lakes, macrophytes occurred
in the littoral zones of all lakes and coverage ranged
from 50 to 100%. In the pelagial, however, we found
only macrophytes in 6 of the 15 lakes, with coverage
ranging from 24 to 100%.

Fish

The fish composition in both the NZ and NA lakes
ranged widely. In the NZ lakes, we found 9 species
(Table 2). Brown trout (Salmo trutta), or in a few lakes
rainbow trout (Oncorhyncus mykiss), occurred in all
eleven lakes with fish. Brown trout were most abund-
ant, ranging between 0.2 and 7.3# net−1. Perch (Perca
fluviatilis) were found in 5 lakes and were abundant in
all the 5 lakes; 12–72# net−1. Native species consisted
of common bully (Gobiomorphus cotidianus), upland
bully (Phylypnodon breviceps) and koara (Galaxias
brevipinnis), between 0.1 and 70# net−1. Total CPUE

in the NZ lakes ranged from 0 to 140# net−1 (Fig-
ure 1) (median CPUE=6). By weight, brown trout and
perch dominated the catches. CPUEw ranged from 0
to 8.5 kg net−1. There was no significant difference in
fish CPUE between the littoral and the pelagic zones
(pairedt-test,p=0.51).

In the NA lakes, we found 17 fish species (Table 2),
with common shiner (Notropis cornutus) as the most
commonly occurring species (0.5–77# net−1 in 12
lakes). The species found in highest densities included
shiners, dace, bullheads and yellow perch (Table 2).
Total CPUEn in the NA lakes ranged from 6 in
Brown Lake to 309# net−1 in Lower Holmes (median
CPUEn=139) and by weight from 0.4 in Ridge Lake to
11.3 kg net−1 in Sucker Lake (Figure 1). Fyke net data
for the five game fish lakes ranged from 15 in Bobcat
Lake to 123# net−1 in Perch Lake and by weight from
1.5 kg net−1 in Crystal Lake to 5.3 kg net−1 in Bobcat
Lake.

In order to compare fyke net data with gill net
data, we used both measures in Brown Lake (game
fish lake), Heart Lake (no game fish) and Orchid Lake
(no game fish). However, we did not find any rela-
tionship between the catches by the two methods. For
the three lakes, gill net data were 6, 198 and 199 (#
net−1), respectively, and fyke net data 78, 69 and 330,
respectively. We found that fyke net data from the
game fish lakes (Holly, Crystal, Bobcat and Harding)
were a factor 2–10 lower than the corresponding data
from the other lakes (Brown, Heart and Orchid Lakes).
We therefore assume that fish density was low in these
game fish lakes.

Zooplankton

In the NZ lakes, we found only one species ofDaphnia
(Daphnia carinata) and one species ofCeriodaphnia
(Ceriodaphnia dubia). D. carinataoccurred in 5 lakes
(Figure 2) of which 4 had few or no fish. The fifth
lake was Tomahawk Lagoon – the one with highest
CPUEn. In the five lakes, littoral daytime density of
Daphniaranged between 2 and 7# l−1. At night, the
density increased up to three-fold, albeit there was no
statistical difference between day and night-time dens-
ities (t-test,p >0.05). In the pelagial, both night-time
and daytime densities in the five lakes ranged between
1 and 35# l−1, and we did not find any significant
diel differences. In Swan Lagoon and Grey Duck La-
goon, significantly more daphnids were found in the
pelagial than in the littoral zone during day (t-test,
p=0.0023 andp <0.0001). However, in the other three
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Table 2. Fish species caught in 16 New Zealand (NZ) and 15 North American (NA) lakes. Catch net−1 and no. of lakes in which
the species was caught

Name Latin name No. net−1 (range) No. of lakes

NZ-lakes

Brown trout Salmo trutta 0.2–7.3 11

Common bully Gobiomorphus cotidianus >

Upland bully Phylypnodon breviceps 0.1–70 9

Rainbow trout Oncorhyncus mykiss 0.3–16 5

Perch Perca fluviatilis 12–72 5

Koaro Galaxias brevipinnis 0.8–3.5 2

Smelt Retropinna retropinna 0–1 1

Black flounder Rhombosolea retioria 0–6 1

Yellow eyed mullet Aldrichetta fosteri 0–2 1

NA-lakes

Common shiner Notropis cornutus 0.5–77 12

Black bullhead Ictalurus melas 0.2–117 9

Yellow perch Perca flavescens 2–153 9

Golden shiner Notemigonus crysoleucas 0.3–93 8

Pumpkinseed Lepomis gibbosus 0.3–15 8

Blackline dace Notropis heterolepis 0.5–69 7

Common white sucker Catostomus commersoni 0.5–16 7

Mudminnow Umbra limi 0.5–88 6

Northern pike Esox lucius 0.3–3 6

Redbelly dace Phoxinus eos 5–94 5

Black crappie Pomoxis nigromaculatus 1–14 4

Bluegill Lepomis macrochirus 1–18 4

Finescale dace Phoxinus neogaeus 10–72 4

Largemouth bass Micropterus salmoides 0.5–4 4

Brassy minnow Hybognathus hankinsoni 0.5–4 3

Fivespined stickleback Culaea inconstans 1.5-017 3

Walleye Stizostedion vitreum 0.3 1

Rock bass Ambloplites rupestris 1–2.8 2

lakes with daphnids we found no statistically signific-
ant difference between the littoral and pelagic zones.
Based on data from all lakes, there was no difference
in Daphniadensity between the pelagial and the lit-
toral zone either during day or at night (pairedt-test,
p=0.11 andp=0.07). Neither in the littoral zone nor
in the pelagial were any day/night differences found
(Figure 2).

C. dubiaoccurred in 11 NZ lakes. In the littoral,
C. dubiadaytime density ranged between 3 and 160#
l−1 and 5 and 50 at night (Figure 2). Only in Lake
Evelyn did we see a significant reduction in density
in the littoral zone from day to night (p=0.015) and
thus evidence for DHM. In the pelagial, the dens-
ity ranged between 3 and 150# l−1. No significant

differences between day and night were found, ex-
cepting Lake Middleton where night-time densities
were higher (p=0.011). Lake Henrietta was the only
lake with significantly higher densities (day as well as
night) in the pelagial than in the littoral zone (p=0.021
andp=0.0022, respectively). In the other lakes, no stat-
istically significant difference in distribution between
zones occurred either during night or day (Figure 2).
On the full data set, we found no difference inCeri-
odaphniadensity between the pelagial and the littoral
zone during day (pairedt-test, p=0.76), but at night
moreCeriodaphniawere found in the pelagial (paired
t-test,p=0.05).

In the NA lakes, we found seven species ofDaph-
nia (D. mendotae, D. retrocurva, D. parvula, D.
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Figure 2. Day (open column) and night (dark column) densities±1 SD in New Zealand lakes ofDaphnia carinata(left panel) andCeriodaphnia
dubia(right panel) in both littoral (top figure) and pelagic (bottom figure) zones. The lakes are sorted according to increasing CPUE by number.
∗indicates significant statistical difference atp <0.05.

pulicaria, D. laevis, D. dubiaandD. dentifera), which
were pooled for analysis, and two species ofCerio-
daphnia (C. pulchella and C. sp.) that were also
pooled. Daphnia occurred in 8 lakes with density
in the littoral zone ranging between<1 and 6# l−1.
In the pelagial, density ranged from<1 to 41# l−1

(Figure 3). Except for the pelagic stations in Brown
Lake (p=0.014) and Heart Lake (p=0.0083), no sig-
nificant differences between day and night densities
emerged; in these two lakes, moreDaphniaoccurred
at night. Based on data from all lakes, density ofDaph-
nia was significantly higher in the pelagial than in
the littoral zone both during day and at night (paired
t-test, p=0.014 andp=0.011, respectively), whereas
no significant difference was found between day and
night.

We foundCeriodaphniain 14 of the 15 lakes. The
density ranged, however, from<1 to 30# l−1 in the
littoral zone during day and up to 44# l−1 at night. In
the pelagial, daytime density ranged from<1 to 14#
l−1 and at night up to 47# l−1 (Figure 3). In 12 of the
14 lakes, we found no difference in density between

day and night, for either the littoral or the pelagic zone.
However, in Trout Pond and Houser Lake there were
significantly higher densities during day than at night
at the littoral stations (t-test,p=0.0013 and 0.004, re-
spectively). Data from all lakes showed a significantly
higher density ofCeriodaphniain the littoral zone
than in the pelagial during day (p=0.047, pairedt-test),
but not at night, whereas there was no overall differ-
ence in densities between day and night either in the
littoral or the pelagic zones (Figure 3).

In order to test if daphnids and ceriodaphnids in
the littoral zone or the pelagial correlated with fish
CPUEn, we performed regression analysis on log-
transformed data. For the NZ lakes, we found a
significant negative correlation betweenDaphniaand
CPUEn in the littoral zone during day (Table 3). In
the pelagial at night, there was a tendency to a neg-
ative correlation (Table 3). ForCeriodaphniathere
was no significant correlation. Because of difficulties
in comparing gill net and fyke net data, we restricted
our analysis to only gill net data in the NA lakes (10
lakes). We found a weak, but not significant, negat-
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Figure 3. Day (open column) and night (dark column) densities±1 SD in North American lakes ofDaphniaspp. (left panel) andCeriodaphnia
spp. (right panel) in both littoral (top figure) and pelagic (bottom figure) zones. The lakes are sorted according to increasing CPUE by number.
Lakes at the right and left side of the vertical dashed line are lakes where fyke nets and gill nets, respectively, were used.∗ indicates significant
statistical difference atp <0.05.

Table 3. Relationships betweenDaphnia(daph) density in terms of numbers l−1 by day and night in the littoral (litt) and pelagic
(pel) versus catch per unit effort of all fish in multiple mesh-sized gill nets in terms of numbers net−1 (CPUE).N=16 in NZ lakes,
n=10 in NA-lakes

Intercept P r2

NZ-lakes

log10 (daph+1)litt 0.69±0.21 −0.46±0.19 log10 (CPUE+1) 0.03 0.29

NZ-lakes night

log10 (daph+1)pel 1.01±0.37 −0.55±0.33 log10 (CPUE+1) 0.12 0.16

NA-lakes day

log10 (daph+1)litt 1.18±0.48 −0.46±0.21 log10 (CPUE+1) 0.062 0.34

NA-lakes night

log10 (daph+1)litt 0.99±0.48 −0.39±0.22 log10 (CPUE+1) 0.112 0.26

log10 (daph+1)pel 2.93±1.38 −0.99±0.62 log10 (CPUE+1) 0.15 0.24

ive correlation betweenDaphniaand CPUEn for the
littoral zone during day and for the littoral and pela-
gic zone at night (Table 3). There was no correlation

betweenCeriodaphniaand CPUEn. We did multiple
regressions including also littoral macrophytes, but the
contribution from macrophytes was not significant in
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either the NZ or the NA lakes (p >0.25 andp >0.2,
respectively).

Discussion

Great differences in fish CPUE by numbers existed
between NZ and NA lakes despite similar total phos-
phorus levels. Fish CPUEn in NA lakes was generally
higher than in NZ lakes. Also, when compared with
Danish lakes of similar nutrient concentrations, NA
lakes showed much higher fish CPUE’s. To find cor-
responding fish densities in Danish lakes, a TP level of
100–200µg P l−1 is required (Jeppesen et al., 1997a).
The reason for the major differences in CPUEn in the
lakes reflects that the fish community in the NA lakes
included a number of small species, large predatory
fish occurred only in few of the investigated NA lakes.
These few lakes were characterized by relatively low
total fish CPUEn’s. In contrast, the fish in the NZ lakes
were dominated by the large species: brown trout,
rainbow trout and perch. Hence, there were no differ-
ences in CPUE by weight between NZ and NA lakes
(Figure 1).

Distribution of zooplankton in NZ and NA lakes
did not exhibit diel variation despite a large fish
CPUEn gradient. In the NZ lakes, we found bothD.
carinataandC. dubiaevenly distributed between the
littoral and the pelagial, and daphnids mostly confined
to lakes with no or very few fish. Daphnids only rarely
occurred at fish CPUEn>2# net−1, while ceriodaph-
nids were found at intermediate fish CPUE’s, con-
sistent with the hypothesis that fish are size-selective
in their choice of prey (Brooks & Dodson, 1965).
Moreover, no clear relations between daphnids or ceri-
odaphnidsversusfish CPUE existed for the NZ lakes.
Nevertheless, in Jeppesen et al. (submitted) evidence
is given for an impact of fish combined with nutri-
ents on zooplankton in these NZ lakes. However, as
we observed no general differences between day and
night in daphnid and ceriodaphnid densities in the lit-
toral or the pelagic zones, there is no evidence for diel
horizontal migration (DHM).

In the NA lakes, data showed a very weak negat-
ive correlation between daphnids and CPUEn. How-
ever, contrary to our expectations, we did not find
DHM even in the lakes with high CPUEn’s. In addi-
tion, daphnids showed ‘shore avoidance’ (Hutchinson,
1967) by aggregating in the pelagial both during day
and night. This is in contrast to what is found in Danish
shallow, eutrophic lakes with high fish CPUE (Laurid-

sen & Buenk, 1996; Lauridsen et al., 1996; Jeppesen
et al., 1997a) where large cladocerans concentrate in
or near dense macrophyte beds during day and migrate
to the pelagial at night. In contrast to daphnids, cerio-
daphnids were found in higher densities in the littoral
zone than in the pelagial during day, consistent with
the expectation thatCeriodaphniais a littoral-related
species. However, at nightCeriodaphniawere found
evenly distributed between the littoral zone and the
pelagial, indicating that they were not highly restricted
to the macrophyte-dominated nearshore area.

Potentially, several mechanisms may be respons-
ible for the observation of ‘shore avoidance’ ofDaph-
nia in the NA lakes at the generally high CPUE and
the high macrophyte coverage in the littoral zone.
Firstly, macrophyte chemicals repel daphnids (Hasler
& Jones, 1949; Pennak, 1973; Lauridsen & Lodge,
1996), an effect that may, however, be counteracted by
a high abundance of fish outside the plant beds (Lau-
ridsen & Lodge, 1996). It is, however, unlikely that
the repellent effect is greater than in the Danish lakes
where DHM occurs. Secondly, macrophytes serve
as habitat for invertebrate predators (Paterson, 1994;
Kornijow & Kairesalo, 1994; Arner et al., 1998) that
constitute a predation risk to large-bodied zooplank-
ton, and this may induce aggregation of daphnids
in open water. Invertebrate predators were sampled
in the NA lakes as part of an ongoing comparison
of invertebrate predator densities in North American
and Danish lakes. Preliminary results show higher
densities in the NA lakes compared to Danish lakes
(R. Burks, unpubl. data). Thirdly, several of the fish
species caught in the NA lakes are not strictly zo-
oplanktivorous, but also prey on macroinvertebrates,
phytoplankton, filamentous algae and higher plants
(Becker, 1983). For instance bluegill, pumpkinseed
and yellow perch forage in the littoral and macrophyte-
covered areas (Dewey et al., 1997; Weaver et al.,
1997) and also planktivorous species, such as dace,
often reside in vegetated areas (Weaver et al., 1997;
Gauthier & Boisclair, 1997). Consequently, the fish
are not restricted to open water, but are found in
macrophyte-covered areas as well. Here they consti-
tute a predation risk to large-sized zooplankton and
this may lead to ‘shore avoidance’ (Boikova, 1986).
Fourthly, young-of-the-year (YOY) fish may be con-
centrated in macrophyte-covered areas either on a
seasonal (Whiteside, 1988; Hall & Rudstam, 1999)
or a diel basis (Gauthier & Boisclair, 1997). Any of
these mechanisms or combinations thereof could be
responsible for the distributions ofDaphniaandCeri-
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odaphniathat we found. However, we are currently
unable to evaluate these hypotheses.

When compared with the NA lakes, the lack of
shore avoidance amongDaphniain NZ lakes is strik-
ing. However, a major difference between the two
sets of lakes is the substantially higher number of fish
species in the NA lakes of which several are littoral
foragers that may induce shore avoidance. In the NZ
lakes, the fish were evenly distributed among the two
habitats, which may explain the more even distribu-
tion of Daphniaobserved in NZ lakes. Another major
difference between the two sets of lakes is water clar-
ity. The NA lakes had higher chlorophylla (Table 1)
and many were also coloured by humic substances
(range of 3–22 mg l−1 DOC, unpubl. data), while
most of the NZ lakes were clear with Secchi depths
reaching the lake bottom. In accordance with experi-
ences from northern Swedish lakes (Nilsson & Peijler,
1973), differences in transparency may help explain
both why daphnids occurred at higher fish densities in
the oligotrophic/mesotrophic NA lakes and why they
were abundant in the open water in those lakes. In
addition, daphnids in the NA lakes were transparent
where daphnids in the NZ highland lakes were highly
pigmented, which also enhances the predation risk in
these clear water lakes (Sægrov et al., 1996).

Our results, which showed either no diel migra-
tion of DaphniaandCeriodaphniabetween the littoral
and the pelagial or ‘shore avoidance’ byDaphnia(but
never pelagial avoidance) in a number of oligo- and
mesotrophic lakes, are in accordance with other ob-
servations from NA shallow lakes (Smiley & Tessier,
1998). They contrast, however, observations from eu-
trophic lakes in Northern Europe, which show major
daytime aggregation in the littoral zone. The results
are in accordance with a tentative model developed
by Jeppesen et al. (1998), who argued that submerged
macrophytes may be a less efficient refuge in the lit-
toral zone in oligo- and mesotrophic lakes because the
macrophyte beds in these lakes are often less dense
compared to eutrophic lakes. Although in several of
the investigated lakes, macrophyte coverage was high,
macrophyte density in the water column (PVI, accord-
ing to Canfield et al., 1984) was not particularly high
because the macrophyte communities typically con-
sisted of small species such as characeans,Najasand
Potamogeton pusillus, with few taller macrophytes
growing in-between. Density seems to be a critical
factor for the efficiency of the beds as a zooplankton
refuge (Jeppesen et al., 1997a; Stansfield et al., 1997).
In addition, the proportion of piscivores is higher in

mesotrophic lakes than in eutrophic lakes, which may
enhance migration of young planktivorous fish into the
vegetation, thereby increasing the predation on hiding
zooplankton (Jeppesen et al., 1998).

The results of this study showed no DHM in shal-
low oligo-mesotrophic lakes, which contrasts with
results from shallow eutrophic lakes. We encourage
further studies of this issue to elucidate, in particular,
how the role of invertebrate predators, the importance
of plant bed density and composition, and the effects
of the interactions among macrophytes, planktivorous
and piscivorous fish change along a nutrient gradient.

Acknowledgements

We would like to thank the Department of Plant and
Microbial Science, Canterbury University, and the
University of Notre Dame for the use of the Cass
Field Station and University of Notre Dame Environ-
mental Research Center (UNDERC), Jane Stougaard-
Pedersen, Natasha P. J. Grainger and Mike Bombich
for technical assistance in the field, Dave Mandrella
of the Ottawa National Forest and Sean Dunlap from
University of Notre Dame with lake selection in
NA, Dell Siler of the MDNR for fish data, Scott
Bridgham for total P analysis (NA lakes) and Anne
Mette Poulsen and Kathe Møgelvang for manuscript
assistance and layout. This work was supported by
The Danish Natural Science Research Council to TLL
(no. 9501315) and EJ (no. 9501276 and 9601711),
The Carlsberg Foundation to TLL (no. 960056/20) and
NSF-DEB 91-07569 to DML.

References

Arner, M., S. Koivisto, J. Norberg & N. Kautsky, 1998. Trophic
interactions in rockpool foodwebs: regulation of zooplankton
and phytoplankton byNotonectaandDaphnia. Freshw. Biol. 39:
79–90.

Becker, G. C., 1983. Fishes of Wisconsin. The University of
Wisconsin Press, Madison.

Boikova, O. S., 1986. Horizontal distribution of crustaceans in Lake
Glubokoe. Hydrobiologia 141: 113–123.

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

Canfield, D. E. Jr., J. V. Shireman, D. E. Colle, W. T. Haller, C.
E. Watkins & M. J. Maceina, 1984. Prediction of chlorophyll in
Florida lakes: importance of aquatic macrophytes. Can. J. Fish.
aquat. Sci. 41: 497–501.

Davies, J., 1985. Evidence for diurnal horizontal migration in
Daphnia hyalinalacustris Sars. Hydrobiologia 120: 103–105.

DeStasio B. T., Jr., 1993. Diel vertical and horizontal migration by
zooplankton: population budgets and the diurnal deficit. Bull.
mar. Sci. 53: 44–64.



250

Dewey, M. R., W. B. Richardson & S. J. Zigler, 1997. Patterns
of foraging and distribution of Bluegill sunfish in a Mississippi
River backwater – influence of macrophytes and predation. Ecol.
Freshwat. Fish. 6: 8–15.

Dini, M. L. & S. R. Carpenter, 1988. Variability inDaphniabeha-
viour following fish community manipulations. J. Plankton Res.
10: 621–635.

Dodson, S. I. & T. Hanazato, 1995. Commentary on effects of
anthropogenic and natural organic chemicals on development,
swimming behavior and reproduction ofDaphnia, a key member
of aquatic ecosystems. ‘Envir. Health Perspect.’ Report number:
NIH 95-218, 103, Suppl. 4: 7–11.

Gauthier, S. & D. Boisclair, 1997. The energetic implications of diel
onshore-offshore migration by dace (Phoxinus eos×P. neogaeus)
in a small oligotrophic lake. Can. J. Fish. aquat. Sci. 54: 1996–
2006.

Gliwicz, M. Z., 1986. Predation and evolution of vertical migration
in zooplankton. Nature 320: 746–748.

Hall, S.R. & L.G. Rudstam, 1999. Habitat use and recruitment: a
comparison of long-term recruitment patterns among fish spe-
cies in a shallow eutrophic lake, Oneida Lake, NY, U.S.A.
Hydrobiologia 408/409: 101–113

Hasler, A. & F. Jones, 1949. Demonstration of the antagonistic ac-
tion of large aquatic plants on algae and rotifers. Ecology 30:
359–364.

Hutchinson, G. E., 1967. A treatise on limnology. II. Introduction
to lake biology and the limnoplankton. New York, John Wiley &
Sons, Inc: 1115 pp.

Jeppesen, E., T. L. Lauridsen, T. Kairesalo & M. R. Perrow,
1998. Impact of submerged macrophytes on fish-zooplankton
interactions in lakes. In Jeppesen, E., Søndergaard, Ma., Sønder-
gaard, Mo. & Christoffersen, K. (eds), The Structuring Role of
Submerged Macrophytes in Lakes. Springer. Ecol. Stud: 131:
91–114.

Jeppesen, E., J. P. Jensen, M. Søndergaard, T. Lauridsen, L. J.
Pedersen & L. Jensen, 1997a. Top-down control in freshwater
lakes, the role of nutrient state, submerged macrophytes and
water depth. Hydrobiologia 342/343: 151–164.

Jeppesen E., T. L. Lauridsen, S. F. Mitchell & C. Burns, 1997b. Do
planktivorous fish structure the zooplankton communities in New
Zealand lakes? New Zealand J. mar. Freshwat. Res. 31: 163–173.

Jeppesen E., T. L. Lauridsen, S. F. Mitchell, K. Christoffersen & C.
Burns, submitted. Trophic structure in the pelagial of 25 shallow
NZ lakes: changes along a nutrient and fish gradient.

Jespersen, A.-M. & K. Christoffersen, 1987. Measurements of
chlorophyll a from phytoplankton using ethanol extraction
solvent. Arch. Hydrobiol. 109: 445–454.

Kairesalo, T., 1980. Diurnal fluctuations within a littoral plank-
ton community in oligotrophic Lake Paajarvi, southern Finland.
Freshwat. Biol: 533–537.

Kornijow, R. & T. Kairesalo, 1994.Elodea canadensissustains rich
environment for macroinvertebrates. Verh. Int. Ver. Limnol. 25:
2270–2275.

Koroleff, F., 1970. Determination of total phosphorous in natural
water by means of the persulphate oxidation. Cons Int Explor
Mer, Interlaboratory Report 3.

Lampert, W., 1993. Ultimate causes of diel vertical migration of
zooplankton: New evidence for the predator-avoidance hypo-
thesis. Arch. Hydrobiol. Beih. 39: 79–88.

Lauridsen, T. & I. Buenk, 1996: Diel changes in the horizontal
distribution of zooplankton in the littoral zone of two shallow
eutrophic lakes. Arch. Hydrobiol. 137: 161–176.

Lauridsen, T. & D. M. Lodge, 1996: Avoidance byDaphnia magna
of fish and macrophytes: chemical cues and predator-mediated
use of macrophyte habitat. Limnol. Oceanogr. 4: 794–798.

Lauridsen, T., L. J. Pedersen, E. Jeppesen & M. Søndergaard, 1996:
The importance of macrophyte bed size for cladoceran composi-
tion and horizontal migration in a shallow lake. J. Plankton Res.
18: 2283–2294.

Murphy, J. & J. P. Riley, 1962. A modified single solution method
for determination of phosphate in natural waters. Anal. Chim
Acta 27: 21–26.

Nilsson, N.-A.& B. Pejler, 1973. On the relation between fish fauna
and zooplankton composition in North Swedish lakes. Rep. Inst.
Freshwat. Res. Drottningholm 53: 51–77.

Paterson, M., 1994. Invertebrate predation and the seasonal dynam-
ics of microcrustacea in the littoral zone of a fishless lake. Arch.
Hydrobiol. Suppl. 99: 1–36.

Pennak, R. W., 1973. Some evidence for aquatic macrophytes as
repellents for a limnetic species ofDaphnia. Int. Revue. ges.
Hydrobiol. 58: 569–576.

Perrow, M. R., A. J. D. Jowitt, J. H. Stansfield & G. L. Phillips.
The importance of the interactions between fish, zooplankton and
macrophytes in the restoration of shallow lakes. In Harper, D.,
A. Ferguson, B. Brierley & G. L. Phillips (eds), The Ecological
Basis for Lake and Reservoir Management. Kluwer Academic
Publishers. (in press)

Scheffer, M., S. H. Hosper, M-L. Meijer, B. Moss & E. Jeppesen,
1993. Alternative equilibria in shallow lakes. Trends Ecol. Evol.
8: 275–279.

Smiley, E. A. & A. J. Tessier, 1998. Environmental gradients and the
horizontal distribution of microcrustaceans in lakes. Freshwat.
Biol. 39: 397–409.

Stansfield, J. H., M. R. Perrow, L. D. Tench, A. J. D. Jowitt & A.
A. L. Taylor, 1997. Submerged macrophytes as refuges for graz-
ing Cladocera against fish predation: observations on seasonal
changes in relation to macrophyte cover and predation preassure.
Hydrobiologia 342/343: 229–240.

Sægrov, H., A. Hobæk & J. H. L’Abée-Lund, 1996. Vulnerability of
melanicDaphnia to brown trout predation. J. Plankton Res. 18:
2113–2118.

Timms, R. M. & B. Moss, 1984. Prevention of growth of poten-
tially dense phytoplankton populations by zooplankton grazing,
in the presence of zooplanktivorous fish, in a shallow wetland
ecosystem. Limnol. Oceanogr. 2: 472–486.

Visman, V., D. J. McQueen & E. Demers, 1994. Zooplankton spatial
patterns in two lakes with contrasting fish community structure.
Hydrobiologia 284: 177–191.

Weaver, M. J., J. J. Magnuson & M. K. Clayton, 1997. Distribu-
tion of littoral fishes in structurally complex macrophytes. Can.
J. Fish. aquat. Sci. 54: 2277–2289.

Wetzel, R., 1983. Limnology. Saunders College Publishing, New
York: 767 pp.

Whiteside, M. C., 1988. 0+ fish as major factors affecting abund-
ance and patterns of littoral zooplankton. Verh. Int. Ver. Limnol.
23: 1710–1714.


