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Abstract

We studied the trophic structure in the pelagial and crustacean remains in the surface 1 cm of the sediment of 13
shallow, high arctic lakes in northeast Greenlanc (W11 Seven lakes were fishless, while the remaining six hosted

a dwarf form of Arctic charr$alvelinus alpinus)n fishless lakeDaphnia pulexvas abundant, while no daphnids

were found in the pelagial of lakes with fish. In fish lakes, the zooplankton community was dominated numerically
by cyclopoid copepods and rotifers. Both lake sampling and analysis of remains in the top 1 cm of the sediment
indicated that the phyllopod.epidurus arcticusoccurred in all fishless lakes, but was either absent or present in
low densities from lakes with fish. Adulepidurusare mainly predators and forage in the top layer of the sediment.

An analysis of surface sediment revealed low abundance of the benthic chyflomdsp. andviacrothrix sp. in

lakes withLepidurus while they were abundant in lakes with fish. The low abundance in fishless lakes could not be
explained by damage of crustacean remains causéeigurusfeeding in the sediment, because remains of the
more soft-shelled, pelagic-livingaphniawere abundant in the sediment of these lakes. No significant differences
between lakes with and without fish were found in chlorophytbtal phosphorus, total nitrogen, conductivity or
temperature, suggesting that the observed link betwepidurus arcticusand the benthic crustacean community

is causal. Consequently, remains of crustaceans in high arctic lake sediments may be useful for detecting the impact
of past climate change on top-down control by fish. Not only remains of pelagic species, butladgidafrusand

some benthic chydorids, may be used to detect changes in fish abundance and predation pressure in the past.

Introduction smelt Osmerusspp.) may appear (Hammar, 1989).
Zooplankton community structure in arctic lakes is
Lakes in the arctic are often inhabited by few species also simple and highly influenced by fish (O'Brien,
and accordingly have simple pelagic food web struc- 1975; Hobbie, 1984). In the presence of fish, large-
tures (Rigler et al., 1974; Stross et al., 1980; Hobbie, bodied cladocerans such &aphnia pulexand D.
1984). Arctic charr $alvelinus alpinusis the only middendorffianare replaced by smaller species such
freshwater fish species found in high arctic (Hammar, asD. longiremis(if present in the area) arlBosmina
1989). Further south in subarctic continental freshwa- spp., and the mean size Eblopedium gibberunde-
ter lakes, sticklebacksG@asterosteus aculeatus, Pun- clines (O'Brien, 1975). Likewise, only four species
gitius pungitiu3 and a number of salmonids, grayling of copepods have been recorded in high arctic lakes
(Thymallusspp.) and whitefishGoregonusspp.) and (Halvorsen & Gullestad, 1976; Stross et al. 1980;
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Hobbie, 1984). Except for large predacious species, quantitative changes in fish abundance and predation

both calanoid and cyclopoid copepods seem less af- pressure on zooplankton (Jeppesen et al., 1996).

fected by predation in these lakes (Rigler et al., 1974; We studied 13 oligotrophic high arctic lakes

O’Brien, 1975). at Zackenberg in northeast Greenland to elucidate
In northeast Greenland lakes, Arctic charr is the how fish predation on large-bodied zooplankton and

only fish species present, and depending on lake Lepidurusaffects the zooplankton and benthic chy-

size and access to marine waters the forms occur-dorid community structure, respectively. Six lakes

ring are andromous and/or land-locked charr (Riget hosted Arctic charr and seven lakes were fishless. The

et al., 2000). In small lakes without access to the study is the hitherto most comprehensive quantitat-

sea 0.1 kn?), only the dwarf land-locked form ive limnological investigation conducted in northeast

occurs, while lakes with a mean depth 3 m are Greenland.

devoid of fish (Riget et al., 2000). The zooplankton

community structure is also simple. So far, only one

species oDaphnia(D. puleX and one species of cyc-  Materials and methods

lopoids Cyclops abyssorum alpinplsave been found.

Two calanoids Piaptomus minutus, Limnocalanus The study was conducted during July—August 1997
macrurug have been recorded, but so far restricted or 1998 in lakes near the coast in the valleys around
to a single locality (Poulsen, 1940). The predacious zackenberg and Store Sg of northeast Greenlarfd (74
calanoidsHeterocope septentrionaliand Hespero- N, 21° W, altitude of 50-200 m). The lake area
diaptomus which play a key role in the food web in  was determined from aerial photos and field meas-
many fishless lakes in arctic Canada (O'Brien, 1975; yrements and the maximum depth was determined by
Stross et al., 1980) and in high mountain lakes (An- echosounding in transects across and along the lakes.
derson, 1982; Paul et al., 1995), respectively, have not  \water samples were collected with a 5 | Patalas
been found in northeast Greenland. In addltld}ﬂS- Samp|e|’ at 0.5—-1 m intervals in the deepest part of
tiscidsand branchiopods excelpepidurus arcticusre  the lakes and mixed. For zooplankton analyses, 12—
lacking (Poulsen, 1940; Rgen, 1962). The food web 15 | subsamples were filtered on a 2én filter and
structure is thus simpler than in most other high arctic fixed in acid Lugol’s solution. For chemical analyses,
lakes. Therefore, these northeast Greenland lakes arey 250 ml subsample was frozen. For chlorophyll |

particularly well-suited for studies of food web inter- was filtered on a 0.4pm GF/C filter and frozen until
actions; however, so far nobody has studied the trophic analysis.
interactions in the pelagial of these simple ecosystems.  To determine presence and absenceegidurus

L. arcticusappears all over the north Atlantic com-  we conducted vertical hauls with a 0.5 mm mesh-sized
prising northern Scandinavia, Svalbard, Iceland and net (diameter 0.6 m) at 5 stations along a depth gradi-
Greenland (Poulsen, 1940). Besides fish predation, ent running from the shore to the deepest part of the
winter temperatures have been argued to restrict this |ake. Before each haul, the nets were placed on the
species to cold climates, supposedly reflecting that sediment for 2 min to allow colonisation bépidurus
winter eggs are unable to tolerate higher winter tem- \We also conducted visual surveys along the shoreline
peratures than those prevailing in arctic lakes (Aass, for at least 15 min in each lake.
1969). It co-occurs with fish only in deeper lakes We quantitatively assessed fish densities by setting
(Borgstrem et al., 1985).epidurusis pelagic untilthe  (overnight, 18 h) multiple mesh-sized (height 1.5 m)
5™ instar when it becomes benthic, preying primarily gill nets with 14 randomly arranged sections of 3 m
on other invertebrates (Arnold, 1967; Miller, 1980). (6.25-75 mm mesh size). Three to nine nets were set
Thus, by preying ortepidurusfish may release pred-  in each lake depending on lake size. Equal number
ation on benthic invertebrates, including chydorids. of nets were set in the littoral zone (benthic), in the
Remains ofLepidurus benthic chydorids and pelagic  penthic and in the pelagic habitats of the open water
zooplankton accumulate in the sediment and may then (Riget et al., 2000).
potentially be used to assess fish predation pressureon | ake water total phosphorus was determined
zooplankton and benthic chydorids. Analysis of zo- as molybdate reactive phosphorus (Murphy & Ri-
oplankton remains has been used earlier to evaluatejey, 1972) following persulphate digestion (Koroleff,
qualitatively the fish predation pressure in temperate 1970), and total nitrogen as nitrite + nitrate after po-
lakes (Kerfoot, 1974; Kitchell and Kitchell, 1980) or tassium persu|pha’[e digestion (Sokjrzano & Sharp,
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1980). Chlorophylla was determined spectrophoto- 204
metrically after ethanol extraction (Jespersen & Chri-
stoffersen, 1987). Zooplankton were counted at 40—
100 x magnification.

Sediment samples were taken with a Kajak core
sampler (50 cm, 5.2 cm diameter) in the deepest part
of the lake. The upper 1 cm of the surface sediment
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sediment were used for quantifying the zooplankton
remains. Weighed subsamples were boiled for 20 min
in 25 ml 10% KOH. Large crustacean remains and Figure 1. Abun(_jance (meag: 80% CL npt 95% C.L. for visugl
ephippia etained on a 140m nylon filer were coun- {225 of varous zooplaito secie n 1 sl fkes wihou
ted with a stereomicroscope. Subsamples of smaller forms of Arctic charr Salvelinus alpinusgrey column). Rotifers are
remains retained on an §0m filter were counted us-  numberx 0.25. daph Daphnia pulexbosl =Bosmina longirostris

ing an inverted microscope. We counted exoskeleton &Y€ = cyclopoid copepods, rot = rotifers, mactriacrothrix hir-

. suticornis chyd = Chydorus sphaerial nf = no fish, f = fish
fragments (postabdominal claws, carapaces) and rest- esent.
ing eggs of cladocerans and exoskeloton fragments
(mandibles, furcal threads) depidurus.

We used ANOVA to test for differences in physico-  petween lakes with and without fish (Fig. Daphnia
chemical variables in lakes with and without fish. pulexoccurred in all fishless lakes in densities up to
Due to high variability, and a large proportion of zer- 12 |-1, put was absent from all lakes with fish. In
oes, we used Wilcox non-parametric two sample tests contrastBosmina longirostrisvas found only in lakes
(NPARIWAY procedure; SAS, 1989) to test for differ-  with fish and was restricted to lakes in Store Sg Val-
ences in zooplankton abundance and microcrustaceansey. For the other two cladocerans obsen@hydorus
in the sediment. As we had pre-expectation of the sphaericusand Macrothrix hirsuticornig, no signi-
effects of fish, we used a one-sided test. ficant differences were found between lakes with or

without fish £>0.10 ando>0.46, respectively). How-

ever, their abundance tended to be higher in fishless
Results lakes. The abundance of cyclopoid copepods was sig-

nificantly higher p<0.009) in lakes with fish, while
The 13 lakes were relatively small (surface area 0.4-17 no significant p>0.18) differences between the two
ha), shallow (max depth 0.6—6.7 m) and nutrient-poor sets of lakes were found for rotifers. In terms of num-
(Table 1). All lakes were oligotrophic (Table 1). Total bers, rotifer communities were most often dominated
phosphorus (TP) ranged from 2 to 22 P 'L, total by Polyarthra dolichoptergTable 2).
nitrogen from 80 to 43Qug N I~' and chlorophyll Lepidurus arcticuswas not found in lakes with
a from 0.6 to 3.3ug I~!. The oxygen concentration fish, but occurred in all lakes without fish. This pattern
was close to saturation (78—101%) and the water tem- was in part corroborated by the sediment analysis. Re-
perature was low (6.3—1TC). pH varied between 6.5 mains ofLepiduruswere abundant in the upper 1 cm
and 7.9 and with a single exception conductivity was of the sediment in the fishless lakes, but absent in most
low (7-18 uSi) (Table 1). While the mean depth of lakes with fish, except for two lakes in which they
the lakes with fish was significantly higher than that occurred in low concentrations (Fig. 2).

v v A A
CyC ot 1iagdi

of fishless lakesp<0.003), no significant differences The remains of crustaceans in the surface sedi-
were found for the other variables among lakes with ment differed substantially between fish and fishless
and without fish p> 0.33) (Table 1). lakes (Fig. 2). The number of mandibles and furca

Dwarf Arctic charr were caught in gill nets in 6 threads olLepiduruswas significantly higher in lakes
lakes. However, CPUE was low (0.2—1.4 fish Tt without fish when calculated both per unit of sedi-
Mean size of fish in the six lakes ranged between 8.4 ment dry weight (DW) p<0.002) and per unit of loss
and 12.5 cm. Sexually mature fish were 7—13.6 cm. on ignition (LOI) (p<0.0001). The same applied to
Zooplankton community structure differed markedly Daphnia ephippigDW: p<0.016 and LOIp<0.002).
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Table 1. Physico-chemical and fish data (me&rSD, (range)) for the 13 study lakes divided into
6 lakes with and 7 lakes without fish. Results from on ANOVA test of differences between the
two sets of lakes are also shown. n.s. = not significant

With fish Without fish p<

Max depth (m) 4.81.4(3.3-6.7) 1.91.1(0.6-3.3) 0.002
Total phosphorusi{g P F1)  10.2+5.9 (6-22) 10.2:5.9 (2-15) n.s.
Total nitrogen ftg N |71) 197+94 (80-360) 29888 (150-430) n.s.
Chlorophylla (chla g 171) 1.2+0.3 (0.8-1.5) 1.21.1 (0.6-3.3) n.s.
Chla:TP 0.14:0.07 (0.06-0.22)  0.220.08 (0.13-0.33) n.s.
Oxygen (percentage) 8% (78-89) 926 (84-101) n.s.
Conductivity @Si) 1144 (7-18) 25:23 (10-77) n.s.

pH 6.9+0.7 (6.5-7.9) 6.80.3 (6.5-7.3) n.s.
Fish (CPUE, no. netl) 0.670.47 (0.17-1.4) 0 0.0001

Table 2. Number of lakes in which different zooplankton species were collected in the
pelagial and in the upper 1 cm of the sediment. Six lakes were with and seven lakes
without fish

Pelagial Sediment (remains)
With fish ~ Without fish ~ With fish ~ Without fish

Crustaceans

Lepidurus arcticus 0

Daphnia pulex 0

Chydorus sphaericus 1

Bosmina longirostris 3
Macrothrix hirsuticornis 0

Alonasp. 0
Cyclops abyssorum alpinus 6

Harpacticidae 0 2 - -

oo MO NN
o U1 R o N
S

Rotifers

Polyarthra dolichoptera 6
Keratella quadrata 5
Conochilus unicornis 2
Notholca labis 0
Colurella spp. 0
Lepadellasp. 0
Collothecasp. 0
Lecanesp. 0
Cephalodellasp. 0
Trichocercasp. 1
Mytilina ventralis 0

P oONMNNRE R NN
|
|

4All lakes with fish in Store Sg Valley’In low numbers, however (see Fig. 2). — not
determinedfNot found in the Zackenberg Valley.
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Figure 2. Abundance (meart 80% C.L.) of various remains of
microcrustaceans per unit of sediment dry weight (A) and organic
dry weight (LOI) (B). alona sAlonasp., lepi =Lepidurus arcticus
See also legend of Figure 1.

Conversely, carapaces Bf longirostristended to be
higher in lakes with fish (DW, LOIp<0.07). The lack

of significance in this case may reflect tiadsmina
was restricted to lakes in Store Sgdal, where it oc-
curred in the sediment of all lakes with fish, but not
in lakes without fish. No significant difference in the
number ofChydoruscarapaces in the sediment was
found between fish and fishless lakes (Dpt0.37,
LOI: p>0.22), while the number of carapacedudic-
rothrix was significantly higher in lakes with fish (DW,
LOI: p<0.05). Lakes with fish also hosted signific
antly (p<0.038) higher densities &lonasp. per unit
of DW, while the density was only marginally sig-
nificant per unit of LOI p<0.096). If the carapaces
of Macrothrix and Alona are pooled (they tended to
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were found in all lakes-3 m deep, but were absent
from shallower lakes, probably reflecting that shallow
lakes either freeze solid during winter (if depth is be-
low 2—-2.5 m) or that oxygen in the remaining water
volume is exhausted during the 8-9 months with ice
cover. Welch & Bergmann (1985) argue that winter
kill generally occurs in lakes that have a maximum
depth below 4.5 m and a mean depth of 1.8 m. The
lower threshold found in our study may reflect the
ultra-oligotrophic state of the lakes and the cold high
arctic climate, two factors that most likely result in
low phytoplankton production and accordingly low
oxygen consumption under ice during winter. Deeper
lakes in northeast Greenland with landlocked charr
also host a large-sized piscivorous form (Riget et al.,
2000), and andromous charr may appear as well if
the lakes are interconnected with fjords (Riget et al.,
2000).

The zooplankton communities were species-poor.
In all the lakes, rotifers were exclusively dominated by
Polyarthra dolichopteras also seen in other high arc-
tic lakes (Halvorsen & Gullestad, 1976). In the pela-
gic samples, we occasionally found benthic rotifers
(Ruttner-Kolisko, 1972), such dsecane, Colurella
and Lepadella which may reflect the shallowness
of the lakes. We only found one species D&ph-
nia (D. pule® which is widespread in small lakes
and ponds throughout the arctic, including Greenland
(Rgen, 1962; Moore, 1978), and only few species
of other cladocerans (Table 2). The occurrence of
B. longirostrisin lakes with fish in Store Sg Valley
and not in similar lakes in the Zackenberg Valley, 5—
10 km away, may indicate poor dispersal of species
in the area. We found no calanoid copepods, although
two species have been reported to occur in Saelsgen
in northeast Greenland at 7N lat (Brehm, 1912).
The low species richness of crustaceans is in accord-
ance with earlier studies in northeast Greenland lakes
(Poulsen, 1940).

The differences in the crustacean community in
lakes with and without fish suggest considerable pred-

alternate somewhat between lakes) the difference in ation pressure from fish. WhilBaphnia pulexn the

numbers becomes more significant (Oy¥0.007 and
LOI: p<0.04) than for each of the genera.

Discussion

Arctic charr was the only fish species caught in the

pelagial was abundant in all lakes without fish, cyc-
lopoid copepods were the most abundant crustacean
in lakes with fish, and in these lakes maphnia
were found in the pelagial though a few remains oc-
curred in the surface sediment in one of the lakes. The
low abundance ob. pulexin arctic lakes with Arctic
charr corresponds with the findings of other studies

lakes and appeared only in a dwarf form that became (Stross et al., 1980) and may be interpreted as a result

sexually mature at a length down to 7 cm. Charr

of size-selective predation (Brooks & Dodson, 1965;
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Langeland, 1982; Dahl-Hansen, 1995). The predation ary production, implying that benthic-pelagic feeding

risk of Daphniais supposedly particularly strong in
high arctic lakes in which large-bodidd. pulexis
the onlyDaphniaspecies present. In other arctic and
subarctic lakes, small-bodig2aphniaspecies likeD.
longiremisandD. longispinamay co-exist with fish if
fish densities are low (O'Brien, 1975; Adalsteinsson,
1979b; Dahl-Hansen, 1995). In our studygpidurus
occurred in all fishless lakes, but not in lakes with
charr. Similarly, Aass (1969) found thaepidurus
was absent from lakes with high densities of trout and
charr. However, charr andepiduruscoexist in deep

fish by feeding benthic invertebrates when zooplank-
ton is scarce may maintain densities high enough to
be continuously able to control large-bodied pelagic
zooplankton. FourthDaphniain northeast Greenland
are represented by lard® pulexonly, while smaller,
less vulnerabldaphniaspecies as mentioned above
occur in the temperate lakes and some arctic lakes on
the larger continents (O'Brien, 1975; Moore, 1978).
Fifth, Daphniaoften show higher pigmentation in arc-
tic lakes, making them more vulnerable to predation
by fish, including charr (Seegrov et al., 1996). High

reservoirs and deep lakes (Aass, 1969; Adalsteinsson,vulnerability of large-bodied zooplankton to predation

1979b; Borgstrgm et al., 1985), where they may con-
stitute an important food source for fish (Borgstrgm
et al., 1985). As the depth was higher in those of our

in oligotrophic lakes is not restricted to the arctic, but
is also found in clearwater high mountain lakes (An-
derson, 1982; Paul et al., 1995) as well as in clearwater

study lakes that hosted fish, it could be argued that lowland temperate lakes (Jeppesen et al., 2000).

the difference in zooplankton community structure re-

The cascading effect of fish on large-bodied clado-

flected variations in depth. However, recently updated cerans and.epidurusis probably enhanced by the

data from 42 lakes with contrasting maximum depths
in west Greenland provided support for the predation
hypothesis (Jeppesen et al., unpublished).

Only few fish (CPUE down to 0.2 net) were

shallowness of the study lakes. Thus, coexistence of
Arctic charr with Daphniaspp. (e.g. Nilsson & Pe-
jler, 1973) in deep but not in shallow lakes, and as
discussed above also with arcticus (Aass, 1969),

needed to change the zooplankton community from has been recorded. Data from subarctic Lake Myvatn,

Daphniato cyclopoid dominance in our study lakes.
A similar shift would require CPUE values of 200-400
fish net! in shallow eutrophic temperate Danish lakes

Iceland, also support this view. Here, the zooplank-
ton community was dominated by cyclopoid copepods
and rotifers in the shallow north basin, whibaph-

(Jeppesen et al., 1997b). Higher CPUE is needed in nia longispinawas abundant in the deeper south basin

eutrophic lakes to maintain a predation pressure com-

(Adalsteinsson, 1979a). He ascribed this pattern to dif-

parable to that in oligotrophic lakes, because higher ferences in the risk of fish predation (mainly Arctic

productivity leads to higher zooplankton growth rate.
However, if we standardize CPUE to phosphorus
(CPUE:TP) to account for differences in lake pro-
ductivity, up to 10 times as many fish are needed
to gain the same effect on zooplankton community
structure in nutrient-rich as in oligotrophic lakes (see

charr and three-spined sticklebacks). The difference
in the effects of depth corresponds with observa-
tions from temperate lakes where evidence has been
given for a generally higher fish predation pressure on
large-bodied zooplankton in shallow lakes (Keller &
Conlon, 1994; Jeppesen et al.,, 1997a). The effects

Fig. 2 and Table 1; Jeppesen et al., 1997b). Though of fish on zooplankton did not appear to cascade to
a comparison between Danish and Greenland lakes isthe phytoplankton, as no significant differences were
hampered by differences in the species present, netfound in chlorophylla (chla) and the chla:TP ratio

selectivity of the species involved, and most likely
also in activity due to temperature differences, there

among lakes with and without fish. This agrees with
results from other oligotrophic lakes (Currie et al.,

are several arguments in favour of a higher predation 1990; but see McQueen et al., 1986), but contrasts

risk in oligotrophic arctic lakes than in morphometric-

results from eutrophic lakes (Leibold, 1989; Jeppesen

ally comparable eutrophic temperate lakes. First, the et al., 1997a).

zooplankton is exposed to fish predation for a longer

We also found significant differences in the abund-

period before reproduction because the growth rate is ance and composition of crustacean remains in lakes

low due to low temperature and food concentration
(Dahl-Hansen, 1995). Second, the high water clarity
in the arctic improves the foraging success of visu-
ally hunting fish. Third, high water clarity enhances

the ratio of benthic—pelagial primary and thus second-

with and without fish. Corresponding with observa-
tions from the pelagiall-epidurusand Daphniare-
mains were either absent or found in low numbers in
lakes with fish, while they were abundant in all fish-
less lakes. In contrast, the abundanceAtdna and
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Macrothrix remains was lower in lakes without fish Chydorus sphaericum the pelagial, suggesting that
(but with Lepidurug. Lepidurusare primarily benthic Chydorusfrequently occurs in the pelagial in fishless
feeders when reaching a size of 2-3 mm (5th instar) lakes (Rgen, 1962; Husmann et al., 1978). If the hy-
(Miller, 1980). Experiments in Alaskan ponds showed pothesis of a causal predation effectl&piduruson

that Lepiduruspopulation mixed each fnof the up- Macrothrix/Alonais correct, we are facing a signific-
per 0.5 cm sediment surface daily during late sum- ant pelagic-benthic coupling, where charr predation
mer (Miller, 1980). We may, therefore, assume that on Lepidurusindirectly enhances the abundance of
lower abundance of\lona and Macrothrix is caused these chydorids in the sediment. Field experiments are
by Lepiduruspredation. An alternative explanation is needed to clarify the impact dfepiduruson benthic
that Lepidurusdamage these chydorid remains when chydorids.

searching for food at the lake bottom. However, the For a number of years, zooplankton sediment re-
more soft-shelledaphniawere well-preserved inthe  mains have been used for qualitative estimation of
sediment, making the predation hypothesis more feas-the historical development in fish predation (Kerfoot,
ible. Although higher densities of benthic chydorids 1974; Kitchell and Kitchell, 1980; Leavitt et al., 1994)
might reflect differences in environmental conditions and most recently also for quantitative descriptions of
in lakes with and without fish, only depth differed sig- changes in fish predation pressure (Jeppesen et al.,
nificantly between the two sets of lakes (Table 1). It 1996). Due to the simple pelagic food web structure
is unlikely that variations in depth are the cause as we (Anderson, 1982; Paul et al., 1995), sediment remains
would rather expect higher densities of benthic chy- of arctic and high altitude lakes are useful for studying
dorids in the more shallow lakes seeing that benthic historical changes in fish predation. Moreover, the fish
primary production was higher here than in the deeper signal in the sediment seems to be enhanced by the
lakes in the area (Vadeboncouer, unpubl.) and most cascading effect of fish on some benthic chydorids.
likely then also benthic chydorid production. How- As mentioned above, it must be presumed that the
ever, the highest abundancesudcrothrixandAlona strength of this signal decreases with increasing lake
were observed in deep lakes with fish but without depth as the predation pressure by fish most likely
Lepidurus Further support for the view of a pred- declines. Therefore, the sediment of shallow lakes is
ation effect ofLepiduruson Alona comes from the  well-suited for evaluating how anthropogenically in-
study of the Holocene development of Lake Tugtu- duced changes in, for example, global warming affect
ligssuaqg, northwestern Greenland. Here, Fredskild fish abundance and fish predation in arctic lakes. This
(1984) observed a major increase in abundance of is emphasised by the strong link between fish and their
Alonaremains in the upper sediment coinciding with prey in shallow lakes. Moreover, only minor changes

the disappearance bepidurusremains. Fredskild, in
fact, interpreted the increase in abundancélmina
and also ofAcroperus harpa¢o the disappearance of

one of their predators. Also data from Nuusuaq Lake,
Greenland, (Bennike, 2000) suggest an inverse rela-

tionship. Here, a major decline in the concentration
of Alonaremains in the upper 1 m of the sediment
coincided with the appearancelagpidurusremains.

In contrast to the other chydorids, we found no
significant effects of fish o&hydorusremains in the

in temperature may have a substantial effect on trophic
structure in shallow lakes if, for example, the lakes
reach a state of winter fish kill due to oxygen depletion
under ice.

Acknowledgements

We thank Anne Mette Poulsen, Kathe Mggelvang and

sediment, which may be explained by the fact that Henrik Flagstad Rasmussen for manuscript assistance

Chydorudgs more pelagic than the two other chydorids

and layout and the technical staff at NERI for valu-

and thus less vulnerable to predation by the primar- able Support_ We moreover wish to thank Yvonne

ily benthic-feedingLepidurus Chydorusoccurred in
the pelagial of 5 of the 7 lakes without fish (but with
Lepidurug present (Table 2), whiléacrothrix was
observed in the pelagial in only two lakes afibna

Vadeboncoeur, Thomas Mehner and two anonymous
reviewers for valuable comments. The Danish Polar
Centre provided valuable logistic support during our

stay at Zackenberg. The work was supported by the

not at all. Data from several hundred Greenland lakes “Global Climate Change Programme” (no 9700195),
and a number of lakes in Svalbard also revealed a the Commission for Scientific Research in Greenland,

large overlap in the distribution @aphnia pulexand

The North Atlantic Research Programme 1998-2000



336

and the Arctic Programme, 1998-2002, the Nordic Jeppesen, E., J. P. Jensen, M. Sgndergaard, T. L. Lauridsen, L. J.
Council of Ministers. 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.
Jespersen, A.-M. & K. Christoffersen, 1987. Measurements of
chlorophyll a from phytoplankton using ethanol as extraction

References solvent. Arch. Hydrobiol. 109: 445454,
Keller, W. & M. Conlon, 1994. Crustacean zooplankton communit-
Aass, P., 1969. Crustacea, especialiypidurus arcticuPALLAS, ie_s and lake mprphometry in precambrian shield lakes. Can. J.
as brown trout food in Norwegian mountain reservoirs. Rep. Inst. Fish. aquat. Sci. 51: 2424-2434. . .
Freshw. Res. Drottningholm 49; 183—201. Kerfoot, W. C., 1974. l_\l_et accumulation rates and the history of
Adalsteinsson, H., 1979a. Zooplankton and its relation to available __ cladoceran communities. Ecology 55: 51-61. o
food in Lake Myvatn. Oikos 32; 162—194. Kitchell, J. A. & J. F. Kitchell, 1980. Size-selective predation, light
Adalsteinsson. H.. 1979b. Size and food of Arctic cBaivelinus transmission and oxygen stratification. Evidence from recent
alpinusand stickleback&asterosteus aculeatirs lake Myvatn. sediments of manlpulat_ed I_akes. Limnol. Oceanogr_. 25: 389-400.
Oikos 32: 228-231. Koroleff, F., 1970. Determination of total phqsphorus in natural wa-
Anderson, R. S., 1982. Zooplankton composition and change in an ters by means of the persulphate oxidation. An Interlab. report
alpine lake. Verh. int. Ver. Limnol. 18: 264—268. No 3, Cons. Int. pour | eXp'F’r de la Mer. .
Arnold, G. P., 1967. Observations depidurus arcticusPallas) Langela_n_d, A., 1982. Interactions between zooplankton and fish in
(Crustacea, Notostraca) in East Greenland. Ann. Mag. Nat. Hist. afertlllzed lake. Holarct. Ecol. 5: 273-310. .
13: 599-617. Leavitt, P. R., P. R Sanford, S. R. Ce_lrpenter &_.J. F. K|tche_||, _1994.
Bennike, O., 2000. Palaeoecological studies of Holocene lake sed- An gnnual fossil record‘ of prpductlon, planktivory and piscivory
iments from west Greenland. J. Palacogeogr., Palaeoclimatol,, during whole-lake manipulations. J. Paleo. 11: 133-149.
Palaeolimnol. 155: 285-304. Leibold, M. A., 1989. Resource edibility and the effects of predators
Borgstrem, R., E. Garnas & S. J. Saltveit, 1985. Interactions and productivity on the outcome of trophic interactions. Am. Nat.
between brown troutSalmo truttal., and minnow,Phoxinus 134: 922-949. ) ) .
phoxinug(L.) for their common preyl-epidurus arcticugPallas). MCQL_’eer_" D.J., J. R. Post ,& E. L. Mills, 1986. Trop_hlc relation- .
Verh. int. Ver. Limnol. 22: 2548-2552. ships in freshwater pelagic ecosystems. Can. J. Fish. aquat. Sci.

Brehm, V., 1912. Die Entomostracen der Danmarkexpedition. _43: 1571-1581. .
Danm.-Eksp. til Grenlands Nordgstkyst 1906-08. Medd. Grgn- Miller. M. C., 1980. Tadpole Shrimp. In Taub, E. B. (ed.), Eco-

land Bd. 45 systems of the World 23 — Lakes and Reservoirs. Elsevier,
Brooks, J. L. & S. I. Dodson, 1965. Predation, body size and  Amsterdam: 323-339.
composition of plankton. Science 150: 28-35 Moore, J. W., 1978. Composition and structure of zooplankton com-

Currie, D. J., P. Dilworth-Christie & F. Chapleau, 1990. Assessing munities in eighteen Arctic and subArctic lakes. Int. Rev. ges.

the strength of top-down influences on plankton abundance in _Hydrobiol. 63: 545-565. o _
unmanipulated lakes. Can. J. Fish. aquat. Sci. 56: 427—436. Murphy, J. & J. R. Riley, 1972. A modified single solution method

Dahl-Hansen, G. A. P., 1995. Long-term changes in crustacean for_the determination of phosphate in natural waters. Analyt.
zooplankton — the effects of a mass removal of Arctic charr, Chim. Acta 27: 21-26.

Salvelinus alpinugL.), from an oligotrophic lake. J. Plankton, ~ Nilsson, N.-A. & B. Pejler, 1973. On the relation between fish fauna
Res. 17: 1819-1833. and zooplankton composmon in North Swedish lakes. Rep. Inst.
Fredskild, B., 1984. The Holocene development of some low and | Fr_eshwat. Res. Drottningholm 53: 51—77'.
high arctic Greenland lakes. Hydrobiologia 103: 217-224. O'Brien, W. J., 1975. Some aspects of the limnology of the ponds
Halvorsen, G. & N. Gullestad, 1976. Freshwater Crustacea in some apd lakes _Of the Noatak drainage basin, Alaska. Verh. int. Ver.
areas of Svalbard. Arch. Hydrobiol. 78: 383-395. Limnol. 19: 472_479_' . .
Hammar, J., 1989. Freshwater ecosystems of polar regions: vulner- Paul_, A Jd, P._R._Leavm, D. W. Schlnd_ler &A. K. HarQ|e, 1995.
able resources. Ambio 1: 6-22. Direct and indirect effects of predation by_ a cal'an0|d'copepod
Hobbie, J. E., 1984. Polar limnology. In Taub, E. B. (ed.), Eco- (su_bgenus:Hesperod!aptoml)sand _of nutrients in a fishless
systems of the World 23 — Lakes and Reservoirs. Elsevier, _ alPine lake. Can. J. Fish. aquat. Sci. 52: 2628-2638.
Amsterdam: 63—104. Poulsen, E. M., 1940. The zoology of east Greenland. Freshwater
Husmann, S., H. U. Jacobi, M. P. D. Meijering & B. Reise, 1978. . Entomostraca. Medd. Grgnland: _1_72‘
Distribution and ecology of Svalbard Cladocera. Verh. int. Ver. g€t F.. E. Jeppesen, F. Landkildehus, P. Geertz-Hansen, K.
Limnol. 20: 2452—2456. Christoffersen & H. Sparholt, 2000. Landlocked arctic char

Jeppesen, E., E. Agerbo Madsen, J. P. Jensen & N. J. Anderson (Salvelinus alpinuspopulation structure and lake morphometry
1996. Reconstructing the past density of planktivorous fish and in Greenland — is there a connection? Polar Biol. 23: 550._558'
trophic structure from sedimentary zooplankton fossils: a surface Rigler, F. H., M. E. MacCallum & J. C. Roff, 1974. Production of

sediment calibration data set from shallow lakes. Freshwat. Biol. zooplankton in Char Lake. J. FiSh_' Res. Bd Can. 31: 637-646.
36: 115-127. Ruttner-Kolisko, A., 1972. Rotatoria. In: Das Zooplankton der

Jeppesen, E., T. L. Lauridsen, S. F. Mitchell & C. Burns, 1997b. Do Binnengewasser Teil 1. Schweizerbart, Stuttgard, 1972. (Series)

planktivorous fish structure the zooplankton communities in New Die Binnengewasser _26 Teil 1:99-234. .
Zealand lakes? New Zealand J. Freshwat. Res. 31: 163—173. Rgen, U. |, 1962. Studies on Freshwater Entomostraca in Green-

Jeppesen, E., T. Lauridsen, S. Mitchell, K. Christoffersen & C. Iand._ll. Localities, ecology and geographical distribution of the
W. Burns, 2000. Trophic structure in the pelagial of 25 shallow species. Medd. Grenland 170: 1-249.
New Zealand lakes: changes along nutrient and fish gradients. J.
Plankton. Res. 22: 951-968.



337

Raen, U. |., 1968. Studies on Freshwater Entomostraca in Green- Stross, R. G., M. C. Miller & R. J. Daley, 1980. Zooplankton.

land. Ill. Entomostraca from Peary Land with notes on their In Hobbie, J. E. (ed.), Limnology of Tundra Ponds. Dowden,
Biology. Medd. Grgnland 184: 1-59. Hutchinson and Ross, Inc., Stroudsburg: 179-250.
Sarnelle, O., 1992. Nutrient enrichment and grazer effects of Seegrov, H., A. Hobaek & H. H. Labe-Lund, 1996. Vulnerability of
phytoplankton in lakes. Ecology 73: 551-560. melanicDaphniato brown trout predation. J. Plankton Res. 18:
SAS Institute, 1989. SAS/Stat User's guide. Version 6., Fourth 2113-1228.
edition. Volume 1+2: 1686 pp. Welch, H. E. & M. A. Bergmann, 1985. Winter respiration of lakes

Solérzano, L. & J. H. Sharp, 1980. Determination of total dissolved at Sagvagjuac, NWT. Can. J. Fish. aquat. Sci. 42: 521-528.
nitrogen in natural waters. Limnol. Oceanogr. 25: 751-4.



