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Preface

The present doctor’s dissertation is an English summary of 25 selected
papers. It was submitted in June 1997 to the University of Copenhagen
to be evaluated for the scientific doctor’s degree.

The work on which this dissertation is based was initiated at the
Environmental Agency’s Freshwater Laboratory. Subsequent to the
founding in 1988 of the National Environmental Research Institute
(NERI), the activities were transferred to NERI's Department of
Freshwater Ecology, now the Department of Lake and Estuarine
Ecology. I wish to thank my employers and the various heads of de-
partments (Carsten Hunding, Torben Moth Iversen and Kurt Nielsen)
for giving me optimum working conditions. I am deeply indebted to
the former and present Lake Group academics (Martin Sendergaard,
Torben L. Lauridsen, Jens Peder Jensen, Erik Mortensen, Esben Ager-
bo, Mogens Erlandsen, Peter Kristensen, Anne-Mette Hansen and Ole
Sortkjeer) and technicians (Lone Nergaard, Lissa Skov Hansen, Birte
Lausten, Jane Stougaard-Pedersen, Karina Jensen, John Glargaard and
Lisbet Sortkjeer) for their enthusiastic co-operation and for many
pleasant hours spent in their company. In particular I wish to thank
Martin Sendergaard for our many years of close collaboration both
scientifically and in our efforts to keep the group intact in times with
markedly increasing demands for external financing of activities. The
highly efficient and highly qualified efforts of the Lake Group technicians
‘have been extremely valuable. It has also been a great joy to feel their
interest in and understanding for the huge accumulation of samples in
the basement!! This has warmed my heart in hard times. Also I wish to
thank our secretaries Anne Mette Poulsen and Pia Serensen for quick and
efficient translation of my hieroglyphs to text and turning my Dinglish
into acceptable English, and thanks to Kathe Megelvang, Juana Jacobsen
and Henrik Flagstad Rasmussen for many years of assistance with
graphic presentations and with the present dissertation.

Moreover, I wish to thank my international colleagues in team “The
Shallow Lakers” for inspiring, fruitful co-operation and lots of fun.
Among these special thanks are due to Brian Moss, Marten Scheffer,
Marie-Louise Meijer, Harry Hosper, Geoff Phillips, Martin Perrow,
Stuart Mitchell, Ellen van Donk, Eddy Lammens and Bjorn Faafeng.
Together we have shown that the subject of “shallow lakes” has come
to stay. I am particularly indebted to Brian Moss and Geoff Phillips for
having shown me “the way” at an early stage and to Marten Scheffer
for his lucid presentations of complex problems. Over the years I have
also been greatly inspired by the Wisconsin group headed by Steven
R. Carpenter and James F. Kitchell.



I have had valuable and fruitful co-operation with a wide range of
people employed at Danish research institutions and the Danish
county environmental departments. In particular, I wish to thank Tor-
ben M. Iversen, who introduced me to science — even though he
rejected my original (and superb) proposal for a M.Sc.-thesis - and
afterwards helped me in my early career and later on as my boss; Kaj
Sand-Jensen for many valuable discussions; Morten Sendergaard for
efficient scientific co-operation about Strategic Environmental Re-
search Programme (SERP) projects and SERP-management, and N.
John Anderson, Bent Odgaard, Peter Rasmussen as well as “small” and
“big” K(C)laus (Klaus Brodersen and Claus Lindegaard) for many
pleasant hours and active joint efforts on the mudbanks. Thanks to
Seren Berg and Lene Jacobsen for sharing many wet nights “in” the
field enclosures. I also wish to thank the county environmental
employees. Some of the data presented in this dissertation are the result
of a close dialogue or active co-operation with county technicians, co-
operation which has been of great inspiration to me (and to them as
well, hopefully!). In some of the papers, county monitoring data have
been used, and I wish to express my gratitude for the opportunity to
do so.

Thanks to Martin Sgndergaard, Bo Riemann, Bent Odgaard, Kurt Niel-
sen, Peter Kofoed Bjernsen, Bent Lauge Madsen and Torben L. Lau-
ridsen for their critical review of the dissertation, and I am grateful to
N. John Anderson, Gary Larson and Stuart Mitchell for their editorial
comments on the English version.

Also some thoughts to my now deceased parents Anna and Aksel
Jeppesen for giving me a good start in life and to my sister Inge and
brother Bjarne and their respective families. My brother and sister’s
interest has been legendary - not least in whether their tax money has
indirectly financed my travels to far away parts of the world, or if the
money has been derived from other sources.

I am particularly grateful to Kirsten Christoffersen for her valuable
scientific co-operation, critical comments over the years and on the
dissertation and for her loving care as well as her - usually - patient
listening to my many enthusiastic outbursts about life in shallow lakes.
Her cat Rille’s legendary interest in the dissertation’s sections on fish,
or perhaps rather in the keyboard of my lap-top computer, has resulted
in many lost files amounting to approximately one man year. Also a
wee thought to Kirsten’s closest family.

Finally, I wish to thank Carlsbergfondet for awarding financial support
to the dissertation. In the past, our investigations have received va-
luable support from among others the Danish Natural Scientific Re-
search Council, the Strategic Environmental Research Program, the
Commission for Scientific Investigations in Greenland, Age V. Jensen’s
Foundation, the National Agency of Environmental Protection and the
National Forest and Nature Agency.
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2 Introduction, research strategy and main theme

2.1 Background

Danish lakes are generally highly eutrophic and
turbid, the latter primarily due to extensive growth
of phytoplankton. In 65% of the lakes, Secchi depth
is less than 1 m during summer and in 90% less
than 2 m (Kristenten et al. 1990). Investigations
made at the turn of the century and during the first
half of this century, as well as palaeoecological stu-
dies, suggest that most Danish lakes were in a
clearwater state 50 to 200 years ago (section 5).
Submerged macrophytes were abundant in shal-
low lakes, and from the experience gained from
contemporary clearwater lakes it must be assumed
that they had a rich flora and fauna including high
densities of waterfowl such as mute swan (Cygnus
olor), coot (Fulica atra) and various species of diving
ducks (Fig. 1). Since then the lakes have become
more eutrophic due to high nutrient loading main-
ly derived from sewage and leakage from arable
soils, and this has been further intensified by the
introduction of phosphate-rich detergents and
fertilizers.

The increased nutrient loading has resulted in a
number of changes in lake trophic structure (Figs 1-
3) and significant alterations have occurred at the top
of the food-web. Earlier, predatory perch (Perca
fluviatilis) and pike (Esox lucius) were the dominant

fish species. Synchronous with eutrophication, a
shift occurred to dominance by cyprinids, especially
roach (Rutilus rutilus) and bream (Abramis brama)
(Fig. 3). Simultaneously, the biomass of plankti-
vorous fish increased (Fig. 2). Roach and bream are
planktivorous, and the higher biomass resulted in
increased predation pressure on zooplankton and
thereby reduced grazing pressure on phytoplankton.
The biomass ratio of zooplankton to phytoplankton
decreased from 0.5-0.8 in mesotrophic lakes to less
than 0.2 when phosphorus concentrations were
above 0.10-0.20 mg P1* (Fig. 2). The latter figure is so
low that zooplankton cannot control phytoplankton
whose turnover time in eutrophic lakes may be 0.5-2
days (Reynolds 1984). With decreasing grazing pres-
sure and increased nutrient supply, the biomass of
phytoplankton increased, resulting in reduced Sec-
chi depth, which in turn impoverished the growth
conditions for submerged macrophytes. The plants
either disappeared or died back and the food sources
for plant-eating birds and diving ducks consequent-
ly disappeared. In summary, high external loading of
phosphorus has resulted in lakes characterized by
large biomasses of roach and bream, high abundance
of phytoplankton, few or no submerged macrophy-
tes, greatly reduced densities of plant-eating birds
and diving ducks and, instead, dominance by fish-
eating bird species such as great crested grebe (Po-

Birds Birds

Plant eating birds Diving ducks Fish eating birds Plant eating birds  Diving ducks

e
: L—

Pike
large |<==—=X
perch @
Cyprinids. @
G K Insects
G S snails

mussels

etc.
b
14

Submerged
plants

insects

:?js"ssets ‘%‘@j% ,gé;g* Zooplankton

efc.

| “ .
; lant: o
- plants 5 3‘,{"?

Phytoplankton

yprinids

diceps cristatus) (Figs 1-3).
Nutrients >

Birds
Fish eating birds Plant eating birds Diving ducks Fish eating birds
£
[Semra-_ § Pike
large
é}‘ perch %
Pike Cyprinids|
large =
T [l ;‘Qx =
<<% <K
<5< .;((.;\1 -
Insects
LT Zoopiankton snails [ . Zooplankton
¥/~ mussels Q@% J{;;'\;
A% etc i g
Phy
Phytoplankton Submerged
D O plants @ =L
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Recently, serious efforts have been made to reduce
the nutrient loading of Danish lakes. During the past
20 years there has been a marked reduction in nu-
trient loading from point sources, both due to intro-
duction of phosphorus stripping and, in some instan-
ces, nitrogen removal at the sewage treatment plants,
or because sewage has been diverted. In addition,
efforts are now being made to improve the nutrient
retention capacity of lake catchments, e.g. by estab-
lishment of cultivation-free buffer strips along water-
courses, re-establishment of wetlands, new stream

e
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Fig. 2. August biomass of planktivorous fish (CPUE, catch in
survey gillnets, 14 different mesh sizes ranging between 6.25-75
mm) v summer mean lake water concentrations of total
phosphorus (n=65). Also shown are the percentage of carnivorous
fish, summer mean (1 May - 1 October) of zooplankton:phyto-
plankton biomass ratio, epilimnion chlorophyll 2 concentration,
Secchi depth and the maximum depth limit of submerged macro-
phytes v total phosphorus. Mean + SD of five total phosphorus
groups is shown. The impact of changes in total phosphorus on bio-
logical structure and physico-chemical variables is particularly high
at low phosphorus concentrations, while only smali changes occur
when total phosphorus is higher than 0.1-0.2 mg P1? (from 17).
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management practices and remeandering of pre-
viously channelized streams. These measures, with
sewage treatment being of prime importance, have
led to a significant reduction in phosphorus con-
centrations of stream input to lakes (17). This has,
however, only rarely resulted in an immediate im-
provement of the trophic status of the lakes. In some
cases this has been attributed to reduction of the
external nutrient loading being insufficient. Signi-
ficant changes in the biological community and
Secchi depth cannot be expected to occur until
phosphorus concentrations in the lakes have been
reduced to levels below 0.1-0.2 mg P 11 (Fig. 2).

But even when external loading has been reduced to
sufficiently low levels, resilience towards improve-
ment has often been observed (see section 3). About
10-30 years may pass before the phosphorus concen-
tration in the lakes reach equilibrium with those of
inflows (4, 17). To accelerate the recovery process, lake
restoration projects have been undertaken in several
places in Denmark. Physico-chemical methods have
been used, with examples being sediment removal as
in Lake Brabrand near Arhus (Arhus Kommune & Ar-
hus Amtskommune 1996) or oxidation of the hypolim-
njon with either pure oxygen as in Lake Hald at Viborg
(Rasmussen 1995) or with nitrate as in Lake Lyng at Sil-
keborg (M. Sondergaard & E. Jeppesen, unpubl.). Biolo-
gical methods, such as removal of cyprinids, stocking
of predatory fish, and protection and planting of sub-
merged macrophytes, have also been used (section 4).

2.2 Main theme and research strategy

The typical Danish lake is shallow. Half of the appro-
ximately 500 lakes registered in the NERI lake data-
base have a mean depth of less than 2 m, and only 3%
have a mean depth of more than 10 m (Kristensen et al.
1990). Despite this fact, Danish lake research has pri-
marily focused on deep lakes. Until the mid-1980s, the
most intensive long-term ecological studies were un-
dertaken in the deep Lake Esrom (e.g. Jonasson 1972,
1977), Fureseen (Berg et al. 1958) and Mosse (Riemann
& Mathiesen 1977). International lake research has also
mainly concentrated on deep lakes. Shallow lakes dif-
fer from deep lakes in several important respects.
Deep lakes are often thermally stratified during the
summer. This stratification results in poor exchange of
nutrients and oxygen between the photic zone and the
lake bottom in summer compared with shallow lakes
that are typically homothermal. Moreover, shallow-
ness implies higher sedimentation and higher nutrient
release from the sediment and, if light conditions al-
low, higher primary production at the sediment sur-
face. The sediment of shallow lakes is, therefore, more
important to nutrient turnover and trophic dynamics
than in deep lakes - the benthic-pelagic coupling is
stronger. Other factors are important as well. Vertical
migration of prey may be a less efficient anti-predator
defense mechanism in the pelagial of shallow lakes



than in deep lakes. Moreover, in shallow lakes a larger
part of the lake area and volume may be colonized by
submerged macrophytes that have proved to be of
wide-ranging regulatory importance for lake eco-
systems. It is therefore obvious that the ecological
knowledge obtained by studying deep lakes can only
be partly transferred to shallow lakes.

In 1984, when I was encouraged to start a lake group
at the Freshwater Laboratory in Silkeborg (now the
National Environmental Research Institute, NERI), it
was only natural that the interest focused on shallow
lakes. Apart from being the most common Danish
lake type, shallow lakes have been most strongly
exposed to eutrophication. Resilience against im-
provement was therefore expected to be particularly
pronounced in these lakes. We have directed our re-
search at the recovery phase following nutrient load-
ing reduction and at the possibilities of accelerating
lake restoration by means of biomanipulation. A
multi-faceted research strategy has been used (Fig. 4).
We have conducted cross-analyses of data from a lar-
ge number of lakes and long-term studies of lakes
that are in the recovery phase following a reduction
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Fig. 3. Biomass (CPUE, catch in multiple mesh size gillnets +SD,

cf. Fig. 2) of various quantitatively important fish species in Danish
lakes v summer mean total phosphorus (E. Jeppesen, unpubl.).
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" in external nutrient loading. Furthermore, we have

undertaken full-scale field experiments and enclo-
sure experiments, and some of these experiments
have been supplemented by laboratory investiga-
tions. More recently we have added a palaeoecologi-
cal dimension to our research.

The subject of this dissertation is the ecology of
shallow lakes. The main emphasis is placed on tro-
phic dynamics in the pelagial, and I intend to il-
lustrate how the knowledge gained may be used for
purposes of lake restoration. The main part of the
dissertation concerns freshwater lakes, but in the
concluding chapter I discuss the trophic structure
and interactions of brackish lakes, which differ
substantially from freshwater lakes. Chapter 3 de-
scribes trophic interactions in the pelagic food web.
The main focus is on the role of fish and fish fry and
how their importance changes along a nutrient gra-
dient and during the season. Moreover, differences
between deep and shallow lakes are discussed.
Chapter 4 deals with the changes of shallow lake
ecosystems with increasing and decreasing nutrient
loading, including resilience factors. Moreover, the
occurrence and reasons for alternative stable states at
intermediate nutrient levels are discussed. Finally, I
evaluate the feasibility of using biomanipulation to
improve the environmental state following a re-
duction of external nutrient loading. Chapter 5 fo-
cuses on describing past developments in the bio-
logical community and environmental state using
analyses of animal and plant remains in the lake se-
diment. In addition, éxamples of reconstruction of
the abundance of planktivorous fish are given.
Chapter 6 deals with brackish lakes. Finally, a
summary is given in Chapter 7, and future research
needs within the subject area are identified.
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3 Predatory control vs. resource control

In recent years the food-web structure and inter-
actions in the pelagial of lakes have been subject to
intense debate. With a few exceptions (e.g. Hrbacek et
al. 1961; Brooks & Dodson 1965; Brooks 1969) the
prevailing view a decade or two ago was that food-

webs are primarily regulated from “the bottom”, i.e.

via the available resources. By way of example, phy-
toplankton are regulated by nutrients and light, zoo-
plankton by phytoplankton. This is called resource
control or “bottom up” control (sensu McQueen et al.
1986). This view also constituted the basis of the com-
prehensive world-wide IBP-investigations under-
taken from 1965-1975, which aimed at determining
primary production and energy flow through food-
webs in, for example, limnetic systems (Golterman
1990). Since then it has become evident that food-
webs may be strongly regulated “from the top” (cal-
led predatory control or “top-down control”), i.e. that
the zooplankton are regulated by fish, phytoplankton
by zooplankton, etc. (Carpenter et al. 1985; Gulati et al.
1990; Carpenter & Kitchell 1993; Mortensen et al. 1994).
However, opinions vary on the relative importance of
resource control and predatory control along a nu-
trient gradient.

On the basis of Fretwell’s (1977) and Oksanen et al.’s
(1981) studies of terrestrial environments, Persson et
al. (1988) claimed that herbivory on phytoplankton
depends on the number of food-web links, and that
the zooplankton grazing pressure is high in lakes
with an even number of links (e.g. lakes with only
zooplankton and phytoplankton or lakes with pre-
datory fish, planktivorous fish, zooplankton and
phytoplankton), and low in lakes with an odd num-
ber of links. Predatory control will therefore be
strongest in food-webs with an even number of links
(2,4, etc.) and resource control highest in food-webs
with an odd number of links. Persson et al. (1988)
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Fig. 5. Scheme illustrating the development in number of food-
web links in the pelagial along a nutrient gradient. R = resource
control, P = predatory/grazing control. The two-linked chain at
the highest nutrient level has been added by the author, otherwise
after Persson et al. (1988).

furthermore suggested that with increasing nutrient
supply a gradual increase in the number of food-web
links occurs from one link in the ultra-oligotrophic
lakes (phytoplankton) to two (+ zooplankton), three
(+ planktivorous fish) and finally in mesotrophic
lakes four links (+ predatory fish). In eutrophic lakes,
the food-web will be reduced to three links as pre-
datory fish are of no significance. To this may be added
atwo-linked system in the hypertrophic lakes in which
the importance of planktivorous fish decreases due to
frequent fish kills (Fig. 5) (see section 4.3).

There are several illustrative examples supporting
the hypothesis by Persson et al. (1988) (Persson et al.
1992; Wurtsbaugh 1992; Hansson 1992). There are,
however, also many exceptions from both lakes and
streams (Leibold 1990; Flecker & Townsend; McIntosh &
Townsend 1994; Mazumder 1994; Brett & Goldman
1996). Among the reasons for the deviations are
behavioural changes of prey, aiming at reducing the
predation risk (McIntosh & Townsend 1994), and
changes in the composition of primary producers
towards grazing-tolerant/ grazing-resistant forms at
high grazer density. Moreover, at each food-web le-
vel there will often be species having variable sen-
sitivity towards potential predators. In addition, some
species occur at more than one trophic level or show
ontogenetic shifts in food preference. In nature,
simple food-webs are therefore rare.

Based on statistical analyses of experimental data,
McQueen et al. (1986, 1989) suggested that resource
control is highest at the bottom of the food-web (e.g.
between nutrients and phytoplankton) and decreases
upwards through the web and, conversely, that
predatory control is strongest at the top of the web
and decreases downwards (Fig. 6). They furthermore
claimed that predatory control is high in oligotrophic
lakes and low in eutrophic lakes, particularly because
the latter lake type is dominated by cyanobacteria
that are difficult to handle for the zooplankton. In
contrast, Sarnelle (1992) argued that changes in the
biomass of planktivorous fish have greatest impact
on the phytoplankton (via the zooplankton) in
eutrophic lakes.

Elser & Goldman (1990) and Carney & Elser (1990)
argued that zooplankton grazing pressure on phyto-
plankton is:

* low in oligotrophic lakes due to low nutrient
availability. In addition, the zooplankton are domi-
nated by copepods that are less efficient grazers
than are large-sized cladocerans.
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Fig. 6. Scheme illustrating changes in the impact of resource and
predatory control through the food-web. The length of the arrows
indicates the strength of the regression relationship between food-
web levels (the slope) and the width the percentage of the variation
explained (r*). The figure shows that phytoplankton are especially
regulated by nutrients and are only significantly influenced by zoo-
plankton in the presence of Daphnia. The growth capacity of zoo-
plankton is influenced by phytoplankton, but the actual biomass is
affected by planktivorous fish predation. Finally, planktivorous fish
may be markedly influenced by carnivorous fish (modified from
McQueen et al. 1986).

* high in mesotrophic lakes in which the zooplank-
ton are-dominated by the efficient grazer, Daphnia.

* low in eutrophic lakes in which the phytoplankton
are dominated by grazing-resistant species, such
as cyanobacteria.

Recent investigations emphasize the importance of
including nutrient recirculation when evaluating the
strength of predatory and resource control (Mc-
Naugton 1988; DeAngelis 1992; Sterner & Hessen 1994;
Hessen 1997). The carbon(C)nitrogen(N):phospho-
rus(P) ratios vary significantly both within species at
a given food-web level and among species at the
various levels, and this may have indirect cascading
effects on trophic interactions. An increase in preda-
tion pressure on zooplankton will, for instance, di-
minish the cladoceran:copepod ratio since fish tend
to prey selectively on cladocerans. This will reduce
the N:P ratio of the matter excreted by zooplankton,
because the copepod N:P ratio is higher than that for
cladocerans, and the potential risk of dominance by
cyanobacteria will consequently be greater (Sterner et
al. 1992; Hessen 1997).

In several of the chapters below I return to these
hypotheses when discussing our results.

3.1 Predation pressure on zooplankton
along a phosphorus gradient

The increasing biomass of planktivorous fish CPUE
observed in several Danish lakes at increasing
phosphorus concentrations (Figs 2 and 3) indicate
that the predatory control of zooplankton is strongest
in eutrophic lakes. This is, however, not necessarily
true. In oligotrophic lakes population growth of zoo-
plankton is generally lower than in eutrophic lakes
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due to lower food concentrations (Lampert & Muck
1985). In oligotrophic lakes, it may therefore be more
difficult for zooplankton to compensate for fish
predation despite lower fish densities. Furthermore,
Secchi depth is generally higher, making the zoo-
plankton more visible to visually hunting, plan-
ktivorous fish. Finally, predatory fish may be lacking
in these lakes, if, for instance, the fish stock consists
exclusively of dwarf char (Salvelinus alpinus) (Hofer &
Medgyesy 1997), or they may be only weakly repre-
sented in other char- and in trout-dominated lakes
(tendencies towards a three-linked web, see Persson
et al. 1988). It may therefore be hypothesized that the
predation pressure on the large-sized zooplankton is
unimodally linked with nutrient levels, ie. that the
predation pressure is:

* high in oligotrophic lakes due to low growth of
prey zooplankton, clear water and a lack of or a
weakly developed community of predatory fish.

* low in mesotrophic lakes in which there is more
food available to the zooplankton, and in which a
relatively high number of predatory fish may con-
trol the planktivorous fish, and macrophytes may
offer refuges.

= low in slightly eutrophic and consequently turbid
lakes. The turbidity may offer the zooplankton a
refuge against visually hunting predators, and
there is still a significant predation pressure by pre-
datory fish on planktivorous fish.

* high in hypertrophic lakes in which the fish com-
munity is totally dominated by the highly abun-
dant planktivorous fish.

To further elucidate these hypotheses we made a
cross-analysis of data from a large number of Nor-
wegian and Danish lakes. This data set is remarkable
for its coverage of a large nutrient gradient. In the
analysis we focused on Daphnia, which is particularly
sensitive to fish predation due to its large size (Brooks
& Dodson 1965). We found that Daphnia as a percent-
age of total cladoceran biomass was highest at 0.05-
0.10 mg P 1 (mean = 70%) and decreased markedly
to low values (<7%) at the highest and lowest phos-
phorus concentrations (Fig. 7). This corresponds well
with the hypothesis. It has earlier been argued that
absence of Daphnia in oligotrophic lakes can be
ascribed to the competitive advantage of calanoid
copepods at low food concentrations (McNaught
1975), but later studies by Lampert & Muck (1985)
and Schulze et al. (1995) have not been able to
confirm this. In both studies the threshold concent-
ration for positive growth was on a par with the one
found in ultraoligotrophic lakes (Schulze et al. 1995).
In oligotrophic, fishless mountain lakes and in the
Arcticitis in fact often Daphnia species (D. pulex or D.
pulicaria) and not calanoid copepods that dominate
the filter-feeding zooplankton (Reen 1977; Anderson



& 100
2 80
o
[0}
g 60
®
S 40
5
£ 204
oy
Q 0

T T + T T T U 1 1 T

1 2 3 4 5 6 7 8 9 10
Totat phosphorus class

Fig. 7. Box-plot diagram showing the Daphnia proportion of total
cladoceran biomass during summer in 300 Norwegian and Danish
lakes with different lake water total phosphorus contents. Me-
dian as well as 25 and 75% percentiles are shown. Class (mg P I)
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> 0.8. The Daphnia proportion is largest at 0.05 - 0.1 mg P I (E.
Jeppesen, B. Faafeng, ].P. Jensen & D. Hessen, unpubl.).

1980; Gliwicz 1985; Paul et al. 1996). The observation
that zooplankton in oligotrophic lakes seem parti-
cularly sensitive to fish predation is supported by the
fact that introduction of potentially planktivorous
trout leads to a marked reduction or total elimination
of Daphnia spp. in such lakes (Anderson 1980; Paul et
al. 1996).

Investigations in New Zealand

To further elucidate the role of fish in oligo-meso-
trophic lakes, we undertook investigations in a num-
ber of shallow lakes in the southern part of New Zea-
land together with colleagues at the University of
Otago. The prevailing view was that fish do not mar-
kedly influence the abundance or composition of zoo-
plankton in New Zealand lakes (Chapman et al. 1975,
1985: Burns & Xu 1990; Burns 1992). This view is based
on the fact that only few obligate planktivorous fish
species are found in the lakes (Chapman et al. 1985).
Likewise, there are few species and low densities of
invertebrate predators in the pelagial (Chapman et al.
1985; Burns 1992) and, finally, several studies point at
food limitation as a main regulating factor (Burns 1979,
1992; Chapman et al. 1985).

Based on experience from Danish lakes we have, how-
ever, argued for a high predation risk in New Zealand
lakes (11). First, fish fry of the frequently abundant, but
mainly benthic, endemic species, common bully
(Gobiomorphus cotidianus) and upland bully (Philyp-
nodon breviceps) are planktivorous during the early
larval stage (Staples 1975). Moreover, both common
and upland bully may have several cohorts during
summer, and according to our experience (6) this will
lead to a continuously high fry predation pressure on
the zooplankton. Second, species of trout (Salmo trutta,
Oncorhynchus mykiss) are dominant top-predators in
several of the lakes. Apart from preying on other fish
these species also prey on invertebrates such as snails,
crayfish and insects in New Zealand lakes (D. Scott,
unpubl. results), and they are probably then relatively
weak predators on fish compared with, for instance,

perch and pike. To this must be added that trout also
prey on large-sized zooplankton (e.g. Swift 1970;
Lynott et al. 1995; Sagrov et al. 1996). Third, the zoo-
plankton community is completely dominated by
small species and, fourth, the biomass relationship
between zooplankton and phytoplankton is low in
most New Zealand lakes compared with northern
European lakes (Malthus & Mitchell 1990).

To further evaluate our hypothesis we made a com-
parative analysis of data from limnological inves-
tigations in selected New Zealand and Danish lakes
(11). We found that the zooplankton community in
New Zealand lakes seems to be highly regulated by
fish predation, perhaps even more than is the case in
Danish lakes with comparable nutrient concentrat-
ions. Enclosure experiments conducted in the
eutrophic Tomahawk Lagoon provided further evi-
dence. Larvae of common bully almost completely
eliminated Daphnia carinata (the most common Daph-
nia species) at a density of 8-16 0+ and 1* fish m? In
comparison, the density of planktivorous fish may
reach maximum values of 114-208 m? in New Zealand
lakes (Staples 1975; Rowe & Chisnall 1997). Further-
more, we undertook studies in 25 shallow lakes with
varying nutrient levels (from 0.002-0.17 mg P I') and
fish densities (Jeppesen et al. submitted). The results
showed that D. carinata was the dominant cladoceran
in fishless lakes, even at low phosphorus concentrat-
ions; medium-sized cladocerans, such as Ceriodaphnia,
dominated in oligotrophic and mesotrophic lakes with
even low densities of fish, while medium-sized and
small-sized species dominated in eutrophic lakes with
high fish densities.

These results support our hypothesis that fish pre-
dation plays a major regulating role for the zoo-
plankton communities of New Zealand lakes. The
results, moreover, support the view that the preda-
tion pressure on large-sized species is high in oligo-
trophic lakes with fish.

Effects on phytoplankton

Our results indicate that the predatory control of
large-sized zooplankton is high in oligotrophic and
eutrophic lakes and lower in mesotrophic lakes. The
question is if this difference in predation control of
zooplankton affects the next link in the food-web. The
Danish-Norwegian data set shows that the summer
zooplankton:phytoplankton biomass ratio is rela-
tively constant and high (~0.5) in the phosphorus in-
terval 0.003-0.050 mg P I'* and declines with increased
phosphorus concentrations (E. Jeppesen, B. Faafeng,
J.P. Jensen & D. Hessen, unpubl.), suggesting that the
presumed high predatory control of zooplankton is
channeled downwards the food-web in eutrophic
lakes, but not in oligotrophic lakes. A shift to do-
minance by small-sized zooplankton species may
not, therefore, have the same effect in oligotrophic
lakes as in eutrophic lakes, perhaps because the
phytoplankton in oligotrophic lakes is more strongly
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resource-controlled and therefore unable to take ad-
vantage of the presumed weaker grazing control by
zooplankton. Even though one has to be careful when
drawing conclusions from empirical relations and
biomass ratios, the results indicate that the cascading
effects (sensu Carpenter & Kitchell 1985) on phyto-
plankton of changes in the abundance of plankti-
vorous fish are most significant in eutrophic lakes.
This supports the hypothesis advanced by Sarnelle
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Fig. 8. Seasonal variation in the zooplankton potential grazing pres-
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per day) v summer mean concentrations of total phosphorus
(mg ). Median, the 25-75% and the 10-90% quantiles are shown.
Each phosphorus category includes 6-10 lakes. The potential
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copepods ingest phytoplankton corresponding to 100% and 50%,
respectively, of their biomass per day (from 10).
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(1992), but contradicts those of McQueen et al. (1986)
and Elser & Goldman (1990).

3.2 Seasonal variations in
predatory control

The cross-analysis of lake data described in the pre-
vious section was based on mean summer data.
There may, however, be significant seasonal varia-
tions in the grazing pressure on phytoplankton (Som-
mer et al. 1986). Based on analyses of data from
Danish lakes we found that the seasonal pattern in
the grazing pressure on phytoplankton changed
markedly with changing phosphorus concentrations
(10; Fig. 8). In mesotrophic lakes, the potential grazing
pressure on phytoplankton is high in early summer,
low in mid-summer, and in some lakes hi gh again in
late summer. However, at increasing phosphorus
concentrations the spring and autumn peaks become
smaller, and they almost disappeared in lakes with
very high phosphorus concentrations and high den-
sity of planktivorous fish (11). Simultaneously, the
duration of the summer minimum was prolonged.
Earlier, it has been claimed that the marked mid-sum-
mer decline in zooplankton grazing pressure, which
has been observed in many lakes, can be ascribed to
blooms of cyanobacteria, as these are often difficult
to handle for the zooplankton. Furthermore, cyano-
bacteria may be toxic, and their nutritive value to
many zooplankton species is comparatively low (see
e.g. review by Bernardi & Guissani 1990). We did find,
however, a decrease in grazing pressure in lakes do-
minated by edible phytoplankton species such as
green algae and we observed that the pattern was
repeated from year to year in lakes that are alter-
nately dominated by cyanobacteria and green algae
(Windolf et al. 1993). Dominance by Cyanobacteria
does not, therefore, appear to be the most important
factor for the low summer grazing pressure on phy-
toplankton, which contradicts the hypotheses ad-
vanced by McQueen et al. (1986) and Elser & Gold-
man (1990).

The role of fish fry - an example from Lake Lyng

Anumber of recent investigations indicate that fish fry
may prey heavily on zooplankton during summer feg.
Mills & Forney 1983; Cryer et al. 1986; Crowder et al. 1987;
Mills et al. 1987; Luecke et al. 1990). In Danish lakes fish
fry are abundant in the pelagial at the time when the
grazing pressure on phytoplankton declines, sugges-
ting that fry predation is a likely explanation of the
declining zooplankton grazing pressure. Predation by
fish fry may also explain our observations that the
duration of the period with low grazing pressure di-
minished with decreasing phosphorus concentrations.
Mesotrophic Danish lakes have a higher percentage of
predatory fish than eutrophic lakes (Figs 2 and 3). In
mesotrophic lakes, the predators may, therefore, deci-
mate the fry, within a short time period, resulting in re-
duced predation pressure on zooplankton and con-



sequently faster re-establishment of a high grazing pres-
sure on phytoplankton in the autumn than in eutrophic
lakes. (Fig. 8).

To elucidate the impact of fish fry we canducted full-
scale experiment in eutrophic Lake Lyng (24; Berg et al.
1997). Varying densities of pike fry (0-3,600 ha?) were
stocked in early summer for six years with the aim of
creating a differential predation pressure on plankti-
vorous fish fry. We succeeded in achieving a conside-
rable gradient in the density of planktivorous fry
between years (17-172 fish net), without causing any
major changes in the abundance of older fish (Berg et
al. 1997). Simultaneously, marked changes took place
in the density of zooplarnkton and phytoplankton,
phosphorus concentrations and Secchi depths, sugges-
ting major cascading effects (Fig. 9). With increasing
density of fish fry the concentrations of chlorophyll a
and total phosphorus as well as rotifer abundance
increased significantly, whereas Secchi depth and the
proportion of Daphniz spp. in total cladoceran
abundance decreased markedly (24). These results
support the hypothesis that fish fry significantly
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Fig. 9. Abundance of Daphnia and their share of total cladoceran
abundance, rotifer abundance, chlorophyll 2, Secchi depth and sum-
mer mean lake water total phosphorus v number of planktivorous
fish (<10 cm) in Lake Lyng during 6 years when 0* pike (Esox fucius)
were stocked in varying densities (0-3,600 indiv. ha). CPUE = catch
in multiple mesh size gill nets, cf. Fig. 2 (from 24).

regulate zooplankton and phytoplankton. The effects
of variations in fish fry recruitment in Lake Sebygard
provide further evidence in support of this
hypothesis (8, 16, see section 4.3).

Fish fry seem to have a significant influence on the
summer grazing capacity of zooplankton in meso-
trophic and eutrophic lakes, whereas, in the short
term, they seem to be less important in hypertrophic
lakes, as the biomass of >0* fish is sufficiently high to
control zooplankton throughout the year (Fig. 8). In
these lakes, cladocerans are dominated by small-
sized forms such as Bosmina longirostris throughout
the year (11). Food limitation cannot explain the low
zooplankton grazing pressure as the phytoplankton
in these lakes is typically dominated by edible green
algae.

3.3 Shallow vs. deep lakes

The empirical data discussed so far (Fig. 2) were deri-
ved from both shallow and deep lakes. However,
significant differences in the trophic structure and
interactions between deep, stratified lakes and shal-
low, fully mixed lakes seem to occur (10).

Higher predatory control in shallow lakes
Cross-analyses of data from a large number of lakes
indicate that the biomass and production of fish per
unit of area at a given nutrient level do not depend
on lake depth (Hanson & Leggett 1982; Downing et al.
1990). The biomass of fish per unit of volume is,
therefore, considerably higher in shallow than in
deep lakes, and it is therefore likely that the fish
predation pressure on zooplankton increases with
decreasing mean depth (10). In addition, the ability
of zooplankton to escape predators in shallow lakes
(without submerged macrophytes) is presumably
lower. Zooplankton avoid predation by undertaking
vertical diel migration (e.g. Lampert 1993). They hide
near the bottom during the day, and at night, when
they are less exposed to the risk of predation from
visually hunting fish, they migrate to surface water
in search for food (Ringelberg 1991; Lampert 1993). It is
obvious that the lower water depth makes vertical
migration a less efficient anti-predator protection
measure in shallow lakes.

Better possibilities for exploiting alternative food
sources such as benthic invertebrates are also indi-
cative of a potentially higher predation pressure on
zooplankton in shallow lakes (10). Apart from in
highly wind-exposed lakes, the biomass and pro-
duction of benthic invertebrates are generally higher
in shallow lakes (Hanson & Peters 1984; Lindegaard
1994), perhaps because the organic matter settled
from the water column is considerably less decom-
posed than in deep lakes due to the shorter settling
distance. Low oxygen concentrations in the hypolim-
nion of stratified lakes may also contribute to the
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lower production of benthic invertebrates (Wie-
derholm 1975; Jénasson 1972). Since zooplankton bio-
mass per unit of area is lower in shallow lakes, the
zooplankton:zoobenthos biomass ratio decreases
substantially with decreasing mean depth (22 times
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depth gradient in lakes with an epilimnion summer mean total
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Fig. 11. Summer mean values of Daphnia as a percentage of total
cladoceran biomass and percentage calanoid copepods of total
copepod biomass in deep (>5 m) and shallow (<5 m) Norwegian
and Danish lakes v summer mean lake water total phosphorus
concentrations (class division as in Fig. 7). When total phosphorus
is higher than 0.0125 mg P I, the percentage of Daphnia and
calanoid copepods is highest in deep lakes (E. Jeppesen, B. Faafeng,
J.P. Jensen & D. Hessen, unpubl.).

higher in a lake with a mean depth of 10 m than in
one with 1 m; Fig. 10). Most planktivorous fish are
facultatively planktivorous, also feeding on benthic
invertebrates. Hence, the higher production of
benthic invertebrates in shallow lakes makes it pos-
sible for the fish to maintain a higher biomass than if
zooplankton were the only food source. Since fish
may shift from benthic to pelagic feeding, their po-
tential for controlling zooplankton is greater in shal-
low than in deep lakes.

The view that the predation pressure by fish on zoo-
plankton is highest in shallow lakes is supported by
the data from Danish and Norwegian lakes (E. Jeppe-
sen, B. Faafeng, |.P. Jensen & D. Hessen, unpubl., Fig. 11).
Above a phosphorus concentration range of 0.012-
0.025 mg TP 1, Daphnia as a percentage of cladoceran
biomass and calanoid copepods as a percentage of
total copepod biomass were greater in deep than in
shallow lakes (Fig. 11). Calanoid copepods are gene-
rally more exposed to fish predation than are cy-
clopoid species (Winfield 1986), and the proportion of
calanoid copepods may therefore also provide infor-
mation on fish predation pressure (11). A higher pre-
dation pressure on zooplankton suggests lower zoo-
plankton grazing pressure on phytoplankton, which
is supported by the decreasing biomass ratio between
zooplankton and phytoplankton with decreasing
mean depth (Fig. 10).

Higher nutrient availability in shallow lakes

Several factors therefore suggest a more important
regulating role of fish in shallow lakes than deep lakes.
The argument for the importance of predatory control



is further strengthened by the fact that resource control
generally appears to be weaker than in deep lakes. In
lakes with similar mean annual phosphorus concen-
trations we found higher total phosphorus concentra-
tions in the photic zone during summer than in deep
lakes, which is most likely due to the more direct
contact between nutrients released from the sediment
and phytoplankton (10). In deep, stratified lakes,
nutrients settled from epilimnion or released from the
sediment remain in the hypolimnion until the ther-
mocline erodes in autumn, while in shallow homo-
thermal lakes nutrients return to the photic zone with
only a minor delay. Furthermore, near-sediment water
temperature is higher in unstratified lakes, which sti-
mulates turnover and release of nutrients from the
sediments under aerobic conditions (Kamp Nielsen
1974; Jensen & Andersen 1992). Finally, the higher
predation on benthic invertebrates and increased
detritivory in shallow lakes may result in increased
nutrient release from the lake sediment to the water,
thereby weakening resource control of phytoplank-
ton (Peréz-Fuentetaja et al. 1996; Persson 1997). 1t is
characteristic that the difference in summer phospho-
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rus concentrations between shallow and deep lakes
increases with increasing mean annual phosphorus con-
centrations (Fig. 12). The same is true for chlorophyll 4,
except when phosphorus concentrations are below 0.1
mg P, that is lakes with extensive submerged macro-
phyte coverage (cf. Section 4).

Differences in phytoplankton dominance

The more efficient benthic-pelagic coupling in shal-
low lakes may also be important for the differences
in the response of the phytoplankton community to
increased nutrient loading. The data from Danish
and Norwegian lakes (J.P. Jensen, B. Faafeng & E. Jeppe-
sen, unpubl., and 19) revealed that the biomass of
cyanobacteria in eutrophic lakes in temperate lati-
tudes tends to be proportionally lower in the shallow
ones. Chlorophyceae (green algae) are frequently do-
minant in hypertrophic, shallow lakes as opposed to
deep lakes in which cyanobacteria remain dominant.
The reasons for these differences are poorly under-
stood. Large cyanobacteria are characterized by their
excellent nutrient storage capacity, low settling rates,
and relatively low growth rates, while green algae
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Fig. 12. Left: Seasonal variation in epilimnion total phosphorus concentration expressed in per cent of the Jan. ~ April mean in Danish
lakes in different categories of mean annual total phosphorus (TP, mg I). The data set is divided into lakes with a mean depth <5m
{n=191) and >5 m (n = 42). Right: The corresponding values for chlorophyll a. Note that the difference in summer TP between shallow
and deep lakes increases with increasing TP concentrations and that summer chlorophyll 4 in shallow lakes does not increase in the
two lowest phosphorus categories despite increasing phosphorus concentrations. These are the phosphorus concentrations at which
submerged macrophytes are most widely distributed in shallow lakes (from 10 and E. Jeppesen & J.P. Jensen, unpubl.).
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such as Scenedesmus and Chlorella, grow fast at high
nutrient levels, but suffer high losses by sedimentation
(Reynolds 1984). These differences may contribute to
the greater importance of green algae in shallow, fully
mixed lakes, in which nutrient release is high during
summer and nutrients lost by sedimentation are retur-
ned to the photic zone (1, 19), while algae that can
minimize nutrient loss from the photic zone are
favoured in deep, stratified lakes. In addition, wind-
induced resuspension of sediment (Kristensen et al.
1992) and fluctuations in temperature on diurnal and
day-to-day scales (3) are of great importance in
shallow lakes. This may lead to nutrients being re-
leased in pulses from the sediment to the water (19).
Laboratory experiments have shown these conditions
to favour green algae (Sommer 1985).

It has been claimed that due to high pH (pH >9.5),
eutrophic lakes will be dominated by cyanobacteria
because they have a low half-saturation constant for
CO, uptake and consequently a competitive advan-
tage at low CO, concentrations (Shapiro 1990). How-
ever, we found (19) that green algae in Danish lakes
were dominant at the highest pH, which in some
instances became as high as 11 (1). According to
Shapiro, cyanobacteria should be dominant at this
PH level. Subsequent studies have confirmed our
observations (Beklioglu & Moss 1995). The reasons for
these differences remain to be fully elucidated, but
are perhaps related to the continuous release of CO,
from the sediment in shallow lakes, implying cons-
tant CO, supersaturation or absorption of CO,when
phytoplankton circulate near the sediment.
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It has also been claimed that nitrogen-fixing cyano-
bacteria are favoured by low total nitrogen:total
phosphorus ratios (Smith 1983). We found, however,
that non-heterocystous cyanobacteria and green
algae dominated at the lowest nitrogen:phosphorus
ratios (Fig. 13), whereas heterocystous species were
more often dominant in early summer when nitrate
was still found (19). Our analyses suggest that it is
differences in phosphorus affinity that determine the
outcome of the competition among the two cyano-
bacteria types in shallow Danish lakes, implying that
heterocystous species occur at lower phosphorus
concentrations than non-heterocystous species.

I conclude that several factors suggest a higher pre-
datory control and a weaker resource control in shal-
low lakes than deeper lakes with similar nutrient le-
vels, and that the more intense benthic-pelagic
coupling in shallow lakes influences both the abun-
dance and composition of phytoplankton. As will be
described in section 4, extensive coverage of sub-
merged macrophytes in shallow lakes may affect the
relative contributions of resource and predator con-
trol significantly.
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Fig. 13. The contribution of summer samples with dominance of cyanobacteria (heterocysts) and chlorophytes in relation to
nitrogen:phosphorus (TN:TP) by weight and total phosphorus concentrations. Note that cyanobacteria without heterocysts do not
dominate at particularly low TN:TP ratios, but at the lower phosphorus levels. Additionally, green algal dominance is most significant

at the highest phosphorus concentrations (from 19).
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4 Alternative equilibria in shallow lakes

The relationship between the trophic structure and
phosphorus described in Fig. 2 and Section 3 may
give the impression that changes in trophic structure
occur gradually concurrently with changes in nu-
trient loading. This is also the classic view (Phillips et
al. 1978) according to which changes along a nutrient
gradient in shallow lakes primarily reflect changes in
the competition among primary producers. Increas-
ed nutrient supply stimulates the growth of phyto-
plankton and epiphytes which in turn degrades the
benthic light climate and hence the abundance of sub-
merged macrophytes. Consequently, more nutrients
become available which further stimulates the growth
of phytoplankton. A self-perpetuating process has
been initiated, and continuing supply of nutrients will
lead to a gradual disappearance of submerged ma-
crophytes and a phytoplankton-dominated commu-

nity.

However, studies undertaken in collaboration with, in
particular Dutch and British colleagues, have radically

(1) Remove nutrients for growth

@ Refuges for zooplankton

@ Improve conditions for macro filtrators
@ Favourize small perch over small roach

changed the view of causal relations (2, 4; Moss 1989,
1990; Scheffer 1989, 1990 - summary in 20). Our hypo-
thesis is that oligotrophic shallow lakes tend to be
clear (excepting dystrophic lakes) and extensively
covered by submerged macrophytes, if not prevented
by physical/climatic conditions. If the lakes are not
ultraoligotrophic, predatory fish are often sufficiently
abundant to control the planktivorous fish stock.
When more nutrients are added, lake trophic struc-
ture does not respond immediately. The productivity
in the food-web increases, but a series of feedback
mechanisms prevents substantial changes in trophic
structure (Fig. 1). Predatory fish create a high pre-
dation pressure on planktivorous fish, enabling zoo-
plankton to control phytoplankton and snails to con-
trol epiphytes on plant surfaces (Brinmark & Weisner
1992). If the nutrient supply increases further, a
threshold will eventually be reached at which the
system breaks down and an abrupt change occurs to
a turbid state with high phytoplankton biomass, few
or no submerged macrophytes and total dominance

(® Refuges for small perch and small pike

@ Stabilize sediment, reduce resuspension
(?) Enhance denitrification

May have allelopathic effects

Fig. 14. Via various mechanisms submerged macrophytes may stabilize the clearwater state in lakes (modified from Jeppesen et al.

1989).
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of the fish community by planktivorous fish. This
state has a number of new feedback mechanisms
impeding a shift back to the clearwater state. When
the nutrient supply is reduced, planktivorous fish
and, in some instances, the grazing pressure on
submerged macrophytes by grazing waterfowl, may
create a resilience towards a shift to the clearwater
state. Provided that there are no major perturbations
in the system either due to artificial interventions
(e.g. biomanipulation) or natural events (e.g. fish kill
during ice cover), the shift will occur at a lower
nutrient level than that which initially led to the tur-
bid state (Fig. 15).

Our hypothesis is supported by both empirical ob-
servations (20, 2,4, 10, 13, 14; Blindow et al. 1993; Moss
et al. 1996), full-scale and enclosure investigations (1,
14, 15,1819, 21) and theoretical models (Scheffer 1989,
1990; Scheffer & Jeppesen 1997). The theoretical pos-
sibility that ecosystems may have more than one
equilibrium is not new (Noy-Meir 1975; May 1977;
Uhlmann 1980), but so far only few empirical data
support it (Scheffer 1997).

Oligotrophic
A

v
Hypertrophic

Clearwater ¢—————— Turbid

Fig. 15. Mlustration of the response of shallow lakes to changes in
nutrient supply. At low nutrient supply the lakes are clear. With
increasing nutrient loading two alternative states occur, but ma-
jor ecosystem changes are needed to shift the lake to the turbid
state. With continuously rising nutrient levels the lakes may more
easily shift to the turbid state and it gets more difficult to bring
them back to the clearwater state. Finally, there is only one stable
state - the turbid one. A switch back following a nutrient loading
reduction shows similar resilience (from 22 and Scheffer 1990).
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4.1 The stabilizing role of submerged
macrophytes

As mentioned above, submerged macrophytes are of
great importance for maintaining originally oligo-
trophic-mesotrophic lakes in the clearwater state
after a moderate increase in nutrient supply. One of
the reasons is that macrophyte biomass increases,
resulting in increased nutrient fixation in macro-
phytes and epiphytes (Sand-Jensen & Borum 1991).
During summer, part of the added nutrients is
therefore not available to the phytoplankton. More-
over, submerged macrophytes may indirectly reduce
available nutrients. They reduce sediment resus-
pension (James & Barko 1990; Dieter 1990; Hamilton &
Mitchell 1996), which often increases nutrient release
to the water (Sondergaard et al. 1992). The larger sur-
face area contributed by the plants may promote de-
nitrification in the opiphyte layer on the surfaces
and thereby increase nitrogen loss from the lake
(Weisner et al. 1994). Low oxygen concentrations with-
in the macrophyte beds, particularly at night (Frodge
et al. 1990), are supposed to have similar effects.
Finally, submerged macrophytes may locally dimi-
nish phytoplankton by shading them (Wetzel 1983;
Pokorny et al. 1984).

Indirect effects

The effect of plants on nutrients and light does not,
however, fully explain why submerged macrophytes
promote clearwater conditions. An analysis of data
from 210 Danish freshwater lakes has shown that
lakes with a plant coverage above 30% are more trans-
parent than lakes with the same phosphorus concen-
trations, but without macrophytes or with low ma-
crophyte coverage (2, 4; Fig. 16). This is also true for
lakes having macrophyte beds along the shore and
open water in the centre, implying that the effect must
reach beyond the plant-covered area. The same pat-
tern was found in Florida lakes (Canfield et al. 1984).
Recent investigations from Norway (Faafeng & Mjelde
1997) and the Netherlands (Scheffer 1997) also suggest
that lakes with high abundance of submerged ma-
crophytes are more transparent than was to be ex-
pected from the phosphorus level. A number of in-
direct effects have been offered as an explanation.
Submerged macrophytes promote sedimentation
(Van den Berg et al. 1997) and reduce, as mentioned,
resuspension (James & Barko 1990; Dieter 1990), and
this may lead to more transparent water in shallow
lakes in which wind-induced resuspension otherwise
may be quite significant. Lake Arresg in Denmark
serves as an example of this effect. In this lake, mea-
surements and modelling indicate that, as a conse-
quence of resuspension alone, Secchi depth is below
1 m for half of the time (Kristensen et al. 1992).

Resuspension may also be reduced via the effect of
macrophytes on the fish stock. Benthivorous fish such
as bream (Abramis brama) may stir up sediment when
searching for food, which may substantially increase



the concentrations of suspended sediment and nu-
trients (Lammens 1986; Meijer et al. 1990; Breukelaar et
al. 1994). Bream is favoured in eutrophic lakes with-
out macrophytes, and generally are of little impor-
tance in macrophyte-rich lakes (Meijer et al. 1995).
Resuspension may also be reduced as improved light
conditions mediated by the reduced sediment mixing
by fish may result in increased growth of filamentous
and microbenthic algae (Delgado et al. 1991). The ob-
servation that submerged macrophytes affect sus-
pended solids is supported by results from New Zea-
land lakes where Hamilton & Mitchell (1996) found
that besides being affected by wind exposure, sus-
pended solids were negatively related to submerged
macrophyte coverage.

It has been claimed that the quiescent water within
macrophyte beds may enhance phytoplankton sedi-
mentation and hence reduce phytoplankton biomass
(Meijer & Hosper 1997). This is not, however, consistent
with our observations: when the grazing pressure by
filter-feeders was low, phytoplankton biomass in the
macrophyte beds was high in eutrophic freshwater
and brackish lakes even at very high macrophyte
coverage (6, 14, 21). This is probably due to the fact that
phytoplankton with low specific sedimentation rates,
such as cyanobacteria and flagellates, become domi-
nant in the water among plants (23).

Chemical cues from submerged macrophytes inhi-
biting phytoplankton growth have been suggested to
promote clearwater conditions in macrophyte-rich
lakes (called allelopathy). Laboratory experiments by
Wium Andersen (1982) demonstrated that sulphuric
compounds extracted from characeans have a nega-
tive impact on the photosynthesis of phytoplankton
cultures in concentrations of only a few pmol 1. The
role of allelopathy in nature, however, remains to be
elucidated (Sand-Jensen & Borum 1991).

Submerged macrophytes may also influence the
abundance of a number of phytoplankton filterers.
Large mussels such as Anodonta and Unio may
appear abundantly within the vegetation and Ogilvie
& Mitchell (1995) have shown that uniods may yield
ahigh grazing pressure on phytoplankton in shallow
lakes. Within the macrophyte beds also small, filter-
feeding crustaceans such as Sida, Simocephalus and
Eurycercus are found, and calculations indicate that
they may considerably suppress phytoplankton bio-
mass within the macrophyte beds (Stansfield et al.
1997). Further studies are, however, needed to fully
evaluate whether their effect reaches beyond the
macrophyte-covered areas.

Effects on fish and zooplankton

Macrophytes may influence zooplankton both indi-
rectly and directly. First, macrophytes may favour
predatory fish such as perch and pike at the expense
of planktivorous fish such as roach and bream. Pike are
associated with vegetation (Grimm & Backx 1990), and

perch have a competitive advantage over roach within
the vegetation as they are more efficient predators ina
structured environment and are better at exploiting
plant-associated invertebrates (Persson et al. 1988).
Conversely, roach is a better forager in the pelagial
(Persson 1991). In lakes covered by submerged macro-
phytes, perch stand a better chance of growing large
enough to become predatory. Higher abundance of
predatory fish means lower abundance of roach and
bream, reduced predation pressure on zooplankton
and hence lower phytoplankton biomass.

Second, submerged macrophytes may act as a refuge
for zooplankton. Timms & Moss (1984) concluded
that large-sized zooplankton congregate within the
vegetation during day, but migrate into the pelagic
zone at night. They argued that zooplankton used the
macrophytes as a daytime refuge against predation
by visually hunting predators. Consequently, sub-
merged macrophytes may indirectly influence water
transparency as increased zooplankton survival will
enhance the grazing pressure on phytoplankton both
within the vegetation during the day and in the pe-
lagic zone at night.

Diel investigations undertaken in a number of Da-
nish, Northern American and New Zealand lakes
confirm the hypothesis of Timms & Moss. Horizontal
migration between macrophytes and the pelagial is
often significant (10, 14, 20; Lauridsen & Buenk 1996;
Lauridsen et al. 1997). The migration intensity seems
to be greatest in lakes with high densities of plank-
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Fig. 16. Summer mean Secchi depth in relation to summer mean
lake water total phosphorus for a number of shallow, Danish
freshwater and brackish lakes. o: lakes with more than 30%
submerged macrophyte coverage, o: lakes with little coverage
(<30%) or an unknown submerged macrophyte coverage. Each
point represents one lake and is a time-weighted average of all
data collected between 1 May and 1 October. The broken line is
an exponential curve developed by Kristensen et al. (1991) on
data from freshwater lakes with low submerged macrophyte
coverage. At a given phosphorus concentration, freshwater lakes
with high submerged macrophyte coverage are more clear than
lakes without macrophytes. The same does not apply to brackish
lakes (from 6).
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Fig. 17. Diel variation in the density of Bosmina spp. (mainly B.
longirostris) in exclosures with various submerged macrophyte
densities and at a reference station (without macrophytes) in Lake
Stigsholm. Average density and diel amplitude (high during day
and low during night) are highest at high macrophyte densities.
At the reference station, in contrast, the highest density of Bosmina
occurred at night (from 10).

tivorous fish (Watt & Young 1994; Lauridsen et al.
1998). The capacity of zooplankton to detect the
predation risk may be related to their ability to react
to chemical cues released by fish. It is interesting that
zooplankton cluster in the vegetation even though
several zooplankton species may be repelled by
submerged macrophytes (Hasler & Jones 1949; Pennak
1966). In this case too, chemical cues seem to be
involved (Lauridsen & Lodge 1996). If viewed sepa-
rately, it would seem likely that zooplankton seek to
avoid macrophyte beds in which the concentration of
potential food items may be low and the densities of
various predatory invertebrates high. Consequently,
macrophyte-covered areas are hardly attractive habi-
tats to pelagic zooplankton (13). In lakes with high
fish densities, the cues from fish seem, however, to be
more intense than those of submerged macrophytes,
and zooplankton consequently move into the vege-
tation. At the population level, this would be an
adaptive behaviour, if lower growth conditioned by
the lower food concentrations within the vegetation
is more than compensated for less predation than in
the pelagic zone.
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Experiments in Lake Stigsholm demonstrated that
diel migration of large-sized zooplankton between
macrophytes and the pelagial was particularly high
from small macrophyte beds (20). This may be related
to the tendency of zooplankton to aggregate near the
edge of the macrophyte beds (Lauridsen & Buenk
1996). In addition, diel migration was observed to be
highest from dense beds (10; Fig. 17). In the Lake
Stigsholm experiments, there were only few fish in
dense beds, which may explain why the refuge
possibilities for zooplankton seemed better here than
in more open areas (13).

The possibility of zooplankton finding refuge within
macrophyte beds depends highly on the habitat
choice of fish, because fish fry may also use the vege-
tation as a daytime refuge against predatory fish
(Savino & Stein 1982; Werner et al. 1983; Carpenter &
Lodge 1986). As mentioned above, fish often prefer the
less dense areas (Engels 1988; Phillips et al. 1996; Stans-
field et al., 1997), which may be related to reduced
food-search efficiency at the high structural com-
plexity represented by high macrophyte density
(Crowder & Cooper 1979; Savino & Stein 1982; Anderson
1984; Diehl 1988). There are, however, exceptions to
this rule (Winfield 1986). The consequences of the
presence of fish for the zooplankton are not yet fully
clarified and depend on whether the fish actually
feed within the vegetation or not (Perrow et al., unpubl.
ms). Young perch, for instance, forage at dusk and
dawn when they have left the littoral zone (Gliwicz &
Jachner 1992). Also, the abundance of alternative food
sources and competition among the various age
groups and species of fish may influence feeding
behaviour (Persson & Greenberg 1990; Persson 1993)
and the predation risk for the zooplankton.

If predatory fish are abundant in the vegetation, the
situation becomes even more complex. On the one
hand, the predation pressure on zooplankton may
decline if the activity level of planktivorous fish
decreases in the presence of predatory fish (Bean &
Winfield 1995; Jacobsen et al. 1997) or if the fish turn to
alternative food sources when the size of their
foraging field diminishes (Persson 1993), On the other
hand, the presence of predatory fish within the
macrophytes may force the planktivorous fish into
the most dense vegetation (Savino & Stein 1982; Wer-
ner et al. 1983; Persson & Eklov 1995) and consequently
further reduce the refuge possibilities for the zoo-
plankton (E. Jeppesen & M. Sendergaard, unpubl.).

Experiments in Lake Stigsholm

We have worked intensively to clarify how sub-
merged macrophytes influence fish-zooplankton in-
teractions in lakes, particularly in Lake Stigsholm (10,
13, 14, 23). The cascading effects on phytoplankton
and the microbial community were investigated (14,
23; Jiirgens & Jeppesen 1998; Sendergaard et al. 1998;
Sendergaard & Moss 1998). Firstly, we conducted
experiments in 100 m? enclosures at varying densities
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Fig. 18. Biomass of dominant cladocerans (Bosnina + Daphnia, upper
panel) in the pelagic and their potential grazing pressure on
phytoplankton v the number of 0* and 1* roach (Rutilus rutilus)
and three-spined stickleback (Gasterosteus aculeatus) and plant den-
sity (% of water volume with plants, PVI) in enclosures in Lake
Stigsholm. At low fish densities the abundance of Daphnia +
Bosmina and phytoplankton grazing pressure remain high provided
that PVI>15-20%. At fish densities of 2-4 m* there is a steep decline
in both density and grazing pressure (from 23).

of plants and abundances of fish (0*and 1*stickleback
(Gasterosteus aculeatus) and roach) (23). We found
high zooplankton densities and high zooplankton:-
phytoplankton ratios when the plant volume infested
(PVI) was above 10-15% and fish density lower than
2 individuals m (Fig. 18). When 2-4 fish m? were
added, a shift to small-sized cladocerans and cyclo-
poid copepods took place, and the zooplankton:-
phytoplankton ratio decreased markedly. When the
density was above approximately 4 fish m? no
essential differences between the effect at low and
high macrophyte densities were found. Cyclopoid
copepods and rotifers dominated, and the zooplank-
ton:phytoplankton ratio was low. These experiments
suggest relatively abrupt changes in refuge effect
when the specific thresholds in macrophyte and fish
densities are reached. Reduced effect of macrophyte
refuge with increasing fish density has also been
observed by Beklioglu & Moss (1996). Persson &
Eklov (1995) and Kairesalo et al. (1997) found marked
effects on zooplankton at 0* perch densities of 2-3
individuals m? in relatively dense vegetation (13).

The significant changes in the abundance and com-
position of zooplankton observed with changes in the
density of submerged macrophytes and planktivo-

rous fish in the Lake Stigsholm experiments had
significant cascading effects on phytoplankton (Fig.
19). In the absence of fish when zooplankton grazing
was high, phytoplankton biomass was low and was
dominated by Cryptomonas and Chlamydomonas,
despite these two genera being particularly palatable
to zooplankton (23, Sondergaard & Moss 1998). These
phytoplankton genera probably dominated because
their high growth rates allowed them to partly escape
grazing (23). At high fish density and low grazing
pressure on phytoplankton, the biomass was high
and cyanobacteria and dinoflagellates dominated.

Cascading effects on phytoplankton, ciliates,
flagellates and bacteria

To obtain more detailed information on the biological
interactions within macrophytes we conducted a
number of experiments in Lake Stigsholm using 20
m? enclosures with varying densities of submerged
macrophytes. We made direct measurements of zoo-
plankton grazing and also analysed for effects on
protozoans and free-living bacteria. In dense vegeta-
tion (plant volume infested, PVI=50%) large-sized
zooplankton, such as Daphnia galeata/hyalina and
Ceriodaphnia sp., and cyclopoid copepods, including
several large-sized species such as Macrocyclops
albidus and Megacyclops viridis, dominated whereas
small species (rotifers, small cyclopoid copepods)
dominated at low plant densities (PVI=24%) and in
macrophyte-free enclosures (Fig. 20). Total biomass
of zooplankton was 88-fold higher in enclosures with
high PVI than in macrophyte-free enclosures (Fig.
21). This difference was also reflected in zooplankton
grazing. The clearance rates of both phytoplankton
and bacteria by large-sized zooplankton (>140 pm)
were exceedingly high at high PVI (200-300% of the
water volume d?) and only 2-5% d! at low PVI and
in macrophyte-free enclosures (Fig. 20). Accordingly,
chlorophyll a was substantially lower at high PVL In
contrast, the abundance of ciliates, heterotrophic
flagellates and bacterioplankton were 4, 74, 4 and 3
times higher in macrophyte-free enclosures, respec-
tively (Figs 20 and 21).
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Fig. 19. General scheme of the changes in phytoplankton
community along with changes in macrophyte density and bio-
mass of planktonic cladocerans (Daphnia and Bosmina) in
experiments in Lake Stigsholm (see Fig. 18) (from 23).
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Fig. 20. Abundance of various zooplankton taxons, protozoans and
bacterioplankton, chlorophyll 2 and the zooplankton filtration rate
on phytoplankton and bacterioplankton in Lake Stigsholm with
contrasting densities of submerged macrophytes (HM: plant
volume infested (PVI) = 50%, LM: PVI = 24%, M-: no submerged
macrophytes). Note the logarithmic scale. We found significant
differences between trophic structure and dynamics in enclosures
with low and high PV, but only minor differences between those
with low PVI and macrophyte-free enclosures (from 13).

The key role of zooplankton in the observed struc-
tural differences was evidenced by concurrent ex-
periments involving removal of large-sized zoo-
plankton from half of a set of samples from high
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Zooplankton

Bacterioplankton

>140pm 139
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HNF
>20pm 383
2-20pm 283
154
<2pm
Phytoplankton Ciliates

>140pm

PVI and macrophyte-free enclosures (Jiirgens &
Jeppesen 1998). In the high PVI enclosures, zoo-
plankton removal resulted in a 3-9-fold increase in
the abundance of free-living bacterioplankton and
heterotrophic nanoflagellates during the first 24 h
as well as a pronounced increase in chlorophyll a,
ciliate and picoplankton abundance during the
subsequent four days. Only negligible changes
were observed in corresponding experiments us-
ing water from the macrophyte-free enclosures
(Jiirgens & Jeppesen 1998).

The results from eutrophic Lake Stigsholm have
shown that zooplankton use submerged macrophy-
tes as a refuge if fish density is low. Enhanced sur-
vival of zooplankton may lead to both clear water
within the vegetation and increased herbivory on
phytoplankton in the pelagial. The experiments also
demonstrated, however, that the refuge effect of zoo-
plankton declines abruptly when the fish density
within the vegetation exceeds a certain threshold (2-
4 fishm™in our experiments), and the phytoplankton
biomass within the vegetation then approach the le-
vel found in the pelagial. The latter suggests that
plant-associated filtrators (such as Sida) are also
influenced by fish, which is consistent with the
findings of Whiteside (1988).

A hypothesis for the refuge effect

As described above, the interactions between sub-
merged macrophytes, predatory and planktivorous
fish and the cascading effects on zooplankton are highly
complex. We have discussed how the use of submerged
macrophytes as a refuge for zooplankton during sum-
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Fig. 21 Carbon (pg I' or pg I d*) weightbudget in Lake Stigsholm enclosures with, respectively, no and high density of submerged
macrophytes. COP = copepodes, ROT = rotifers, CLA = cladocerans, HNF = heterotrophic nanoflagellates. See also Fig. 20 (from 14).
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mer will change along a nutrient gradient (13; Fig. 22).
We suggest that the refuge effect in summer is:

= relatively low in the most eutrophic lakes with few
or no submerged macrophytes, where the refuge is
restricted to floating-leaved plants and reeds. Stem
density is low compared with areas covered by
submerged macrophytes, and the refuge effect is
thus low.

= relatively high in eutrophic lakes with submerged
macrophytes, as the vegetation is often dense and
tall. The fish stock is dominated by planktivorous
species, which in the absence of predatory fish do
not need to seek refuge within the vegetation.

= relatively low in mesotrophic lakes, because ma-
crophyte density is often lower, and predatory fish
are more abundant. Planktivorous fish will
consequently seek refuge within the macrophyte
beds, thereby increasing the predation pressure on
the refuging zooplankton.

= relatively low in oligotrophic lakes due to low
plant height.

Predation on epiphyte grazers

Apart from preying on zooplankton, fish may also
impose a significant predation pressure on plant-as-
sociated invertebrates, including snails (see reviews of
Jones et al. 1998; Bronmark & Vermaat 1998). The result
is reduced grazing pressure on the epiphyte cover on
plant surfaces, which may, in turn, enhance epiphyte
growth (Brinmark & Vermaat 1998) and thereby cause
deterioration in the light climate for submerged ma-
crophytes. It has been suggested that such an increase
in epiphyte coverage, mediated by predation on
epiphyte grazers, may play a key role in the reduced
abundance of submerged macrophytes at increased
nutrient supply (Brénmark & Weisner 1992).

Conclusions and perspectives concerning

lake restoration

In conclusion, it appears that submerged macro-
phytes — via a number of direct and indirect effects on
nutrient levels and phytoplankton — may counteract
the effect of increased nutrient supply. The results
shown in Fig. 2 and Fig. 16 indicate that in most lakes
there is a threshold of approximately 0.1-0.15mg P17,
above which submerged macrophytes may no longer
contribute to maintaining the clearwater state. This
shift is probably caused by a combination of a high
nutrient level and a high density of planktivorous
and snail-eating fish. The lake will therefore shift to a
turbid state with few or no submerged macrophytes.

Despite the relatively poor knowledge of interactions
between the littoral and the pelagic zone, the results
obtained for eutrophic lakes can today be applied in
lake management. Consequently, it has been sugges-
ted to use macrophyte beds protected against bird
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Fig. 22. Conceptual model showing how the biomass of plant-
associated microcrustaceans and zooplankton (solid line) in the
littoral zone is expected to change with varying nutrient levels.
The broken line represents the average biomass of submerged
macrophytes in plant-covered areas (from 13).

grazing as a lake restoration tool (4; Moss 1990 — see
section 4.2). Our own results (10, 13, 14, 20, 23) sug-
gest that in eutrophic lakes, the most significant
refuge effect and the highest migration from ma-
crophyte beds to open water may be obtained if the
macrophyte beds are dense and the periphery of the
plant beds is large (many small beds or oblong strips).
Using this knowledge as a starting point anumber of
investigations are presently being undertaken by NE-
RI and the Danish counties.

4.2 Resilience in the response to a
nutrient loading reduction

As described in the introduction to this section, re-
silience in the response to reduced nutrient loading
has frequently been observed (4, 16; Marsden 1989;
Sas, 1989; Cullen & Forsberg 1988; Van der Molen &

" Boers 1994; Welch & Cooke 1995). Resilience may be

determined by both chemical and biological factors
and interactions among these. Chemical resilience is
typically related to phosphorus (Fig. 23). Lake water
phosphorus concentrations may remain high for a
long time due to phosphorus release from the sedi-
ment pool accumulated during the time when
loading was high (e.g. Sas 1989; Sondergaard et al.
1993). The duration of the resilience depends espe-
cially on the magnitude and duration of the former
loading, hydraulic retention time, iron input (4;
Sendergaard et al. 1993, 1996) and trophic structure (4).
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[Fig. 23. Scheme illustrating chemical resilience following an external nutrient loading reduction. The lake remains turbid for a prolonged
period due to release of phosphate from the sediment pool which was accumulated when phosphorus loading was high. Release may

take place as far down as 20 cm depth (from Jeppesen et al. 1991).

The biological community may also show resilience
after a nutrient loading reduction, which may pri-
marily be ascribed to fish (Shapiro & Wright 1978;
Benndorf 1990) and occasionally to bird grazing on
submerged macrophytes (Lauridsen et al. 1993; Son-
dergaard et al 1996, 1997; Van Donk et al. 1994) (Fig. 24).
It seems logical therefore to conclude that an inter-
vention in the trophic structure may accelerate the
improvement of lakes showing biological resilience
(Fig. 25). Shapiro et al. (1975) were those who first
suggested fish manipulation as a restoration tool in
eutrophic lakes. Later, fish manipulation has been
used to reduce the transitional period after a loading
reduction (2, 4, 17; Benndorf 1987, 1990; Moss 1990;
Hosper & Jagtman 1990). The causes of fish-induced
resilience are various. Following a loading reduction,
eutrophic lakes will initially be dominated by plank-
tivorous and benthivorous fish. By predating zoo-
plankton, and by stirring up sediment these fish may
maintain a high algal biomass and high concen-
tration of suspended solids and thereby keep the
lake in a turbid state. Low turbidity prevents an
increase in the abundance of visually hunting pre-
datory fish such as perch and also prevents coloni-
zation by submerged macrophytes. The purpose of
fish manipulation is to establish clearwater condi-
tions and improve the colonization potential of

Year 0 1 2 3

In-lake
concentration

Bras

submerged macrophytes and hence the conditions
for predatory fish. This may, in turn, lead to a shift to
the clearwater state.

If the light climate improves, rapid colonization of
submerged macrophytes may occur (21), although
several examples of a delayed response have been
observed. This resilience may be caused by grazing
by coot and swans of the sparse shoots appearing in
the early phase of colonization (21; Lauridsen et al.
1993; Sendergaard et al. 1996). Enclosures protecting
the macrophyte shoots against birds grazing have,
therefore, been suggested as a restoration tool (Moss
1990) and in several instances they have led to a mar-
ked increase in plant biomass (Lauridsen et al. 1993;
Sondergaard et al. 1996; Lauridsen et al. unpubl.).
Whether bird grazing may delay colonization of
submerged macrophytes is still debated however
(Mitchell & Perrow 1998). Also a reduced seed bank
following many years without submerged macro-
phytes may presumably cause a delay in the re-estab-
lishment of submerged macrophytes even though
light conditions have improved.

In the following sections I will provide examples of
resilience and the effects of manipulation using data
from long-term, intensive studies on Lake Sebygard

Fig. 24. Scheme illustrating biological resilience. Planktivorous and benthivorous fish (roach and bream) may maintain the turbid
state for years by stirring up sediment and excreting sediment-derived nutrients. Moreover, they ingest zooplankton, resulting in low
grazer control of phytoplankton. This leads to high turbidity and prevents re-establishment of submerged macrophytes and carnivorous
fish. Plant-eating birds may also delay the process by grazing the tender shoots of submerged macrophytes in the re-establishment
Pphase (from Jeppesen et al. 1991).

28



Fig. 25. Fish stock interventions (biomanipulation) may speed up
lake environmental recovery. Biomanipulation is for thin and thick
as well as high and low (from Jeppesen et al. 1989b).

and Lake Vang. The examples presented will be sup-
plemented with a cross-analysis and evaluation of a
number of other biomanipulation studies.

4.3 Lake Sgbygard — an example of
chemically induced resilience and
the role of fish

Lake Sebygard is an example of chemical resilience.
The lake is highly eutrophic - primarily as a result of
heavy sewage loading over several decades. Oxygen
depletion and fishkills occurred frequently in the
1970s. To improve the environmental state, biological
treatment was implemented at the Hammel sewage
treatment plant in 1976 and phosphorus stripping was
introduced in 1982. Nitrogen supply was reduced in
1987 after the closing of a major slaughterhouse.
Despite these changes, the lake is still hypertrophic,
which may be primarily ascribed to high phosphorus
release from the sediment (Sendergaard et al. 1993). The
phosphorus release fluctuated significantly from 1983-
1994 (Fig. 26), which, in particular, can be attributed to
variations in trophic structure (16). During the first
years following the reduction in external phosphorus
loading, phosphorus release was derived mainly from
the upper sediment layers, whereas today it is derived
from a depth of 20-30 cm (Sendergaard et al. 1993;
Sondergaard et al., unpubl.). Despite a retention time of
only 15-25 days, net retention of phosphorus has been
negative during the 13 years following the marked
reduction in phosphorus loading. Another decade can
be expected to pass before the lake will reach a new
equilibrium adapted to the present external loading
(16, Sendergaard et al. 1993; Jensen et al. 1994b).

A similar resilience has not been found for nitrogen
(Fig. 26). Mass balances of nitrogen for Lake Seby-
gard have shown no changes in net retention since

1987 when the nitrogen input was reduced by ap-
proximately 30% (15, 18). This difference between
nitrogen and phosphorus can be ascribed to the fact
that nitrate may be lost by denitrification.

Despite the relatively modest changes at the nutrient
level, marked changes have occurred in the concen-
tration of chlorophyll a and hence Secchi depth,
which can primarily be attributed to changes in the
fish predation pressure. Frequent fish kills in the
1970s may explain the high summer Secchi depth
(Athus Amiskommune 1979). In the absence of fish, the
densities of large-sized Daphnia species (D. magna, D.
pulex) were so high that they managed to keep
chlorophylla low during the summer (Holm & Tuxen-
Pedersen 1975). After the establishment of biological
wastewater treatment, an increase was recorded in
the abundance of fish (especially roach and rudd,
Scardinius erythrophtalmus), which resulted in in-
creased predation pressure on zooplankton and
hence a marked increase in phytoplankton biomass.
Chlorophyll a therefore increased from a summer
mean of 50 pg 1" in 1978 to 840 pg 1 in 1984 (Fig. 27).
The increase continued in the years following the
reduction in external phosphorus loading. After 1985,
chlorophyll a decreased to a minimum in 1988.
Thereafter it fluctuated widely, until an increase was
observed in 1994 and 1995 (16). Again, the interan-
nual variations in planktivorous fish abundance and
in zooplankton predation pressure seem to be the
main reasons for the fluctuations (8, 16).
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Fig. 26. Annual loading and net retention of total phosphorus and
total nitrogen in Lake Sebygard 1978-1995. Phosphorus loading was
markedly reduced in 1982 when phosphorus stripping was
established at the Hammel wastewater treatment plant. Sewage deri-
ved nitrogen loading was reduced when the Hammel slaughterhouse
was closed in the summer of 1987. The figure among other things
shows that the lake — 13 years after the initiation of phosphorus
stripping - still releases more phosphorus than it receives (from 16).
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Effects of high pH

High pH also affected the zooplankton community.
Analyses of seasonal zooplankton variations from
1984-87 suggested that Daphnia longispina was nega-
tively influenced by pH>10.2 (3). Subsequent enclo-
sure experiments in the lake, with pH maintained at
three different levels (pH 9, 10 and 10.6), showed that
the abundance of D. longispina, B. longirostris and
Chydorus sphaericus was significantly negatively relat-
ed to pH (Hansen et al. 1991). In support, Vijverberg
et al. (1996) found reduced survival of juvenile and
adult stages of D. galeata at pH>10.5 and of eggs and
newly hatched individuals at pH>10. In the Lake
Sebygérd experiments D. magna was not influenced
by pH, however (Hansen et al. 1991). This species only
occured at low fish densities at which pH does not
reach critically high values due to efficient zoo-
plankton grazing. It is therefore likely that the par-
ticularly low densities of D. longispina and B. longi-
rostris in 1984 and 1985 can be ascribed to high pH, as
mean summer pH was 10.2-10.3 and reached a maxi-
mum value of 11 (16). High pH, however, also has a
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Fig. 27. Summer mean of chlorophyll 2, Secchi depth, pH, total
phosphorus and total nitrogen in Lake Sebygard 1978-1995.
Maximum values are also recorded. Chlorophyll a rose significantly
in the years immediately after the phosphorus loading reduction
in 1982, and pH reached extreme values. Since then chlorophyll 2
decreased - primarily due to an increased zooplankton grazing
phytoplankton (from 16).
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negative impact on fish recruitment and fry survival
(Timmermann 1987; Mortensen et al., in prep.). Reduced
fry densities mean lower predation pressure on zoo-
plankton and hence lower phytoplankton biomass.
As a result of reduced phytoplankton biomass, pH
decreases, improving the recruitment potential of
fish, which results in reduced zooplankton biomass
and consequently higher phytoplankton biomass and
higher pH.

Zooplankton grazing and its effects

The significant annual variations in zooplankton bio-
mass and relative contribution of different taxa had a
marked impact on zooplankton grazing on phyto-
plankton and bacterioplankton (Figs 28 and 29). From
in situ measurements of zooplankton filtration rates at
various compositions of zooplankton, regression re-
lationships were established allowing calculation of
zooplankton grazing on phytoplankton and bacte-
rioplankton from biomass data of the different taxa (8).
According to these calculations annual zooplankton
grazing on phytoplankton and bacterioplankton was
<5% of production in 1984-85 when zooplankton bio-
mass was low and dominated by cyclopoid copepods,
small cladocerans and rotifers. If Bosmina and rotifers
dominated (1990-91), bacterioplankton grazing was
also low in years with high zooplankton biomass. Con-
versely, grazing was high on both phytoplankton and
bacterioplankton in years with dominance and high
densities of Daphnia longispina. The highest calculated
grazing rates were observed in 1988, when they
comprised 39% and 75% of phytoplankton and
bacterioplankton production, respectively (Figs 28
and 29). For both phytoplankton and bacterioplankton
grazing, as a percentage of both biomass and pro-
duction, was negatively related to CPUE of plankti-
vorous fish caught in gill nets in open water and by
electrofishing in the littoral zone. The most pronounc-
ed changes were recorded for grazing on bacterio-
plankton (8), and this lends support to the hypothesis
that fish play a major regulatory role in lakes.

With changes in zooplankton grazing pressure both
the size structure, biomass and absolute and volume-
specific production of phytoplankton changed and so
did that part of phytoplankton production which was
channeled through bacterioplankton (8, 16). When
the zooplankton were dominated by small-sized spe-
cies and grazing pressure was low, the phyto-
plankton were also dominated by small species such
as Chlorella and Scenedesmus, and biomass was high
with maximum values of 1400-1500 pg chlorophyll a
I (16). The finding that small-sized species domi-
nated at high phytoplankton biomass is in direct
contrast to the hypotheses advanced by Agusti &
Kalff (1989), Duartes et al. (1990) and Agusti (1991).
They suggested that the mean size of phytoplankton
generally increases with increasing phytoplankton
biomass. We agree that small species have a compe-
titive advantage at low nutrient levels, where a high
chlorophyll a content and large surface per volume
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Fig. 28. Summer mean biomass of various zooplankton taxons,
phytoplankton production and biomass, zooplankton grazing on
phytoplankton in % of phytoplankton production and biomass and
mean size of cladocerans and mean volume of phytoplanktonin Lake
Sebygard 1984-1995. Grazing was particularly high in 1988 and 1989,
when zooplankton biomass was high and dominated by Daphnia.
Average phytoplankton volume reflects changes in zooplankton size
rather than in phytoplankton grazing pressure (from 16).

unit ensure maximum nutrient uptake and specific
production (Hein et al. 1995; Enriguez et al. 1996). We
believe, however, that small phytoplankton species
are also favoured at very high nutrient levels as the
light climate is so poor that a maximization of the
light intake becomes an important regulating factor,
implying that phytoplankton with a high specific
chlorophyll a content (= small algae, Enriquez et al.
1996) should have a competitive advantage in such
environments. That small species are dominant at ex-
treme phytoplankton biomass is confirmed by data
from other lakes dominated by green algae having a
high biomass and by data from eutrophic brackish la-
kes that are often dominated by Aphanothece spp. (E.
Jeppesen & ].P. Jensen, unpubl. data).

With increased grazing pressure and especially in-
creasing size of zooplankton, phytoplankton cell
volume increased in Lake Sgbygard (Fig. 28). During
summer phytoplankton were dominated by large
forms such as Pediastrum spp. or grazing-resistant

forms such as Oocystis spp. (16). Concurrently, there
was a decrease in phytoplankton biomass and pro-
duction. The decrease in production could partly be
ascribed to a reduction in phytoplankton specific
production conditioned by the increased cell size and
hence the reduced chlorophyll 2 content per cell (16).
This corresponds with “the trophic cascade hypo-
thesis” suggested by Carpenter et al. (1985). Accord-
ing to this hypothesis, a reduction in the fish pre-
dation pressure on zooplankton will lead to an
increase in zooplankton size. The result will be an
increase in phytoplankton size and hence a decline in
phytoplankton production, as the specific growth
rate decreases with increasing phytoplankton size.
They have, however, found little support for this part
of the hypothesis (Carpenter & Kitchell 1993), but it
seems to apply to green algal-dominated hypertro-
phic lakes.

Factors regulating pelagic bacterioplankton

The ratio of bacterioplankton to annual phytoplank-
ton production was highest (5-6%) in years when the
filter-feeding zooplankton were dominated by Bos-
mina and rotifers, and lower (2-4%) in years when
Daphnia dominated (Fig. 29). Consequently, the con-
tribution of bacterioplankton to the turnover of orga-
nic matter showed a slight increase with increasing
predation pressure by fish. Generally, however, the
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Fig. 29. Summer mean biomass of various zooplankton taxons,
the contribution of Daphnia as a percentage of total total cladoceran
biomass, zooplankton grazing on bacterioplankton as a percent-
age of bacterioplankton production and biomass, and bacterio-
plankton production and biomass in Lake Sebygird 1984-1995.
Grazing pressure on bacterioplankton was particularly high when
Daphnia were abundant and dominated the zooplankton (from 16).
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bacterioplankton:phytoplankton production ratio was
low compared with other investigations from less
eutrophic lakes. For example, Cole et al. (1988) found
a mean of 17% in their cross-analyses of data from a
number of freshwater and marine environments. The
low ratio recorded in our investigation may be
ascribed to the extremely high sedimentation rate of
phytoplankton due to low lake depth as well as the
dominance of phytoplankton with high specific sedi-
mentation rates (5, 8). The turnover, therefore, takes
place in the sediment rather than in the pelagial (8).

During the investigation the abundance and pro-
duction of bacterioplankton were measured 358 days
in Lake Sebygard (5, 9). As significant changes in
trophic structure have occurred, the data set is
particularly suitable for empirical analyses. Cross-
analyses of data from a large number of lakes have
earlier shown that bacterioplankton production is
positively related to chlorophyll 4 (e.g. White et al.
1991) and phytoplankton production (e.g. Cole et al.
1988) and that it increased with temperature (White
etal. 1991; Ducklow & Shiah 1993). Multiple regression
analyses of data from Lake Sebygard revealed that
besides chlorophyll a/primary production and
temperature, the abundance of bacterioplankton and
the combined biomass of Bosmina, rotifers and
cyclopoid copepods contributed significantly and
positively to bacterioplankton production. Bacterio-
plankton abundance was positively related to the
same variables, with the exception of temperature.
Daphnia biomass contributed negatively to the
relationship. One has to be cautious when inferring
causal mechanisms from regression models, but the
high measurement frequency and the fact that only
few zooplankton species dominated or exhibited
marked fluctuations throughout the period make it
more probable that the regression models provide an
accurate picture of the impact of zooplankton. The
results suggest that the presence of cyclopoid
copepods, Bosmina and rotifers stimulates bac-
terioplankton production, whereas Daphnia via a ne-
gative impact on bacterioplankton abundance, re-
duce production. These results are also consistent
with the grazing experiments showing that only
Daphnia grazing on bacterioplankton was significant
(8). Several past investigations have also shown that
Daphnia may have a negative influence on bacterio-
plankton (Riemann 1985; Christoffersen et al. 1993;
Jiirgens 1994), while studies of oligotrophic systems
often show a negligible effect (Pace & Funke 1991;
Brett et al. 1994). The positive effect of Bosmina and
cyclopoid copepods may be attributed to low grazing
on bacterioplankton combined with zooplankton
secretion of substrate for bacterioplankton via
phytoplankton grazing (5, 9).

Apart from the variables above, pH>10.2 contributed
negatively to bacterioplankton production and spe-
cific growth rates in the multiple regression on data
from Lake Sebygard, but not to total bacterio-
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plankton abundance (9). The negative effect of high
pH was supported by laboratory experiments (9).
Our results therefore suggest that part of the residual
variation in the previously described empirical rela-
tions may be ascribed to zooplankton and, if condit-
ions are extreme, to high pH (9).

A long way to go

The Lake Sebygérd investigations provide an illu-
strative example of resilience following nutrient
loading reduction, and new information on biological
interactions at extreme nutrient levels. They have
also provided a more general understanding of over-
all trophic dynamics in shallow lakes. There is now
some indication that the environmental state of Lake
Sebygard is improving (16). Perch CPUE has in-
creased, although only moderately, and diatoms and
cryptophytes have increased at the expense of green
algae. Yet, another decade can be expected to pass
before the lake reaches equilibrium with the present
external loading (17, Sendergaard et al. 1993).

4.4 Lake Vang - an example of
biological resilience and the effect of
fish manipulation

Lake Veeng is shallow (mean depth 1.2 m) and has a
surface area of 16 ha. Until 1981 the lake was heavily
loaded with domestic sewage. During the subse-
quent five years following loading reduction, how-
ever, no changes were recorded in trophic structure
and environmental state. Secchi depth was still low
(Fig. 30A), the phytoplankton were dominated by
cyanobacteria and the fish community was charac-
terized by high abundance of roach and bream (Fig.
30B). Mass balance calculations showed future
phosphorus equilibrium of 0.05 mg TP I, at which
level ~according to the data shown in Fig. 2 - the lake
would be clear with high abundance of submerged
macrophytes and predatory fish. We postulated that
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Fig. 30A. Trend in summer mean Secchi depth in Lake Veeng fol-
lowing the cessation of sewage discharge in 1981 and fish mani-
pulation in 1986-88 involving removal of 50% of the planktivorous
fish biomass. Arrows indicate that Secchi depth reached the
bottom at some of the sampling dates; the mean values were
therefore higher. Secchi depth increased markedly following fish
manipulation (from 17). :



fish manipulation could accelerate the transition
towards the clearwater state. In co-operation with
Vejle County we removed approximately 50% of the
roach and bream biomass between autumn 1986 and
spring 1988.

The intervention had a significant effect on pelagic
trophic structure and water quality (1, 4, 18; Fig. 30B;
Sendergaard et al. 1990; Jeppesen et al. 1997). Daphnia
increased 10-fold from 1986 to 1987 and their average
size increased markedly. As a result, phytoplankton
biomass and production decreased considerably, and
transparency to the bottom prevailed throughout the
summer. The predatory fish proportion of total fish
biomass (catch per net using multiple mesh-sized gill
nets) increased and has remained high since, and
predatory control of planktivorous fish seems to have
increased. Moreover, the nitrogen level — and during
most years also the phosphorus level - decreased
implying that the fish manipulation has had a cas-
cading effect down to the nutrient level.

Initially, the submerged macrophytes responded
slowly to the improved light climate (1, 4; Sendergaard
et al. 1990) and a number of experiments with shoots
of curly pondweed (Potamogeton crispus) placed at
different locations around the lake suggested that bird
grazing might also be of importance for the observed
resilience (Lauridsen et al. 1993). This observation was
also supported by the fact that the subsequent
colonization began in the areas where bird grazing
was lowest (deep water and exposed shoreline) (Lau-
ridsen et al. 1994). The impact of bird grazing as a
potentially controlling factor for plant coverage and
abundance in lakes with low plant biomass has since
been confirmed by experiments in Lake Stigsholm
(Sondergaard et al. 1996) and Lake Engelsholm (Vejle
County, unpubl.; Lauridsen et al. unpubl.).

In 1988, large areas of Lake Vaeng were colonized by
Elodea canadensis and since then coverage has fluc-
tuated widely (4; Sendergaard et al. 1997). In 1992,
plants almost disappeared from the lake. Despite this
drastic reduction, only a short-term shift to the tur-
bid state took place. The temporary nature of this
change may be ascribed to the fact that the pre-
datory:prey fish ratio remained high, allowing the
zooplankton to maintain a high grazing pressure on
phytoplankton.

With the shift from the turbid state with few sub-
merged macrophytes to the clearwater state a mar-
ked increase in the number of waterfowl, especially
plant-eating species such as coot and mute swan,
occurred. Since then the numbers of coot and mute
swan have fluctuated widely from year to year

following the changes in plant coverage (Sendergaard
et al. 1997).

Lake Veng illustrates, therefore, that a single inter-
vention (here removal of planktivorous fish) follow-

ing an external nutrient loading reduction may lead
to a marked and long-lasting shift from a turbid to a
clearwater state. Whether the lake remains in the
clearwater state or whether it will alternate between
the two alternative equilibrium states, as is the case
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Fig. 30B. Trend in fish biomass (CPUE, catch in multiple mesh
size gill nets, kg net”, cf. Fig. 2) of the dominant fish species in
Lake Vzng following fish manipulation. Also shown are sum-
mer mean abundance of Daphnia and other cladocerans,
chlorophyll 4, lake water total phosphorus and total nitrogen con-
centrations and maximum submerged macrophyte coverage. The
arrows indicate that in 1992 there was a significant decrease in
biomass during summer. Biomanipulation has led to considerable
changes in trophic structure and nutrient levels (from 17).
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at e.g. Lake Stigsholm (Sendergaard et al. 1997) and
Lake Krankesjén in Southern Sweden (Blindow et al.
1993), remains to be elucidated. Recently, more small-
sized fish have been caught in the annual survey
fishing (Mortensen et al., unpubl.), which may ex-
plain the observed reduction in the number of large-
sized zooplankton species (e.g. Daphnia spp.) (Fig.
30B) and plant-associated crustaceans (unpubl. data).
Only time can tell whether it will lead to a long-la-
sting shift to the turbid state.

4.5 Cross-analysis of biomanipulation
experiments ’

An essential question in lake management today is
whether fish manipulation will promote a long-term
shift to the clearwater state. In the 1980s - the “pio-
neer phase” of biomanipulation - a “trial-and-error”
attitude prevailed. You learned exclusively by experi-
mentation. Primarily on the basis of experiments
undertaken in two German lakes and analyses of the
results from various others European experiments,
Benndorf (1990) did, however, claim that the chances
of obtaining a long-lasting success were greatest if the
phosphorus loading was below 0.6 g TP m? year™.

Danish experiments

Based on the findings presented in Fig. 2, we pro-
posed the hypothesis that shallow lake fish manipu-
lation is most efficient if the phosphorus level in the
future equilibrium state is below 0.08-0.15 mg 17,
corresponding to a phosphorus loading of 0.5-2 g TP
m?year’ depending on the lake water retention time
(24). Only below this limit a permanent establish-
ment of submerged macrophytes can be expected
and the abundance of predatory fish become so high
that they may exert a considerable predation pressure
on the planktivorous fish. If phosphorus concentrat-
ions are higher only temporary effects may be ex-
pected. The lake will probably sooner or later revert to
the turbid state, unless a permanent management pro-
gramme is implemented. An exception would, how-
ever, be lakes with low nitrogen loading (for instance
lakes with small catchments); they may shift to a
more permanent clearwater state at higher phos-
phorus levels.

Comparisons of the results from the first three Danish
experiments with biomanipulation seemed to confirm
our hypothesis (1). Lake Veeng with calculated equi-
librium of 0.05 mg TP 17 shifted to the clearwater state
and this has now lasted for 10 years. Frederiksborg
Castle Lake has a phosphorus level of 0.30-0.70 mg TP
I, which is above the calculated threshold level of
0.08-0.15mg TP . Here, 80% of the planktivorous fish
biomass was removed, and 1.5 g m? wet weight pre-
datory perch were stocked (Riemann et al. 1990). The
intervention was far more comprehensive than in Lake
Vaeng in which only 50% of the planktivorous fish bio-
mass was removed and no predatory fish were
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stocked. However, in agreement with our hypothesis,
there was only a short-lived (1-2 years) and slight
increase in zooplankton biomass and a minor decrease
in chlorophyll 4, after which the lake returned to its
earlier condition (1; Riemann ef al. 1990 - and later data
in Christoffersen 1994). In the two highly eutrophic
lakes, Lake Sebygérd (see section 4.3), relatively small
fish stock changes led to major but not stable changes
of state and similar results were obtained in Lake
Lyng (see section 3.2).

Dutch-Danish analysis

We have since made a comparative analysis of data
from three biomanipulated Dutch lakes and Danish
Lake Veng (21). The four lakes cover an initial
phosphorus concentration range - prior to manipula-
tion — of 0.15-1 mg TP I". After the fish manipulation
experiments, all four lakes shifted to a clearwater state
with extensive coverage of submerged macrophytes.
Only in the lake with the lowest phosphorus level
(Lake Veng) the proportion of predatory fish in-
creased markedly in the years following the interven-
tion (21; Meijer et al. 1995), so only in Lake Veeng was
the predation pressure on planktivorous fish by pre-
datory fish of any significance. After three years the
biomass of planktivorous fish increased in the two
lakes with the highest phosphorus concentrations, and
this may be the first indication of a reversion to the
turbid state. These results seem to support our general
hypothesis. It is, however, surprising that highly
eutrophic Lake Zwemlust remained clear for five
years (Gulati 1996; Van Donk 1997). The explanation
may be that all fish were removed (the lake was
completely drained), and only rudd and pike were
stocked after refilling. The lake consequently lacks
typical zooplanktivores such as roach and bream.

When to use biomanipulation?

We are now doing a cross-analysis of data from 20
Danish fish manipulation experiments and the
results seem to support our original prediction (2, 4)
of when to expect significant, permanent effects from
fish manipulation in shallow lakes, although there
may be a need to reduce the suggested threshold le-
vel from 0.08-0.15 mg TP 1" t0 0.05-0.10 mg TP 1 (10).
The new results moreover suggest that the chances of
success are greatest near the upper phosphorus limit,
if 80-90% of the planktivorous fish biomass are remo-
ved, and if the intervention for a number of years is
followed by stocking of pike fry to control the
planktivorous fish fry. If not, the favourable growth
conditions for planktivorous fish fry resulting from
the fish removal could cause the system to revert to
the turbid state. Moreover, experiments in Dutch
Lake Wolderwijd indicate that near the upper
phosphorus limit, high coverage of submerged ma-
crophytes seems necessary if the clearwater state is to
be maintained (Meijer & Hosper 1997). The analysis
also confirms that long-term effects of fish manipula-
tion may be obtained at higher phosphorus concent-
rations in lakes with low nitrogen input.
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Fig. 31. Mean external loading, retention and retention percentage of
total nitrogen, mean concentrations of lake water total and inorganic
nitrogen, chlorophyll 2 and Secchi depth in Lake Arreskov and Lake
Engelsholm during a period in which drastic fish community changes
took place. In Lake Arreskov, a large proportion of the planktivorous
fish died in summer-autumn 1991, and in Lake Engelsholm roach
(Rutilus rutilus) and bream (Abramis brama) were removed in 1992-94.
The nitrogen retention percentage increased in both lakes after the
switch to the clearwater state (from 15).

4.6 Effects of fish manipulation on
nutrient levels and nutrient retention

In several of the biomanipulation experiments under-
taken so far a shift to the clearwater state has also
resulted in a decreasing phosphorus level (e.g. Sha-
piro & Wright 1984; Reintertsen & Olsen 1984). The ana-

lysis of the three Danish experiments showed a de-
crease in total phosphorus in Lake Veeng, but no
changes in the more eutrophic Frederiksborg Castle
Lake and Lake Sebygard (1). A longer time series on
Lake Sebygard seems, however, to indicate that the
phosphorus level is lower in years with lower abun-
dance of planktivorous fish and a higher grazing
pressure on phytoplankton. Moreover, the experi-
ment undertaken in Lake Lyng showed a marked
phosphorus reduction in years with lower predation
pressure from fish, and consequently lower chloro-
phyll a (Fig. 9). The analysis of data from the 20 fish
manipulation experiments indicates a decrease in
phosphorus concentrations in all the lakes that have
changed to the clearwater state (E. Jeppesen, M. Sen-
dergaard & |.P. Jensen, unpubl.).

There are only few investigations of the impact on ni-
trogen. We have made an analysis based on data from
the three Dutch lakes and Lake Vaeng (21). In all four
lakes fish manipulation led to a marked reduction in
total nitrogen, especially following the re-establish-
ment of submerged macrophytes. To elucidate more
clearly the effects of fish manipulation on nitrogen we
have subsequently conducted mass balance studies of
three biomanipulated lakes (15). In all three lakes,
manipulation resulted in increased nitrogen retention,
even in lakes in which submerged macrophytes had
not yet re-established or only appeared randomly (Fig.
31). It was generally believed (21) that the reduction in
nitrogen levels was caused by colonization of sub-
merged macrophytes as they remove nitrogen for
growth and may stimulate denitrification (Granéli &
Solander 1988; Weisner et al. 1994), but this cannot be the
entire explanation. We have discussed possible rea-
sons for the reduction in nitrogen and phosphorus con-
centrations and the increased retention percentages in
biomanipulated lakes with few or no submerged
macrophytes (13; Jeppesen et al. in prep.). We conclude
that various factors may be involved:

= The reduction of particulate nitrogen and phos-
phorus due to the decrease in phytoplankton bio-
mass results in reduced nitrogen transport from
the lake with this in turn leading to increased
retention.

= The reduction of the phytoplankton biomass means

that more inorganic nitrogen is available for deni-
trification, leading to increased degassing of nitro-
gen.

* Reduced fish predation results in higher abun-
dance of benthic invertebrates (Andersson et al.
1978; Giles 1992), which may stimulate the deni-
trification based on nitrate from the water phase
as well as the denitrification based on nitrate
arising from sediment nitrification.

* Reduced biomass of benthivorous fish results in
reduced phosphorus and nitrogen release from
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the sediment because the sediment food intake
and hence the nutrient release to the water by
excretion are lower.

* Improved light climate at the sediment surface
results in an increased production of benthic
algae which may, in turn, stimulate the coupled
nitrification-denitrification and reduce nitrogen
release from the sediment (Jansson 1989; Risgaard-
Petersen et al. 1994; Van Luijn et al. 1995),

* Higher abundance of benthic invertebrates, higher
sediment algal production and reduced phyto-
plankton sedimentation result in an increased re-
dox potential, which may diminish the sediment
phosphorus release (Mortimer 1941, 1942). The lat-
ter is supported by the fact that also the iron
retention percentage has increased in the fish-
manipulated lakes (Jensen et al., in prep.). The influ-
ence of benthic invertebrates is, however, not
unambigously clear as some experiments have
shown an increasing and others a decreasing
phosphorus release rate with increasing density
of benthic invertebrates (Andersson et al. 1988).
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Finally, fish manipulation typically leads to a reduced
biomass of cyanobacteria, which may theoretically
result in a decrease in nitrogen fixation and hence
total nitrogen. We did not, however, find convincing
evidence that nitrogen fixation was significant in
our lakes (15).

Experiments are needed to provide better know-
ledge of the causal reasons for changes in nitrogen
and phosphorus retention. Notwithstanding the
causes, however, the results show that the effects of
fish manipulation may cascade down the food-web
and eventually reach the nutrient level. They also
show that restoration of lakes using fish manipula-
tion may lead to increased lake retention and loss of
nitrogen and usually of phosphorus as well, thereby
reducing the nutrient loading on downstream lakes.
Hence, lake restoration will not only improve the
environmental state of lakes, but will also reduce
eutrophication of downstream aquatic ecosystems
(10, 15, 18).



5 The historical development in nutrient levels and

trophic structure

For the majority of Danish lakes information about
the environmental state of most Danish lakes is only
available for the last 10-20 years. By including analy-
ses of plant and animal remains preserved in lake
sediments (palaeoecological investigations) we may
obtain information on the past development in bio-
logical community structure, environmental state
and indirectly on lake catchment use (e.g. Anderson &
Battarbee 1994).

Palaeoecological investigations may also be an
important tool in the evaluation of trophic dynamics
and their relationship to physico-chemical factors (7;
Anderson 1993; Anderson & Battarbee 1994). They may
provide valuable information on the mechanisms
behind changes in lake ecosystems caused by, for
instance, changes in the fish community and behind
the existence of alternative stable states. This reflect
the fact that the duration of existing monitoring se-
ries and field and enclosure experiments conducted
so far is so short that as a rule they only allow eva-
luation of the immediate effects of naturally or arti-
ficially induced ecosystem changes. The maximum
longevity of several of the dominant fish species is,
for example, so high that a shift in fry recruitment
may affect the ecosystem for several decades. In the
evaluation of long-term effects, palaeoecological
investigations have proved to be unique.

Palaeoecological methods have been used in lake
research for many years, but have until recently
mainly been qualitative. New quantitative me-
thods have been developed which have turned
palaeoecological investigations into a convincing
tool in the study of trophic interactions in lakes.
Relationships (transfer functions) are established
between lake variables and relevant biological
remains in lake surface sediments from many
lakes with contrasting levels of the lake variables
to be inferred. The transfer functions may then be
used to reconstruct the past development of va-
rious lake variables from the composition of re-
mains found in the different layers of the lake se-
diment. Statistical methods include Canonical
Correspondence Analyses (CCA) (ter Braak 1987)
and weighted averaging partial least square re-
gression, with and without built-in ecological to-
lerance limits for each zooplankton taxa (Birks et
al 1990; ter Braak & Juggins 1993). Application of
the latter method to diatoms has enabled recon-
struction of changes in, for example, lake pH and
phosphorus (Stevenson et al. 1991; Andersson &
Odgaard, 1994; Bennion et al. 1996).

Reconstructing the abundance of

planktivorous fish

We have established functions for quantifying hi-
storical changes in planktivorous fish abundance (7).
It may be possible to quantify remains of fish in lake
sediments such as scales and bones, but preliminary
analyses showed, however, that this would require
analyses of a huge quantity of sediment (B. Odgaard,
unpubl. results). Instead we chose to use the zoo-
plankton record as former investigations had shown
that zooplankton remains were valuable qualitative
indicators of past changes in fish predation pressure
(Kerfoot 1974; Kitchell & Kitchell 1980; Leavitt et al.
1989).

Using data from 30 Danish lakes we succeeded in
developing a transfer function between the abun-
dance of planktivorous fish (CPUE, overnight test-
fishing between 15 August and 15 September with
gillnets having 14 different mesh sizes), and the rela-
tive proportion of Daphnia, Leptodora, Bosmina core-
goni, Bosmina longirostris and rotifer remains (Fig. 32).
The five zooplankton groups were selected because
they dominate at contrasting fish densities due to
differences in their sensitivity to fish predation
(Brooks & Dodson 1965). As empirical relations exist
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Fig. 32. Observed density of planktivorous fish (CPUE, catch in mul-
tiple mesh size gillnets cf. Fig.2) v corresponding values calculated
from the proportion of the remains of five zooplankton taxons in
the upper 1 an of the lake sediment (both are log.-transformed).
Also residuals are shown. o = lakes with high abundance of
submerged macrophytes (coverage >10%), * other lakes (from 7).
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between contemporary CPUE and a number of other
lake variables such as the relationship between
predatory fish and planktivorous fish, the maximum
depth distribution of submerged macrophytes, the
zooplankton:phytoplankton biomass ratio and water
clarity (7, Fig. 33), it may be possible to obtain infor-
mation about these variables and thereby to describe
historical changes in the environmental state of the
lakes.

Fish community changes in three Danish lakes

The relationship between zooplankton remains in the
sediment and fish has been used to describe the
development in the abundance of planktivorous fish in
three Danish lakes during the past 200-300 years (Fig.
34; Jeppesen et al., unpubl.). In Lake Sebygard, calculated
CPUE was high in the upper 1 cm of the sediment. It
declined steeply at approximately 10 cm depth, co-
inciding with the period when fish kill was recorded (cf.
section 4.3). Anew peak was observed at approximately
30 am depth (about 50 years ago), after which CPUE
decreased sharply torelatively low values at depths >65
cm. In Lake Lading, calculated CPUE was also very
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high in the surface sediment and decreased as in Lake
Sebygérd sharply at 50-60 cm depth to a stable, lower
value over the subsequent 50 cm. On the basis of the
relationships shown in Fig. 33 it is to be presumed that
the two lakes have shifted from a state with low
abundance of planktivorous fish and high abundance
of predatory fish to almost exclusive dominance by
planktivorous fish.

By comparing the estimated changes in planktivorous
fish with sediment macrophyte remains (B. Odgaard
and P. Rasmussen, unpubl.) we found that calculated
CPUE of planktivorous fish increased prior to the
period when the plants disappeared from the lake
(Jeppesen et al., unpubl.). This seems to support the hy-
pothesis of Bronmark & Weisner (1992) that increasing
fish density via predation on zooplankton and plant-
associated invertebrates, including snails, may con-
tribute to the decreasing abundance of submerged
macrophytes; ie. in the absence of grazing phyto-
plankton and epiphytes growth on plant surfaces may
increase which may, in turn, lead to deterioration in the
light climate to the detriment of the plants.
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Fig. 33. Percentage carnivorous fish in multiple mesh size gillnet catch, mean size of cladocerans, zooplankton:phytoplankton bio-
mass ratio, epilimnion chlorophyll 4 concentration, Secchi depth, maximum depth of submerged macrophyte and total phosphorus
concentration  planktivorous fish (CPUE in multiple mesh size gillnets, cf. Fig. 2) in a number of Danish lakes. The depth limit of
submerged macrophyte was measured in July-August at biomass maximum. All other data are summer means (1 May - 1 October).
Zooplankton and phytoplankton summer means were calculated before estimating the ratio. With increasing CPUE of planktivorous

fish marked changes occurred in lake trophic structure (From 7).
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Fig. 34. Reconstruction of the historical development of the
number of planktivorous fish (CPUE, catch in multiple mesh size
gillnets, cf. Fig. 2) in Langesa, Lake Sebygérd, and Lake Lading.
0 is the sediment surface (E. Jeppesen, |.P. Jensen & E. Agerbo, un-
publ.).

In Langese, calculated CPUE showed only a weak
declining trend from the surface of one meter depth
in the sediment. In correspondence with this, the fish
community in 1927 was similar to the present one, i.e.
dominated by bream, roach and small perch (Otter-
strom 1927). Our results suggest that this situation
prevailed even further back in time, probably as a
consequence of early eutrophication of the lake by
nutrient-rich wastewater and manure derived from
managing the Estate of Langess (County of Funen
1994).

Other transfer functions

Recently, we have developed transfer functions re-
lating remains of cladocerans and rotifers to coverage
and plant-filled volume of submerged macrophytes
and lake water total phosphorus (Jeppesen et al., un-
publ. and Fig. 35). Transfer functions for Danish lakes
have been established between total phosphorus and
diatoms (Anderson 1993; Anderson & Odgaard 1994),
and a function relating total phosphorus to chirono-
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Fig. 35. Observed summer mean of the concentration of lake water
total phosphorus compared with values calculated from the
composition of zooplankton remains in the upper 1 cm of the
sediment (both log.-transformed) (E. Jeppesen, |.P. Jensen & E.
Agerbo, unpubl.).

mid remains is currently being developed (K. Broder-
sen, unpubl.). By comparing such functions we expect
soon to arrive at a better description of the past lake
nutrient levels and trophic structure. The results
have, however, already demonstrated the future po-
tential for using palaeoecology to elucidate long-term
biological interactions in lakes.
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6 Brackish lakes

In Denmark, there are a large number of both naturally
and artificially made brackish lakes of which some are
large (e.g. Saltbaekvig, Vejlerne and Lake Ferring).
Species diversity is often low. The lakes are dominated
by organisms that tolerate intermediate and varying
salinities (e.g. the mysid Neomysis integer and the
copepod Eurytemora affinis). Early in this century
various autecological investigations were undertaken
in Danish brackish waters (e.g. Johansen et al. 1933-36;
Muus 1967), but only few studies have been made at
ecosystem level. Some facts may, however, be obtained
from studies in other countries (e.g. Leah et al. 1978;
Irvine et al 1990; Moss 1994). Our studies on trophic
dynamics in Danish brackish lakes (6, 12, 25) have
provided surprising results.

Stronger predator control in brackish lakes?

A characteristic feature of Danish eutrophic brackish
lakes is that high density of submerged macrophytes
does not result in high transparency as in freshwater
lakes (6, Fig. 16 and 36). In Vejlerne, for instance, Secchi
depth is 20-30 cm despite high density of submerged
macrophytes. Consequently, presence of submerged
macrophytes does not lead to increased zooplankton
grazing on phytoplankton as is the case in freshwater
lakes. There are several possible reasons for this result.
Cross-analyses of data from a number of Danish
eutrophic brackish lakes indicate that the predation
pressure on zooplankton is higher than in comparable
freshwater lakes and that it is not diminished in the
presence of submerged macrophytes (6, 12). This inter-
pretation is based on several observations. As in
freshwater lakes (Fig. 2) the abundance of plankti-
vorous fish increases with increasing phosphorus
levels (Fig. 37), but in brackish lakes a shift to stickle-
back dominance is often observed at high phosphorus
concentrations. Sticklebacks have 2-3 generations in
brackish lakes per year. Fish fry, which yield a
particularly high predation pressure on zooplankton
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Fig. 36. Summer mean of chlorophyll a v total phosphorus in some
Danish brackish lakes with a submerged macrophyte coverage
of 0-30% or >30%. There is no tendency towards a reduction in
chlorophylla at a given phosphorus level in macrophyte-rich lakes
as is the case in freshwater lakes (from 12).

(see section 3.2), may therefore be abundant through-
out the summer and in the autumn as well. In contrast,
the dominant planktivorous fish in freshwater lakes,
such as roach and bream, spawn only once a year, and
for this reason alone it is highly probable that the
predation pressure on zooplankton is higher in
eutrophic brackish lakes (12).

Also important is that large-sized pelagic inverte-
brates are highly abundant in very eutrophic brac-
kish lakes while they are almost absent in freshwater
lakes (12, Fig. 37). In Danish freshwater lakes, the
pelagic invertebrate predators present are mainly the
cladoceran Leptodora kindtii, and the phantom midge
fly Chaoborus, whereas the mysid, Neomysis integer, is
dominant in brackish lakes. In freshwater lakes, the
density of large invertebrates increases with increas-
ing phosphorus levels up to approximately 0.1-0.2
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Fig. 37. Summer mean of the abundance of some pelagic invertebrate predators in Danish freshwater and brackish lakes (A), CPUE of
planktivorous fish as biomass (B) and abundance (C) in July-August v the summer mean total phosphorus concentration (from 12).
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mg TP I. At higher concentrations, the abundance
decreases, and they almost disappear at the highest
nutrient levels, despite favourable food conditions
including many small rotifers and juvenile stages of
cyclopoid copepods. This indicates that increased
fish predation is the main reason for the decrease,
which is supported by the fact that abundance
increases when the fish density decreases, e.g. by bio-
manipulation (e.g. Berg et al. 1994). In brackish lakes,
no corresponding decrease occurs. In contrast, mysid
density increases markedly at high nutrient levels
and they may reach average densities as high as 13
specimens 1*. This increase coincides with fish
community changes from large species which prey
on Neomysis integer to complete dominance by stickle-
backs that only prey on the smallest Neomysis integer
and not on egg-carrying specimens (Sgndergaard &
Jeppesen, submitted).

In eutrophic brackish lakes the density of both
sticklebacks and Neomysis integer is often high and
both prey on the dominant zooplankton Eurytemora
affinis. Enclosure experiments in Lake Ferring (25)
suggest that Neomysis integer had a negative impact
on the nauplii of Eurytemora affinis, whereas three-
spined sticklebacks, as has been observed in other stu-
dies (e.g. Worgan & FitzGerald 1981; Pont et al. 1991),
preyed on copepodites and adults. This implies that
Eurytemora affinis can experience a particularly high
predation pressure in such lakes. This conclusion is
supported by the observation that the zooplankton:-
phytoplankton biomass ratio in eutrophic brackish
lakes is 3-5-fold lower than in freshwater lakes (6) and
therefore the grazing pressure on phytoplankton is
most likely also substantially lower (Fig. 38).

Example from Lake Orslevkloster

In freshwater lakes, submerged macrophytes appear
to provide a refuge for zooplankton against pre-
dation from fish and mysids. This seems, however,
not to be the case in brackish lakes, because the po-
tential predators are abundant in the macrophyte
beds of the littoral zone (12). In Lake Orslevkloster,
we found that the annual average concentration of
mysids was 120-fold higher in the littoral than in the
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Fig. 38. Calculated zooplankton grazing pressure on phytoplankton
U summer mean concentrations of total phosphorus in freshwater
lakes and brackish lakes (>0.5 %o). The zooplankton grazing pres-
sure is about 5 times greater in eutrophic freshwater lakes than in
corresponding brackish lakes (from 6).
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Fig. 39. Seasonal variations in the abundance (+SE) of Neomysis inte-
ger (A) and catch per net of three-spined sticklebacks (Gasterosteus
aculeatus) in multiple mesh size gillnets (B) in the littoral zone and
the pelagial of Lake @rslevkloster in 1992-1993. Both species prefer
the littoral zone during most of the year (from 12).

pelagial (12) (Fig. 39), and within the littoral zone
80% higher within the vegetation than in areas from
which vegetation had been cleared (Petersen 1994).
The gillnet catches of three-spined sticklebacks were
10-25-fold higher in the littoral than in the pelagial
during the major part of summer (12). No daytime
aggregation of zooplankton within the vegetation
was observed (Petersen 1994) as in freshwater lakes
with high fish predation pressure (Lauridsen et al.
1998).

Differences in zooplankton composition may con-
tribute to the observed differences in the relationship
between submerged macrophytes and zooplankton
grazing pressure on phytoplankton in freshwater
and brackish lakes (6). In Danish brackish lakes, the
zooplankton are typically dominated by calanoid
copepods, such as Eurytemora affinis and Acartia spp-,
and by rotifers, whereas cladocerans play a larger
role in freshwater lakes. Cladocerans, especially
Daphnia may potentially grow faster and exploit a
broader food spectrum than calanoid copepods (e.g.
Rothaupt 1997), which makes them more efficient
grazers in systems with reduced predation pressure
by fish. However, Daphnia typically disappear at
salinities of 2-4%o. Daphnia magna may tolerate higher



salinities (Jilrgens & Stolpe 1995), but since it typically
appears in totally or almost fishless lakes it is rarely
observed in brackish lakes. Absence of Daphnia and
low densities of other cladocerans may, therefore, be
presumed to reduce the grazing pressure on
phytoplankton (6).

If the above interpretations are correct, we would
expect that eutrophic brackish lakes with extensive
coverage of submerged macrophytes that shifts to a
freshwater state are likely to become clear. Such a
shift has been observed in Lake Drslevkloster (12)
(Fig. 40A,B). Together with the County of Viborg, we
studied the lake from 1993-1995, and monitoring data
were available from 1986 (Viborg County 1988).
During the observation period significant changes in
salinity occurred without simultaneous changes in
external nutrient supply (Viborg County 1995). In 1986
and 1995, the lake was almost freshwater (<1 %o ) and
in 1993-1994 it became more brackish (1-3 %.).
During the brackish period, the zooplankton were
dominated by Eurytemora affinis and rotifers. During
summer and autumn the chlorophyll 2 level was high
and Secchi depth low (Fig. 40B). In the freshwater
state, in contrast, the zooplankton were dominated
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Fig. 40A. Zooplankton biomass and zooplankton:phytoplankton
biomass ratio (left panel) and percentage of biomass accounted
for by the various zooplankton groups in Lake Qrslevkloster in
1993, 1994, 1995. No quantitative data are available for 1986, but
high density of Daphnia hyalina was observed in littoral fauna
samples (Viborg County 1988), indicating that the lake was then
in a cladoceran state (from 12).

by Daphnia galeata, and the lake was clear. Neomysis
integer was highly abundant in 1993, but disappeared
in 1994 and was not observed in 1995 (12; Petersen
1994 and E. Jeppesen & M. Sendergaard, unpubl.).
Unfortunately, no fish data were collected in 1995
and it can, therefore, not be completely excluded that
the higher zooplankton biomass and higher trans-
parency of 1995 were the result of a sudden decrease
in planktivorous fish density.

It is interesting that Canadian saline lakes show a
different pattern from brackish Danish lakes (Evans
et al. 1996). Here, phytoplankton biomass is lower
than in corresponding freshwater lakes, which may
be explained by low density of planktivorous fish
and lower accessibility of the phosphorus to phyto-
plankton (Evans et al. 1996).

Great need for more knowledge

We have only begun to understand the trophic struc-
ture and dynamics of brackish lakes and they still
offers many challenges. From a management per-
spective, more knowledge of brackish lakes is desira-
ble because the significant differences in trophic
structure and dynamics of freshwater and brackish
lakes mean that the biological restoration methods
employed in freshwater lakes (fish manipulation,
protection or implantation of submerged macrophy-
tes) cannot be directly applied to brackish lakes.
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Fig. 40B. Seasonal variations in the mean value (+SE) of chlorophyll a, Secchi depth and total phosphorus and chlorophyll a:total
phosphorus ratio in Lake @rslevkloster during four years differing widely in salinity. The year is divided into 3 periods: 1 January - 1
May, 1 May -1 October and 1. October - 1. Jan. From 1 May - 1 Jan. Chlorophyll 2 was lower and Secchi depth considerably higher in

years with high salinity (from 12).
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7 Summary and future research needs

7.1 Summary

On the basis of the dissertation and the papers on
which it is based a number of conclusions can be
drawn. These are:

The majority of Danish lakes are shallow with a mean
depth of typically 1-3 m. Fifty-200 years ago most
lakes were clear with many submerged macrophytes.
They had considerable stocks of predatory fish and
rich sub-surface flora and fauna as well as many
plant-eating birds and diving ducks. Due to in-
creased nutrient supply most lakes have since shifted
to a turbid state with phytoplankton blooms. Cy-
prinids such as roach and bream came to dominate
fish communities, and the abundance and diversity
of waterfowl rapidly decreased. Nutrient loading to
many of the lakes during the past 20 years has been
significantly reduced, especially as a consequence of
wastewater treatment, but most lakes have shown
little improvement. This resilience may be caused by
slow release of accumulated phosphorus in the lake
sediment. The duration of the transitional period
depends on conditions such as the former scale of
loading and its duration, water renewal time, iron
supply and biological conditions. The transitional
period may be long even in lakes with short hy-
draulic loading. For example, the sediment of Lake
Sebygard (which has a hydraulic retention time of
only a few weeks) still releases more phosphorus
than it receives 13 years after an external loading
reduction. It has been estimated that another decade
will pass before the lake will reach equilibrium with
the present external loading. The resistance to envi-
ronmental improvement may also be biologically
conditioned.

Both resource control (by for instance, nutrients and
light) and predator control (for instance by fish) seem
to influence lake trophic structure and dynamics. The
predation pressure of fish on zooplankton appears to
be high in oligotrophic and eutrophic lakes and lower
in mesotrophic lakes. The cascading effects on phy-
toplankton are seemingly small in oligotrophic lakes,
but significant in eutrophic lakes. Fish fry may exert
a significant predation pressure on zooplankton
during summer, which may have a marked cascad-
ing impact on the zooplankton grazing pressure on
phytoplankton. The impact of fish fry in Danish lakes
seems to be most pronounced in mesotrophic to
slightly eutrophic lakes (0.02-0.05 mg P I'Y), whereas
in hypertrophic lakes the biomass of older plank-
tivorous fish will often be so high that they may exert
a relatively constant predation pressure on the zoo-
plankton throughout the year.

These results suggest that the relative importance of
predatory control is higher in the pelagic zone of
shallow lakes than in deep lakes, because fish play a
more significant regulatory role and resource control
is less pronounced. The first suggestion is supported
by the fact that the abundance of fish per unit of
volume is markedly higher in shallow lakes, the bio-
mass of Daphnia and calanoid copepods relative to
the total number of cladocerans and copepods is con-
siderably lower, and the zooplankton:phytoplankton
biomass ratio increases with increasing mean depth.
The reduced resource control may be explained by
more direct contact between sediment and the photic
zone of shallow lakes which are fully-mixed. To this
should be added higher sedimentation and resus-
pension which together with higher temperatures in
the surface sediment increase the sediment nutrient
release.

In moderately eutrophic shallow lakes (typically
0.05-0.15 mg P I"") two alternative stable states may
occur: the clearwater state with extensive coverage of
submerged macrophytes and the turbid one with
high abundance of phytoplankton. Both states have
a number of built-in buffer mechanisms preserving
the state, implying that major (natural or artificial)
changes are needed if a shift between states is to
occur. Submerged macrophytes and predatory fish
play important roles in the maintenance of the
clearwater state, whereas cyprinids and plant-eating
birds help to maintain the turbid state.

Submerged macrophytes may significantly influence
trophic structure and dynamics including the relative
importance of predatory and resource control. Fresh-
water lakes with extensive submerged vegetation are
consequently much more transparent than lakes hav-
ing similar nutrient levels, but no plants. The ex-
planations are various. One may be that the plants act
as a daytime refuge for zooplankton against fish
predation, resulting in increased grazing pressure on
phytoplankton within the vegetation and also in the
pelagial to which the zooplankton migrate at night.
The refuge effect is strongly influenced by plant den-
sity and the density of planktivorous fish within the
vegetation, and it seems to change abruptly when gi-
ven fish and plant density thresholds are reached. If
the refuge effect is high, very significant cascading
effects may be observed in the food chain of eutrophic
lakes, and these may result in a low phytoplankton
biomass, reduced abundance of microorganisms and
clear water within the vegetation.

Given certain premises, biomanipulation may acce-
lerate a shift to the clearwater state following an
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external loading reduction. Biomanipulation may
include removal of cyprinids, stocking of predatory
fish and protection of macrophytes against bird
grazing, possibly combined with macrophyte plan-
ting. Experiments and cross-analyses of data from a
large number of lakes indicate that biomanipulation
in shallow lakes may lead to a long-term shift to a
clearwater state provided that the nutrient supply
has been reduced to a level so low that the future
phosphorus equilibrium is below 0.05-0.10 mgPIIf
nitrogen loading is low, the effect may be obtained at
higher phosphorus concentrations.

Biomanipulation is accompanied by a significant re-
duction in both lake water phosphorus and nitrogen
contents and increased net retention during summer.
This effect can be ascribed to reduced transport of
particulate matter (phytoplankton) from the lake,
reduced sediment release due to increased growth of
benthic algae, reduced oxygen consumption as a
consequence of lower sedimentation and conse-
quently improved redox conditions and stimulation
of denitrification. Biomanipulation and diminished
nutrient supply may therefore increase the net reten-
tion of nitrogen and phosphorus and hence reduce
the transport of these nutrients to downstream aqua-
tic ecosystems.

Palaeoecological methods are an important tool that
may be used to describe the historical development
of lake ecosystems and to elucidate trophic dynamics
in a longer time perspective than experiments and
monitoring series allow. Recently, new quantitative
techniques have revolutionized palaeoecology. We
have developed transfer functions allowing quanti-
tative reconstruction of the abundance of plankti-
vorous fish, total phosphorus and submerged macro-
phyte coverage in lakes from remains of crustaceans
and rotifers found in the lake sediment. Marked
changes have been found in the abundance of plank-
tivorous fish during the period immediately prior to
the disappearance of submerged macrophytes from
two lakes. This indicates that predation on snails and
zooplankton may have been a contributory factor in
the disappearance of macrophytes as it has led to
improved growth conditions for epiphytes and phy-
toplankton and consequently a deteriorating light
climate for submerged macrophytes.

The trophic structure and dynamics of brackish lakes
deviate substantially from those of shallow fresh-
water lakes. Predatory control seems to be consi-
derably higher in eutrophic brackish lakes, which
may be ascribed to the coexistence of the dominant
fish (stickleback) and mysids (Neomysis). Extensive
submerged vegetation does not lead to clear water as
in freshwater lakes, which may be ascribed to the
higher predation pressure on zooplankton, lack of
Daphnia, and the high abundance of zooplankton
predators within the vegetation. The results are sup-
ported by data from the macrophyte-rich Lake @r-
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slevkloster, where a shift from a freshwater to a
brackish state and back resulted in a shift from clear
to turbid water and to clear water again.

7.2 Future research needs

Both from scientific and management perspectives,
there is a great need for intensifying research on the
mechanisms behind alternative equilibria in shallow
lakes and the possibilities of using biomanipulation
to encourage a shift from the turbid to the clearwater
state. In particular, there is a great need for improving
our understanding of the interactions between the
littoral and the pelagic zones. Also our knowledge of
the role played by fish fry in shallow lakes is poor.
Regulating factors for appearance, habitat choice and
the effect of fry on the ecosystem need to be further
elucidated.

Furthermore, we need more knowledge of benthic-
pelagic couplings, including interactions between
biological communities and nutrient interchange.
Biomanipulation experiments have shown that bio-
logical structural shifts may markedly change the
concentration and retention of nutrients. We know,
however, far too little about the mechanisms involv-
ed, and about how the pattern will change along a
nutrient gradient. Today we are therefore not able to
predict the effects of natural or imposed structural
shifts on nutrient retention and consequently we
cannot predict future ]Jake water nutrient concentrat-
ions.

In the future we may expect a major increase in the
number of Danish lakes in which fish manipulation
will be used as a restoration tool since most lakes
have shown resisitance to improvement following
nutrient loading reductions. There is, therefore, a
great need for further development of biomani-
pulation methods so that interventions may be un-
dertaken in the most appropriate manner. Particu-
larly, we need information about:

* long-term effects of manipulation at fish commu-
nity and ecosystem level based on experiments,
palaeoecology and the development of dynamic
mathematical models,

* effects of predatory fish stocking — especially
pike, perch and pike-perch,

= effects of combined interventions, i.e. removal
and stocking to render the efforts more efficient
and to reduce costs.

More knowledge is also needed about the effects of
fish manipulation related to commercial and recrea-
tional fishing. In Denmark, for instance, some lakes
(e.g. Lake Esrom and Slaensg), and a number of put-
and-take waters have been, or are presently being



stocked with large numbers of trout. Knowledge of
the impact of such stocking on the lake ecosystem is
poor, which is unfortunate when environmental
authorities are required to evaluate applications for
stocking on a scientifically sound basis.

New quantitative techniques for reconstructing a
number of historical biological and physico-chemical
variables (transfer functions) have already contri-
buted significantly to our understanding of trophic
interactions and to the analysis of past developments
in trophic structure related to human-related acti-
vities. There is no doubt that palaeoecological trans-
fer functions will be important for both ecosystem
research and lake management. As an extensive mo-
nitoring tool, transfer functions must be regarded as
being highly relevant — today a single sample from
the surface sediment may give a seasonally inte-
grated picture of the total phosphorus concentration,
pH, the abundance of planktivorous fish and at least
a rough estimate of submerged macrophyte cover-
age. The time resolution will, however, depend on the
mixing of the lake sediment. New transfer functions
and relations must be developed combining signals

from several groups of organisms (e.g. phosphorus
relations to diatoms, zooplankton and chironomids).
Moreover, we need to test the reliability of past
reconstructions, i.e. whether the signal from the sur-
face sediment can be transferred to deeper-lying
sediments. Comparative analysis of the sediment and
water phases from lakes for which long time series of
data exist may prove highly useful in this context.

In addition, we need to initiate intensive studies of
brackish and freshwater lakes and studies under ex-
treme environmental conditions (cold /warm clima-
tes). Investigations in extreme environments will not
only produce relevant specific information about these
lake types, but also information that may be used to
interpret results from, for instance, temperate fresh-
water lakes. Arctic lakes will be paticularly useful
because they are species-poor and have simple food-
webs. These characteristics make it easier to identify
regulating mechanisms, including the relative impor-
tance of predatory and resource control.

Ecological studies of shallow lakes have a relatively
short past, but an exciting future.
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Abstract

The use of fish manipulation as a tool for lake restoration in eutrophic lakes has been investigated since
1986 in three shallow, eutrophic Danish lakes. The lakes differ with respect to nutrient loading and
nutrient levels (130-1000 ug P1-"', 1-6 mg N'17'). A 50% removal of planktivorous fish in the less
eutrophic cyanobacteria-diatom dominated Lake Vang caused marked changes in lower trophic levels,
phosphorus concentration and transparency. Only minor changes occurred after a 78%, removal of
planktivorous fish in eutrophic cyanobacteria dominated Frederiksborg Castle Lake. In the hypertrophic,
green algae dominated Lake Sebygard a low recruitment of all fish species and a 16%, removal of fish
biomass created substantial changes in trophic structure, but no decrease in phosphorus concentration.
‘The different response pattern is interpreted as (1) a difference in density and persistence of bloomforming
cyanobacteria caused by between-lake variations in nutrient levels and probably also mixing- and flushing
rates, (2) a difference in specific loss rates through sedimentation of the algal community prevaling after
the fish manipulation, (3) a decreased impact of planktivorous fish with increasing mean depth and (4)
a lake specific difference in ability to create a self-increasing reduction in the phosphorus level in the lake
water. This in turn seems related to the phosphorus loading.

Introduction

Since the early work of Hrbacek ez al. (1961) and
Hrbacek (1962) several papers have demon-
strated that changes in biomass and age structure
of planktivorous fish stock can markedly affect
trophic structure and lake water quality (e.g.
Stenson eral., 1978; Andersson etal., 1978;
Shapiro, 1980; Lynch & Shapiro, 1981;
Andersson & Cronberg, 1984; Cryer er al., 1986).

These studies have stimulated the use of fish
manipulation as a restoration tool, either ‘as
measures per se or in combination with reduced
external nutrient loading. However, few whole-
lake experiments have been made (seen Benndorf,
1987; Van Donk et al., 1989; Meijer et al., 1989),
and these have mainly dealt with short-term
effects of very substantial reductions in fish
density. Few studies (Henriksson et al., 1980;
Benndorf ez al., 1988; Reinartsen et al., in press)

(€3]
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have continued sufficiently long to test the long-
term stability of changes in the fish stock struc-
ture.

Currently, some of the key questions con-
cerning fish manipulation as a restoration tool, i.e.
the questions of long-term stability and threshold
levels for permanent improvements, therefore,
can mainly be addressed to theoretical analysis
(Benndorf & Rechnagel, 1982; Kasprzak et al.,
1988; Persson eral., 1988; Scheffer, 1989 and
1990) or by empirical approaches (McQueen
etal., 1986).

This first part of the paper deals with short term
effects of fish manipulation in shallow eutrophic
lakes doing a cross-analysis of whole-lake experi-
ments in three Danish lakes. In the second part
(Jeppesen ez al., 1990) we discuss the question of

Table 1. Morphometric data of the study lakes.

thresholds for a long-term stability by including
data from 300 shallow Danish lakes.

Study areas

The three case-studies were carried out in
Frederiksborg Castle Lake (21 ha) situated in
Hillerod on Zealand, Lake Vang (15 ha) near
Bradstrup, and Lake Sebygérd (40 ha) near
Hammel, both in Jutland. Lake Vang and Lake
Sebygéird are completely mixed, shallow (mean
depth about 1m) and have high flushing rates
(15-25 days), while Frederiksborg Castle Lake is
stratified in summer, deeper (mean depth 3.1 m)
and has a long hydraulic retention time (4-18
years) (Table 1).

Lake Surface Catchment Maximum Mean Hydraulic Stratified

area area depth depth retention in  sum-
time mer

(10*m?) (10 m?) (m} (m) 7]

Lake Vzng (LV) 15 900 2 1.2 0.04-0.05 no

Frederiksborg

Castle Lake (FCL) 21 660 8 3.1 4-18 yes

Lake Sabygérd (LS) 40 1160 2 1.0 0.04-0.06 no

Table 2. External phosphorus and nitrogen loadings and mean summer concentration (1st May to Ist Oct.) of total phosphorus

and total nitrogen.

Lake Loading Concentration
gPm-2?y-! gNm-2y-! ugPl-! mgNI1-!

Lake Vaeng (LV)

before 1981: 78

after 1981: 1.5 71 130 1
Frederiksborg
Castle Lake (FCL) ? ? 300-700 2-4
Lake Sebygard (LS)

before 1982 n 130-210 550-1000 4-6




Lake Veeng and Frederiksborg Castle Lake are
eutrophic, while Lake Sgbygérd is hypertrophic
(Table 2). The nutrient loadings to Lake Vzng
and Lake Sebygird were reduced in the early
eighties. In Lake Vang the nitrogen loading and
in particular the phosphorus loading were reduced
in 1981 by sewage diversion (Table 2). Because of
high internal loading only minor improvements in
water quality were recorded during the following
five years prior to the biomanipulation experiment
(Sendergaard etal., 1990). In Lake Sebygard
phosphorus loading was reduced in 1982 by
chemical treatment at the sewage plant (Table 2).
No data for the nutrient loading of Frederiksborg
Castle Lake are available. For further details see
Table | and Table 2, Sondergaard et al. (1990),
Jeppesen er al. (1989a,b and 1990a in press), and
Riemann ez al. (1990).

Materials and methods

Most of the methods used have been described
elsewhere (Sondergaard et al., 1990a,b; Riemann
et al., 1990; Jeppesen et al., 1990a,b). Therefore,
only. additional methods used in the present
analysis are described.

The fish stock was estimated by the mark-
recapture method prior to the manipulation,
except from young-of-the-year, which was esti-
mated by setting buoyant nets several days in mid
August. Planktivorous fish were removed by
fishing with different fish gears including beach
seine, electrofishing and gill, fyke and pound nets.
The dry weight was assumed to be 259, of the wet
weight (from Penczak, 1985).

Zooplankton biomass in Lake Veeng and Lake
Sobygdrd was estimated from length-weight
equations (rotifers: Dumont ez al., 1975; clado-
cerans: Bottrell et al., 1976). When possible 50
individuals of each Daphnia species and 20
individuals of all other filter-feeders, which contri-
buted significantly to the total biomass at the
specific sampling date, were selected randomly
and measured using a digitalized micrometer con-
nected to the microscope. The biomass of filter
feeding crustaceans in Frederiksborg Castle Lake
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was found by direct measurements (Cahn-
microbalance) of pre-dried (105 °C) subsamples
of each species, divided into various size-groups.

The phytoplankton volume in Lake Vang and
Lake Sobygird was estimated by fitting the
species or subspecies at each sampling date to
simple geometrical figures. The biovolume in
Frederiksborg Castle Lake was estimated from
the size-fractioned chlorophyll-a concentrations
(>50 um, <50 um) using a conversion factor
between chlorophyll-a and biovolume
(0.13 + 0.02 (S.E.)mg DW (ug chlorophyll-a = '))
obtained from Lake Vzng data from 1986, when
cyanobacteria dominated. The dry weight of phy-
toplankton in all three lakes was calculated using
a conversion factor between the carbon content
and biovolume of 0.22 ug C m > (Reynolds,
1984), and between carbon and dry weight of
2.2¢DW g C~ ' (Winberg, 1971). The conversion
factor was validated successfully on Lake
Sebygard data using the particulate COD-con-
centration, which during most of the summer
represent the content of phytoplankton. Using the
O, /dry weight factor of Winberg (1971) the mean
dry weight in summer (May to Oct.), based on
particulated COD, could be estimated for
1984-1987 to 51, 47, 25, and 16 mg DW 171,
respectively, while the conversion factor used in
the analysis gave 52, 46, 28, and 14, respectively.

Results
Fish stock and fish manipulation

Bream (Abramis brama), roach (Rutilus rutilus)
and rudd (Scardinius erythrophthalmus) do-
minated the planktivorous fish stock in the three
lakes both in terms of biomass and numbers,
while pike (Esox lucius), large perch (Perca fluvia-
tilisy and in Frederiksborg Castle Lake also
zander (Stizostedion lucioperca) were the most
abundant piscivorous. Planktivorous fish
biomass was reduced by 50%, in Lake Veeng to
15 g WW m ™2, and in Frederiksborg Castle Lake
by 78% to 8g WW m~2 in 1986 and 1987.
Furthermore, 1.5g¢ WW m~2 of piscivorous
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Table 3. Artificial biomass removal of planktivorous and increase in biomass of piscivorous fish in the study lakes.

Lake Vang Frederiksborg Castle Lake Lake Sebygard
(LV) (FCL) (LS)
Removal of 1986-1987 1986 1988
planktivorous
fish biomass
(gWWm~?)
Roach 8 14
Bream 8 9 10
Rudd <0.1 <0.1
Crucian carp <0.1 4
Total 16 275 10
Reduction %, 50 78 17
Stocking of 1986-1987 1986 1988
piscivorous
fish biomass
(gWWm~32)
Perch 0 1.5 0
Increase 9, 0 15 0
perch was stocked in Frederiksborg Castle Lake Lake Veeng

(Table 3).

In Lake Sebygard no recruitment of bream,
roach or rudd took place during 1983-1986. This
was probably due to high pH values reaching
about 10.5-11.0 in the spawning period. The age
group composition of the planktivorous fish stock
in 1986, therefore, was composed of 68 years old
bream, 4-11 years old roach and 4-8 years old
rudd. In 1987 and 1988, some recruitment took
place, but the survival was low. In 1986-1988
2%, 1% and 14%,, respectively, of the calculated
biomass in 1986 (63 g WW m ~ 2), were removed
by experimental and commercial fishing.

Changes in the lower trophic levels

The three lakes responded differently to changes
in the fish stock (Fig. 1). Hence, pronounced
changes occurred in the lower trophic levels in the
less eutrophic Lake Vang and in the hypertrophic
Lake Sebygard. Only minor changes were ob-
served n eutrophic Frederiksborg Castle Lake
(Fig. 1 and Figs. 2-4).

Immediately after the fish manipulation the
biomass of filter feeding zooplankton increased
from a mean summer level of 0.4 mg DW 1~ ! in
1986t02.7 and 1.3 mg DW 1~ 'in 1987 and 1988,
respectively (Fig. 1). Zooplankton composition
shifted from rotifers to dominance of larger clado-
cerans (Daphnia and Bosmina spp.). Simul-
taneously. the biomass of large algal species
(greatest axial length or diameter (GALD)
> 50 um) decreased from 5.9 mg DW 1~ ! in 1986
t0 3.01in 1987 and 0.8 mg DW 1~ !in 1988. Small
species (GALD <50 pm) decreased from 4.2 mg
DW 1~'in 1986 to 2.5 in 1987 and 2.3 mg DW
17! in 1988. The biomass ratio of large filter
feeding zooplankton to phytoplankton increased
from 0.03 in 1986 t0 0.50 in 1987 and 0.45 in 1988.

The dominating cyanobacteria (mainly Ara-
baena flos-aquae) and small diatoms (mainly
Stephanodiscus hantzschii) almost disappeared
after fish manipulation, whereas cryptophytes
and periodically larger species such as Asterionella
Jormosa and Closterium sp. appeared in higher
densities.
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Fig. 1. The biomass of different biological components in the three lakes before and after fish manipulation.

The wave forms at the top of the phytoplankton columns in Frederiksborg Castle Lake in 1984 and 1986 indicate that no data

on the size of phytoplankton are available those two years, but the ratio of small to large algae in 1987 has been used as a

conversion factor. The ratio in Frederiksborg Castle Lake in 1988 is also uncertain because of lack of data on the size distribution
in May-June that year. Note the different phytoplankton scale.

Chlorophyll-a concentrations decreased and
transparency increased during the major part of
summer following the fish removal (Figs. 2
and 3). Median values of chlorophyll-a were 81,
36 and 24 ug 1~ ' in 1986, 1987 and 1988, respec-
tively. Median transparency was 56 and 57 cm in
1984-1986 and 98 cm to 140 cm in 1987—1988.

The concentration of total phosphorus de-
creased from 157-178 ug P1-! in the pre-bio-
manipulation period (1978, 1986)to 125 ug P1-!
in 1987 and 81 ug P 1~ in 1988 (Fig. 4). Further
details are presented by Sendergaard ez al. (1990).

Frederiksborg Castle Lake
Comparatively minor changes were observed in
Frederiksborg Castle Lake after the reduction of
planktivorous fish (Fig. 1, Figs. 2—4).

The large zooplankton filter feeders were
dominated by Daphnia cucullata and Eudiaptomus

graciloides. No changes occurred in the mean
summer biomass of filter feeding zooplankton
(0.8 and 1.4 mg DW 1~! before, and 1.2 and
1.3mg DW 17! after fish manipulation).

No changes occurred in the mean phyto-
plankton biomass in surface water (12-20 mg
DW 1-' before, 12-13mg DW 1-! after fish
manipulation). However, median chlorophyll-a
values decreased from 80-152 ugl™'t0 62-69 ug
1! (Fig. 2) suggesting that the periods with low
chlorophyll content might have been prolonged
(Fig. 2). The relative proportion of large algae
(GALD > 50 um) seems to have increased from
about 407, in the first year after the fish manipu-
lation to 809 in the second year (only few data
were, however, available for 1988). Blooms of
cyanobacteria occurred between June and
October, dominated by Microcystis in 1986. In
1988, Microcystis was replaced by Aphanizomenon
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Fig. 2. Frequency distribution of chlorophyll-a (1st May to 1st Oct.) in Lake Vang, Frederiksborg Castle Lake and Lake
Sebygard in the years before and after reduction of the planktivorous fish stock. Note the different chlorophyll-a scales.
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Fig. 3. Frequency distribution of Secchi-depth (lst May to 1st Oct.) in Lake Vang, Frederiksborg Castle Lake and Lake
Sebygird in the years before and after reduction of the planktivorous fish stock.



in late summer. The biomass ratio of large filter
feeding zooplankton to phytoplankton ranged
from 0.07-0.11 before the fish manipulation to
0.09-0.10 after the fish manipulation.

Median values of lake transparency increased
from 44-60 cm in 1984-1986 to 84-95cm in
1987-1988.

Further details are presented by Riemann et al.
(1990).

Lake Sobygdrd

Mean summer biomass of filter feeding zooplank-
ton increased from 0.02 mg DW 1~ 'in 1984-1985
to 0.8-1.2mg DW 1-! in 1986-1988 (Fig. 1).
Species composition changed from rotifer domi-
nance in 1984 and 1985 to cladoceran dominance
(B. longirostris and D. longispina) in 1986-1988.
Mean phytoplankton biomass decreased steadily
from 52 mg DW 1 'in 1984 t0 14 mg DW 1~ 'in
1988. Qualitatively, the phytoplankton com-
munity changed from a monoculture of Scenedes-
mus spp. to a more diverse community of
Scenedesmus, Chlorella, Stephanodiscus and perio-
dically also cryptophytes.
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Fig. 4. Mean chlorophyll-a concentration in the surface

water in relation to mean lake water concentration of total

phosphorus (1st May to 1st Oct.) and total nitrogen in Lake

Vang (LV), Frederiksborg Castle Lake (FCL) and Lake

Sebygérd (LS) in the years before and after reduction of the
planktivorous fish stock.

211

During periods of high zooplankton grazing in
1986~1988 the less edible or the less digestible
algae Pediastrum, Oocystis and Coelastrum were
important contributors to the phytoplankton
biomass. The increase of large algae could,
however, in no way balance the decrease of small
algae (Fig. 1). The ratio of zooplankton to phyto-
plankton biomass was 0.003 in 1984-1985 and
0.10 in 1988.

Summer chlorophyll-a decreased, while trans-
parency increased progressively from 1985 to
1988 (Figs. 2 and 3). The median concentration
of chlorophyll-a decreased from 940 ug 1=! in
1984 to 140 ug 1-* in 1987-1988, but the im-
provements were even more pronounced in the
upper quartiles indicating that not only the level
but also the duration of the periods with relative
low chiorophyll-a levels increased (Fig. 2). The
median transparency was 30-32 cm in 1984-85
and 60-63 cm in 1987-88 (Fig. 3).

The concentration of total phosphorus varied
between years. Except for the cold summer of
1987 there was a tendency towards increasing
mean phosphorus levels in connection with the
changes of the trophic structure (Fig. 4). Further
details are presented by Jeppesen et af (19892, b,
and 1990a), Sendergaard et al. (1990b).

Discussion
Impact of planktivorous fish

Prior to fish manipulation the density of plankti-
vorous fish was sufficiently high in all three lakes
to affect composition and density of the
zooplankton, though the predation pressure
seemed different. Hence, in the two shallow and
completely mixed lakes (Lake Vazng, Lake
Sebygard) with a high biomass of planktivorous
fish per unit of volume (8—15 mg DW 1~ ') (Fig. 1)
the large filter feeding cladocerans were almost
absent during summer, in spite of high densities of
small and edible algae (Stephanodiscus hanrzschii)
in Lake Vang, and Scenedesmus spp. in Lake
Sebygard. Instead rotifers dominated, although
they occurred in low densities in Lake Sebygard,
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probably because of high pH (summer mean
10.3~10.6, maximum 11.2) (Jeppesen etal.,
1990a). Moreover, carnivorous Leptodora occur-
red in low densities (Lake Vang) or were not
recorded at all (Lake Sebygérd). These results are
in agreement with the top-down control and size-
efficiency hypothesis (McQueen ez al., 1986, and
Dodson, 1974, respectively) and indicate a high
predation pressure from planktivorous fish.

The biomasses of large filter feeding zooplank-
ton per unit of volume were, however, 5-10 times
higher in Frederiksborg Castle Lake in the pre-
manipulation period than in Lake Vang and Lake
Sebygard though the biomass of planktivorous
fish per unit of surface area was equally high in
Frederiksborg Castle Lake and in Lake Vang
(Table 3). Because the biomass of edible algae
was much above the threshold level of food limi-
tation for cladocerans (~0.2mg C1-!, Lampert
etal, 1986) both in Lake Vang and in Lake
Sebygard the different density of cladocerans can
only be explained by differences in predation
pressure (in Lake Sebygird also high pH
(Jeppesen ez al., 1990a)) most likely related to the
2- to 3-fold and 3- to 6-foid higher density of
planktivorous fish per unit of volume in Lake
Veng and Lake Sebygard, respectively.

The impact of planktivorous fish seems to
increase with decreasing mean depth. This is indi-
cated by the higher density of planktivorous fish
per unit of volume in Lake Vang and Lake
Sgbygard compared with the deeper Frederiks-
borg Castle Lake, and by the higher ratio of plank-
tivorous fish to larger filter feeding zooplankton
biomass in the two shallow lakes (40 in Lake
Veng, 750 in Lake Sebygird and only 4 in
Frederiksborg Castle Lake) (Fig. 1).

Several factors may be involved: (1) The pro-
duction of prey zooplankton per unit of volume is
potentially higher in shallow lakes due to the
higher primary production per unit of volume and
the fact that the residence volume for zooplankton
(low water column) is more restricted. Therefore,
if planktivorous fish are only feeding on clado-
cerans when the concentration is above a certain
threshold level (Townsend et al., 1986), and if the
shift to other food sources occurs at almost the
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same concentrations in deep as well as in shallow
lakes, the areal density of cladocerans in the shal-
low lake may be reduced to levels far below the
densities in the deeper lakes. (2) The higher gross
and net loss of phytoplankton by sedimentation in
shallow lakes (Kristensen & Jensen, 1987) in
comparison with deeper lakes, and the conse-
quently higher quality of food in the upper sedi-
ment layer improve the conditions for potentially
zooplanktivorous fish such as roach and espe-
cially bream to sustain high densities by using
sediment including benthic organisms as an
alternative food source. Therefore, we suggest
that the potential predation pressure on clado-
cerans is continuously high in eutrophic, shallow
lakes with low densities of piscivorous fish.
(3) The ability of cladocerans to avoid predation
by vertical migration probably increases with
increasing depth (Harris, 1986), and even when
they escape to the sediment surface in shallow
lakes they may be strongly exposed to predation
from planktivorous fish (Winfield & Townsend,
1988). (4) Finally, the higher temperature in shal-
low lakes may favour planktivorous fish, because
young roach is favoured in the competition with
young perch at high temperatures (Lessmark,
1983).

In summary we suggest that due to a potentially
higher predation pressure from fish the pos-
sibilities for the cladocerans to regulate edible
phytoplankton species is relatively lower in
eutrophic, shallow lakes than in deeper lakes as
long as the density of planktivorous fish is high.
In contrast, the potential grazing pressure of cla-
docerans is expected to be higher in shallow lakes
than in deeper lakes when the planktivorous fish
density is low, because cladocerans in shallow
lakes may utilize detritical food sources and there-
by maintain sufficient high densities to control
successive phytoplankton blooms (Harris, 1986,
and unpubl. results from Lake Sebygard). This
also implies that accidental fish kill or removal of
planktivorous fish may have a stronger impact on
the algal biomass in shallow lakes than in deeper
lakes.

Traditionally, critical levels of planktivorous
fish, above which daphnia populations may



severely be depressed, are most often determined
per unit of area. Critical levels have ranged from
20-30 kgha ! (Mills ez al., 1987),30-50 kg ha !
(McQueen & Post, 1988), 45 kg ha~! (Walker,
1989), > 150 kg ha~! (Sendergaard er al., 1990),
>600kg ha~' (this paper) to 900kg ha~!
(Gliwicz & Prejs, 1977). Different size composi-
tion of the fish stock and thus variations in the
predation on zooplankton per unit of fish biomass
may partly explain the large variation in the criti-
cal density. However, our results also suggest that
the critical density should more likely be ex-
pressed per unit of volume, because the critical
density is not independent of, but in fact seems
very sensitive to lake depth. Depth differences
may thus also explain part of the large variations
in the published critical densities.

Impact of cyanobacteria

The remarkable different response following the
induced changes in the fish structure cannot be
explained by variations in the efficiency of the fish
manipulations. Hence, though the composition
and age structure of planktivorous fish were al-
most identical in Lake Vang and in Frederiksborg
Castle Lake before biomanipulation, the top-
down response to a 509, reduction of the biomass
in Lake Vaeng was much more pronounced than
in the more substantial fish manipulation in
Frederiksborg Castle Lake (Fig. 1). It cannot be
referred directly to the eutrophication level either,
because the most eutrophic Lake Sebygérd
showed a significant top-down response to com-
paratively minor changes in biomass of plankti-
vorous fish. Instead, as discussed in the following,
we suggest that the different response is mainly
due to differences in phytoplankton composition
and persistence of cyanobacteria related to differ-
ences in nutrient levels and perhaps also mixing
conditions and flushing rates.

The low response in Frederiksborg Castle Lake
compared to that in Lake Sebygird may be
related to the phytoplankton composition. Hence,
whereas the small green algae occurring in Lake
Sebygérd are nutritious and easily ingested
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(Infante, 1973; Geller, 1975; Horn, 1981), the
cyanobacteria species occurring in Frederiksborg
Castle Lake have been shown to affect growth
and mortality of large filter feeders: (1) by pro-
ducing toxics and noxious chemicals (Arnold,
1971; Lampert, 1981), (2) by being poorly as-
similated (Arnold, 1971), (3) by inhibiting feeding
on co-occurring nutritious food (Gliwicz, 1975;
Fulton & Pearl, 1987). Nevertheless, a marked
top-down response and an almost complete dis-
appearance of cyanobacteria was observed in the
cyanobacteria dominated Lake Veng. It has been
shown in several studies that the interference of
cyanobacteria on cladocerans increases with in-
creasing proportions and densities of filamentous
or colonial cyanobacteria (Lampert, 1981; Rich-
man & Dodson, 1983; Fulton & Pearl, 1987;
Burns et al., 1989; Davidowicz et al., 1988; De
Bernardi & Giussani, 1990; Gliwicz, 1990).
Hence, in laboratory experiments Davidowicz
etal. (1988) showed that clutch size of Daphnia
magna was severely depressed when the chloro-
phyll-a level of cyanobacteria was above approx.
60 ug1~' and reached zero above 150 ugl~!, in
the latter case followed by disappearance of
daphnids a few days later. Although based on
laboratory experiments, where the cladocerans in
contrast to the lake situation cannot escape from
high densities, these results give evidence of a
higher grazing resistance of cyanobacteria in
Frederiksborg Castle Lake. Hence, the chloro-
phyll-a in Lake Vang prior to fish manipulation
never exceeded 150'ug 17! although the clado-
ceran density was low (Figs. 1 and 2) and below
100 pg 1~ during 88, of days in summer, while
chlorophyll-a in Frederiksborg Castle Lake
exceeded 150 pug 1~ during 30-52%, 100 ug1-!
during 44-69% of the days in summer, and
reached maximum levels of 250-400 ug1~'in late
summer (Fig. 2).

However, the nutrient level may also have been
a determining factor. This is supported by data
from 200 Danish lakes with mean depths less than
3 m showing that at total phosphorus (Fig. 1,
Jeppesen et al., 1990b) and total nitrogen concen-
trations (unpubl. data), similar to those in the
surface waters of Frederiksborg Castle Lake,

11
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cyanobacteria are most often dominant during
summer. In contrast, the two nutrients in Lake
Vang were at lower concentrations, where
cyanobacteria dominate less frequently, and
where a minor reduction in the nutrient concen-
tration may create large changes in the phyto-
plankton community.

The difference in competition capacity of
cyanobacteria in Frederiksborg Castle Lake and
Lake Vang may, however, also be influenced by
lake morphometry and hydraulic retention time.
Hence, Lake Vaeng is completely mixed during
summer, while Frederiksborg Castle Lake is stra-
tified with oxygen depletion occurring in the hypo-
limnion, which may increase the competitive ca-
pacity of bloom-forming cyanobacteria such as
Microcystis (George & Heaney, 1978; Reynolds &
Walsby, 1975). Furthermore, the Lake Vang has
an extremely short retention time in comparison
with Frederiksborg Castle Lake (Table 1). This
affects the phytoplankton community in two
ways. First, it implies a high Si/P-ratio during
summer in Lake Vang (approx. 100) due to the
high loading of silicate-rich water favouring the
diatoms (Tilman et al., 1986). From the latter
work a competitive exclusion of cyanobacteria by
diatoms at the Si/P-ratio in Lake Veang seems
possible. Second, it implies that the competitive
capacity of slow-growing cyanobacteria probably
was affected negatively by both the high flushing
rate (Reynolds, 1984) and the consequently higher
impact of CO,-rich waters and lower pH
(Shapiro, 1980; Benndorf ez al., 1988).

Besides the effects of nutrient levels, the persis-
tence of cyanobacteria is also suggested to be
sensitive to the extent of fish removal. Thus, a
total removal of the fish stock almost eliminated
the former dominating cyanobacteria in a number
of small lakes (Van Donk et al., 1989; F aafeng &
Brabrand, submitted; Reinertsen er al., in press)
with nutrient levels, where cyanobacteria is ex-
pected to be favoured (Fig. 1, Jeppesen er al.,
1990b). Elimination of cyanobacteria was also
found in fish free experimental enclosures in
Frederiksborg Castle Lake (Riemann & Sender-
gaard, 1986) and in pleasant Pond (Lynch &
Shapiro, 1981), while in contrast, cyanobacteria

12

were still dominant in the two lakes where the
enclosure experiments were carried out after an
extensive reduction. Hence, even in lakes where
the competitive capacity of cyanobacteria is sup-
posed to be high, cyanobacteria may be excluded
on a short-term scale, when all fish are eliminated.
In such lakes drastic changes in the fish stock
may, however, create large instabilities (Benndorf
et al., 1988) accompanied by negative side effects,
e.g. high ammonia concentration, low oxygen
concentration, high densities of trematodes
causing human skin irritation (Van Donk er al.,
1989). Furthermore, the fish manipulation
probably needs to be repeated frequently to avoid
re-appearance of cyanobacteria.

Fish elimination may, however, also stimulate
cyanobacteria in some lakes. Thus Aphanizome-
non flos-aquae often occurs in small lakes and
ponds at high densities of large daphnids, where
Aphanizomenon by forming flakes partly avoids
being grazed (Hrbacek, 1964; Lynch, 1980; Fott
et al., 1980; Shapiro, 1980). In that case both the
chlorophyll-a content and transparency may be
high. A transition to an Aphanizomenon-Daphnia
magna community and high transparency oc-
curred in Lake Sebygard in the seventies in con-
nection with major fish kill (Jeppesen eral., in
prep.), and a shift from dominance of Microcystis
to mainly Aphanizomenon (partly as flakes) has
been found in Frederiksborg Castle Lake in con-
nection with the fish manipulation (Riemann
etal., 1990; Simonsen & Stensgaard, unpubl. re-
sults). This may also explain the higher trans-
parency in Frederiksborg Castle Lake in
1987-1988.

" Impact on size distribution of phytoplankton

The size distribution of phytoplankton responded
differently following fish manipulations (Fig. 1c).
According to theoretical investigations (Briand &
McCauley, 1978) and experimental work (e.g.
McCauley & Briand, 1979; Lynch & Shapiro,
1981) the biomass of large algae (Fig. 1), and less
edible or fast growing algae, increased in Lake
Sebygard following the increase in grazing pres-



sure from large filter feeders. Despite the high
nutrient level in Lake Sebygird the increase in
biomass of large algae was, however, much less
than the decrease in small algae. This is in con-
tradiction to what has been found in some
cyanobacteria lakes (Benndorf, 1987), which may
be interpreted by differences in sensitivity to loss
through sedimentation being high for green algae
and most often low for cyanobacteria (Reynolds,
1984). Results from sedimentation trap experi-
ments in green algae dominated Lake Sebygird
(Kristensen & Jensen, 1987, and unpubl. results)
have shown that the specific loss through sedi-
mentation in periods with maximum phytoplank-
ton biomass was high, ranging from 0.2d-! in
1985, when the small Scenedesmus dominated, to
0.6-0.8 d ' in 1988, when the larger Pediastrum
dominated. The specific loss rate of phytoplank-
ton during 1988 was so high, compared with the
maximum recorded growth rates of large green
algae (1-1.3 d 7', Reynolds, 1984), that it is likely
that the biomass was heavily influenced by sedi-
mentation. This is further supported by the fact
that the mean ratio of filter feeding zooplankton
to phytoplankton biomass in 1988 was still low
(~0.1) in spite of the marker reduction in phyto-
plankton biomass (Fig. 1). By shifting the size of
the phytoplankton towards larger algae species,
large filter feeders may, therefore, also indirectly
amplify the relative loss rate of phytoplankton in
lakes dominated by species with a high specific
sinking rate. ,

In shallow, green algae dominated lakes the
indirect effect, i.e. shift in size of phytoplankton,
may in some cases thus be even higher than the
direct effect, i.e. loss by grazing. Correspondingly,
the marked decrease of both small and large algae
in Lake Vang may be explained by a combination
of high grazing rate and a related shift in species
composition from large cyanobacteria less sensi-
tive to sedimentation to diatoms and green algae.
Variations in the sensitivity to loss by sedimen-
tation of the algae dominating at different nutrient
regimes, flushing rates, and lake morphometry,
therefore, may also affect the outcome of fish
manipulation.
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Impact on phosphorus

The phosphorus concentration in the three lakes
was altered differently by changes in the fish
stock. In Lake Sebygérd the phosphorus concen-
tration in the lake water in summer has not de-
creased (Fig. 4) despite ongoing exhaustion of ex-
changeable phosphorus from the surface sedi-
ment after the significant decrease of the external
phosphorus loading in Lake Sebygird in 1982
(Table 2).

Excluding the cold summer of 1987 there has
instead been a tendency to an increase in con-
nection with the changes in the age composition
of the fish stock. This is explained by changes in
the balance between gross phosphorus sedimen-
tation and gross phosphorus release from the
sediment (Kristensen & Jensen, 1987;
Sendergaard et al., 1990). The decrease in phyto-
plankton biomass resulted in a decrease in gross
sedimentation of particulate phosphorus. A lower
percentage of the phosphorus, released from the
sediment, was thus returned to the sediment.
Hence, ortho-phosphate accumulated in the lake
water and thus compensated for the reduction in
gross phosphorus release from the sediment.

Unfortunately, no data exists on changes in the
concentration of total phosphorus in the lake
water in Frederiksborg Castle Lake, but marked
increases in mean summer concentration of
orthophosphate after the fish manipulations
(1986: 113; 1987: 248, and 1988: 447 ug P1-';
Riemann ez al., 1990) indicate that the net internal
loading has not decreased. In contrast, the net
internal loading in the least eutrophic Lake Veng
has decreased significantly after fish removal, re-
ducing the phosphorus concentration to half of
the pre-biomanipulation value. As discussed by
Sendergaard et al. (1990), this decrease is prob-
ably due to improved redox conditions in the sedi-
ment and an increased production of benthic
algae, rather than due to a decrease in the pool of
exchangeable phosphorus in the sediment.

On basis of several case studies Benndorf
(1987) concluded that the loading probably have
to be reduced to 0.5-1.0g Pm~2 y~! for lakes
with a mean depth below 7 m, before a fish mani-
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pulation can lead to an self-increasing reduction
in the phosphorus level. Our results support this
conclusion.
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Fish manipulation as a lake restoration tool in shallow, eutrophic,
temperate lakes 2: threshold levels, long-term stability and conclusions

E. Jeppesen, J. P. Jensen, P. Kristensen, M. Sendergaard, E. Mortensen, O. Sortkjer & K. Olrik !
National Environmental Research Institute, Division of Freshwater Ecology, 52 Lysbrogade, DK-8600
Silkeborg, Denmark; ' Environmental Biology Laboratory, 5 Baunebjergvej, DK-3050 Humlebeek,
Denmark
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Abstract

In order to evaluate short-term and long-term effects of fish manipulation in shallow, eutrophic lakes,
empirical studies on relationships between lake water concentration of total phosphorus (P) and the
occurrence of phytoplankton, submerged macrophytes and fish in Danish lakes are combined with results
from three whole-lake fish manipulation experiments. After removal of less than 80 per cent of the
planktivorous fish stock a short-term trophic cascade was obtained in the nutrient regimes, where large
cyanobacteria were not strongly dominant and persistent. In shallow Danish lakes cyanobacteria were
the most often dominating phytoplankton class in the P-range between 200 and 1000 ug P1-!. Long-term
effects are suggested to be closely related to the ability of the lake to establish a permanent and wide
distribution of submerged macrophytes and to create self-perpetuating increases in the ratio of piscivorous
to planktivorous fish. The maximum depth at which submerged macrophytes occurred, decreased
exponentially with increasing P concentration. Submerged macrophytes were absent in lakes > 10 ha and
with P levels above 250-300 ug P 1~ !, but still abundant in some lakes <3 ha at 650 ug P 1~ . Lakes
with high cover of submerged macrophytes showed higher transparencies than lakes with low cover above
ca. 50 ug P17 '. These results support the alternative stable state hypothesis (clear or turbid water stages).
Planktivorous fish > 10 cm numerically contributed more than 80 per cent of the total planktivorous and
piscivorous fish (> 10 cm) in the pelagical of lakes with concentrations above 100 ug P 1~ !. Below this
threshold level the proportion of planktivores decreased markedly to ca. 50 per cent at 22 ug P 1~ '. The
extent of the shift in depth colonization of submerged macrophytes and fish stock composition in the three
whole-lake fish manipulations follows closely the predictions from the relationships derived from the
empirical study. We conclude that a long-term effect of a reduction in the density of planktivorous fish
can be expected only when the external phosphorus loading is reduced to below 0.5-2.0 gm~ 2y~ '. This
loading is equivalent to an in-lake summer concentration below 80-150 ug P 1-'. Furthermore, fish
manipulation as a restoration tool seems most efficient in shallow lakes.

Introduction and improved Secchi depth in shallow, eutrophic

temperate lakes depends largely on the ability to
Jeppesen et al. (1990) suggested that the short- combat large cyanobacteria, irrespective of the
term response of biomanipulation in terms of a nutrient levels in the lake water. The long-term
trophic cascade (in sensu Carpenter et al., 1985) stability of the shift is, however, more speculative
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basically because only a few biomanipulated lakes
have so far been monitored sufficiently long to,
confirm long-term stability (Benndorf et al., 1988;
Benndorf, 1990). Submerged macrophytes are
important in regulating the biological structure in
shallow, eutrophic lakes (Moss, 1980; Timms &
Moss, 1984); besides they may be one of the key
factors determining threshold levels for a long-
term effect of fish manipulation in shallow,
eutrophic lakes (Grimm, 1989; Scheffer, 1989).

As a second key factor we identify the ability
of the lake to achieve a permanent shift in the
fish-stock composition, namely increased impor-
tance of piscivores as compared with plankti-
vorous fish. Lessmark (1983) and Persson ez al.
(1988) found a decreasing ratio of piscivores to
planktivores with increased eutrophication as
regards levels of P and chlorophyll a. Apart from
nutrients the ratio of piscivorous fish to plankti-
vorous fish is also interconnected to the wax and
wane of submerged macrophytes, being generally
higher when submerged macrophytes are abun-
dant (Grimm, 1989). Once established, the
planktivorous fish both directly and indirectly
may accelerate eutrophication and thereby further
impair the conditions for piscivorous fish
(Persson, 1987). The results of Persson indicate
that the ability to permanently shift the fish stock
composition  decreases  with increasing
eutrophication. 4

To find the nutrient threshold levels necessary
to obtain a long-term effect of fish manipulation
per se in shallow lakes, we established empirical
relationships of the P concentration with:
1) macrophyte depth distribution; 2) dominating
phytoplankton groups, and 3) fish composition.
We also provide evidence of the alternative stable
state theory (clear/turbid water stage) as defined
for shallow lakes by Scheffer (1989; 1990).
Nutrient threshold levels for the shifts between
the two stages are discussed.

Materials and methods

A data base that includes limnological variables
from 300 Danish lakes with mean depth <5m
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was used in the empirical analysis. The data were
mainly collected by Danish local water authorities
and by the National Environmental Research
Institute. The median-, minimum-, and maxj-
mum-values of some relevant variables of the
lakes are: surface area, 22,0.1,4100 ha; retention
time, 38, 1, 7500 days; total phosphorus (P)in the
surface water, 316, 10, 5900 ugP1-1; and Secchi
depth, 0.55, 0.15, 5.0 m.

Maximum depth at which submerged macro-
phytes occurred was measured using modified
rakes in some cases and with detailed analysis
along vertical transects on the lake shore in other
cases. In the most advanced quantitative studies
divers and videos were used. Submerged macro-
phytes included the isoetids, characeans, elodeids
and the moss, Fontinalis antipyretica. Mean lake
pH in summer was higher than 6.

The number of fish species and their relative
abundance were estimated using standardized
test-fishing with survey gillnets of multiple mesh
sizes. For the Danish and Swedish lakes the
actual numbers and settings of gillnets are given
by Mortensen eral. (in press) and Lessmark
(1983).

Phytoplankton abundance for 200 shallow
Danish lakes (mean depth <3 m) was classified
into five categories: absent, low numbers, moder-
ate, high, and dominant (Olrik, 1981). In a few
cases (< 15%) only four categories were used, i.e.
absent, present, moderate/high and dominant.
Only data classified in the uppermost class,
‘dominant’ was used in this study. More than
709, of the samples were analyzed by one person

(K. Olrik), which reduces heterogeneity in the

classification related to methodological errors.
We use the term ‘large cyanobacteria’ because the
picoplanktonic cyanobacteria were not included
in this analysis.

The total phosphorus concentration (P) in the
surface water at mid-lake station was measured
as orthophosphate, using the method of Murphy
& Riley (1972) after persulphate digestion
(Koroleff, 1970). Regarding the relationships to
fish and macrophytes the P-values used are
means for May to September, and for July to
September regarding the relationships of P to



phytoplankton. Mean values are based on 3-40
samples. Model parameters were estimated by
non-linear regressions using NLIN in SAS and
the Marquardt algorithm (SAS Institute, 1985).

Whole-lake experiments

The fish stock composition in Lake Vang and
Lake Sabygird was estimated from test-fishing
with survey gillnets as described above. The depth
distribution of submerged macrophytes in Lake
Vang was measured at biomass maximum on 15
transects running from the centre of the lake to
different sites of the shore. The macrophyte pres-
ence was measured at 9-13 stations along each
transect using a modified rake and a hydroscope.
In Lake Sebygard a hydroscope was used fre-
quently during summer. For other methods and
lake descriptions, see Jeppesen etal. (1990),
Sondergaard eral. (1990) and Riemann eral.
(1990).

Results
Phytoplankton

From July to September large cyanobacteria con-
tributed <309, of the ‘dominant’ samples in the
two lower P-ranges as well as in the highest
P-range. In the P-range between 250-500,
500-750 and  750-1000 ugP1-! large
cyanobacteria were classified as dominant in 50,
88 and 51Y%, of the ‘dominant’ samples, respec-
tively. Green algae contributed <209 of the
‘domlinant’ samples below 750 ug P 17!, 25% in
the range 750-1000 ug P 17!, and 709, above
1000 ug P 1~ '. Diatoms and chrysophytes (not
shown) made up the majority of the remaining
‘dominant’ samples (Fig. 1).

Submerged macrohytes

Submerged macrophyte cover decreased with
increasing P concentration and increasing depth
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Fig. 1. The relative composition of the numbers of dominat-

ing species and genera among some phytoplankton classes in

relation to mean levels of total-P (July-Sept.) in 200 shallow

Danish lakes. Only phytoplankton classified as ‘dominant’
are included.

(Fig. 2) in 37 shallow lakes > 10 ha, with a mean
depth <5m and with summer mean N/P-ratios
(weight basis) above 6. The maximum depth at
which submerged macrophytes occurred was
<1 m, when mean P concentration during sum-
mer exceeded ca. 150 ug P 17!, Except one lake
with frequent fish kill and consequently high
transparency, submerged macrophytes were

Maximum depth (m)
%

s y=3.9 exp (-0.009-P)

6 r et ™ ; " T -
0 100 200 300 400 500 600 700 800 S00 1000
Total phosphorus (ug P 1I7)

Fig. 2. Maximum depth colonization of submerged macro-

phytes in relation to mean concentration of total-P in lake

water in summer (May-Sept.) for shallow lakes with a surface

area > 10 ha and mean depth <5 m. The fitted exponential
curve and the equation are also shown.
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Fig. 3. Mean Secchi-depth in relation to mean lake water
total-P (May-Sept.) for shallow (mean depth <3 m) Danish
lakes. o = lakes with a high cover of submerged macrophytes
and a surface area >3 ha; e = lakes with a high cover of
submerged macrophytes and a surface area <3 ha; and
» = lakes with only minor or unknown cover of submerged
macrophytes. The exponential curve and equation developed
by Krisensen er al. (1988) are shown.

totally absent above 250 ug P17 1. The data were
fitted as follows:

Maximum depth (m) =
3.9+ 0.5 S.E. ¢~ 0009:0.002(S.E)P(ug P1-1)

(r? = 0.80), (1)

The relationship between Secch; depth and P
level in the lake water in lakes with alow cover of
submerged macrophytes or without submerged
macrophytes closely followed the relationship
known from the works of Kristensen ez al. (1988)
on shallow Danish lakes (Fig. 3). Lakes with sub-
merged macrophyte cover >30% and with P
exceeding ca. 50 ugl- " deviated markedly from
the overall pattern, however, showing transpar-
encies higher than expected. Small lakes (< 3 ha)
could apparently sustain a high macrophyte cover
and often also a related high transparency at
higher phosphorus concentrations than large
lakes (Fig. 3). '

Fish stock

In 30 lakes >10ha the ratio in numbers of
planktivorous fish to plantivorous plus pisci-
vorous fish (> 10 cm) increased with increasing P
concentration up to a threshold level of cg. 100 pg
P1-1(Fig-4). At higher phosphorus levels, viz. to
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Fig. 4. Ratio (per cent) of planktivorous fish (PLV) (roach,
rudd and bream) to planktivorous fish plus piscivorous fish
(PSV) (perch, pike and zander), all larger than 10 cm versus
mean total-P in lake water (May-Sept.). The estimation of
the fish density and relative composition are based upon
gillnet catches (nets with 14 mesh sizes ranging from 6.5 to
75 mm). o = lakes in south Sweden (Lessmark, 1983) where
piscivores include only perch and planktivores only roach;
and e = Danish lakes. The fitted Monod-curve and the
equation are shown.

1000 ug P 1=, the ratio was relatively constant,
and the fish stock was almost exclusively domi-
nated by planktivores. The data were fitted to a
Monod equation; the half-saturation coefficient
was 22 +4 (S.E.)) ug P 1=, and the saturation
coefficient was 100 + 3 (S.E.)%, (r2 = 0.98).

Whole-lake experiments

The major results of the three whole-lake fish
manipulations are described by Jeppesen et al.
(1990), Sendergaard e al. (1990) and Rieman
etal. (1990). In this paper we only compare the
response of fish stocks and submerged macro-
phytes with the empirical relationships developed
(Figs. 2, 4 and 5).

Fish: In the hypertrophic lake Sebygard no
changes occurred in the proportion of plankti-
vores > 10 cm to piscivores > 10 cm fish after a
159 reduction in the biomass of roach (Rutilus
rutilus) and rudd (Scardinius erythrophthalmus) in
1988-89 (Fig. 5A) and a low recruitment of young
planktivores since 1983—89 (Jeppesen et al.,
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Fig. 5. A. Ratio (per cent) of planktivorous fish (PLV) to
planktivorous fish plus piscivorous fish (PSV) all larger than
10 cm before, during and after fish manipulation of Lake
Veng and Lake Sebygérd versus mean total-P in the lake
water (May-Sept.). The empirical model (Fig. 4) is shown by
the unbroken curve. B. Maximum depth colonization of sub-
merged macrophytes before, during and after fish manipu-
lation of Lake Vzng and Lake Sebyard versus mean total-P
in the lake water (May-Sept.). The empirical model (Fig. 2)
is shown by the unbroken curve. The arrow indicates that the
maximum depth of macrophytes reached maximum depth of
the lake (1.8 m).

1990). Marked changes in the density of young
perch <10 cm (Perca fluviatilis) or pike <10 cm
(Esox lIucius) have neither occurred (unpubl.
results). Only minor changes have occurred in the
proportion of planktivores > 10 cm to piscivores
>10 cm in eutrophic (P ~ 350 ug P 17 !") Frede-
riksborg Castle Lake (Riemann et al., 1990). On
the contrary, major changes have occurred in the
fish stock in the less eutrophic Lake Vang. The
ratio in terms of numbers of planktivores > 10 cm
to total planktivores >10cm and piscivores
>10cm decreased during the experimental
period from December 1986 to July 1988 (999, in
1986, 889, in 1987, and 819 in 1988). The most
dramatic decrease was found in 1989 in spite of
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no fish manipulation that year (Fig. 5A). The ratio
decreased to 149, which suggests a marked self-
perpetuating effect of the fish removal on fish
stock composition. The marked response in Lake
Veaeng in comparison with that in the two other
lakes agrees well with the threshold hypothesis
derived from the developed empirical equation
(Figs. 4 and 5A).

Submerged macrophytes: No submerged macro-
phytes have appeared in shallow (mean depth
~1m) Lake Sebygird (Fig. 5B) despite an
mcrease in median Secchi depth in summer from
0.3 m in 1984-85 to 0.6 m in 1987-88 (Jeppesen
etal., 1990). No quantitative data of depth
distribution of submerged macrophytes are avail-
able from Frederiksborg Castle Lake. Submerged
macrophytes appeared in Lake Vang in 1987
following the initiation of the fish manipulation
(Sendergaard et al., 1990). The maximum depth
at which submerged macrophytes occurred in-
creased from O m in 1986 to ca. 1 m in 198788,
while they colonized the deepest part of the lake
(1.8 m) in 1989 (Fig. 5B; Lauridsen, unpubl.).
The marked response in Lake Vang in compari-
son with that in Lake Sebygard agrees well with
the predictions from the developed empirical
equation (Figs. 2 and 5B).

Discussion
Phytoplankton

Abundance and persistence of large cyano-
bacteria seem to be one of the major factors
determining the short-term response of a fish
manipulation in shallow, eutrophic lakes (Jeppe-
sen etal., 1990). Our results suggest that the
dominance of large cyanobacteria is strong in the
shallow Danish lakes with total P concentrations
between 500 and 750 ug P 17!, but it becomes
weak at P concentrations above or below this
range (Fig. 1). The results partly confirm the
observations of Olrik (1978) from 15 Danish
lakes and of Sas (1989). Sas found a stepwise
shift to dominance by large cyanobacteria above
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ca. 200 ug P1~'in a number of European shallow
lakes and a second threshold, about ca. 800 ugP
171, where a shift to green algae occurred in some
of the lakes studied. Sas argued that the second
shift to dominance by green algae most likely
reflects the short retention time in these lakes,
which, does not favour the slow growing large
cyanobacteria. On the contrary, Olrik (1981) and
Jensen etal. (1990) observed that green algae
dominate in hypertrophic, shallow lakes with
retention times as high as 1-2 y- In lakes with high
retention times, however, green algae dominated
only when the lakes were strongly exposed to
wind-induced turbulence which facilitates resus-
pension of both sediment and increased nutrient
concentration in the water column. Thus, the
results of Olrik (1981) and of Jensen et al., (1990)
suggest that high loadings of nutrients, whether
derived from external or internal sources (e.g.
sediment release, fish excretion, resuspension),
are more important controlling factors for green
algae dominance in hypertrophic lakes than is
retention time. Besides, high turbulence and high
ratio of euphotic to mixing depth are important
factors for dominance of green algae (Olrik, 1981 ;
Reynolds, 1984).

Nevertheless, differences in the driving factors
mentioned cannot explain why, e.g., most of the
Dutch shallow, hypertrophic lakes of size and
depth similar to those of the Danish lakes tend to
be blue-green Oscillatoria lakes (Sas, 1989;
Berger, 1989), while green algae often dominate in
Danish lakes (Olrik, 1981; Fig. 1). The relatively
higher winter and spring temperatures may favour
Oscillatoria because they can maintain high winter
and spring densities, facilitating their competitive
ability over other algae during spring and summer.

Sas (1989) also reported that in deep lakes the
lower threshold level for large cyanobacteria
dominance was in a much lower P-range,
10-50 ug P 1~ !, than in shallow lakes, and that
no upper threshold for cyanobacteria was found
in the deep lakes. Although the number of lakes
in his study was limited, data of Sas as well as, our
results indicate that below 200 ug P 1~ the com-
petitive capacity of large cyanobacteria decreases
with decreasing mean depth, and consequently

the ability to combat large cyanobacteria blooms
temporarily by fish manipulation increases with
decreasing mean depth. Furthermore, since no
upper P-threshold of shift from cyanobacteria to
green algae was found in the deep lakes as
opposed to most shallow Danish lakes (Fig. 1),
we suggest that the ability to create major short-
term changes in the trophic structure by fish
manipulation in the more hypertrophic lakes is
most likely to increase with decreasing mean
depth at least at the meteorological conditions
prevailing in Denmark.

Submerged macrophytes

The depth at which submerged macrophytes
occurred decreased exponentially with increasing
nutrient level in lakes > 10 ha (Figs. 2 and 5B). It
seems to support the widely accepted view that
increasing nutrient loading in the long-term gradu-
ally increases the dominance of phytoplankton at
the expense of submerged macrophytes (Phillips
et al., 1978). However, Scheffer (1989; 1990) and
Irvine ez al. (1989) alternatively suggested a step-
wise rather than a gradual shift from macrophyte
to phytoplankton dominance. They proposed the
following sequence: level 1) at low nutrient con-
centrations submerged macrophytes are abun-
dant; level2) at higher concentrations two
alternative stable states can exist: dominance of
macrophytes and clear water, or dominance of
phytoplankton and turbid water; and level 3) at
even higher nutrient levels phytoplankton do-
minance is the only stable state.

This hypothesis is supported by 1) the large
scattering in the relationship between depth dis-
tribution of submerged macrophytes and P con-
centrations (Fig. 2), 2) especially the high and
the low transparency in lakes with a high and a
low cover of submerged macrophytes (Fig. 3). In
shallow Danish lakes > 3 ha the shift from level
1)tolevel 2) occurred at ca. 50 pgPl1™' and from
level 2) to level 3) at ca. 125 ug P 1-1

In relatively small lakes (<3 ha), however,
alternative stable states were still observed when
the P concentration was as high as 6350 yg 1~



(Fig. 3). These threshold levels must be carefully
interpreted because number of data is limited.
The difference in threshold levels between small
and large lakes may be caused by difference in the
strength of some of the buffering mechanisms
maintaining the macrophyte stages. Four main
points that emerge are: 1)the higher shoreline
development and thus often shallow areas may
improve colonization conditions and above-
surface growth of submerged macrophytes in
which case phytoplankton may more easily be
outcompeted; 2) the high ratio of shoreline to sur-
face area in the small lake may favour piscivorous
fish such as pike (Grimm, 1989) which will then
control planktivorous fish. This will indirectly
improve the chances of zooplankton to escape
predation and exert increased grazing pressure on
phytoplankton; 3) the macrophytes in small lakes
are better protected against wind-stress and wind-
induced resuspension and reduction in trans-
parency; and 4) winter fish-kill due to oxygen
depletion may occur more frequently in small
lakes, which are often shallow and have long re-
tention time. Subsequently in summer, the re-
duced predation by fish may lead to a higher
zooplankton density, and thus higher grazing and
improved transparency (Shapiro ez al., 1982).

The difference in response between small
(<3 ha) and large lakes (> 10 ha) may also have
implications on the outcome of biomanipulation
in shallow lakes. Hence, we may expect that the
nutrient threshold levels for a long-term effect of
a fish manipulation perse decreasing with
decrease ratio of shoreline length to surface area
and increasing lake size (see also Hosper &
Jagtman, 1990).

Fish

The marked decrease in the relative abundance of
piscivorous fish, with increasing eutrophication,
to less than 20%,, at P levels above ca. 100 ug P
1~1, suggests that the ability to bring about long-
term changes in the ratio of piscivorous fish to
planktivorous fish decreases with increasing
eutrophication. This is also supported by the fact
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that the predation pressure on zooplankton
increases with eutrophication in shallow, tem-
perate lakes, not only because of the shifts to a
higher density of planktivorous fish but also
because of a shift in age composition of the
planktivores towards younger fish (Lessmark,
1983; Persson et al., 1988). This shift implies a
higher impact on zooplankton because small
planktivorous fish often predate more selectively
on zooplankton than large planktivorous fish
(Cryer eral., 1986). Furthermore, in eutrophic
lakes the competitive and reproductive capacity
of planktivorous fish is high (Persson, 1987).
Our view-point is also supported by a number
of whole-lake experiments which showed marked
differences in the response pattern below and
above the suggested threshold of ca. 100 ug P17 1.
Hence, in lakes with P levels > ca. 100 uyg P1-!
the removal of planktivorous fish was either
1) not compensated by an increase in the propor-
tion of piscivores (Fig. SA); or 2) planktivorous
fish re-appeared due to recruitment or immigra-
tion from river systems (e.g. Andersson etal.,
1985; Faafeng & Braband, in press); or 3) they
are now increasing in numbers (e.g. Riemann
etal., 1990; Meijer er al., 1990; Jeppesen et al.,
1990). Alternatively the planktivorous fish could
only be depressed by continuous fishing and/or
stocking of piscivorous fish (Benndorf eral.,
1988). Furthermore, in these lakes fish manipula-
tion has not resulted in decreased P levels
(Fig. 5A; Benndorf, 1987; Jeppesen et al., 1990),
which could have stimulated a shift in the fish
stock composition (Figs.4 and 5A). On the
contrary, in eutrophic lakes with P levels between
50-100 ug P 17! or approaching this regime after
reduction of external loading some of the whole-
lake manipulations have resulted in marked and
probably long-lasting shifts (in scales of decades)
in the fish stock towards a more piscivorous stage
(Reinertsen et al., 1990; Sendergaard ez al., 1990;
Fig. 5A), and a self-perpetuating decrease in the
P level and fish stock composition has been found
as well (Fig. 5A; Sendergaard eral, 1990).
Nevertheless, fish manipulation in Lake Sovde-
borgsjoen (57-73 pg P17 1) failed in terms of both
long-term changes in fish stock composition,
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nutrient levels and dominance of cyanobacteria
(Anderssonet al., 1985). Hence, more experiences
within the latter P-range seem desirable.

Concluding discussion

The relationships between P concentration and
the proportion of piscivores in the fish stock, the
cover of submerged macrophytes, and the phyto-
plankton composition as well as results from the
Danish whole-lake experiments indicate that the
threshold level for long-term effects of fish
manipulation in shallow, temperate lakes > 10 ha
(not severely limited by nitrogen) is ca. 100 ug P
171 (80-150 ug P 1-'). According to the loading-
response models obtained for shallow Danish
lakes, P concentrations of 80-150 ug P1- ! corre-
sponds to P loading of 0.5t0 2.0g Pm~-2y-!,
depending on lake morphometry and flushing rate
(Kristensen et al., 1988). Loading rates between 1
and 2g P m~2y~! are only within the threshold
regime in lakes with a high flushing rate (Kristen-
sen et al., 1988). The threshold regime agrees with
the suggested by Benndorf (1987). In small lakes
(<3 ha) the threshold level may be higher because
of more favourable conditions for submerged
macrophytes and piscivorous fish.

Fish removal may cause temporary changes in
trophic structure in lakes with higher P loadings
and higher nutrient levels than the threshold
levels. The shifis are expected to be most
pronounced in shallow, green algal lakes and less
pronounced in lakes with heavy blooms of large
cyanobacteria in summer. In such lakes changes
in trophic structure may only persist in the long
term, if fish-stock manipulations are frequently
repeated.

Fish manipulation as a restoration tool is likely
to be more efficient in shallow lakes than in deeper
lakes because 1) the impact of planktivorous fish
on lower trophic levels at comparable nutrient
levels is suggested to be larger in shallow lakes
than in the deeper lakes (Jeppesen ez al., 1990);
2) submerged macrophytes and microbenthic
algae can colonize larger parts of the lake bottom,
thereby amplifying the lake recovery (Sender-
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gaard ez al., 1990); and 3) the competition capa-
city of large cyanobacteria is generally weaker at
least in fully mixed and shallow Danish lakes than
in deep or stratefied lakes, as long as the P con-
centrations are below 200pug 1-! or above
1000 ug 1-1,
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Interactions between phytoplankton, zooplankton and fish in a shallow,
hypertrophic lake: a study of phytoplankton collapses in Lake
Sebygird, Denmark

Erik Jeppesen, Martin Sendergaard, Ole Sortkjzer, Erik Mortensen & Peter Kristensen
National Environmental Research Institute, Lysbrogade 52, DK-8600 Silkeborg, Denmark

Key words: phytoplankton collapses, hypertrophic lake, high pH, phytoplankton, zooplankton, fish

Abstract

Since 1983 severe phytoplankton collapses have occurred 1-4 times every summer in the shallow and
hypertrophic Lake Sebygérd, which is recovering after a ten-fold decrease of the external phosphorus
loading in 1982. In July 1985, for example, chiorophyll a changed from 650 ug 1= to about 12 g1~
within 3-5 days. Simultaneously, oxygen concentration dropped from 20-25 mg O, 17" to less than 1 mg
0,171, and pH decreased from 10.7 to 8.9. Less than 10 days later the phytoplankton biomass had fully
recovered. During all phytoplankton collapses the density of filter-feeding zooplankton increased
markedly, and a clear-water period followed. Due to marked changes in age structure of the fish stock,
different zooplankton species were responsible for the density increase in different years, and consequently
different collapse patterns and frequencies were observed.

The sudden increase in density of filter-feeding zooplankton from a generally low summer level to
extremely high levels during algae collapses, which occurred three times from July 1984 to June 1986,
could neither be explained by changes in regulation from below (food) nor from above (predation). The
density increase was found after a period with high N/P ratios in phytoplankton or nitrate depletion in
the lake. During that period phytoplankton biomass, primary production and thus pH decreased, the
latter from 10.8-11.0 to 10.5. We hypothesize that direct or indirect effects of high pH are important in
controlling the filter-feeding zooplankton in this hypertrophic lake. Secondarily, this situation affects the
trophic interactions in the lake water and the net internal loading of nutrients. Consequently, not only
a high content of planktivorous fish but also a high pH may promote uncoupling of the grazing food-web
in highly eutrophic shallow lakes, and thereby enhance eutrophication.

A tentative model is presented for the occurrence of collapses, and their pattern in hypertrophic lakes
with various fish densities.

Introduction most lakes due to changes of environmental

variables or interactions within the biological
Marked shifts in species composition of phyto- community. Hypertrophic lakes are characterized
plankton and zooplankton occur every summer in by dominance of a few species and a significant
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lack of feed-back mechanisms. Therefore, a
marked shift in the populations of a species com-
monly results in great oscillations in the whole
lake-water ecosystem, ranging from periods with
dominance of autotrophic organisms and low
transparency to periods with mainly heterotrophs
and clear-water conditions (Uhimann, 1971;
Barica, 1975; Fott et al., 1980; Benndorf et al.,
1984; Jeppesen et al., in press).

In most oligotrophic and mesotrophic lakes,
species richness is higher and the food web more
complex. Consequently, a collapse of a popula-
tion of one species due to unfavourable conditions

is, at least during summer, often compensated by
'~ an increase in abundance of one or more species
belonging to the same trophic level (e.g. Stewart
& Wetzel, 1986).

Nevertheless, the biologically buffered oligotro-
phic or mesotrophic lake periodically also suffers
from lack of timing between autotrophy and
heterotrophy, which results in similar but less
pronounced changes in the ecosystem. The clear-
water period in early summer in many lakes
(Lampert ez al., 1986; Stewart & Wetzel, 1986;
Sommer et al., 1986) is an example of lack of
timing.

The simplicity of the ecological network and
the generally higher process rates in the hyper-
trophic lake make such lakes more suitable for
studies of interactions within the biological com-
munity and of inter-relationships between the
biological community and its chemical and
physical environment. The hypertrophic lake is
thus a full-scale laboratory experiment in the field,
from which knowledge can be obtained in order
to interpret results, including those more bio-
logically complex lake systems.

We have studied the hypertrophic and highly
oscillating shallow Lake Sebygard for 10 years,
but most intensively after a reduction of its
loading of organic matter and phosphorus. Here
we analyse both the causes of phytoplankton
collapses, which occur 1-4 times every summer,
and the consequences of the collapses for the
dynamics of other trophic levels.

The lake has been followed intensively since
1984. The most comprehensive sampling pro-
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gramme which included continuous measure-
ments of oxygen and pH was, however, run during
the single collapse in 1985. This event is described
in detail, while the collapses in 1984, 1986 and
1987 are discussed more briefly.

In arelated paper (Sendergaard ez al., 1989) we
discuss the impact of these shifts on the chemical
environment and the internal loading.

Study-area

The calcareous Lake Sebygird is situated in
central Jutland, Denmark (9°48'35” E,
56°15’20” N) (Fig. 1). Itis 0.38 km? in area and
shallow, with a mean depth of 1.0 m and maxi-
mum of 1.9 m. The hydraulic retention time is
short, on average 15-20 days on a yearly basis and
21-30 days in summer. The lake is surrounded by
decidous and coniferous forest, except to the west
where it is exposed to prevailing wind. Emergent
and floating-leaved macrophytes are only sparsely
developed, and submerged vegetation is totally
missing.

In the 1960’s and 1970’s the lake received large
amounts of only mechanically treated sewage
water from the sewage plant in the town of
Hammel. In 1976 a biological treatment plant was
established.

Marked changes in phosphorus loading have
occurred during the last ten years. Until 1982,
when the sewage plant was extended with a
chemical step to remove phosphorus, the phos-
phorus loading of the lake was extremely high
(28-33g P m~2 yr~2); since then it has been
reduced to a much lower but still relatively high
level of 4-7g Pm~2 yr— 1.

Corresponding to the changes in loading, the
concentration of phosphorus in the main inlet has
changed from 1-4mg P 1-! before 1982 to
0.15-0.25 mg P 1~ ! since 1983. This decrease was,
however, not reflected in an equivalent lower
phosphorus concentration in the lake because of
high phosphorus release from the sediment.

A brief description of the lake and loading
history is given in Jeppesen etal. (1985) and
Sendergaard et al. (1987), and a more compre-
hensive description by Jeppesen er al. (in press).
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Fig. 1. Map of Lake Sebygérd, with depth-contours in cm.

Methods
Phytoplankton :

Samples of 3.31 were taken with a Patalas
sampler from depths of 0.5m and 1.2 m, then
pooled, whereafter a 100-ml subsample was fixed
with 1 ml lugol. Phytoplankton was quantified by
counting a fixed water volume in an inverted
microscope. Usually at least 100 individuals of
each of the 2-3 dominating species were counted,
and fewer of the other species. The maximum
statistical error of the total number of algae was
generally within 20-30%, (S.E.).

Phytoplankton biomass expressed as bio-
volume was estimated by fitting the species or
subspecies at each sampling date to simple
geometrical figures.

Zooplankton :
Samples of 3.31 were taken with a Patalas

sampler from depths of 0.5m and 1.5 m, then
pooled, whereafter 6.61 were filtered through a

mesh net with a pore size of 50 um (1984) or
20 pm (1985-87), and finally fixed with 1 ml lugol
solution and in 100 ml tap water. Triplicate
samples were collected randomly in the pelagial at
each sampling date.

During most periods with peak densities of
zooplankton, 2-3 samples have been counted;
otherwise only a single sample was counted.
Various counting procedures have been used.
Usually the samples were pre-filtered on a 140 um
net, and all animals retained on the filter were
counted. In periods with high densities, however,
animals were enumerated on subsamples.

Zooplankton <140 um was counted in an in-
verted microscope. After filtration on a 20 um net,
the animals retained were transferred into fifteen
2.9-ml chambers and either counted totally or
partly using counting strips, at 40-100 fold magni-
fication, depending on the size of the zooplankton.
In periods with a high content of resuspended
matter, it was necessary to dilute the samples 5-10
fold before counting, and zooplankton was then
enumerated on sub-samples. Between 2 and
100%, of each sample was counted on each
sampling date.
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Rotifer and cladoceran biomass were estimated
from length measurements by use of published
length-weight equations (rotifers: Dumont er al.,
1975; cladocerans: Bottrell et al., 1976).

Length measurements were made on each
sampling date on at least 20 rotifers and 20-50
cladocerans of these species which then contri-
buted significantly to the total zooplankton
biomass.

Biomass of cyclopoid nauplii was set to 0.2 ug
d.w. indiv. 7! according to Culver er al. (1985).

For estimation of zooplankton grazing rate on
algae, the invitro principle of Bjernsen et al.
(1986) was used. Water samples were filtered on
a 20 ym mesh net to remove grazing animals.
'%C-marked bicarbonate (NaH *CO,, 20 uCi per
ampoule) was added to a subsample to a final
concentration of 20-30 uCi per liter, and before
the experiment incubated in light either in the
laboratory for 18 hours at in situ temperature (untit
October 1985), or insitu for 2-3 hours (from
October 1985). Prior to the grazing experiments
the labelled phytoplankton was refiltered through
a 20 um mesh net.

The experiments were run on mid-lake compo-
site samples (60-701) from depths of 0.5 and
1.5 m. Some 200 ml of *C-labelled phytoplank-
ton were added to six 800-mi subsamples. Tripli-
cate samples were incubated in situ for 20-60 min,
depending on the temperature, while the remain-
ing triplicate samples were used as blanks. In-
cubations were stopped by filtering the water from
the experimental bottles through a 140 ym and
then a 20 um mesh net (diameter 25 mm).
Zooplankters remained on the net were washed
eight times in lake water by rapid back-filtration.
The nets were drained on filter paper, transferred
to glass vials, and assayed on a LKB-WALLAC
1210 liquid scintillation counter after dissolution
in a 10 ml Ready-solv Hp/b (Beckmann) liquid
for at least 24 h. Quenching was determined by
the external standard-channels-ratio-method.

The '“C-activity of phytoplankton before and
after incubation was measured on 10-ml aliquots
of the samples; filtered in situ on cellulose nitrate
filters (0.45 pum), and in the laboratory transferred
to glass vials and assayed as described above.

Mean '“C-activity during the incubation was used
as the tracer activity.

Chemical variables:

Oxygen was measured either manually at each
sampling date by use of the modified Winkler-
technique (Limnologisk Metodik, 1977), or over
periods automatically every 0.5 h by use of oxygen
probes (pHOX system). The pH was either
measured manually at each sampling date or over
periods automatically (Great Lakes Instruments)
every 0.5h. The probes were calibrated auto-
matically once a day by pumping air-bubbled,
oxygen-saturated and borax-buffered water
(pH = 9.18) through the probe chambers. The
probe signals were recorded on microchips. For
more details, see Jeppesen eral. (1985) and
Sortkjeer & Jeppesen (1987). For other chemical
variables, see Sendergaard et al. (1989).

Results
1985

The collapse in 1985 occurred in two steps
(Figs. 2, 3). First, the algae biomass (largely
Scenedesmus spp.) (Fig.2) decreased during a
period of 20 days, from 1200 ug chl.-a1 ' to a
lower but still high level of 650 ug 1= (Fig. 5).
Then, a fast decline to 12 ug 1~ ! occurred within
3-5 days (Figs. 3, 5), followed by a rapid recovery
after 3-4 days later. The second step of the
collapse was accompanied by marked changes in
the oxygen concentration from a highly super-
saturated level of 20-25 mg 0,17 'to 1 mg O, 1!
within 7 days, after which a fast recovery was
observed simultaneously with the reappearance of
phytoplankton. The pH was reduced from 10.7 to
8.9 before it slowly increased again.

There was a tendency to a less pronounced
change in the maximum photosynthetic capacity,
P_.x, than in chl.-a (Fig. 5). P ,, thus altered
from 1.45t0 1.25(mg C1"*h~ ') from 11 to 18
July, while chl.-a in the same period changed from
650 ug 1= to 350 ug 17 1.
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Fig. 2. Seasonal and year-to-year variation in pH, biomass of herbivorous zooplankton, and biovolume of various groups of

phytoplankton. In between the latter two further incidences are shown; periods with low nitrogen input from the inlet (closed

thin bars), and nitrate depletion (<2 ug N1~ ') in the lake (closed thick bars), and periods with orthophosphate concentration
in the lake below 10 ug P 171

During the first step in the collapse, pH was
reduced from a mid-morning level of 10.7-10.8 to
10.5. Herbivorous zooplankton density was
extremely low prior to the collapse, and remained
low during its first step (Figs. 2 and 5).

In spite of the high level of total phosphorus
and total nitrogen, the concentration of inorganic
phosphorus was low (<20 pug P1-!), and nitrate
was fully depleted (<2 ug N1~ ') towards the end
of the first step in the collapse (Fig.2 and
Sendergaard et al., 1989).

The nitrogen content in the particulate organic

matter (mainly phytoplankton) ranged from 6.7 to
3.6%, of organic d.w. from May to the clear-water
period in July, and showed no trends during that
period (Fig. 4). However, the N/P-ratio in the
particulate organic matter showed considerable
variations, from 6.2 in May to peak values of 10
and later 9.6 during the first step in the collapse
(Fig. 4). In between those peaks the N/P-ratio
declined to 8, concurrently with a tendency to a
temporary increase in chl.-a.

The rapid decline in phytoplankton biomass in
the second phase of the collapse followed the
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nitrate depletion (Fig. 2), and was accompanied
by an abrupt increase in numbers of the rotifers
Brachionus calyciflorus and Brachionus urceolaris,
which reached a maximum density of 17000 indiv.
17! or 2.8 mg d.w. 1~ ! within 10 days after the
initiation of growth (Figs. 2, 5). Concurrently, the
zooplankton clearance rate on phytoplankton in-
creased from near-zero values of 23 ml ]~! h~!
(Table 1).

The rotifer peak was followed by a rapid de-
crease in density and formation of mictic resting
eggs (Fig. 5). Simultaneously, due to growth of
especially Cryptomonas spp. and Scenedesmus spp.
(Fig. 2), the phytoplankton biomass increased to
750 ug chl.-a 1-! within 14 days.

1984

In 1984 the sampling was run only bi-weekly. A
collapse in phytoplankton was observed in
August, accompanied by a temporary increase in
the density of Brachionus calyciflorus (Fig. 2).
Sampling was made towards the end of the col-
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Table 1. Mid-morning level of estimated zooplankton clearance rates of phytoplankton in Lake Sebygird (mil1-'h~1),

Zooplankton size groups

Date > 140 um 20-140 ym total (>20 um)
lé June 85 0 0 0 before collapse
19 July 85 0.7 10.3. 10.9 during collapse
23 July 85 27 20.0 227 during collapse
8 Aug. 85 0 1.0 1.0 after collapse
24 June 86 0.2 0.2 i 0.2 before collapse
21 Aug. 86 0 21.7 21.7 during collapse
29 Aug. 86 13.7 59 19.6 during collapse
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lapse, at which the rotifer population was in the
decreasing phase as indicated by high numbers of
resting eggs. The rotifer density had probably
been much higher earlier in the collapse.

This year cryptophytes and Scenedesmus spp.
also dominated phytoplankton communities in
post-collapse period of re-growth. A small de-

crease in phytoplankton biomass and a peak of
Brachionus urceolaris were also observed in July
(Fig. 2), but the Scenedesmus community re-
covered simultaneously with an increase in the
nitrate input to the lake, and consequently an
increase in the nitrate concentration in the lake
(Fig. 2).
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1986

In 1986 four events of phytoplankton collapses
were observed. The first collapse occurred three
weeks earlier than in 1985, but followed a remark-
able similar pattern (Figs. 2, 6). It involved initial
decline in chl.-a accompanied by a tendency to an
increase in the P_, /chl.-a ratio, a decline in pH
from 10.6-10.7 to less than 10.5, and nitrate

depletion (<2 ug N 171!). Then a steep decrease
followed in connection with an increase in the
density of rotifers (mainly Brachionus calyciflorus),
but in 1986 additionally succeeded by a marked
increase in the abundance of Daphnia longispina
and a simultaneously reduction in rotifers
(Fig. 6). Probably due to the relatively high water
temperature (Fig. 6) and high irradiance (not
shown), a fast recovery of phytoplankton (mainly
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cryptophyceae) was then observed (Fig. 2). In
1986 the chl.-a level after the collapse only reached
half of the pre-collapse level before a new decline
occurred, simultaneously with a rapid increase in
the density of B. calyciflorus and especially D. lon-
gispina (Fig. 2). Additionally, two further col-
lapses were observed in 1986 in connection with
new peaks of D. longispina (Fig. 2).

1987

Up to July there was one major collapse in 1987
{May) which occurred four weeks earlier than the
first onein 1986, and seven weeks earlier than that
in 1985. The 1987-collapse followed a somewhat
different pattern than the collapses in the two
preceding years (Fig. 7). Due to unusual climatic
conditions in early summer, with only half of the
mean irradiance for the period and low water
temperature (Fig. 7), chl.-a level, P, and con-
sequently pH were lower prior to the collapse
than in the preceding years (Figs. 5-7).

Hence, chl.-a was then 450 ug 1~ !in 1987, but
800-1200 ug 1= ' in 1985-86, and pH 9.8-10.2 in
1987 compared to 10.7-10.8 in the two previous
years. The nutrient level was also different prior
to the collapse. Neither phosphate nor nitrate
were depleted, and these nutrients, therefore, can-
not have been responsible for the phytoplankton
collapse in this year. However, the collapse occur-
red simultaneously with an increase in the density
of Daphnia longispina from near-zero numbers to
800 indiv. 1! (Figs. 2, 7), and a temperature in-
crease from 10 °C to 14-15 °C (Fig. 7).

During the collapse, the number of egg-bearing
females and the percentage of females with eggs
were reduced markedly (Fig.7), and simulta-
neously the number of eggs per female with egg
decreased from 9-10 to 2-3 (Fig. 7). Subsequently,
a steep decline in the density of D. longispina was
observed.

In accordance with the lower water tempera-
ture and the expected lower re-growth rate of
phytoplankton in 1987 compared to 1985 and
1986 (Figs. S, 6), the clear-water period lasted
longer than in the preceding years, being 13 days
in 1987 compared to 3-5 days in 1985-86.
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Discussion

In spite of large differences from year to year and
within years, the collapses in phytoplankton
generally seem to follow a common pattern.
Hence, when the pre-collapse level of chl.-a and
pH were above 700-800 pg 1~ ' and 10.5, respec-
tively (July 1985, May 1986) the collapses in
phytoplankton seem to occur in two steps, other-
wise in one step (June-Sept. 1986, and May-July
1987) (Fig. 2).

First step in the collapse :

The first step in the two-step collapses may be due
to one or more of the following factors: reduced
primary production, increased grazing by
zooplankton, infections by viral pathogens, bacte-
ria or fungi, increased sedimentation rate, or
exhaustion of nutrients.

The first hypothesis can probably be rejected,
since the maximum potential production per unit
phytoplankton volume or chl.-a generally showed
tendency to increase during the first step in all
events with a two-step collapse (Figs. 2, 5, 6).
This might be due to the improved light conditions
as transparency increased. The production per m®
was consequently altered less than phytoplankton
biomass during that period. The primary produc-
tion was, nevertheless, either not transformed to
growth, or the phytoplankton produced was
eliminated due to an increase in one or another of
the loss factors.

Zooplankton grazing is responsible for short-
lasting clear-water periods in many lakes (e.g.
Sommer et al., 1986). However due to the low
density of herbivorous zooplankton grazing on
phytoplankton was insignificant during the first
step of the collapse in 1985 and the first collapse
in 1986 (Table 1 and Fig. 2).

Infections by various pathogens can affect sedi-
mentation velocity of phytoplankton (e.g. Jewson
etal., 1981). During the first step in collapses
mentioned, no evidence of infection of the
dominating phytoplankton group, Scenedesmus
was found. Neither encysted zoospores, sporan-



gia nor hyphae were observed, and we did not find
any increase in the numbers of dead cells during
that period.

Nevertheless, by means of sediment traps and
by mass balance calculations, Kristensen &
Jensen (1987) did find a steady increase in the
specific loss rate by sedimentation in Lake
Sebygard 1985. This rose from about 2-3%, 4!
in the exponential growth phase of Scenedesmus
(May), to 14-17% d~! in the stationary phase
{(June), with a further increase to 25% d~! to-
wards the end of the first step in the collapse.
Large differences in the specific loss rate by sedi-
mentation between phytoplankton in the ex-
ponential growth phase and in nutrient-limited
stationary phase have been observed, both in
laboratory investigations (e.g. Titman & Kilham,
1976) in lakes or in situ enclosures (e.g. Jassby &
Goldmann, 1974; Reynolds & Wiseman, 1982).
Thus Titman & Kilham (1976) found a 3.3-fold
higher specific loss rate by sedimentation in the
nutrient-limited stationary phase than in the
. exponential growth phase in laboratory experi-
ments with Scenedesmus quadricauda, which is an
abundant Scenedesmus species in Lake Sebygérd.
The observed increase in specific loss rates by
sedimentation might, therefore, indicate nutrient
limitation. This is supported by the fact that
orthophosphate concentration was low, and
nitrate was depleted towards the end of the first
step in the collapse in 1985 (Fig. 2). Although the
nitrogen content in particulate organic matter
(mainly phytoplankton) showed only minor
changes from May to the clear-water period in
1985, marked changes in the N/P-ratio and con-
sequently in the P-content occurred during this
period. Maximum N/P-ratios were obtained after
a period of relatively low water temperature
(Fig. 4), when the net phosphorus release from the
sediment was relatively low (Sendergaard et al.,
1989). Since the release of phosphate from the
sediment was an important contribution to the
overall phosphate pool, which can be used for
phytoplankton growth in summer (Sendergaard
etal., 1989), a reduced sediment release might
explain the observed increase in the N/P-ratio in
the phytoplankton. Since N/P-ratios near or
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above 10 may indicate phosphorus limitation for
Scenedesmus (Kunikane eral, 1984), lack of
phosphorus might have been a regulating factor
for the decline in phytoplankton biomass in 1985.
Conversely, the first two collapses in 1986 occur-
red when nitrate was depleted (<2 ug N1~ !) but
orthophosphate was above 25 ug P 1~ !. Nitrate
was also depleted during the end of the first step
in the collapse in 1985 (Fig. 2 and Sendergaard
et al., 1989). Therefore, we suggest that the first
step in the two-step collapses was due to
exhaustion of nutrient, probably either phosphate
or nitrate, or both.

Second step and single-step collapses :

The second and fastest step in the collapses in
1984 to June 1986 and the single step collapse
since June 1986 occurred simultaneously with a
marked increase in numbers of filter-feeding
zooplankton, which changed from very low
values to extremely high peak densities (Fig. 2).
Accordingly, high grazing rates were obtained
(Table 1).

The relative importance of the different filter-
feeders during the collapse changed from year to
year. The rotifers Brachionus spp. dominated
totally in 1984 and 1985, whereas a peak of
Daphnia longispina succeeded the rotifer maximum
during the first collapse in 1986, after which the
importance of the rotifers steadily declined. This
structural shift from small rotifers to larger
crustaceans may be explained by changes in the
age-structure of the fish population, which is
totally dominated by roach (Rutilus rutilus) and
rudd (Scardinius erythropthalmus). Probably due
to direct or indirect effects of high pH (e.g.
ammmonia), all planktivorous fish species did not
spawn in 1984-86 (Timmermann, 1987). Con-
sequently their younger year-classes, which are
believed to have a more severe impact on structure
and density of zooplankton in shallow eutrophic
lakes than older age-classes (Cryer et al., 1986),
have gradually become less abundant since 1984.
Concurrently, as expected, the predation pressure
on the larger zooplankton has been reduced
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portionally, and we observed the well-described
shift towards larger zooplankton (e.g. Hrbacek,
1962).

The increase in abundance of D. longispina in
summer from 1984 until 1986 could, however,
also have been self-strengthened by an increase in
the production of resting eggs in autumn, accord-
ing to a successive increase in numbers of mictic
reproducing females. Conversely, some years
earlier in summer 1983, both D. longispina and
Daphnia magna were in a short time able to
develop high densities from sediment isolated
within ‘in situ’ enclosures without fish (Andreasen
etal., 1984). The population growth, therefore,
seems not to be seriously limited by the quantity
of resting eggs in Lake Sgbygérd.

pH-effect:

Although changes in fish stock and perhaps to a
minor extent a delay in recolonization might
explain the year-to-year changes in the zoo-
plankton structure during the collapses, it still
remains striking that filter-feeding zooplankton in
summer was abundant only during the phyto-
plankton collapses in 1984 and 1985 (Fig. 2). This
was despite the absence of predaceous zooplank-
ton (mainly Cyclops vicinus) from the pelagial
during a long period in mid-summer. Insufficient
amounts of food or poor food-quality could be a
possible explanation for the absence of the filter-
feeders. However, several authors have shown
that various species of Scenedesmus are suitable
as food for different species of Daphnia, including
D. longispina (e.g. Infante, 1973; Geller, 1975;
Horn, 1981; Muck & Lampert, 1984; Bloem &
Vijverberg, 1984). Additionally, Lyche (1984)
found that one of the two most abundant species
of Scenedesmus in Lake Sebygird, S. quadri-
cauda, is ingested and also assimilated with a high
efficiency by D. longispina. Furthermore, Gilbert
& Starkweather (1978) have shown that Brachio-
nus calyciflorus is able to feed on the other
abundant Scenedesmus species in Lake Sebygard,
S. acuminatus, although it seems to select for
smaller particles by use of various rejection me-
chanisms (Starkweather, 1978).
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Therefore, neither food-quality nor insufficient
amounts of food (see Fig. 2) can explain the de-
layed initiation of growth of D. longispina in 1986
compared to 1987, and the only short-term occur-
rence of Brachionus spp. in 1984-85.

However, high pH has been shown to influence
survival and reproduction of zooplankton. Boga-
tova (1962), Walter (1969) and Ivanova (1969)
all found an upper pH limit of 10.5-11.5 for
survival of cladocerans, and from experiments in
fish ponds O’Brien & deNoyelles (1972) suggested
that high pH (above 10.6) was responsible for a
temporary disappearance of Ceriodaphnia reticu-
lata from the ponds. Additionally, Hessen &
Nielssen (1985) found reduced egg production at
high pH values, and also concluded that a change
in pH from 9.5 to 10.5 was the main reason for
the disappearance of cladocerans (among others
D. longispina) and most rotifers in fishless enclo-
sures in Lake Gjersjeen. Mitchell & Joubert
(1986) obtained highest capacity of population
increase and highest longevity of B. calyciflorus
between pH 8.5 and 9.5, and lowest values of both
parameters between 10 and 10.5 in a series of
batch experiments run at pH intervals of 7.5 to
10.5. B. calyciflorus thus prefers moderately high
pH, but is severely affected when pH is above 10.

Therefore, it seems reasonable to suggest that
direct or indirect effects of high pH are responsible
for low density of filter-feeders in Lake Sebygéard
prior to the coliapses in 1984 and 1985, and to the
first collapse in 1986. This hypothesis is further
supported by the fact that D. longispina in 1987,
when the spring pH was relatively low (below
10.2), was abundant already in late May com-
pared to the beginning of July in 1986. In 1987 the
first peak in D. longispina of 800 indice 17!
occurred 15 days after a marked increase in water
temperature from 10 to 14-15 °C. Hence, tem-
perature seems to be a more important regulating
factor in this year.

In summary, high pH thus may suppress repro-
duction and survival of filter-feeding zooplankton,
and consequently their abundance in hypertrophic
lakes. High pH may, therefore, affect the grazing
food-web in a similar way as high numbers of
planktivorous fish. Hence, in the short-term, high



pH may increase the effect of the fish on the
trophic structure in the lake, leading to an en-
hanced eutrophication in terms of increased chl.-a
and decreased Secchi transparency. Conversely,
on a long time scale (more than, say, two years),
high pH may result in a temporary reduction of
the predation pressure on filter-feeders owing to
the negative effect of high pH on fish spawning.
This leads to a high density of filter-feeding
zooplankton and high grazing pressure on phyto-
plankton. Consequently, phytoplankton biomass
and production are reduced, and pH then lowered,
which again positively and in a self-amplifying
manner affects the reproduction and survival of
the filter-feeders. Concurrently, the chl.-a level
decreases, and Secchi transparency increases.

Zooplankton dynamics during and after the col-
lapse:

During the second step of the two-step collapses,
in which pH dropped to below 10.5, and during
the single-step collapses, the filter-feeding
zooplankton showed a somewhat similar re-
sponse pattern in 1984-87. First, an almost ex-
ponential increase in the population was ob-
served. Second, when the phytoplankton biomass
was almost exhausted, the numbers of cladoceran
females with eggs as well as the numbers of eggs
per female declined (1986 and 1987), and rotifers
formed mictic resting eggs (1984 and 1985).
Third, due to the low egg production in the
cladocerans and the formation of only resting
eggs by the rotifers, the population decreased
abruptly. The second and the third statements
indicate food-limitation, at least for the clado-
cerans. This initially affects the egg production,
when the available food concentration reaches a
lower threshold level of about 0.2mg C !
(Lampert & Schober, 1978), and concurrently a
decrease in the population density follows.

A similar pattern was observed by Lampert
et al. (1986) during clear-water conditions in the
Schonsee.

The formation of mictic eggs in B. calyciflorus
has been shown to be induced by crowding
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(Gilbert & Starkweather, 1978), but it is also
possibly an adaptive reaction to low food concen-
trations.

The rotifers reacted differently in 1986, as no
mictic eggs were produced. The decline in popula-
tion occurred simultaneously with a density in-
crease of both D. longispina and copepodites of
mainly Cyclops vicinus (Fig. 6). The rotifer decline
might, therefore,be due to a competitive exclusion
by the cladocerans, as shown by e.g. Gilbert &
Starkweather (1978); or to predation by the cope-
podites and adult cyclopoids, which has been
shown to have positive electivity for the genus
Brachionus (Brandl & Fernando, 1978); or both
factors could beinvolved. The total disappearance
of rotifers in early August 1985 (Fig. 5) and in late
August 1984 (Fig. 2), in spite of re-development of
phytoplankton and the still only moderately high
pH, could also be due to the increased density of
copepodites and adult cyclopoids.

Hence, while high pH is suggested to be the
major controlling factor for the pre-collapse den-
sities of filter-feeding zooplankton in 1985 to June
1986, food and possibly also predation by carni-
vorous zooplankton were important regulators
during and immediately after the collapses
mentioned.

The post-collapse response pattern in the lake
varied from year to year. In 1984 and 1985, when
rotifers were the most abundant filter-feeders
during the collapse, phytoplankton biomass and
pH reached to the pre-collapse level shortly after
the collapse, and the regulating role of pH was
suggestively re-obtained. However, in 1986 and
1987, when D. longispina was more important,
phytoplankton biomass and pH did not reach the
pre-collapse level before a new collapse was
encountered in connection with new peaks in
zooplankton density (Fig. 2). The role of pH as a
strong regulator of the abundance of filter-feeders
was thus restricted to the period before the first
collapse in 1986, and due to unusual weather
conditions pH was less important in 1987 even in
the pre-collapse period.
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Clear-water periods and collapse pattern:

Clear-water periods occur in many eutrophic
lakes, although the duration and the frequency
vary considerably (Barica, 1975; Lampert &
Schober, 1978; Fott et al., 1980; Lampert ez al.,
1986; Sommer etal., 1986). In shallow hyper-
trophic lakes the composition of the fish stock,
including density and age composition of plankti-
vorous fish, seems to play the major role for the
pattern and length of the clear-water phase. In
fish-free conditions, either due to winter kill under
ice, summer kill, or intensive fish harvesting, a
high spring peak in phytoplankton is often fol-
lowed by a long-lasting clear-water period (Barica,
1975; Fott er al., 1980; Lynch, 1980; Andersson
& Cronberg, 1984).

The clear-water period is sustained by large
cladocerans (as D. magna and D. pulex) which
frequently occur in high densities, and is often
accompanied by dominance of the cyanobacte-
rium, Aphanizomenon flos-aquae (Lynch, 1980;
Andersson & Cronberg, 1984; Benndorf et al.,
1984). This pattern has also been found in Lake
Sebygérd in the seventies (Holm & Tuxen-Peter-
sen, 1975; Andersen et al., 1979; Jeppesen ez al.,
1985) in connection with fish kill in summer.

Conversely, when the fish stock recovers, and
the hypertrophic lakes explodes with young year-
classes of planktivorous fish, or alternatively
when the lake is manually stocked with high den-
sities of planktivorous fish, the phytoplankton
community often changes to small chlorococcal
greens (Fott ez al., 1980; Benndorf et al., 1984;
Jeppesen et al., in press). In that case no or only
a few short-term collapses, and consequently
clear-water periods, may occur (Fig. 2). This is
due to the fact that growth and survival of filter-
feeding zooplankton, and then grazing on phyto-
plankton, is suppressed by both predation by
planktivorous fish and by direct or indirect effects
of elevated pH, the latter due to a more-or-less
unlimited growth of phytoplankton. The collapses
occur only when pH is reduced below about 10.5,
€.g. due to a low nutrient or cloudy weather
mediated reduction in primary production.
High-pH tolerant rotifers (e.g. Brachionus
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calyciflorus, Brachionus urceolaris) dominate the
zooplankton community during the collapse.

However, when predation pressure of plankti-
vorous fish on zooplankton is moderate, here due
to lack of fish spawning for more than two years,
phytoplankton is often dominated by cryp-
tomonads (Fott er al., 1980; Shapiro & Wright,
1984; Reinartsen & Olsen, 1984) which can com-
pensate for grazing by high growth rates (Fott
etal,, 1980), or large chlorococcal greens or
gelatinous algae (Benndorf et al., 1984; Jeppesen
et al.,in press). In that case several collapses and
short-lasting clear-water periods may occur dur-
ing the summer in the hypertrophic lake, primarily
due to grazing by intermediate-sized cladocerans
(e.g. D. longispina). The oscillations may be due to
alternations in 1) food conditions for zooplankton
(e.g. below or above a threshold for egg produc-
tion), 2) predation pressures by predatory
zooplankton and fish (e.g. lack of timing in
growth of prey and predator), 3) pH, or 4) climatic
conditions. '

Acknowledgements

This study was financially supported by the
National Agency of Environmental Protection.
The staff of National Environmental Research
Institute are gratefully acknowledged for assist-
ance. Special thanks are due to Jane Stougaard,
Birte Laustsen and Ursula Gustavsen for careful
quantification of phytoplankton and zooplank-
ton, and to Hanne Rossen for typing the manus-
cript.

References

Andersen, J. M., J. Jensen, Aa. Kristensen & K. Kristensen,
1979. Underseagelse af forureningstilstanden i Sebygard se
1978. Report from Arhus County: 29 pp (in Danish).

Andersson, G. & G. Cronberg, 1984. Aphanizomenon flos-
aqua and Daphnia. An interesting plankton association in
hypertrophic waters. In Bosheim & Nicholls (eds.), Inter-
aksjoner mellom trofiske nivier i ferskvann. Norsk
Limnologforening, Blindern, Oslo, Norway: 63-76.

Andreasen, K., M. Sendergaard & H. H. Schierup, 1984. En



karakteristik af forureningstilstanden i Sebygard se - samt
en undersogelse af forskellige restaureringsmetoders
anvendelighed til en begraensning af den interne belasting.
Publ. No. 7 from The Botanical Institute, University of
Arhus, Denmark: 164 pp (in Danish).

Barica, J., 1975. Collapses of algal blooms in prarie pothole
lakes: their mechanism and ecological impact. Verh. int.
Ver. Limnol. 19: 606~-615.

Benndorf, J., H. Kneschke, K. Kossatz & E. Penz, 1984.
Manipulation of the pelagical food web by stocking with
predaceous fishes. Int. Revue ges. Hydrobiol. 69: 407-428.

Bjernsen, P. K-, J. B. Larsen, O. Geertz-Hansen & M. Olsen,
1986. A field technique for the determination of zooplank-
ton grazing on natural bacterioplankton. Freshwat. Biol.
16: 245-253.

Bloem, J. & J. Vijverberg, 1984. Some observations on diet
and food selection of Daphnia hyalina (Cladocera) in an
eutrophic lake. Hydrobiol. Bull. Amsterdam18: 39—-45.

Bogatova, L. B., 1962. Lethal ranges of oxygen content, tem-
perature and pH for some representatives of the family
Chydoridae. Zool. Zh. 41: 58-62 (in Russian).

Bottrell, H. H., A. Duncan, Z. M. Gliwicz, E. Grygierek, A.
Herzig, A. Hillbricht-Ilkowska, H. Kurasawa, P. Larsson
& T. Weglenska, 1976. A review of some problems in
zooplankton production studies. Norw. J. Zool. 24:
419-456.

Brandl, Z. & C. H. Fernando, 1978. Prey selection by the
cyclopoid copepods Mesocyclops edax and Cyclops vicinus.
Verh. int. Ver. Limnol. 20: 2505-2510.

Cryer, M., G. Peirson & C. R. Townsend, 1986. Reciprocal
interactions between roach, Rutilus rurilus, and zooplank-
ton in a small lake: prey dynamics and fish growth and
recruitment. Limnol. Oceanogr. 31: 1022-1038.

Culver, D.A., M. M. Bourcherle, D.J. Bean & J. W.
Fletcher, 1985. Biomass of freshwater Crustacean
zooplankton from length-weight regressions. Ca. J. Fish.
aquat. Sci. 42: 1380-1390.

Dumont, H. J.,1. Van De Velde & S. Dumont, 1975. The dry
weight estimate of biomass in a selection of Cladocera,
Copepoda and Rotifera from plankton, periphyton and
benthos of continental waters. Oecologia (Berl.) 19: 75-97.

Fott, J., L. Pechar & M. Prazakova, 1980. Fish as a factor
controlling water quality in ponds. In J. Barica & L. R.
Mur (eds.): Hypertrophic ecosystems. Developments in
Hydrobiology 2: 255-261.

Geller, W., 1975. Die Nihrungsaufnahme von Daphnia pulex
in Abhangigkeit von der Futterkonzentration, der Tem-
peratur, der Korpergrosse und dem Hungerzustand der
Tiere. Arch. Hydrobiol/Suppl. 48: 47-107.

Gilbert, J. L. & P.L. Starkweather, 1978. Feeding in the
rotifer Brachionus calyciflorus I11. Direct observations on
the effect of food type, food density, change in food type
and starvation on the incidence of pseudotrochal
screening. Verh. int. Ver. Limnol. 20: 2382~2388.

Hessen, D. O. & J. P. Nielssen, 1985. Factors controlling
rotifer abundancies in a Norwegian eutrophic lake: an
experimental study. Ann. Limnol. 21: 97~105.

163

Holm, T.F. & F. Tuxen-Petersen, 1975. Gudenden 1974.
Rep. from Lab. Physical Geography, Geological Institute,
University of Arhus, Denmark: 108 pp (in Danish).

Horn, W., 1981. Phytoplankton losses due to zooplankton
grazing in a drinking water reservoir. Int. Revue ges.
Hydrobiol. 69: 781-817.

Hrbagek, J., 1962. Species composition and the amount of
zooplankton in relation to fish stock. Rozpravy
Ceskoslovenske Akademie Ved. 72,10: 114 Pp-

Infante, A., 1973. Untersuchungen iiber die Ausnutzarkeit
verschiedener Algen durch das Zooplankton. Arch.
Hydrobiol./Suppl. 42: 340-405.

Ivanova, M. B., 1969. The influence of active water reaction
on filtering rate of Cladocera. Pol. Arch. Hydrobiol. 16:
115-124.

Jassby, A. D. & C. R. Goldmann, 1974. Loss rates from a
lake phytoplankton community. Limnol. Oceanogr. 19:
618-624.

Jeppesen, E., O. Sortkjzr, Aa. Rebsdorf, M. Sendergaard, P.
Jensen, P. Kristensen, K. Andreasen, H. H. Schierup &
J. M. Andersen, 1985. Recovery of a shallow lake. Reprint
from a poster session (‘Phosphorus in freshwater eco-
systems’, Uppsala, Sweden, 1985). Publ. No. 33 from the
Freshwater Laboratory, National Agency of Environ-
mental Protection: 10 pp.

Jeppesen, E., M. Sendergaard, E. Mortensen, J. P. Jensen, P.
Kristensen, B. Riemann, H.J. Jensen, J. P. Miiller, O.
Sortkjer, K. Christoffersen, S. Bosselmann & E. Dall (in
press). Fish Manipulation as a lake restoration tool in
shallow, eutrophic lakes: analysis of three case-studies and
data from 300 Danish lakes. Proc. Int. Conf ‘Bio-
manipulation, Tool for Watermanagement’, Developments
in Hydrobiology.

Jewson, D. H., B. H. Rippey & W. K. Gilmore, 1981. Loss
rates from sedimentation, parasitism and grazing during
the growth, nutrient limitation, and dormancy of diatom
crop. Limnol. Oceanogr. 26: 1045-1056.

Kristensen, P. & P Jensen, 1987. Sedimentation og resus-
pension i Sebygérd se. M. sc. thesis. Publ. No. 64 from the
Freshwater Laboratory, The National Agency of Environ-
mental Protection, Silkeborg, Denmark, in cooperation
with Botanical Institute, University of Arhus, Denmark:
176 pp (in Danish).

Kunikane, S., M. Kaneko & R. Maehare, 1984. Growth and
nutrient uptake of green algae Scenedesmus dimorphus
under a wide range of nitrogen/phosphorus ratios. 1. Expe-
rimental study. Wat. Res. 18: 1299-1311.

Lampert, W. & U. Schober, 1978. Das regelmissige Auftre-
ten von Friihjahrs-Algenmaximum und ‘Klarwasser-
stadium’ im Bodensee als Folge klimatischen Bedingungen
und Wechselwirkungen zwischen Phyto- und Zoo-
plankton. Arch. Hydrobiol. 82: 364-386.

Lampert, W., W. Fleckner, H. Rai & B. E. Taylor, 1986.
Phytoplankton control by grazing zooplankton: a study on
the spring clearwater phase. Limnol. Oceanogr. 31:
478-490.

Limnologisk Metodik, 1977. Freshwater Laboratory, Univer-

41



164

sity of Copenhagen and Akademisk Forlag: 163 pp (in
Danish).

Lyche, A., 1984. Experimentelle studier av beitbarhet og
assimilerbarhed av 6 planktonalger for Daphnia longispina.
In S. Bosheim and Nicholls (eds.), Interaksjoner mellom
trofiske nivder i ferskvann. Norsk Limnologforening,
Blindern, Oslo, Norway: 49-62 (in Norwidish).

Lynch, M., 1980. Aphanizomenon blooms: Alternate control

and cultivation by Daphnia pulex. Am. Soc. Limnol.
Oceanogr. Spec. Symp. 3: 299-304. Univ. Press New
England, Hanover.

Mitchell, S. A. & J. H. B. Joubert, 1986. Effect of elevated pH
on the survival and reproduction of Brachionus calyciflorus.
Aquaculture 55: 215-220.

Muck, P. & W. Lampert, 1984. An experimental study on the
importance of food conditions for the relative abundance
of calanoid copepods and cladocerans. 1. Comparative
feeding studies with Eudiaptomus gracilis and Daphnia
longispina. Arch. Hydrobiol. Suppl. 66: 157-169.

O’Brien, W.J. & F. deNoyelies, 1972. Photosynthetically
elevated pH as a factor in zooplankton mortality in
nutrient enriched ponds. Ecology 53: 605-614.

Reinertsen, H. & Y. Olsen, 1984. Effects of fish elimination
on the phytoplankton community of a eutrophic lake.
Verh. int. Ver. Limnol. 22: 649-657.

Reynolds, C. S. & S. W. Wiseman, 1982. Sinking losses of
phytoplankton in closed limnetic systems. J. Plankton Res.
5:203-234.

Shapiro, J. & D. 1. Wright, 1984. Lake restoration by bio-
manipulation: Round Lake, Minnesota, the first two years.
Freshwat. Biol. 14: 371-383.

Sommer, U.,Z. M. Gliwicz, W. Lampert & A. Duncan, 1986.
The PEG-model of seasonal succession of plankton in
freshwater. Arch. Hydrobiol. 106: 433-471.

Sortkjer, O. & E. Jeppesen, 1987. Hyppige feltmAlinger ager
forstdelsen af lavvandede seers udvikling. In Annual

42

Report 1986 from the Freshwater Laboratory, The
National Agency of Environmental Protection: 21-28 (in
Danish).

Starkweather, P. L., 1978. Behavioral determinants of diet
quantity and diet quality in Brachionus calyciflorus. In
Special symposium. Amer. Soc. of Limnol. Oceanogr.:
151-157.

Stewart, J. & R. G. Wetzel, 1986. Cryptophytes and other
microflagellates as couplers in planktonic community
dynamics. Arch. Hydrobiol. 106: 1-19.

Sendergaard, M., E. Jeppesen & O. Sortkjer, 1987. Lake
Sebygird: a shallow lake in recovery after a reduction in
phosphorus loading. GeoJournal 14: 3§1-384.

Sendergaard, M., E. Jeppesen, P. Kristensen & O. Sortkjzr,
1990. Interactions between sediment and water in a shal-
low and hypertrophic lake: a study on phytoplankton col-
lapses in Lake Sebygard, Denmark. Hydrobiologia 191:
139-148.

Timmermann, M., 1987. Manglende reproduktion af skalle
(Rutilus rutilus) (L.)) og rudskalle (Scardinius erythrophthal-
mus (L.)) og skalle- (R. rutilus (L.)), brasen- (4dbramis
brama(L.)) of aborre- (Perca fluviatilis L.) yngelens densitet
og vakst i Vang Se. Publ. No. 85 from the Freshwater
Laboratory, The Agency of Environmental Protection,
Silkeborg, Denmark: 81 pp (in Danish).

Titman, D. & P. Kilham, 1976. Sinking in freshwater phyto-
plankton: some ecological implications of cell nutrient
status and physical mixing processes. Limnol. Oceanogr.
21: 409-417.

Uhlmann, D., 1971. Influence of dilution, sinking and grazing
rate on phytoplankton populations of hyperfertilized
ponds and micro-ecosystems. Mitt. int. Ver. Limnol. 19:
100-124.

Walter, B., 1969. Interrelations of Cladoceta and algae.
Ph.D. thesis. Westfield Coll., Univ. London.



Memorie dell'lstituto Iraliano di ldrobiologia «Dorr. Marco De Marchi» - Pallanza

RECOVERY RESILIENCE FOLLOWING A REDUCTION
IN EXTERNAL PHOSPHORUS LOADING OF SHALLOW,
EUTROPHIC DANISH LAKES: DURATION, REGULATING
FACTORS AND METHODS FOR
OVERCOMING RESILIENCE
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ABSTRACT

The present paper give a brief characterization of Danish lakes, including the
level and sources of external nutrient loadings. In addition, plans to reduce loading of
the lakes are described and 27 case-studies of lakes recovery following phosphorus (P)
loading reduction are analysed. Finally, additional methods to reduce the recovery
period are discussed. Danish lakes are mainly shallow, fast-flushed and eutrophic, with
nutrients from sewage and runoff from agricultural land being the main sources of
eutrophication. In the case-studies of lake recovery the P loading reduction ranged from
34 10 94%, although was usually above 70%. In most cases a new steady state concern-
ing P was not reached within 4-16 years following loading reduction and there seems to
be no difference in the extent of the delay in lakes with a low or high hydraulic reten-
tion time (tw). In lakes with a high tw, the recovery occurred faster than expected from
simple dilution of the P-pool in the water whereas lakes with a low tw (<0.5 y), the
delay, expressed in terms of tw, was more than 10-300 times longer than expected from
the simple dilution theory. The relatively slow response in lakes with a low tw may be
attributed to a higher P-pool in the sediment reflecting a higher P-loading. In addition,
the slow process of diffusion from the deeper layers of the sediment and the seasonal
fluctuation in tw, with low flushing rates during summer, when the internal loading is
high, may have contributed to the relative long delay period in lakes with a low annual
mean tw. Biological resilience was mainly attributable to homeostasis in the fish com-
munity and its impact at other trophic levels and to the poor conditions for macrophyte
recolonization resulting from enhanced turbidity, enhanced sediment resuspension and
grazing by herbivorous birds, in particular coot. Analysis of data from 300 lakes and
from 3 whole-lake fish manipulation experiments suggests that a marked reduction in
recovery time of lakes larger than 10 ha that are not severely nitrogen limited can only
be obtained by fish manipulation or by forming refuges for submerged macrophytes if

G. Giussani, L. Van Liere and B. Moss (Eds)
Ecosystem research in freshwater environment recovery
Mem. Ist. ital. Idrobiol., 48: 127-148, 1991
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the P level is reduced to below 80-150 pg total P 1. Sediment dredging or iron treat-
ment are potential alternatives in cases where the exchangeable phosphorus pool is so
high that the lake P concentration would not be expected to fall to the P threshold for
biomanipulation within an acceptabie period of time. However, iron treatment is risky
and must therefore be used with caution.

Key words: lakes recovery, resilience. homeostasis, internal loading, biological struc-
ture, fish, macrophytes, restoration, biomanipulation.

1. INTRODUCTION

Attempts to improve environmental quality of eutrophic lakes by
reducing the external nutrient loading are often hindered by resilience:
in-lake nutrient concentration either fails to decrease, or decrease very
slowly (e.g. Sas 1989; Marsden 1989). In some cases the delay in
reduction of in-lake nutrient concentration could simply be attributable
to dilution (Ahlgreen 1980). In other cases the lakes were truely re-
silient and high in-lake phosphorus concentration was maintained by
phosphorus release from the sediment, i.e. internal loading (e.g. Sas
1989; Marsden 1989) In shallow eutrophic lakes internal nitrogen loading
seems not to play any major role (Jensen ez al. 1991 b). Biological
structure of eutrophic lakes is also resilient, mainly because of homeo-
stasis in the fish community due to their longevity, and the potentially
high impact of the fish community on the biological structure (for
review see Benndorf 1987, 1990 and Shapiro 1990). In order to reduce
the recovery time of eutrophic lakes following reduction of external
nutrient loading a number of physical, chemical and biological methods
have been used such as dredging, chemical treatment of the sediment
and manipulation of the fish stock (for review see EPA 1988).

In the present paper we review the recent Danish experience with
the effects of reducing external nutrient loading on shallow eutrophic
lakes and describe efforts to reduce the delay in recovery by using addi-
tional measures.

2. RESULTS AND DISCUSSION
2.1. Eutrophication level of Danish lakes
The characteristics of Danish lakes are illustrated by figure 1,

which shows the frequency distribution and median value for relevant
physical, chemical and biological data on 220-450 lakes. In general
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they are small (20 ha), shallow (mean depth 1.8 m), fast-flushed
(hydraulic retention time 0.3 y) and highly eutrophic (total phosphorus
0.14 mg P I'"). Consequently, the chlorophyll level is high (0.051 mg 1)
and the transparency low (Secchi-depth 0.9 m) (Fig. 1). Earlier studies
and paleolimnological analysis have revealed that in the last century
shallow Danish lakes were characterized by dense submerged
macrophytes and clear water (Baagg & Kglpin Ravn 1896;
Arresggruppen 1989; CowiConsult 1989). The present high level of
eutrophication is mainly due to the high impact of nutrients: the mean
and median values for external P loading were 13.1 and 2.5 gP m? y*
(n=131), respectively, with the corresponding values for external N-
loading being 142 and 52 g N m? y' (n=69) (Tab. 1).

A detailed analysis of the different nutrient sources of 35 represen-
tative lakes in 1989 revealed that on average, point sources i.e. sewage
plants, sewage overflow channel and rain water basins accounted for
27% of the P loading and 8% of the N loading, whereas non-point sources
accounted for 67% and 75%, respectively. Based upon the estimated
loading coefficient from areas with a low human impact (Kristensen et
al. 1990), it can be calculated that the impact from agricultural areas,
including scattered villages, accounts for 44 and 46%, respectively, of
the P and N loading attributable to non-point sources (Fig. 2).
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Fig. 1. Frequency distribution of lake area, mean depth, hydraulic retention time, P-con-
centratjon in lake water, algal biomass and Secchi-depth in 220-450 Danish lakes larger
than 5 ha.
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Tab. 1. Annual mean, median, minimum and maximum loading inlet concentration and
in-lake concentration of total nitrogen (N) and total phosphorus (P) of a number (n) of
Danish lakes; s.e. = standard error.

n mean s.e. min. median max.
P-loading (g P m=y™) 131 13.1 2.5 0.06 2.5 217
P-injet (ug P 1) 131 415 39 34 260 2396
P-lake (ug P ') 131 301 35 16 162 3130
N-loading (g m?y) 69 142 35 0.3 52 8400
N-inlet (mg N 1) 69 5.6 038 0.6 5.0 15
N-lake (mg N I'") 69 2.8 0.2 0.5 2.5 9
Nitrogen Phosphorus

29% 23%
Backgrounds Backgrounds

46 % 44 %
Agricuiture+ Agriculture~
scattered scattered
vilages vilages A:r
2 23 %
2% 8% Point-sources
Fish ponds Foint-sources F|sn ponds

Fig. 2. The relative composition of the different sources to the extent of phosphorus and
nitrogen loading of 35 Danish lakes, which have been selected to be representative for
Danish lakes in general.

2.2. Action plans for reduction of nutrient loading

In order to combact eutrophication in Danish lakes two action
plans have been formulated: the "Action Plan for Aquatic Environment"
and the "Recipient Quality Plan". The former is a general plan initiated
in 1987, which aims for reduction of loading from land-based sources
of 50% for nitrogen and 80% for phosphorus. In contrast, the "Recipient
Quality Plan" is a differentiated plan where loading reduction in each
catchement is adapted according to the specific objectives for that
catchment and the sensitivity of its environment. In shallow Danish
lakes a shift from turbid to clear water (sensu Scheffer 1989, 1990)
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demands not only a reduction in the P-loading from point sources, but
also a marked reduction in input from soil leaching and from scattered
villages.
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Fig. 3. The ratio of the percentage reduction in lake P-concentration and P-loading and
the number of years (A, B) after the loading reduction and versus hydraulic retention
time (tw) (C, D), respectively. A and C are from Danish lakes; B and D are as A and C
but supplemented with data from Cullen and Forsberg (1988). J tw < 0.5y, BMtw > 0.5
y,tw<25y, ¢ tw>25y. The full line in C and D shows the «dilution curve» assu-
ming non-stratified conditions. '

2.3. Delay in recovery

Data describing the recovery phase following a reduction in P-
loading is available for 27 Danish lakes. The loading reduction ranged
from 34 to 94%, although in most cases was above 70%. The resilience
of these lakes is illustrated by figure 3A where the reduction in the ratio
of in-lake P-concentration (RED,,,,) to the reduction in P-loading
(RED,,,) is shown versus the number of years following loading reduc-
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tion. If we assume that the Vollenweider equation is valid, which seems
to be the case for Danish lakes (Kristensen ez al. 1990), then a new
steady state will be reached when this ratio approaches unity. In most of

- the case studies RED ,.:Red,,, was well below one (Fig. 3A) even as

many as 4-16 years after loading had been reduced, thus indicating a
high degree of resilience, a finding that is in accordance with other
studies od lake recovery (Fig. 3B, Cullen & Forsberg 1988; Sas 1989;
Marsden 1989). The factors which are most likely to account for the
delay in recovery, namely dilution effects and internal nutrient loading
on one hand, and homeostasis of biological structure on the other, are
discussed below.

2.3.1. Dilution and internal loading

In lakes with a relatively long hydraulic retention time, simple
dilution effects may account for much of the delay. Assuming that the
lake can be expressed as an homogeneous system without any nutrient
exchange between sediment and water, then the time required to reduce
the surplus pool of phosphorus in the lake water by 95% by simple
flushing will be three times the hydraulic retention time (Sas 1989).
Consequently, even longer would be required for a new steady state to
be reached. However, in most Danish lakes with a high tw, the reduc-
tion in P-lake occurred faster than could be predicted from simple dilu-
tion, which implies that a part of the excess phosphorus in the lake
water settled out as particulate P, subsequently becoming immobilized
in the sediment.

In lakes with a low tw, marked resilience was observed, the delay
being 10-300 times higher than could be explained by dilution and
seeming to increase with decreasing tw (Fig. 3A). Thus in contrast to
what would be expected from the dilution theory, the recovery period
was not inversely related to tw, but was in fact of comparable duration
for lakes with a low and with a high tw (Fig. 3A). In order to illustrate
that the behavior of the Danish lakes is general, data from abroad
(Cullen & Forsberg 1988) is shown together with our data in figure 3B.

That internal loading is long-lasting in lakes with a low tw can par-
tly be attributed to the fact that the sediment P-pool is greater because
of the higher external P loading (Fig. 4, Tab. 2). Hence, for 131 Danish
lakes P-loading decreased significantly with increasing tw and in-
creasing mean depth (Fig. 4A and Tab. 2). However, a higher external
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P-loading may not necessarily result in the increased accumulation of P
in the sediment because the percentage of P retained in the lakes is also
related to tw and generally increases with increasing tw (Vollenweider
1976; Dillon & Rigler 1974). Nevertheless, if we correct for the diffe-
rences in the proportion retained using the Vollenweider equation, the
normalized P-loading still decreases with increasing tw and increasing
mean depth (Fig. 4B and Tab. 2). Accordingly, the P content of both the
upper 5 cm and upper 20 cm of sediment also decreased significantly
with increasing tw (Figs 4C, 4D and Tab.2).
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Fig. 4. Relationships between hydraulic retention time and the P-loading (A,B) and the
accumulated P in the sediment (C, D). A: P-loading normalized by correcting for diffe-
rences in P-retention according to the Vollenweider equation (Vollenweider 1976); C:
P-pool 0-5 cm; D: P-pool 0-20 cm.

Although the P content of the uppermost layer of sediment may
give some indication as to the extent of internal loading during reco-
very, the actual P-release from sediment is influenced by several factors
(Bostrom er al. 1982). In the study of 15 Danish lakes, it was found that
the iron:P ratio in the sediment has a major impact on P-release: irre-
spective of the size of the sediment P-pool, aerobic P-release decreased
significantly when the iron:P ratio (by weight) increased above 15

49



50

134 E.Jeppesen, P. Kristensen, J.P. Jensen, M. Sondergaard. E. Mortensen and T. Lauridsen

(Jensen er al. 1991 a). At ratios below 15, there was no correlation: P-
release was in fact correlated, albeit weakly, to the NH,Cl-extractable
fraction of the P-pool and total P in the sediment. The positive relation-
ships between the P and iron content in the sediment of Danish lakes
(Tab. 2; Jensen et al. 1991 a), may therefore lead to a reduction of the
impact of the accumulated P-pool on internal loading and thus on the
resilience in recovery.

Tab. 2. Regression analysis on P-loading (P-load), normalized P-loading (NP-load=P-
load/(1-Rp), where Rp is the P retention coefficient according to Vollenweider 1976).
P-pool in the uppermost 5 cm and uppermost 20 cm versus hydraulic retention time (tw.
y'), mean depth (Z, m) and the iron-pool, in the sediment layer concerned (Fe-pool. g
Fe m?) using GLM (SAS 1990) on log-transformed data.

P-load (gPm?yi)= 1.0 twoTs r’=0.81 P<0.0001 n=122
P-load (gPm?y)= 0.34 rwo99 Z073 r’=0.82 P<0.0001 n=122
NP-load (g P m?y")= 1.89 twos3 r’=0.65 P<0.0001 n=122
NP-load (g P m?y')= 0.70 tw-o8s 7073 r=0.74 P<0.0001 n=122
P-pool (0-5cm,gPm?) 5.3 twor r’=0.29 P<0.0001 n= 71
P-pool (0-5cm,gPm?) 1.4 1tw 0 Fe-pooles: r=047 P<0.0001 0= 49
P-pool (0-20cm, gPm?) 31.2 two r’=0.39 P<0.000f n= 44
P-pool (0-20cm, g Pm?) 8.8 tw93 Fe-poolo+” r=0.37 P<0.0009 n= 32

Besides being due to differences in the exchangeable P-pool, the
higher resilience of lakes (expressed in number of tw) with low tw may
be partly attributable to the slow process of P diffusion from the deeper
layers of the sediment to the water: Although P diffusion increases with
decreasing tw because the P concentration in the lake, and hence the
gradient between sediment and water, is affected by the P-efflux from
the lake, this increase is most likely less than the corresponding
decrease in tw, thereby prolonging the recovery phase.

Seasonal variation in tw may also have contributed to the re-
silience. In several of the fast-flushed lakes, although mean annual tw
was high in summer, when internal loading and hence the P concentra-
tion was high, and low in winter (unpub. results). Thus the large part of
the released P may have returned to the sediment before the autumn
when tw again decreased. This may have prolonged the recovery phase
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as compared with that in lakes with a similar mean annual tw but little
seasonal variation in tw (e.g. lakes with a high infiltration of ground-
water).

Sewage diverted Fish removal
0 78 81 84 86 87 88 89 90

T 04+
=
E‘ —
-] —
2 081 1 e
g Pt
O
@ Mean depth

I R R e EE EE TR R N ah REEEEPE PP PR

1.6 4

2.0+

Fig. 5. Changes in the summer mean Secchi-depth (May-October) in Lake Vang fol-
lowing sewage diversion 1981 and fish manipulation in 1986-1988, where 50% of the
biomass of planktivorous fish was removed. Arrows indicate that Secchi-depth reached
the bottomn at some of the sampling dates, thus mean values are higher. '

2.3.2. Biological structure

Homeostasis in the biological structure may also delay the reco-
very of eutrophic lakes following a reduction in loading. Planktivorous
and benthivorous fish may make a major contribution to the resilience
of the lake, partly because feeding activity may result in an increase in
the concentration of suspended matter (Meijer et al. 1990) and enhance-
ment of phosphorus release from the sediment (Andersson er al. 1978,
1988) and partly because a high density of these fish may, by preventing
re-occurrence of large cladocerans, decrease the grazing pressure on
phytoplankton. These factors may delay improvement of the light cli-
mate and delay the colonization of submerged macrophytes, which
could otherwise have stimulated a shift to a clearwater stage (Timms &
Moss 1984; Scheffer 1989, 1990; Jeppesen er al. 1990c).

That the community could effect homeostatic control of the biolo-
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gical structure of a lake was documented in the biomanipulation experi-
ment in Lake Vang (Figs 5 and 6; Sgndergaard er al. 1990; Jeppesen et
al. 1990b). Although the sewage water input to the lake was diverted in
1982, there were no decrease in phosphorus level in the lake water and
no increase in transparency during the subsequent 4 year period (Fig.
5). Furthermore, the phytoplankton community remained dominated by
cyanobacteria during summer. However, immediately after a 50%
reduction in the planktivorous fish biomass in November 1986 to June
1988, a number of marked and self-perpetuating changes occurred
during the subsequent two year period (Figs 5 and 6):

1) phytoplankton biomass decreased by 86% to 10 Mg chla I, and
cyanobacteria, which had previously been dominant, almost disap-
peared. Consequently the Secchi-depth in summer increased from
0.7-0.9 m to more than the maximun depth in the lake in 1989-
1990.

2) The density of cladocerans increased seven fold from 1986 to 1987
then decreased steadily during the next years reflecting the
decrease in total and edible phytoplankton biomass (Fig. 6:
Sendergaard er al. 1990).

3) The phosphorus level decreased by 55% to 70 ug total P 1.

4) The submerged macrophytes increased slowly during 1987-1988
and then rapidly in 1989 and 1990 such that maximun coverage of
the lake surface area was 40-50% and 80%, respectively.
Simultaneously, the concentration of total N decreased, mainly due
to an enhancement of denitrification (unpublished data).

5) The fish catch per unit effort (CPUE) in multiple mesh size gill
nets (14 mesh sizes) decreased by 67% and the relative proportion
in terms of number of perch (Perca fluviatilis) and pike (Esox
lucius) increased from 18 to 56%.

6) The coot (Fulica atra) density increased markedly in 1989 to a
maximum of about 20 ind ha“!, and the density of mute swans
(Cygnus olor) rose from zero to 0.4 ha, in both cases reflecting
the significant increase in submerged macrophytes in 1989.



Recovery resilience in eutrophic Danish lakes

1504 Total phosphorus
Z 10 \ .
> =7 ALALAN AN A
- 150 Total nutro\gen
Zz 1.004
= AL
Fe=] \ANN N Y
Phytoplankton
"~ 60+
% 40 ~ \
g 204 \ N
) DI MY MY _
Bosmina spp.
- 600 \SS
g 400 \ \
S|\
Daphnia spp.
. 10 \\\
§ 100 4 \
SZ— N M \\\ \ N W K N
Macrophytes
5 754
g 50 4
8 254 \ \\
TSZ« ] roach. rudd, bream
S perch. pike
g 100 A
g S0 +
> MY MY DN MY

86

87

88

83

90

137

Fig. 6. Changes in summer mean values of total phosphorus, total nitrogen, phytoplank-
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The cascading effect (sensu Carpenter et al. 1987) of the fish mani-
pulation thus demonstrate that planktivorous fish contribute signif-
icantly to the resilience of eutrophic lakes following a marked reduction
in external loading. The case-study also demonstrates the interdepen-
dence of internal nutrient loading and biological structure.

A delay in recolonization by submerged macrophytes, attributable
to enhanced turbidity, changes in the sediment composition and grazing
by birds, may also contribute to the resilience of eutrophic lakes (Moss
& Leah 1982; Moss 1990). Maintenance of enhanced turbidity fol-
lowing loading reduction may, as described above, be partly attributable
to homeostatic control of the biological structure by the fish stock.
However, wind-induced resuspension of the fine particulate matter,
accumulated in the sediment during the period prior to loading reduc-
tion, may also lead to increased turbidity (Meijer er al. 1990). The
impact of resuspension on resilience probably increases with decreasing
mean depth, as the effect of resuspension on lake water turbidity was
found to be inversely proportional to approximately the square root of
mean depth in shallow, eutrophic lakes (Kristensen et al. 1991).
Furthermore, because sediment resuspension increases with increasing
lake size due to the relationship between resuspension and fetch (Carper
& Bachmann 1984), and because a high fetch may reduce the ability of
the plants to become rooted in the loose sediment, resilience of
eutrophic lakes may also increase with lake size.

The enhanced content of organic matter in the sediment and the
concurrent changes in sediment density might be expected to affect the
growth of macrophytes and thereby their recolonization rate. However,
although Barko & Smart (1983) found a reduction in growth of
Mpyriophyllum sp. in sediment with high organic content, several other
studies contradict this view (Jupp & Spence 1977; Duarte & Kalff
1986; Nichols & Shaw 1986) and translocation experiments in Lake
Vang showed that the submerged macrophytes grew well on both
sandy sediments from exposed littoral areas and on mud at the lake cen-
ter and from sheltered littoral areas. In fact, the macrophyte growth rate
was higher on the mud at the center of the lake (Lauridsen 1990), indi-
cating that sediment quality could not have played a major role in the
two year delay in colonization of this lake following fish manipulation
(Fig. 6).

The delay in macrophyte recolonization may also be due to grazing
by birds (Moss 1990). Experiments in Lake Va&ng and Lake Stigsholm
showed that macrophyte growth increased markedly when enclosures
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were erected to protect the macrophytes from bird grazing (Lauridsen
1990; Olofsson, unpubl.). The growth was high even in areas where the
natural vegetation was scarce and where plants outside the enclosures
had been eliminated by grazing. In those lakes Fulica atra was the
major bird grazer. Enhanced biomass development in enclosures has
also been observed in other shallow lakes (Jupp & Spence 1977; Moss
& Leah 1982; Moss 1990). The impact of bird grazing appears to be
highest in the early phase of colonization and near to reed belts which
are used by coots for nesting and refuge (Lauridsen 1990).

2.4. Methods for reducing recovery time following loading reduction

In an attempt to reduce recovery time after a reduction in external
loading of shallow, fully mixed Danish lakes, three additional measures
have been applied in Denmark, i.e. sediment dredging, chemical treat-
ment of sediment and biomanipulation. Since sediment removal is 1-2
orders of magnitude more costly than biomanipulation, a comprehen-
sive study was undertaken in order to examine the perspectives and
limitations of using manipulation of fish stock to overcome the homeo-
stasis of biological structure that contributes to resilience of eutrophic
lakes.

This study included three whole-lake experiments and a detailed
analysis of data from 300 shallow Danish lakes (Jeppesen et al. 1990b,
1990c; Sgndergaard ez al. 1990; Riemann et al. 1990).

The biological structure of shallow lakes was found to be extreme-
ly dependent on in-lake P concentration, as illustrated by figure 7. At
low P-concentration (0-50 ug total P 1) the fish community (>10 cm)
was dominated by piscivores, submerged macrophytes colonized to
relative deep maximum depths (often the maximum depth of the lake),
phytoplankton biomass was low and dominated by algae other than blue
green and green, and the Secchi-depth was high. At slightly higher P-
concentration the character of the fish community changed to a higher
proportion of planktivores, and the maximum colonization depth of
submerged macrophytes decreased. Hence, in the range 80 to 150 pg
total P I' about 80% of the fish stock (>10 cm) consisted of planktivo-
res, the maximum macrophyte colonization depth was reduced to 1-1.5
m and cyanobacteria dominated in 20% of samples taken during sum-
mer (May-September). At phosphorus concentrations between 250-
1000 g total P 1!, submerged macrophytes were absent, the fish stock
totally dominated by planktivores and cyanobacteria now the dominant
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phytoplankton group.

At P-concentrations above 1000 pg total P I, the biological struc-
ture become unstable and easily influenced by marked variations in the
density and age composition of the fish stock due to fish kill and
marked variation in the recruitment an survival of the offspring of the
dominant planktivores (Jeppesen et al. 1990c; Mortensen et al.
unpubl.). Furthermore, there was often a shift between from green algal
dominance and turbid water when the grazing pressure at phytoplankton
was low to cryptophyte dominance and clear water when the grazing
pressure was high.

2.4.1. Fish manipulation

Based on the above mentioned analysis, Jeppesen er al. (1990c¢)
suggested that fish manipulation, as a supplement to loading reduction
in shallow lakes not severely limited to nitrogen, would:

1) be most effective below the threshold area of 80-150 ug total P I,

where marked changes per unit of phosphorus reduction were seen
(Fig. 6);

2) be least effective, even on a short term, in lakes in which cyanobac-
teria dominate (250-1000 pg total P I'') because the cyanobacteria,
by negatively influencing the population increase of cladocerans of
high densities, may counterbalance the effect of reduced cladoce-
ran predation by fish;

3) be effective in eutrophic lakes dominated by green algae, at least in
the short term, whereas the long term effect is uncertain because of
the high probability of returning to a fish stock dominated by
planktivores.

The three whole-lake experiments support the hypothesis. Marked
and self-perpetuating changes occurred in Lake Vang, which had P-
level in the threshold area, whereas only minor changes occurred in the
strongly cyanobacteria-dominated Frederiksborg Castle Lake. In Lake
Sgbygard which is dominated by green algae, marked short term changes
occurred in spite of the facts that the fish manipulation mainly consisted
of reduced recruitment of planktivorous fish during a four year period

57
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and that the fish biomass remained high (Jeppesen et al. 1990b, 1990c:
Sendergaard er al. 1990; Riemann ez al. 1990).

Fish stock manipulation by partial removal of planktivores has
now been undertaken in six Danish lakes. A long term effect has only
been seen in lakes in which P-concentration was below the threshold of
80-150 ug total P I'' (Nielsen 1977; Jeppesen et al. 1990b; County of
Viborg, unpubl.; Town of Skanderborg, unpubl.) Additional experi-
ments, in which fish stock is manipulated by the stocking the piscivores
pike instead of removal of planktivores, are now being undertaken in
two lakes in Central Jutland. Furthermore, a large scale biomanipulation
study, combining removal of planktivores with stocking of piscivores
(pike and maybe zander (Stizostedion lucioperca)) (County of
Storstrgm) will be initiated in 1991 in the 8 km? Lake Maribo (with P
below the threshold-level).

2.4.2. Macrophyte refuges

In lakes in which part of the resilence is due to extensive bird graz-
ing on submerged macrophytes, recovery time may be reduced by
establishing protected macrophyte colonies in cages. This might, by
enhancing the dispersal of vegetative parts, fruit and turions, enhance
macrophyte colonization of the whole lake area. During the growing
season the protected macrophyte colonies can either be fully separated
from the lake e.g. by the use of tarpaulins or kept open to the lake
water. The main advantage of a closed environment is that it provides
better light conditions for plant growth: because fish fry are prevented
from entering, the density of filter feeding zooplankton may increase
thus increasing grazing pressure on phytoplankton. Growth of phyto-
plankton may be further limited by the fact that import of nutrients from
external sources is eliminated. Finally, closed environments may also
provide shelter against wave action and, possibly, a higher impact of
allelophatic substances (Vermaat er al. 1990). A disadvantage of closed
systems 1s that nutrients, in particular nitrogen and perhaps also carbon,
may become limiting for plant growth (Ozimek er al. 1990; T.V.
Madsen, pers. comm.). This problem could be overcome by building
meshed windows in the closed systems such that the water can
exchange freely with the surrounding lake water. A second disadvan-
tage is that large closed systems are expensive, because thick walls are
needed in order to avoid damage by wave action.
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The advantage of using wire nettihg for macrophyte colony protec-
tion are that the method is cheap and that it does not hinder the dispersal
of vegetation parts, turions and fruits to the lake during the growing
season. Furthermore, the submerged macrophyte colony can act as a
refuge for piscivorous fish and zooplankton, which may lead to
improvement of water quality. The major disadvantage is the high turbi-
dity resulting from the influx of algae and the low algal grazing by zoo-
plankton (because planktivorous fish can enter from the lake) affords
poor light conditions, and thus poor growth conditions for the
macrophytes. Nevertheless, in a recent investigation of protected
macrophyte colonies in shallow Lake Stigsholm, a high macrophyte
growth rate was obtained in open wire cages despite a high turbidity,
whereas growth in foil covered cages was more variable despite clear
water conditions (Olofssen, unpublished observation). This indicates
that protected macrophyte colonies in open wire cages may Serve as a
useful supplement to loading reduction in cases where the nutrient level
is closed to or below the P-threshold at which colonization by sub-
merged macrophytes is feasible, i.e. 80-150 pg total P 1! (Fig. 6).

Macrophyte manipulation may also be an alternative to fish mani-
pulation in lakes in which fish stock regulation cannot be undertaken
(Moss 1990).

2.4.3. Dredging and chemical treatment

In shallow lakes with a P concentration above the suggested thresh-
old for fish and submerged macrophyte manipulation, dredging and
chemical treatment of the sediment may be used to supplement loading
reduction. Dredging may be undertaken in order to remove the upper-
most P-rich layer of sediment (Bjork 1985; Cook et al. 1986) and in
shallow lakes, also to increase their mean depth. In Denmark, dredging
has been used for both purposes in a number of small lakes. Recently a
large scale dredging project started in Lake Brabrand (surface area 1.5
km?, tw 10-20 days), the aim of which is to remove 400,000 m? sedi-
ment during a six year period. However, because the external P-loading
has not been reduced adequately vet, no improvement in lake water
quality has yet occurred despite removal of 80.000 m? (J. Windolf, pers.
comm.).

Chemical treatment of the water and sediment with the iron salts,
aluminium and calcium has been used in attempts to reduce lake water
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P concentration and internal P-loading (e.g. Cooke ez al. 1986). Of
these elements the most used is aluminium because phosphate binds
tightly to aluminium salts over a wide ecological range, including at
low redox conditions (EPA 1988). In Denmark aluminium sulfate treat-
ment was undertaken in 1974 in the shallow Lake Lyngby: only a short
term effect on the P-concentration was obtained however, and in 1975
the P-concentration had returned to the pre-treatment level, mainly
reflecting the high external P-loading (Norup 1975). In other countries
long-lasting effects of aluminium treatment have been obtained in a
number of deep lake and ponds. whereas the method has been less pro-
mising for shallow lakes (EPA 1988). In addition to the problem of effi-
cacy, aluminium may have the negative side effect of being toxic for
aquatic biota (EPA 1988; Boers et al., submitted). Iron treatments has
therefore been suggested as an alternative restoration measure for shal-
low, fully mixed lakes with an aerobic sediment surface (Boers et al..
submitted). The ability of iron treatment to reduce internal P-loading in
such lakes is supported by laboratory experiments and, on a short term
scale, by a whole-lake in situ experiment (Boers er al., submitted).
Further evidence is the observation of reduced P-release from the sedi-
ment of Danish lakes when sediment iron:P ratio was above 15 (Jensen
etal., 1991 a). It should be remembered however, that iron treatment is
risky because the high redox sensitivity makes the P-pool accumulated
during treatment a potential time bomb. All that is needed to detonate

‘the bomb is for the iron:P ratio in the surface sediment (either through

accumulation of external derived P or due to differential reallocation of
iron and P from deep to superficial sediment) to become too low to pre-
vent P-release. Thus iron treatment may sometimes do more harm than
good, particularly in lakes which have a low tw and high P-loading and
where much of the P, were it not for the treatment would have been flush-
ed through the outlet rather than being accumulated. Following termi-
nation of treatment these lakes may suffer from an enhanced P release
reflecting the higher P retention and thus P accumulation during treat-
ment. Iron treatment must therefore be used with caution.
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Abstract

Heterotrophic bacterioplankton production (BP) in two shallow Danish lakes, one eutrophic
and one hypertrophic, was studied for a period of 5-6 years. Average BP, determined by the 3H-
thymidine-method, was highest in the hypertrophic lake. However, despite a 9-fold difference in
the average summer chlorophyl a concentration and a 6-fold difference in phytoplankton produc-
tion (PP) of the 2 lakes, there was only a 2-fold difference in BP. Major trophic cascade induced
by a reduction in the fish stock density only slightly altered BP in both lakes: despite a 70-140 fold
increase in cladoceran biomass and a 4-6 fold reduction in PP, BP, only increased 2-fold. The
BP:PP-ratio consequently increased substantially from 2.5 to 9% in the hypertrophic lake, Lake
Sebygérd, and from 4 to 52% in the eutrophic lake, Lake Vang. The increase was coincident with
an increase in cladoceran grazing pressure, except in 1989-90 in Lake Vang, when the BP:PP ratio
was higher than expected, probably because of the high biomass of submerged macrophytes. Aver-
age bacterioplankton cell volume decreased and the specific bacterial growth rate increased in both
lakes, probably reflecting size-selective grazing on large bacteria by cladocerans, and a cladoceran-
mediated reduction in the number of small bacteria-feeding flagellates and ciliates. Evidence is pro-
vided that BP is stimulated to a greater extent by Bosmina longirostris than by Daphnia spp., a
finding in accordance with the fact that Daphnia is the most efficient bacteria-feeder; hence al-
though Daphnia spp. are able to stimulate BP when grazing on algae, they are also able to exert
top-down control on bacteria. A tentative model is proposed to explain how a trophic cascade eli-
cited by changes in the fish stock can alter BP and the BP:PP-ratio in shallow eutrophic and hyper-
trophic lakes.

Introduction

Fish play an important role in structuring the pelagic ecosystem of shallow lakes.
This is evidented by the fact that a substantial reduction of the planktivorous fish stock
often results in a trophic cascade (CARPENTER et al. 1985) i.e. a marked increase in
macrozooplankton grazing pressure and a consequent reduction in phytoplankton bio-
mass and production (e.g. HRBACEK et al. 1961, SHAPIRO et al. 1975, BENNDORF 1987,
CARPENTER et al. 1987 and JEPPESEN et al. 1990a, b). Although much is known re-
garding phytoplankton, little is known about the impact of such a trophic cascade on
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the pelagic microbial community (PACE & FUNKE 1991), and the information that is
available is often contradictory. For example, in short-term enclosure experiments in eu-
trophic Lake Hylke fish removal was without effect on the bacterioplankton production
but caused a marked reduction in biomass (GEERTZ-HANSEN et al. 1987). In contrast,
short term enclosure experiments in eutrophic Frederiksborg Castle Lake revealed a sub-
stantial reduction in both bacterial production and biomass when fish was excluded
from the enclosures (RIEMANN 1985, RIEMANN & SONDERGAARD 1986), whereas long-
term experiments in the same lake revealed a marked lower bacterial biomass in the fish
free enclosures but a similar bacterial production in enclosures with and without fish
(CHRISTOFFERSEN et al., submitted). The different response in the two experiments in
Frederiksborg Castle lake could probably be attributable to the different time scale of
the experiments and in general, enclosure experiments cannot simply be transferred to
the whole-lake system (CARPENTER 1989).

In the present paper we describe the long term impact of trophic cascade on hetero-
trophic bacterioplankton production, biomass and cell volume in both a eutrophic lake
and a hypertrophic lake following substantial alteration in the planktivorous fish stock.
Only average summer values are included here while the seasonal dynamics will be
modelled and described in detail elsewhere.

Study area

The investigation was conducted in two shallow Danish lakes, one eutrophic and one
hypertrophic, both of which had short hydraulic retention times.

The eutrophic lake, Lake Vzng has a surface area of 16 ha, a mean and maximum
depth of 1.2 and 2.2 m, respectively, and a hydraulic retention time of 15-25 days. Sum-
mer average total P is 50-150 x4 I"1. In order to reduce the recovery period after sewage
diversion, the biomass of planktivorous fish (mainly roach and bream) was reduced by
50% during 1987 and 1988. This initiated a self-perpetuating process which further re-
duced planktivorous fish biomass to about 25% of the 1986-level in 1989 and 1990. The
lake and biomanipulation experiments are described in detail elsewhere (SONDERGAARD
et al. 1990a, JEPPESEN et al. 1990a, b, and 1991).

' The hypertrophic lake, Lake Sebygard has a surface area of 40 ha, a mean and max-
imum depth of 1.0 and 1.9 m, respectively, and a hydraulic retention time of 15-20 days.
Summer average total P is 550-1,000 u 1"!. Large natural changes have occurred in the
fish stock as a result of major fish kill in the late seventies, and low recruitment since
1984 (particularly during 1984-1987), due to outstanding high pH during the spawning
period (up to pH 11.2). In addition, 4.3 tons of planktivorous fish (mainly roach and
rudd) which is equivalent 17% of the standing stock in 1986 was removed during
1986-88 by commercial fishermen. Further detail about this lake and the oscillations in
its biological structure and its chemical environment are given in JEPPESEN et al.
(1990a, ¢), SONDERGAARD et al. (1990b) and HANSEN & JEPPESEN (1992).
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Matérials and methods

Lake Vang was studied during the 5 year period 1986-1990 and Lake Sebygard during the 6
year period 1985-1990. Heterotrophic bacteriopiankton production was measured in situ every 2-7
days from May to October, either on a mid-lake sample pooled from the depths 0.2, 0.8 and 1.25
m or on separate samples from each of the three depths. The approach followed was basically that
described by FUHRMANN & AzaM (1982), only minor changes being made. Triplicate 25 ml tran-
sparent Jena flasks and triplicate formalin killed blanks (1% final concentration) were incubated
in situ with 12.5 nM 3H-methyl-thymidine for 15-60 min depending on lake temperature. The reac-
tion was then stopped by addition of formalin and 7-10 ml of each sample filtered separately on
25 mm Sartorius cellulose acetate filters (0.2 um) and rinsed 8 times with 1 ml ice-cold 5% TCA
not later than 24 h after sampling. The radioactivity retained on the filters was counted not later
than 48 hours after sampling, the external-channels-ratio method being used to correct for
quenching. Bacterial production was calculated from 3H-methyl-thymidin using the following con-
version factors: 2 x 10° cells nmol-thymidine™! (RIEMANN et al. 1982) and 25 fg C cell"? (R. BELL,
pers. comm.).

Enumeration of bacteria was undertaken using the method of HOBBIE et al. (1977) with only
minor modification. Water from the sampling depths given above was added to 25 ml Jena flasks
(triplicate) and fixed with formalin at a final concentration of 2%. Prior to enumeration 0.5-1.0
ml of each sample was stained with a 50-100 ul acridine orange solution (1:1,000 citrate buffer,
pH 6.6), dilulted after 2 min with 3 X2 ml sterile distilled water and then filtered through 0.2 um
Nucleopore filters prestained with irgalan black. Enumeration was undertaken at x 1560 magnifi-
cation using a Leitz epifluorescence microscope equipped with a 75 W mercury lamp. At least 500
cells were counted on 2-3 different fields. Bacterial cell dimensions were measured using an eyepiece
micrometer at X 1560 magnification (each micrometer unit = 0.7 ym). Cells were divided into rods
(8 size classes), cocci (4 classes) and half-circle-formed rods (4 classes) and cell volume calculated
using standard geometric formulae.

Phytoplankton production (PP), corrected for dark fixation, was estimated from the photo-
synthesis vs. irradiance relationship determined from laboratory incubations, and integrated over
depth and time using observations of Secchi depth (converted to a light extinction coefficient) and
the time-variation of surface irradiance at a station situated 30-40 km from the lakes. Sampling
frequency was as described for bacterioplankton.

The procedures used for sampling and analysis of phytoplankton and zooplankton are de-
scribed by JEPPESEN et al. (1990a, ¢) and those used for chemical analysis by SGNDERGAARD et al.
(19902, b).

Statistical analyses of the changes in summer averages (May to October) in some variables du-
ring the investigation period were undertaken using multiple regression. Firstly we fitted a model
with lake-dependent levels (intercepts) and yearly changes (slopes), and secondly we tested between
inter-lake equality of the yearly changes (slopes (Table 1)).

Results

In both Lake Vang and Lake Sebygard the average bacterioplankton production
during summer (May-Oct.) displayed only minor inter-annual variation despite a
marked variation in the cladoceran biomass and the phytoplankton production and bio-
mass (Figs. 1-3). In eutrophic Lake Vaeng, bacterioplankton production only varied
from 15-25 x 107 cells "' h™1 despite a 70-fold variation in cladoceran biomass (0.04 to
2.8 mg DW I'"), a 7-fold variation in chlorophyll a (11 to 79 ug 1'') and a 6-fold varia-
tion in phytoplankton production (0.3 to 1.9 g C m™2 d°') (Fig. 1). Similarly, in hyper-
trophic Lake Sebygard bacterioplankton production only varied from 37-53 x 107 cells
1" h™' despite a 150 fold variation in the cladoceran biomass (0.008 to 1.2 mg DW ['1),
a 5.5 fold variation in chlorophyll @ (137 to 748 ug 1"') and 3.7 fold variation in primary
production (3 to 11 g C m™2 d™) (Fig. 2).
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Table 1. Changes in summer average (May to October) of some variables (Figs. 3-4) d-uring the in-
vestigation period calculated by means of a regression analysis. The slope and the significance level

(in paranthesis) are shown.

* = only data from 1986-1988 were included in this analysis.

BP:PP CLA:PHYT Spec. growth Volume
rate of bacteria  of bacteria
(%) O ! pm®
Lake Vzng 6.42* 0.33* 0.00062 -0.0050
(p=0.003) (p=0.023) (p=0.51)" (P=0.18)
Lake Sebygard 1.13 0.013 0.0027 -0.0031
(p=0.037) (»=0.73) (p=0.005) P=0.27)
Test for equality
between lakes (p=0.008) (p=0.032) (p=0.11) (p=0.67)
Lake Vaeng
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Fig. 1. Average summer values (1 May - 1 Oct.) of cladoceran biomass, chlorophyll a, water tem-
perature, Cl4-primary production, heterotrophic bacterioplankton production and bacterial densi-
ty in eutrophic Lake Vang during a 5 year period (1986-90). The planktivorous fish stock, mainly
roach (Rutilus rutilus) and bream (Abramis brama) was reduced by 50% in 1987 and 1988. n.s.

= no sampling.
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Bacterioplankton production in Lake Sebygird was significantly greater in 1990
than in the preceding years, (p<<0.001, t-test), the increase coinciding with a shift in the
dominant cladoceran from Daphnia longispina to Bosmia longirostris. As an average
for the five years bacterioplankton production in Lake Sebygard was significantly
greater than in less eutrophic Lake Vzng (p<0.01, t-test).

The variation in bacterioplankton density observed in both lakes was less than
2-fold, density ranging from 6.6 to 11.5x 10 cells I"' in Lake Vang, and from 8.1 to
16.3x10° cells I'! in Lake Sebygard. Whereas the inter-annual variation in bacterio-
plankton density closely followed that of bacterioplankton production in Lake Vazng,
being high when the production was high and vice versa (Fig. 1), no clear relationship
was found for Lake Sebygard (Fig. 2).
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Fig. 2. Average summer values (1 May - 1 Oct.) of cladoceran biomass, chlorophyll @, water tempe-
rature, Cl4-primary production, heterotrophic bacterioplankton production and bacterial density
in hypertrophic Lake Sebygard during a 6 year period (1985-90). Major natural changes in the pre-
dation pressure from fish occurred throughout this period, mainly due to fluctuating spawning suc-
cess of roach (Rutilus rutilus) and rudd (Scardinius erythropthalmus). It should be noted that the
scales on the vertical axes differ from those in Fig. 1.
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The ratio of bacterioplankton production to phytoplankton production, BP:PP, in-
creased significantly during the study in both lakes. In Lake Vang BP:PP increased
ﬁm4mmw%mmmmMmmmmmﬁmmwmwwmmum&w
gérd BP:PP only increased from 2.5% in 1985 to 8.9% in 1990 (Fig. 3). The significant-
ly steeper increase of BP:PP in Lake Veeng initially coincided with a significant higher
increase in the ratio of cladoceran to phytoplankton biomass (CLA:PHYT-ratio) (Table
1, Fig. 3); in 1989-90, however, BP:PP-ratio in Lake Vang was high despite a relative
low CLA:PHYT-ratio (Fig. 3), probably because of the high and rapidly expanding sub-
merged macrophyte coverage (Fig. 3). In Lake Sobygard CLA:PHYT-ratio had a slight
but significant increase (Table 1) whereas no submerged macrophytes appeared (Fig. 3).

Concurrent with the increase in the BP:PP-ratio in both lakes there was a slight, al-
though not significant decrease (Table 1), in the average cell volume of bacteria, from
0.082 um?3 in 1986 to 0.062 u#m?® in 1990 in Lake Vang, and from 0.077 um?3 in 1985
to 0.054 ym3 in 1990 in Lake Sebygard (Table 1, Fig.4). Simultaneously the specific
growth of the bacteria increased significantly from 0.016 to 0.034 h- (generation time
20-43 h) in Lake Sebygird and there was a tendency to an increase from 0.017 to 0.020
h™' (generation time 34-40 h) in Lake Vang (Table 1, Fig. 4).
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Fig. 3. Average summer values (1 May - 1 Oct.) of bacterioplankton production, the ratio of bac-
terioplankton production to the Cl4-primary production (BP:PP), the coverage of submerged
macrophytes and the ratio of cladoceran biomass to phytoplankton biomass (CLA:PHYT) (estima-
ted from chlorophyll assuming a conversion factor of 45 ug Clug Chl a)™) in eutrophic Lake
Veang (left) and hypertrophic Lake Sebygard (right) during a 5-6 year period with major changes
in fish predation pressure on zooplankton.
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Fig. 4. Average summer values (1 May - 1 Oct.) of the specific growth and generation time of bac-
teria and average cell volume in eutrophic Lake Vzng (left) and hypertrophic Lake Sebygard
(right) during a 5-6 year period with major changes in fish predation pressure on zooplankton.

Discussion

Bacterioplankton production was significantly higher in hypertrophic Lake Seby-
gard than in eutrophic Lake Veng (Fig. 3), whereas the ratio of bacterioplankton pro-
duction to phytoplankton production was substantially higher in Lake Vang. These
findings are in accordance with recent comparative studies which suggest an association
between increasing eutrophication and increasing bacterioplankton production, and a
decreasing ratio of bacterioplankton biomass and production to chlorophyll a (BIRDS
& KALFF 1984, HARDY et al. 1986, COLE et al. 1988, WHITE et al. 1991).

The relative importance of the bacterioplankton in lake ecosystems seems to vary
markedly, bacterioplankton contribution anywhere from 2% to >80% of primary pro-
duction. However, some of this variation may be due to differences in the conversion
factors used in the various studies. BELL et al. (in prep.), who used the same conversion
factors as those used in the present study found that bacterioplankton accounted for ap-
proximately 25% of phytoplankton production of three eutrophic and one oligotrophic
lake in which there was a 100-fold variation in algal biomass. Compared to these data,
the values found in Lake Sebygard prior to the enhancement of zooplankton biomass,
and in Lake Vaeng prior to fish-manipulation, i.e. 2.5% and 4%, respectively, are rela-
tively low. Assuming a growth yield of 50%, then only 5 and 8%, respectively, of the
phytoplankton production was channeled through the bacterioplankton. We interpret
the low values obtained in the present study as reflecting partly the shallowness and
short hydraulic retention time of the two lakes studied; because the settling distance is
short algal loss through sedimentation is higher than in deeper lakes and because the re-
tention time is short algal loss through the outlet is high. As a consequence the interval
during which exudates from algae can be released, and subsequently consumed by bacte-
ria, is short. This interpretation is supported by sedimentation measurements in Lake
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Fig. 5. A tentative model to explain how changes in fish predation pressure in eutrophic to hyper-
trophic shallow lakes are propagated to the phytoplankton and heterotrophic bacterioplankton
level via their impact on zooplankton community structure. The upper part represents lakes with
pH <10.5 and the lower part lakes in which PH frequently is above 10.5 (e.g. Lake Sebygard in
1985).

Sebygard in 1985 which revealed that average summer daily loss through sedimentation
was 20% of phytoplankton biomass and 40% of daily production (KRISTENSEN & JEN-
SEN 1987, JEPPESEN et al. 1990a). Mass balance studies showed that an additional 5%
of the biomass and 10% of the production were exported (unpublished observation).
Thus only 50% of the production was available for algal respiration, zooplankton
grazing and bacterioplankton consumption. Nevertheless, despite a2 50% reduction the
proportion of BP are still low in the two lakes compared to values of BELL ét al. (in
prep.) and COLE et al. (1988), but they are in agreement with the 0.3-16.8%, mean =
2%) from hypertrophic lake Hartbeespoort Dam (ROBERTS & WICHS 1990). Maybe the
low grazing impact on phytoplankton and thus low turn over of phytoplankton in the
very eutrophic-hypertrophic lakes contribute to the low BP:PP-ratios in these lakes.

Bacterioplankton production in both lakes was only slightly affected by the trophic
cascade, even though there was major reduction in chlorophyll 2 and phytoplankton
production (Figs. 1-3). Therefore, the percentage of the total phytoplankton produc-
tion, which was channelized through the bacterioplankton increased with increasing
grazing pressure on phytoplankton (Fig. 3). Although a number of studies have shown
a tight coupling between bacterioplankton production and phytoplankton production in
lakes ranging from oligotrophic to eutrophic (RIEMANN et al. 1982, BELL & KUPARINEN
1984, GUDE et al. 1985, SIMON & TILZER 1987), most of these studes were carried out
during periods in which cladoceran density was low (e.g. the spring). In accordance with
the present findings, a much weaker relationship between bacterioplankton production
and phytoplankton production was observed when the cladoceran density was relatively
high (SIMON & TILZER 1987, GUDE 1988).

As discussed in the following the overall increase in the BP:PP ratio with increasing
grazing pressure in Lake Vaeng and Lake Sebygérd is interpreted as being mainly due
to direct and indirect effects of the cladocerans. In Lake Veaeng the changes in sub-
merged macrophyte coverage also played a role.
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Cladocerans may have a dual impact on the bacterioplankton. They may stimulate
bacterioplankton production in different ways. First, by feeding on algae, cladocerans
may enhance the release of organic matter (excretion and sloppy feeding) which can
serve as a food source for the bacterioplankton (LAMPERT 1978). Second, they may re-
duce the top-down control on bacteria by reducing the density of more efficient bacteria
feeders, such as rotifers, through competition or interference, and the density of micro-
heterotrophs, such as ciliates and flagellates, through cropping or competition. Third,
by indirectly reducing loss through sedimentation, they enhance pelagic retention of or-
ganic matter of algal origin which via excretion, either by the zooplankton themselves,
or when channelized through the pelagic food-web, will then gradually become available
as a source for bacterioplankton growth. As discussed above, this enhanced retention
is of particular importance to bacterioplankton in shallow lakes, where the risk of loss
through sedimentation is high.

Cladocerans may also exert negative effects on the bacterioplankton community,
however. Both laboratory and field studies have revealed that bacteria can be grazed by
several species of cladocerans (GELLER & MULLER 1981, DE MoTT 1985), although
there are contrasting reports on the short term impact of cladoceran grazing on bacterio-
plankton biomass and production: RIEMANN (1985), GEERTZ-HANSEN et al. (1987) and
PACE et al. (1990) all found a close impact of grazing, while others reported negligible
effects (e.g. PETERSON et al. 1978, PEDROS-ALIO & BROCK 1982, 1983, SANDERS et al.
1989). In addition, by grazing algae, cladocerans may reduce the phytoplankton produc-
tion (as has been demonstrated in the two lakes studied) and thereby reduce the amount
of algal exudates for bacterial growth.

When considering the average summer values, the stimulatory impact of cladocerans
on bacterioplankton either balanced or slightly exceeded the negative impact in both
lakes (Figs. 1 and 2). Concurrently, as the primary production decreased, the BP:PP
ratio increased when cladoceran biomass increased, the increase being highest in the lake
in which the CLA:PHYT ration, and thus grazing pressure on algae increased most i.e.
Lake Vang (Fig. 3). The specific growth rate of bacterioplankton also increased (Fig.
4), probably reflecting enhanced substrate availability mediated mainly by the increase
in cladoceran grazing pressure on algae, but possibly also by the reduction in average
bacterial cell volume. The latter may, in turn, reflect enhanced size-selective predation
by cladocerans on large bacteria. In addition, the reduction in the density of flagellates
and ciliates that is known to occur in eutrophic lakes with high densities of cladocerans
(RIEMANN 1985, GUDE 1988, CHRISTOFFERSEN et al. submitted, JURGENS 1992) may
further reduce the predation pressure on small bacteria (SHIKONO et al. 1990) and thus
further enhance their competitive capacity. However, the possibility that changes in
water temperature may also have contributed cannot be excluded: temperature was
higher in 1988-1990 than in the preceding years (Figs. 1-2) and cell volume is known to
decrease with increasing temperature, even in a predator free environment (CHRZA-
NOWSKI et al. 1988).

The resuits from 1989-90 in Lake Vang deviated from the overall pattern in that
there was a sustained increase in the BP:PP ratio despite a reduction in grazing pressure
(Fig. 3). This increase coincided with a marked increase in coverage of submerged
macrophytes; as macrophyte production is not included in PP, it is likely that organic
matter released from the plants and their associated biofilm was responsible for the in-
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crease in BP:PP in those 2 years. This is supported by the fact that bacterioplankton
consumption, assuming a growth vield of 50%, exceeded algal production in 1990 which
strongly suggest, that organic substrate derived from other sources than phytoplankton
production was important. In addition to macrophyte-derived organic matter, grazing
by sessile filter feeders associated with the macrophyte community (cladocerans, mussels
etc.) may have further enhanced the turnover of organic matter derived from algae,
thereby further stimulating bacterioplankton production.

The high bacterioplankton production in Lake Sgbygard in 1990, which was almost
twice that of the preceding five years, occurred simultaneously with a shift from D. lon-
gispina to B. longirostris (Fig. 2). This may reflect a difference in the ability of these
two species to efficiently crop bacteria, and hence in their ability to create top-down
control of bacterioplankton biomass and production: whereas some Daphnia species,
including D. longispina, efficiently feed on bacteria, although less efficiently than on
larger sized particles such as algae (e.g. PETERSON et al. 1978, GELLER & MULLER 1981,
DE MOTT 1985, NAGATA & OKHAMOTO 1988), Bosmina are much less efficient at
feeding on free-living bacteria (SCHOENBERG & MACCUBIN 1985). The different impact
of the two cladocerans is supported by studies of the seasonal dynamics in the two lakes
and a number of grazing experiments in Lake Sebygard (E. JEPPESEN, unpubl. ob-
servations).

Based on our findings in eutrophic Lake Vaeng and hypertrophic Lake Sebygard,
we have established a tentative model to explain how changes in fish predation in the
two shallow eutrophic lakes are propagated to the phytoplankton and bacterioplankton
level via their impact on the zooplankton structure (Fig. 5): when fish predation on zoo-
plankton is low, large daphnids dominate and occur in high density. By grazing, the
daphnids are able to suppress the biomass and production of both algae and bacterio-
plankton. The BP:PP ratio is high because most of the algae produced is mineralized
in the water via grazing and the pelagic microbial loop, and because only a small amount
is lost through sedimentation when algal biomass is low. When fish predation increases
there is a shift to intermediate-sized daphnids and grazing pressure on both algae and
bacteria thus decreases. As a consequence, biomass and production of both algae and
bacterioplankton increases, the higher algal biomass resulting in a higher loss through
sedimentation and thereby a decrease in the BP:PP ratio. With a further increase in fish
predation, there is a shift to the less efficient bacteria feeder Bosmina Spp.; this results
in a significant increase in bacterioplankton production and an intermediate increase in
the BP:PP-ratio. At even higher fish predation the BP:PP-ratio decreases again reflect-
ing a shift to rotifer dominance and consequently, to a further decrease in algal grazing,
an increase in algal biomass and enhanced algal loss through sedimentation. At extreme-
ly hypertrophic conditions phytoplankton production may cause pH to rise to such high
levels (i.e. 10.5-11.2) that the cladocerans and rotifers prevailing under such conditions
suffer and the biomass of filter feeding zooplankton thus falls abruptly (JEPPESEN et
al. 1990c, HANSEN et al. 1991). Grazing will be low and algal biomass and loss through
sedimentation will then be high, and the BP:PP-ratio will consequently be low. Whether
this tentative model can be transferred to shallow eutrophic lakes in general have to be
elucidated.

In summary, a reduction in planktivorous fish predation on the macrozooplankton
community of two shallow eutrophic lakes had only a minor effect on bacterioplankton
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production, despite a substantial increase in the bacterioplankton:phytoplankton pro-
duction ratio, an increase in the specific growth of bacterioplankton and a tendency to
a reduction in bacterioplankton cell volume. By enhancing organic turnover and redu-
cing loss through sedimentation, cladocerans had a major impact on bacterioplankton
populations dynamics and hence on the microbial loop. Species specific differences were
observed however: whereas Bosmina longirostris usually stimulated bacterioplankton
production, Daphnia spp. frequently exerted a major top-down control on bacteria.
Thus, the extent of fish predation on zooplankton by determining the relative abun-
dance of these two species, may influence the impact of a trophic cascade on bac-
terioplankton.

If one only considers summer average of biomass and production, then top-down
control was strong at the top of the food-chain (Figs. 1-2), became gradually weaker at
lower trophic levels, and was almost negligible at the bacterioplankton level. These re-
sults are in accordance with the hypothesis proposed by MCQUEEN et al. (1986). How-
ever, if one considers the functional response (e.g. BP:PP and specific growth rate),
then top-down control of bacterioplankton was not weak. Differences in the scale of the
analysis undertaken may therefore influence the conclusions drawn abdut the control
mechanisms.
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Abstract

The effects of nutrients on the biological structure of brackish and freshwater lakes were compared.
Quantitative analysis of late summer fish, zooplankton, mysid and macrophyte populations was under-
taken in 20-36 shallow brackish lakes of various trophic states and the findings compared with a similar
analysis of shallow freshwater lakes based on either sampling (fish) or existing data (zooplankton, mysids
and macrophytes). Special emphasis was placed on differences in pelagic top-down control. Whereas
the fish biomass (CPUE, multiple mesh-size gill nets) rose with increasing P-concentration in freshwater
lakes, that of brackish lakes was markedly reduced at P-concentrations above ca. 0.4 mg P 1~ and there
was a concomitant shift to exclusive dominance by the small sticklebacks (Gasterosteus aculeatus and
Pungitius pungitius); as a result, fish density remained relatively high. Mysids (Neomysis integer) were
found at a salinity greater than 0.5%, and increased substantially with increasing P-concentration,
reaching levels as high as 13 ind.1~'. This is in contrast to the carnivorous zooplankton of freshwater
lakes, which are most abundant at intermediate P levels. The efficient algal controller, Daphnia was only
found at a salinity below 2%, and N. integer in lakes with a salinity above 0.5%,. Above 2%, the filter-
feeding zooplankton were usually dominated by the less efficient algal controllers Eurytemora and Acartia.
In contrast to freshwater lakes, no shift to a clearwater state was found in eutrophic brackish lakes when
submerged macrophytes became abundant. We conclude that predation pressure on zooplankton is
higher and algal grazing capacity lower in brackish eutrophic-hypertrophic lakes than in comparable
freshwater lakes, and that the differences in trophic structure.of brackish and freshwater lakes have major
implications for the measures available to reduce the recovery period following a reduction in nutrient
loading. From the point of view of top-down control, the salinity threshold dividing freshwater and
brackish lakes is much lower than the conventionally defined 5%,.

Introduction are highly affected by lake water nutrient level and

by the extent of nutrient loading (Gulati ez al.,
The biological structure and internal biological 1985; Moss, 1990; Jeppesen et al., 1991a). At low
control mechanisms of shallow freshwater lakes P-concentrations, freshwater lakes are usually in
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a clearwater stage; submerged macrophytes are
abundant, potential piscivores are present in large
numbers and predation pressure on zooplankton
is consequently low. At somewhat higher P-con-
centrations there is a shift to a turbid stage; sub-
merged macrophytes disappear and the fish stock
changes towards exclusive dominance by cypri-
nids. This leads to a reduction in the ratio of
filter-feeding zooplankton to phytoplankton, and
a consequent reduction of the capacity of zoo-
plankton to control algal growth. Because of the
initiation of self-perpetuating processes, the shift
to the turbid stage is often abrupt (Scheffer, 1990;
Moss, 1990; Jeppesen et al., 1991a, Scheffer et al.,
1993).

To what extent shallow brackish lakes are
affected by changes in nutrient concentrations and
nutrient load is unclear, little information being
available. However, several studies indicate that
there are major differences in the response of
freshwater and brackish lakes (Moss & Leah,
1982; Hansson er al., 1990; Heerkloss et al., 1991;
Moss et al., 1991).

The aim of the present study was to further

elucidate changes in the biological structure of

shallow brackish lakes with different lake water
nutrient concentration. The findings are com-
pared with similar observations in freshwater
lakes based partly on sampling and partly on ex-
isting data, special emphasis being placed on the
differences in top-down control.

Materials and methods

Fish

Pelagic fish stock composition and abundance
was estimated in 37 freshwater lakes and in
8 brackish lakes by means of standardized test-
fishing (Mortensen et al., 1991) with multiple
mesh-size survey gill nets (6.25, 8, 10, 12.5, 16.5,
22,25, 30, 33, 38, 43, 50, 60, 75 mm). The length
and depth of each section was 3m and 1.5m,
respectively. Between 6 and 64 nets were used
depending on size, depth distribution and shore
line development. In addition, a reduced test-
fishing programme was conducted in 11 brackish
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lakes using only 2 nets - one placed parallel to the
shore at a distance of 20 m, the other placed per-
pendicular to the shore at a distance of 30-70 m.
In 4 lakes a 4 mm section was included in the gill
nets. As only minor differences have previously
been found between CPUE (catch per grill net) in
the littoral and the pelagical zones of shallow
lakes with a uniform depth (unpublished data),
such as those included in the present analysis, the
two nets are assumed to provide representative
information about the composition or the pelagi-
cal fish stock in the littoral zone. Test-fishing was
conducted once in each lake between August 15
and September 15, Both fish number and bio-
mass were analyzed.

Mysids

The mysid Neomysis integer was studied in
31 brackish lakes. In the day time replicate ver-
tical hauls were made using a 1 mm mesh net
(diameter 0.5 m or 0.6 m, length 1 m) at 3-5 ran-
domly selected stations situated between 20 and
100 m from the shore. In order to allow individu-
als near the bottom to distribute over the net
surface, the nets were allowed to rest on the bot-
tom for 2 minutes (1991) or 1 min (1992) before
undertaking the vertical haul. As there is no dif-
ference in V. integer density whether the nets are
allowed to rest 1 to 5 min (Aser, H., personal
communication), the samples are comparable.
Sampling was undertaken once between late July
and early September. The samples were fixed in
70%, ethanol, counted and the number of indi-
viduals per litre estimated using the water depth
at the sampling stations. Shore data tend to over-
estimate the average density of the lake: Arndt &
Jansen (1986) found a twofold higher density
along the shore than in open water. On the other
hand, daytime sampling underestimate the actual
population by a factor of 3—4 (B. Moss & H.
Aser, personal comments), because most animals
stay near the bottom during the day and do not
colonize the net properly during incubation. In 18
of the lakes 5—-10 breder traps (Breder, 1960) were
incubated at the sediment surface for two hours
in the same area as where the vertical hauls were
drawn. Fish species were counted separately and



the mysids were fixed in ethanol and later counted
i the laboratory.

Zooplankton

Carnivorous and herbivorous zooplankton den-
sities were determined using depth-integrated
water samples, these comprising pooled samples
from 1-3 stations taken using a 3.3 | Patalas sam-
pler. Sampling was undertaken 1-3 times in each
lake between late July and early September and
10 times between May and October every year
(1989-1991) in Lake Lemvig. The pooled sam-
ples were filtered through a 20 ym net and fixed
in Lugol’s iodine (1 ml, 100 m! tap water). All
zooplankton retained on a > 140 um net were
counted, individual zooplankton < 140 um being
filtered on a 20 um net and counted in strips in
fifteen 2.9 ml chambers in an inverted microscope.
At least 100 individuals of the dominant zoo-
plankton species were counted. Biomass of the
different species was calculated from the density
(ind. 1~ ') and the average mass of one individual
using length-weight relationships obtained from a
number of Danish locations (unpublished obser-
vations). The biomass of copepod nauplii, cope-
podites, males and females were calculated sepa-
rately. The findings were compared with similar
freshwater data (Kristensen er al., 1991).

Grazing

Crustacean grazing was calculated by assuming
that copepods and cladocerans ingested 509, and
1009, of their biomass per day, respectively
(Hansen et al., 1992) and that their prey exclu-
sively consisted of phytoplankton. The grazing
pressure was then determined as the time-
weighted average consumption during summer by
zooplankton divided by the average algal bio-
mass. This method was preferred to averaging
daily percentages, because the latter often is bi-
ased by a few extremely high grazing percentages
found during short term clearwater phases. Phy-
toplankton biomass (dry weight, DW) was esti-
mated from chlorophyll a (pooled sample from
the photic zone, ethanol extractions) using a chla:
C-ratioof 30 and aDW:Cratio of 2.2 orfrom phyto-
plankton volume using a DW:WW ratio of 0.29.
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Phytoplankton volume, in turn, was estimated by
inversed microscope counting (5 ml lugol sub-
sample of a pooled sample from the photic zone)
converted to biovolume by means of appropriate
geometric figures.

Macrophytes

Information on submerged macrophyte coverage
was obtained from a large number of technical
reports from various Danish survey programmes,
and the lakes assigned to one of two categories:
coverage more than, or less than, 309 of lake
area.

Results

The 36 brackish lakes included in the analysis are
characterized in Table 1. The lakes were generally
shallow and covered a wide range of surface areas
(1.5-29500 ha), total phosphorus levels (0.034-
1.64 mg P17') and salinities (0.19~35.6%,), al-
beit the majority were relatively small eutrophic
lakes with low salinity levels (Table 1).

Fish

The composition of the pelagic fish stock in the
littoral zone of brackish lakes was markedly de-
pendent on salinity and total P (Figs 1-2). In
lakes with a low P-concentration and a salinity
below 8%, the fish biomass was exclusively dom-
inated by typical freshwater fish (roach Rutilus
rutilus, bream Abramis brama, perch Perca fluvia-
tilis, rudd Scardinius erythrophtalmus) (Fig. 1).

Table 1. Morphometric data, total phosphorus and salinity of
the lakes included in the analysis. The chemical data repre-
sent mean values of all data collected during the summer
(May-Oct.).

Mean Median Min. Max. N

Surface area (ha) 1134 94 1.5 29500 36

Mean depth (m) 0.9 0.8 0.3 2.9 30

Maximum depth (m) 1.9 1.4 0.6 70 29

Total phosphorus 0.35 0.17 0.034 1.64 36
(mgP1™%)

Salinity (7o) 6.4 4.7 0.19 356 36
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Fish catch (bream, roach, rudd, perch) in gill-nets (g net-1)

12
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Fig. 1. Total catch (gill-nets, 14 meshes from 6.5 to 75 mim)
of bream (Abramis brama), roach (Rutilus rutilus), rudd (Scar-
dinius ervthropthalmus) and perch (Perca Sfluviatilis) in relation
to lake water salinity and total phosphorus (upper panel) and
chlorophyll a (lower panel). Each column represents one lake.

Howeve:, at P-concentrations above 0.7 mg
P 1~} these four species disappeared completely
and were instead replaced by sticklebacks (Gas-
terosteus aculeatus and Pungitius pungitius). (One
exception was a lake with a low nitrogen concen-
tration and hence a low chlorophyll @ concentra-
tion i.e. which was less eutrophic than indicated
by the P-concentration). Typical freshwater fish
were not observed at chlorophyll concentrations
above 464 g P 17! (Fig. 1), and were also absent
in lakes with a salinity above 8.3%,, irrespective
of the P level.

At salinities between 8-22%,, oligohaline-
euhaline species such as smelt (Osmerus eperla-
nus), herring (Clupea sp.) and whitefish (Corego-
nus laveretus) contributed markedly to the fish
biomass. At high P-concentrations, these species
were almost completely replaced by sticklebacks
(G. aculeawss and P. pungitius) (Fig. 2). At the
highest salinities (>22%,) the pelagic fish stock
was exclusively dominated by sticklebacks, irre-
spective of the P level.

In the freshwater lakes and at low P-concen-
trations in brackish lakes the total and the plank-
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Fig. 2. Total catch (gill-nets, 14 meshes from 6.5 to 75 mm)
of roach (Rutilus rutilus), perch (Perca fuviatilis), smelt
(Osmerus eperlanus), herring (Clupea sp.) and whitefish (Core-
gonus lavaretus), and sticklebacks (Gasterosteus aculeatus), in
relation 1o lake water salinity and total phosphorus. Each
column represents one lake.

tivorous fish biomass (CPUE) rose with increas-
ing P to maximum values of 10-18 kg net ™'
(Fig. 3 A,C). Using all freshwater data and data
for brackish lakes below 0.4 mg P 1™, the follow-
ing relationship was established:
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Fig. 3. Total catch (gill-nets, 14 meshes from 6.5 10 75 mm) of fish in freshwater lakes (O) and brackish lakes (@, salinity > 0.2%,)
(A, B) and planktivorous fish (C, D) in relation to lake water total phosphorus. Each point represents one lake. In A and C the
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is added to the gill net (data for 4 lakes only). The catch with and without the 4 mm net is interconnected by a broken line.

Total biomass (kg net ~ 1)
=127+ 3.17In (tot P, mg1- 1),
(7<0.0001,r2 = 0.43)
Planktivorous biomass (kg net = 1)
=120 +3.02In (tot P, mg1- 1),
(r<0.0001,r2 = 047).

At total P-concentrations greater than 0.4 mg
P 1~ the total and planktivorous fish biomass of
the brackish lakes decreased, on the contrary, to
extremely low levels in the most hypertrophic
lakes (0.04-0.1kg net ~') (Fig. 3 A, C); the re-
lationship being:

Total biomass (kg net = 1)
=22-52In(tot P,mgl-1),
(p<0.05,r%2=0.52)
Planktivorous biomass (kg net — 1)
=2.0-44In(tot P,mgl-1),
(p<0.007,r2=0.46).

In the freshwater lakes there was a tendency to a

similar but markedly less dramatic biomass re-
duction (CPUE) at the highest P-concentration
(Fig. 3 A, C).

In terms of number of all fish caught, CPUE
was relatively low (<60 fish net~!) at P-
concentrations below 0.05 mg P 1~ ' (Fig. 3 B, D).
At levels above 0.05mg P1™' the CPUE data
were highly scattered, ranging from 31 and 430
fish net ! without there being any clear relation-
ship to total P and without there being any clear
differences between brackish and freshwater
lakes. The number of planktivorous fish caught
was somewhat lower at low P values (< 0.3 mg
P1™ 1), but similar at higher P-concentration, i.e.
the fish stock becomes exclusively dominated by
planktivores.

Mysids

The density of N. integer (vertical hauls) was
markedly dependent on nutrient level and salin-
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ity (Fig. 4). It was absent at salinities below 0.5%,
irrespective of the P-concentration, and in some
brackish lakes with a low P-concentration. Lin-
ear regression analysis (GLM, SAS Institute,
1990) of log (n+ 1) transformed data revealed
a significant, positive relationship between M.
integer density (both ind. 17! and ind. m~?) and
total P (p<0.001), and a negative (although in-
significant) relationship between total fish biom-
ass and N. integer density (indiv. 17 p=0.06,
ind. m~?% p=0.08). The maximum density re-
corded was 12.8 ind. 1~ or 10400 ind. m ~ 2. Fol-
lowing log (n+1) transformation, M. integer
caught with breder traps were linearly related to
the density obtained with vertical hauls (* = 0.67,
p<0.001) (Fig. 5). Thus it can be excluded that
the density increase with increasing total-P just

Neomysis integer

Number m-2

Number m-3

18

12
Salinity (%) & o
Fig. 4. Density of Neomysis integer (A: number m ™ >, B: num-

ber m ™~ ?) in relation to salinity and lake water total phospho-
rus. Each column represents one lake.
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Fig. 5. Comparisons of the log (1 + 1) transformed abundance
of Neomysis in breder traps (incubated at the bottom for two
hours) and those obtained by obtained by vertical hauls (0.5 m
or 0.6 m nets, 1 mm meshes).

reflects that mysids are easier to catch because a
gradually larger proportion of mysids occur in the
pelagic when water turbidity increases.

Macrozooplankton

A shift in zooplankton composition and abun-
dance occurred at increasing salinity: the typical
freshwater cladocerans gradually became of less
importance with increasing salinity, Daphnia spp.
disappearing completely at salinities above 2%
and other cladocerans at salinities above 7.2%.,
the exception being Bosmina spp. which occurred,
albeit in small numbers at a salinity of 15.9%,
(Fig. 6). Although the marine cladocerans, Podon
sp. and Evadne sp. were present at salinities above
15.9%, they never constituted more than 2.2% of
the total crustacean biomass. The cladocerans
were replaced by calanoid copepods: the fresh-
water species Eudiaptomus spp. disappeared at
salinities above 2%, E. affinis was present in lakes
with salinities between 0.2 and 15.9%,, and was
particularly dominant in the range 1-8%,; Acartia
was present at salinities above 0.5%, and was
particulary dominant above 6%, (Fig. 6).

Further evidence of the structuring impact of
salinity on the zooplankton community is pro-
vided by Lake Lemvig. When the salinity of the
surface water increased from a summer mean of
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Fig. 6. Relative contribution of different groups to total macrozooplankton biomass in relation to salinity. Each point represents

one lake.

0.9%, in 1989 (maximum 2.1%,) to 3.5%, in 1990
(maximum 4.0%,) as a result of the entry of salt
water from Lemvig Bay in Feb — Mar 1990, the
crustacean community shifted from being domi-
nated by cladocerans (Daphnia spp., Bosmina
longirostris), cyclopoid copepods (Cyclops vicinus,
Mesocyclops leuckartii) and calanoid copepods

(Eudiaptomus graciloides) to being exclusively
dominated by E. affinis (Fig. 7). Conversely, when
the salinity decreased again to a summer mean of
0.7%, in 1991 {maximum 1.5%,), the community
structure seen in 1989 was restored except that
E. affinis remained in the lake (albeit in low den-
sity).
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Following log—transformation there was a sig-
nificant linear decline in the estimated grazing
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pressure with increasing total P in both fresh-
water and brackish lakes (p<0.02 and p<0.05,
respectively). While the slope for the two sets of
data was not significantly different (p> 0.95), the
intercepts were (p<0.001) i.e. the grazing pres-
sure was 3.1 times higher in the freshwater lakes.

Submerged macrophytes

The Secchi depth decreased with increasing
P-concentration in both freshwater and brackish
lakes (Fig. 9). Whereas freshwater lakes with sub-
merged macrophyte coverage above 30%, gener-
ally had a higher Secchi depth than lakes with
little or no submerged macrophyte coverage, no
differences were found in the case of brackish
lakes. Submerged macrophytes coverage of fresh-
water lakes >3 ha was only high (above 30%)
when the P-concentration was below 0.15 mg
P1™';in contrast, high coverage was observed in
brackish lakes at all P-concentrations between
0.04-1.6 mg PI~". :

Discussion
Top-down control

With increasing P-concentration the fish biomass
of the freshwater lakes rose (Fig. 3), and in ac-
cordance with previous studies (Hartmann, 1977;
Lessmark, 1983; Persson et al., 1988, Jeppesen
etal., 1990, 1991a) there was a shift from a sys-
tem dominated by pike (Esox Jucius) and perch
(P. fluviarilis) to one exclusively dominated by
planktivorous-benthivorous fish, mainly bream
(4. brama) and roach (R. rutilus) () eppesen et al.,
1990). At high P-concentrations (>1mg P1~ ")
biomass had a tendency to fall (one lake), this
perhaps being related to fish kill in hypertrophic
lakes because of ice cover during winter and
occasionally during the summer as a result of
oxygen depletion or high pH (Barica, 1975;
Jeppesen er al., 1990, 1991a). In such lakes fish
kill may be accompanied by a short-term or
even long-lasting shift to clearwater conditions
(Jeppesen er al., 1991a).



In the brackish lakes, the CPUE fish biomass
also increased with increasing P-concentration,
but only at low concentrations; at concentrations
above 0.4 mg P 17! there was a marked reduction
in fish biomass to extremely low levels (in most
lakes) and a concomitant shift towards exclusive
dominance by sticklebacks (G. aculeatus and
P. pungitius) (Figs 1-3).

Due to differential net selectivity, differences in
CPUE may not necessarily reflect differences in
ambient fish abundance or biomass. Corrections
for net selectivity have not been undertaken on
the full data set. However, to justify that the fish
biomass is substantially lower in hypertrophic
brackish lakes than in comparable freshwater
lakes, a correction was made using the iteration
methods of Jensen (1990) on G. aculeatus in two
hypertrophic lakes, where this species exclusively
dominated the gill net catches (a 4 mm mesh size
section being included in the gill nets used), and
on roach (R. rutilus) in one eutrophic freshwater
lake, roach often being the dominant planktivore
in Danish eutrophic lakes. The analysis revealed
a 459, higher abundance and a 669, higher bio-
mass of G. aculeatus in one of the hypertrophic
brackish lakes after corrections for net selectivity
and for the absence of the 4 mm mesh size sec-
tion were made, the figures being 55%, and 459,
in the other hypertrophic lake. The comparable
data for roach were 110% and 549, respectively.
It therefore seems reasonable to conclude that as
regards species caught in nets differences in net
selectivity cannot explain the major difference in
the observed pelagical fish biomass (CPUE) in
hypertrophic freshwater lakes and brackish lakes.

However, P. pungitius is not caught in the nets
used in the standardized programme (= 6.25 mm
mesh size), and the total stickleback biomass may
consequently be somewhat underestimated. The
importance of this species can be evaluated from
the breder trap catches. In the 18 lakes where
breder traps were used, including all hypertrophic
lakes in the study, the total P. pungitius density
was low, averaging 3.2% (0-28%) of the total
number of sticklebacks (P. pungirius and G.
aculeatus). Thus if the breder traps do not strongly
select against P. pungitius, this species would not
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contribute significantly to the total biomass most
of the lakes under study. When comparing data
obtained by breder traps in the brackish estuary
Kertinge Nor with catches in drop-nets, it was
revealed that the efficiency of catching P. pungi-
tius in breder traps was only 129, lower than that
of G. aculeatus (Mortensen, E., unpublished re-
sults). It can therefore be concluded that the num-
ber of P. pungitius (and hence the biomass) was
low in the lakes included in the analysis and in
terms of biomass the fish CPUE decline in
eutrophic-hypertrophic lakes is consequently real
and not an artifact related to the fishing methods
used.

Although the low fish biomass in brackish
eutrophic lakes may be interpreted as indicating
that fish predation on zooplankton is low, this is
probably not the case. From freshwater lakes it is
known that the predation pressure in eutrophic
lakes (>0.1mg P1~?') is related to CPUE in
terms of fish number (gill-net catch) rather than
to the fish biomass (Jeppesen er al., 1991b;
E. Jeppesen & J. P. Jensen, unpublished results)
and that predation pressure is high when the
CPUE exceeds 50-100 ind. (Jeppesen etal.,
1991b; E. Jeppesen & J. P. Jensen, unpublished
results). The density of sticklebacks (CPUE) al-
ways exceeded 25 ind. and was only below 75 ind.
in two of the hypertrophic brackish lakes of the
present study (Fig. 3). Actual density may be even
higher, it being known that the density of small
sticklebacks is somewhat underestimated in com-
parison with that of other fish species; hence add-
ing 2 4mm section to the gill nets (data only
available for 3 lakes) increased CPUE by an av-
erage of 48%, (range 12-72%) (Fig. 3). Stickle-
backs prey voraciously on zooplankton and are
able to eliminate large cladocerans completely
when rapidly colonizing fish-free pools (Pont
etal, 1991). They also prey on copepods
(Worgan & FitzGerald, 1981), including the spe-
cies most abundant in brackish lakes, Eurytemora
affinis, (Delbeek & Williams, 1987; Williams &
Delbeek, 1989), and may even havea major top-
down impact on this species (Castionguay &
FitzGerald, 1990). It can therefore reasonably be
assumed that fish predation on zooplankton is
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potentially high in hypertrophic brackish lakes
despite the low fish biomass. Although this is in
contradiction with the conceptual model of Moss
etal. (1991), it is in accordance with an earlier
model by Moss & Leah (1982).

Besides fish, carnivorous zooplankton and
mysids may also exert a top-down influence on
zooplankton. In the brackish lakes (>0.2%,) the
mysid N. integer was often abundant, while the
typical freshwater species Chaoborus and Lep-
todora were absent. With increasing eutrophica-
tion (total P) N. integer density increased sub-
stantially (Fig. 4). This probably reflects changes
in food availability, N. integer being omnivorous,
feeding on zooplankton, detritus, periphyton and,
to a lesser extent, on phytoplankton (Rudstam
et al., 1986; Irvine et al., 1990), most of which are
more abundant in eutrophic than in oligotrophic
lakes. The density of N. integer seems, in turn, to
be influenced by fish predation. Although Irvine
et al. (1990) suggest that N. integer is likely to be
relatively free from predation because of its ability
to escape, and although Moss et al. (1991) pre-
dicted a weak impact of fish on M. integer in hy-
pertrophic Hickling Broad, Bremer & Vijverberg
(1982) showed that N. integer is an important food
source for smelt, perch, juvenile pike-perch and
ruffe in the Frisian lakes, and Timola (1980)
showed that Neomysis contributed significantly to
the food of smelt in the northeastern Bothnian
Bay — particularly among older fish. Furthermore,
in Lake Wolderwejd, Meijer ez al. (1994) observed
a major increase in N. integer density in the first
year after removal of 759 of the planktivorous
fish biomass, and an abrupt decline in the second
year following the return of young-of-the-year
perch. In the present study, the relationship be-
tween fish biomass and N. integer density tended
to be negative, a finding in accordance with the
fact that with increasing eutrophication the fish
stock shifted from a community with a high fish
biomass comprising species which prey on all
sizes of N. integer, to a community with a low
biomass of sticklebacks, which only prey on
juvenile N. integer (M. Sendergaard et al., unpub-
lished results), a change which spares the repro-
ductively active specimens. The conflicting obser-
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vations concerning the impact of fish on Neomysis
may therefore reflect differences in the fish stock
composition of the lakes studied.

Although the possibility cannot be excluded
that the negative relationship between fish and
N. integer found in the present study is an artifact
attributable to the interplay between fish and
eutrophication, combining our findings with those
of the studies described above suggests that the
substantial increase in N. integer density in
eutrophic brackish lakes may reflect not only the
increase in abundance of food, but also the shift
in fish stock composition, i.e. from species which
efficiently prey on N. integer, to the less efficient
sticklebacks.

Like other mysids, N. integer preys efficiently
on cladocerans (Richard et al., 1975). It is prob-
ably a more efficient predator than the typical
freshwater carnivorous zooplankton, Leptodora
and Chaoborus (Hanazato, 1990) since it preys on
all sizes of cladocerans, including the reproduc-
tively active specimens (Bremer & Vijverberg,
1982; Hollebeek et al., 1993), whereas Leptodora
and Chaoborus prey mainly on small and inter-
mediate-sized zooplankton (Hanazato, 1990). In
fact, cladocerans disappeared completely in a
eutrophic Japanese lake during spring and au-
tumn, when the density of N. intermedius was as
low as 0.025ind. 17}, and in the summer, when
N. intermedius density was greater than 0.5
ind. 1~ '. Similarly, rotifers became scarce at a V.
intermedius density of 0.25 ind. 1~ ! and cyclopoid
copepods at a density of 3—4 ind. 1~ '. The higher
selectivity for cladocerans is in accordance
with the findings of Murtaugh (1981) and Gold-
man ez al. (1979) that copepods are only rarely
found in the stomach of mysids. However,
several studies indicate that N. jnteger preys on
copepods when the latter are abundant
(Hanazato & Yasuno 1988; Bremer & Vijverberg,
1982; Arndt & Jansen, 1986; Irvine er al., 1990).
Laboratory experiments have shown that N. in-
teger may ingest E. affinis, the zooplankton spe-
cies most abundant in brackish lakes, at a rate of
6—82 nauplii and 0.2-30 copepods per hour
(Irvine et al., 1990). It therefore seems reasonable
to assume that in shallow brackish eutrophic



lakes, in which N. integer occurs in high densities
(up to 13ind. 17 1), it may, like the planktivorous
fish, exert major top-down control on the zoo-
plankton community.

In Denmark, the carnivorous zooplankton
Chaoborus and Leptodora are particularly- abun-
dant in shallow mesotrophic and slightly
eutrophic freshwater lakes (Jeppesen et al., 1991b)
while carnivorous zooplankton density is low in
the more eutrophic-hypertrophic lakes, despite
high food abundance. This probably indicates an
abundance of fish that prey efficiently on carnivo-
rous zooplankton. In contrast to the suggestion
for brackish lakes eutrophic-hypertrophic lakes,
the top-down impact of carnivorous zooplankton
on herbivorous zooplankton is consequently
weak in freshwater eutrophic-hypertrophic lakes.
It is therefore likely that the top-down control of
zooplankton is particularly important in brackish
eutrophic-hypertrophic lakes, since not only fish,
but also mysids (i.e. N. integer) prey on the larger
zooplankton. This may explain why the overall
grazing pressure on algae at eutrophic and hyper-
trophic conditions was 5.1 times higher in the
freshwater lakes (Fig. 8). The shift from cladoce-
ran dominance in freshwater lakes to calanoid
copepod dominance in brackish lakes may fur-
ther weaken the top-down control. Although a
high daily consumption per unit biomass (daily
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Fig. 8. Calculated grazing pressure (GP - %, of phytoplank-
ton biomass d~ ') of crustacean zooplankton in relation to
total phosphorus (TP, mg P1-!'). O freshwater lakes, @
brackish lakes (> 0.5%,). The regression lines for the two sets
of data are also shown. Freshwater lakes: log,, GP=0.12-
0.77 log,, TP. brackish lakes: log,, GP =-0.59-0.77 log,, TP.
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ration) has been found for E. affinis in a brackish
eutrophic lake (Gulati & Doornekamp, 1991), the
species does not seem to have the capacity of
large cladocerans to control the phytoplankton in
a predation-free environment in eutrophic lakes
(Irvine et al., 1990; H. Aser, unpublished results).
This may reflect the small size of E. affinis and the
more restricted sized spectrum of food particles
it selects compared with large cladocerans. In
general, large size seems to be a key factor in the
ability of zooplankton to control phytoplankton
{Carpenter & Kitchell, in press).

In summary, we hypothesize that top-down
control of zooplankton in brackish eutrophic-
hypertrophic lakes is high and is higher than in
comparable freshwater lakes. The latter reflects
the fact that whereas fish are the only important
predator in freshwater hypertrophic lakes, both
fish and Neomysis occur in high densities in com-
parable brackish lakes. Because of this, and be-
cause of the shift from cladocerans to copepods
and the resultant reduction in zooplankton size,
the capacity to control phytoplankton is particu-
larly low in brackish eutrophic-hypertrophic
lakes.

Impact of submerged macrophytes

The difference in the impact of submerged mac-
rophytes on the turbidity of brackish and fresh-
water lakes may also be attributable to differences
in top-down control (Fig. 9). In freshwater lakes,
moderately high macrophyte coverage favours pis-
civorous fish such as pike and perch at the ex-
pense of planktivorous fish such as roach and
bream; this reduces predation on cladocerans and
thereby enhances algal grazing and transparency
in a self-perpetuating manner (Moss, 1990;
Jeppesen er al., 1990). Moderately high macro-
phyte-coverage may also provide valuable day-
time refuge for cladocerans against predation,
thereby further reducing predation pressure and
consequently enhancing transparency (Timms &
Moss, 1984). In contrast, the water in brackish
eutrophic lakes is turbid despite submerged
macrophyte coverage of up to 100%,. In such
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lakes cladocerans are either absent or only occur
in low densities (Fig. 5). The positive impact of
macrophytes on cladocerans may therefore be of
less importance or even non-existent in brackish
lakes. In addition, the density of M. integer and
sticklebacks appears to be particularly high within
the vegetation (Muus, 1967; P. Hollebeek, per-
sonal communication) this being attributable to
several factors: (1) N. integer and sticklebacks
may use the vegetation to shelter from predation
by larger fish; (2) by feeding on periphyton on
plant surfaces N. integer may survive in large
numbers in periods with low zooplankton density
(Moss et al., 1991), thereby preserving a poten-
tially high predation pressure on zooplankton;
(3) nine-spined sticklebacks use the plants for
nesting and (4) high plant-coverage may reduce
the territorial demands of sticklebacks. Enhanced
macrophyte coverage may therefore lead to a
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higher density of sticklebacks and N. integer and
hence to higher predation on zooplankton. In
contrast to the conditions pertaining in freshwa-
ter lakes, high macrophyte coverage in brackish
lakes may therefore lead to a lower zooplankton
density and consequently a lower algal grazing
pressure. Hence, as was in fact observed (Fig. 9),
lake water transparency would be expected to
remain unchanged, or even diminish.

Salinity threshold

In the present study the typical freshwater fish,
mainly roach and perch, but occasionally also
bream and rudd, were found in brackish lakes
with a salinity below 8.3%, (Figs 1-2), which is
close to the threshold of 10%, described for perch
by Lutz (1972) and the 10-12%, threshold de-



scribed by Larsen (1962) for freshwater fish in
general. As some of the freshwater fish, e.g. perch,
zander (Stizostedion Ilucioperca) and bream are
even better adapted to slightly brackish water than
to freshwater (Oliphan, 1940; Ribi, 1992) the dis-
appearance of the freshwater fish at low salinities,
but at high P-concentrations, cannot by solely
related to the salinity. Moreover, oligohaline-
euhaline species such as smelt, herring and white-
fish also disappeared or their biomass was mark-
edly reduced at high P-concentrations (Fig. 2). A
possible explanation is fish kill in connection with
high abundance of the ichthyotoxic flagellate
Prymnesium parvum, this having been observed in
several eutrophic lakes (Moss ez al, 1991), in-
cluding some of the lakes in the present study
(Otterstrem & Steeman-Nielsen, 1940; Olrik,
1985). However, whether this is the only reason
for the shift to exclusive dominance by stickle-
backs in hypertrophic brackish lakes remains to
be elucidated.

That N. integer was absent in the freshwater
lakes (Fig. 4), but present in brackish lakes at all
salinities between 0.5 and 36%, confirms earlier
laboratory observations by Arndt ez al. (1986) of
a salinity tolerance range for N. integer of between
1 and 32%,. Kuhlman (1984) found a significant
increase in N. integer mortality when salinity ex-
ceeded 25%,, and a substantial increase above
30%,, whereas Kaiser (1978) as well as Tattersall
& Tattersall (1951) in a survey of large number of
Danish and British brackish lakes reported that
N. integer was only occasionally present at salini-
ties above 187, the lower threshold for N. integer
being 0.10-0.14%, (Tattersall & Tattersall, 1951;
Bremer & Vijverberg, 1982). In the present study,
N.integer was only found at a density above
0.117" when salinity was between 4 and 22%,.
N. integer may therefore be of great potential im-
portance as a predator over a wide range of
salinities. ’

Cladocerans decreased markedly with increas-
ing salinity, Daphnia spp. being absent above 2%,
and other cladocerans (B. longirostris) above 16%,
(Fig. 6). They were instead replaced by calanoid
copepods — Eurytemora affinis at relatively low
salinities, and Acartia spp. at higher salinities.
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Whereas Moss et al. (1991) found that cladocer-
ans were present in eutrophic Martham Broad at
a salinity of 1.8%,, but were absent at a salinity
of 3-4%, in eutrophic Hickling Broad (Moss,
1994), Hansson er al. (1990) found that Bosmina

coregoni maritime occurred at higher salinities (6~

7%0) in the Northern Baltic Sea. In the present
study B. longirostris was found at 16%,, while it
disappeared completely in Lake Lemvig when the
salinity exceeded 3-4%, (Fig. 7). These conflict-
ing results may reflect that not only physiological
factors, but also a number of other factors are
involved e.g. top-down and bottom-up forces.
The shift in the copepod community seen in the
present study (Fig. 6) is in concert with earlier
observations; Eurytemora was present at a wide
range of salinities (0.5-30%,) in San Francisco
Bay although abundance was highest below 5%,
and, as in the present study, Acartia was the
dominant copepod at somewhat higher salinities
(10 and 359%,) (Ambler et al., 1985). Roddie et al.
(1984) found that the survival rates of Eurytemora
affinis adults and copepodites were highest at sa-
linities between 3 and 109%,, which is in accor-
dance with our finding that this species consti-
tuted more than half of the biomass in 719, of the
lakes with a salinity between 2.6—8.3%,, but only
in 309, of the lakes with a salinity between 0.2-
2.6%,. It was not present in any of the lakes with
a salinity above 8.3%, (calculated from Fig. 6).
Similarly, Heerkloss et al. (1991) found that
E. affinis was the exclusively dominant macrozoo-
plankter in the Darss-Zingst-Estuary and the Vis-
tula Lagoon, where the salinities ranged from
1.5-8.5%, and from 0.7-4.5%,, respectively. The
shift from Eurytemora to the smaller Acartia at
high salinities may further reduce the capacity of
the zooplankton to control the phytoplankton.
By convention the threshold between fresh-
water and brackish lakes is defined as 3%,
(Remane & Schlieper, 1971). However, from a
top-down control point of view this definition is
far from optimal; whereas the appearance of
N. integer (above 0.5%,) and the disappearance of
Daphnia (above 2%,) cause major shifts in lake
trophic structure and dynamics, no major changes
occur at 5%,. Thus considering the pelagical
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trophic interactions and taking into account the
structuring importance of N. integer, a threshold
of <29%, seems to be much more appropriate for
Northern European lakes.

Lake restoration measures

The major differences in the biological structure
of freshwater and brackish lakes may have im-
portant implications for the response of lakes to
reduced nutrient loading and for the selection of
additional restoration measures. As is the case
with bream and roach in freshwater lakes, stick-
leback predation on zooplankton in brackish
lakes may prevent improvement in the light cli-
mate and thereby prevent the appearance of the
visible hunting piscivores such as perch and pike
(E. lucius). In addition, as sticklebacks eat roach
eggs (Otterstrom, 1930), they may delay the re-
covery of species which spawn in the lake. The
delay in lake recovery is further influenced by the
fact that the return of submerged macrophytes in
eutrophic brackish lakes does not lead to a clear-
water stage (Fig. 9 and Moss eral.,, 1991), and
hence does not stimulate the recovery of visible
hunters, e.g. perch and pike.

Fish manipulation may be a valuable tool with
which to reduce the biological resilience of
eutrophic lakes following a reduction of nutrient
levels. However, reducing the number of plank-
tivorous fish, a measure which has led to a short
or long-term clearwater stage in many freshwater
lakes (Gulati ez al., 1990), is unlikely to be ad-
equate in brackish lakes because N. integer would
probably become abundant and prevent the re-
turn of large zooplankton as observed in Lake
Wolderwijd by Meijer eral. (1994). It may be
more valuable to stock with fish that prey on
N. integer and sticklebacks, e.g. the robust rain-
bow trout or perch, and perhaps even roach. Ex-
perience in this field is limited, however.

An alternative proposed by Moss ez al. (1991),
is to enhance the zooplankton grazing capacity by
reducing salinity to apr. 1.8%,, and thereby stimu-
lating a shift from calanoid copepods to cladocer-
ans. The present study supports this concept in
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that the threshold for the appearance of Daphnia
was close to 2%, (Figs 6—7). Another possibility
is to markedly enhance salinity in areas where it
is held artificially low for agricultural purposes
e.g. by dams and sluices. The aim of salinity en-
hancement - e.g. to above 20-25%, — would
be (1)to enhance water exchange with the
marine environment and hence the efflux of nu-
trients accumulated in water and sediment (2) to
reduce the importance of N. integer and (3) to im-
prove conditions for mussels and other benthic
filter feeders, thereby stimulating a shift from pe-
lagical to benthic control. However, if water
exchange is insufficient, the result might be
dense benthic macroalgal growth and periodical
oxygen depletion, such as has been seen in many
Danish lagoons and coves (e.g. ZLrtebjerg et al.,
1991).
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SUMMARY

1. As quantitative information on historical changes in fish community structure is
difficult to obtain directly from fish remains in lake sediments, transfer function for
planktivorous fish abundance has been developed based on zooplankton remains in
surface sediment (upper 1 cm). The transfer function was derived using weighted
average regression and calibration against contemporary data on planktivorous fish
catch per unit effort (°PF-CPUE) in multiple mesh size gill nets. Zooplankton remains
were chosen because zooplankton community structure in lakes is highly sensitive to
changes in fish predation pressure. The calibration data set consisted of thirty lakes
differing in PF-CPUE (range 18-369 fish net™), epilimnion total phosphorus (range
0.025-1.28 mg P I'!) and submerged macrophyte coverage (0-57%).

2. Correlation of log-transformed PF-CPUE, total phosphorus and submerged
macrophyte coverage v the percentage abundance in the sediment of the dominant
cladocerans and rotifers revealed that the typical pelagic species correlated most highly
to PE-CPUE, while the littoral species correlated most highly to submerged macrophyte
coverage. Consequently, only pelagic species were taken into consideration when
establishing the fish transfer function.

3. Canonical correspondence analysis (CCA) revealed that the pelagic zooplankton
assemblage was highly significantly related to PF-CPUE (axis 1), whereas the influence
of total phosphorus and submerged macrophyte coverage was insignificant. Predicted
PF-CPUE based on weighted average regression without (WA) and with (WA(tol))
downweighting of zooplankton species tolerance correlated significantly with the
observed values (r* = 0.64 and 0.60 and RMSE = 0.54 and 0.56, respectively). A
marginally better relationship (r? = 0.67) was obtained using WA maximum likelihood
estimated optima and tolerance.

4. It is now possible, quantitatively, to reconstruct the historical development in
planktivorous fish abundance based on zooplankton fossil records. As good
relationships exist between contemporary PF-CPUE data and indicators such as the
zooplankton/phytoplankton biomass ratio, Secchi depth and the maximum depth
distribution of submerged macrophytes, it is now also possible to derive information on
past changes in lake water quality and trophic structure. It will probably prove possible
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further to improve the transfer function by including other invertebrate remains,

e.g. chironomids, Chaoborus, snails, etc., and its scope could be widened by including
deeper lakes, more oligotrophic lakes, more acidic lakes and lakes with extensive
submerged macrophyte coverage (in the latter case to enable use of the information in
the fossil record on plant-associated cladocerans).

Introduction

Analysis of the relative composition of zooplankton
remains in lake sediments has been extensively used
to describe historical development in lake biological
community structure and productivity (Frey, 1986;
Anderson & Battarbee, 1992). Research conducted
during the last decade has demonstrated the impor-
tance of fish for lake biological community structure
and dynamics (Hrbacek, 1969; Persson etal., 1988;
Gulati et al., 1990; Carpenter & Kitchell, 1993; Jeppesen
etal., 1994; Jeppesen ef al. in press). From empirical
studies, enclosure experiments and full-scale manipu-
lation it is known that zooplankton composition and
size structure are markedly affected by the density
of planktivorous fish (e.g. Brooks & Dodson, 1965;
Hrbacek, 1969; Kerfoot, 1981). A change from domi-
nance by calanoid copepods or Daphnia at low fish
predation to successive dominance by small cladoce-
rans, cyclopoid copepods and rotifers occurs at higher
fish predation pressure (e.g. Gulati, Sivertsen &
Postema, 1985; Jeppesen et al., 1992). Thus zooplankton
fossils can also serve as an indicator of past changes
in fish predation, as demonstrated by Kerfoot (1974),
Kitchell & Kitchell (1980), Kitchell & Carpenter (1987),
Leavitt, Carpenter & Kitchell (1989), Kitchell & Sanford
(1992) and Sanford (1993). Such analyses improve
knowledge of the structure and function of lake eco-
systems as they describe changes over a longer period
of time than covered by existing monitoring series
and full-scale experiments. An example is the studies
of Leavitt et al. (1989) and Leavitt et al. (1994a) demon-
strating how changes in fish communities due to
stocking, rotenone treatment and winter fish kill
produce long-lived changes in the zooplankton
community that cascade to the phytoplankton level.
Former analyses of zooplankton remains in sedi-
ment only provide a qualitative picture of changes in
fish predation pressure; however, it was not previously
possible to transfer information directly from contem-
porary data sets to the sediment records. The problem
is that the various zooplankton species are not de-
posited and preserved in the sediment in the same
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proportion as they appear in the lake water (Leavitt
etal, 1994a). Thus relationships derived from
zooplankton and fish based on contemporary data
(Jeppesen et al. in press, E. Jeppesen, unpublished data)
do not necessarily apply to sediment zooplankton
assemblages. Recently, however, methods have been
developed that allow quantitative reconstruction of
environmental variables based on calibration of
zooplankton remains deposited in the surface sedi-
ment of lakes differing in the variables in question.
These methods include multiple linear regression,
weighted least square analyses (ter Braak & van
Dam, 1989) or weighted averaging partial least square
regression (ter Braak & Juggins, 1993). Application of
the latter method to diatoms has enabled reconstruc-
tion of changes in, for example, lake pH, dissolved
organic carbon, total phosphorus and summer mean
temperature (e.g. Birks et al., 1990; Kingston & Birks,
1990; Walker & Smol, 1990; Fritz et al., 1991; Stevenson
et al., 1991; Hall & Smol, 1992; Anderson, Rippey &
Gibson, 1993; Anderson, 1993; Bennion, 1994).

Hitherto, however, no one has employed the surface
sediment calibration technique to reconstruct lake
trophic structure. The first calibration data set is now
presented allowing reconstruction of planktivorous
fish abundance based on the zooplankton fossil record
in lake sediments.

Materials and methods

The study included thirty mainly shallow meso-hyper-
trophic Danish lakes (Table 1). Sediment samples were
taken with a core sampler (5.2 cm diameter) in the

. deepest part of lakes or at a mid-lake station in the

case of uniform shallow lakes. The upper 1 cm of the
surface sediment was sampled and wet weight, dry
weight and ash-free dry weight determined on a 5 ml
aliquot. Approximately 5 ml sediment was used for
quantifying the zooplankton remains. The samples
were weighed and boiled in 25ml 10% KOH for
20 min. Matter retained on a 140 um plastic filter was

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127
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Table 1 Descriptive statistics of the variation in mean depth, planktiverous fish CPUE in multiple mesh size gill nets, percentage
coverage of submerged macrophytes, epilimnion total phosphorus and the percentage contribution of each of the five different

zooplankton species used in the CANOCO and WA analyses

Mean Median 25% 75% Min. Max.
Mean depth (m) 3.7 2.5 1.2 43 0.9 16.3
Planktivorous fish CPUE (no. net™) 115 76 42 159 19 369
Submerged macrophytes (%) 8.3 0 0 25 0 57
Total phosphorus (mg P 1)) 0.24 0.15 0.08 0.37 0.025 128
% Daphnia 9 4 1 12 0 43
% Leptodora sp. 17 10 2 26 0 82
% Bosmina coregoni 6 4 05 10 0 30
% Bosmina longirostris 24 23 9 30 0 66
% Rotifers 44 50 28 66 0 77

examined with the aid of a stereomicroscope and a
total count made of large remains and resting eggs.
Subsamples of smaller remains retained on a 80 um
filter were counted using an inverted microscope.

Remains of cladocerans and rotifers were identified
from exoskeleton fragments (postabdominal claws,
carapaces, caudal cerca) and resting eggs. The mini-
mum number of individuals represented by the exo-
skeleton fragments was calculated for each taxa
according to the method of Frey (1986). As reported
in previous studies (e.g. Frey, 1986), exoskeleton frag-
ments of copepods and rotifers were found not to be
well preserved in the lake sediments. In addition,
though, it was found that this was also the case for
Daphnia and Ceriodaphnia, a finding in concert with
previous studies of shallow lakes (e.g. Stansfield, Moss
& Irvine, 1990), but in contrast to that in some deep
lakes (Leavitt et al., 1989; Leavitt et al., 1994a,b). This
difference may reflect the greater degree of disturbance
and fragmentation of zooplankton remains caused by
resuspension in shallow lakes. As a consequence the
present abundance estimates for Daphnia, rotifers and
Ceriodaphnia are based solely on resting eggs. For
Bosmina, both carapaces and resting eggs were
counted, and in addition we conducted a head pore
analysis (Frey, 1959, 1986) together with analysis of
the presence or absence of a mucros on at least 100
individuals per lake in order to estimate the percentage
contribution of B. longirostris, B. coregoni and B. longis-
pina. Only the former two species were used in the
final analyses as B. longispina proved only to be present
in the surface sediment of a single lake. Finally,
a count was made of postabdomens of abundant
chydorids, i.e. Acroperus, Graptoleberis, Leydigia, Eury-
cercus and Alonopsis, as well as of Leptodora caudal
cerca.

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127

The composition and relative abundance of the
pelagic fish stock in the thirty lakes were determined
by standardized test-fishing (Mortensen, Jensen &
Miiller, 1991) with multiple mesh size gill nets (6.25,
8, 10, 12.5, 16.5, 22, 25, 30, 33, 38, 43, 50, 60, 75 mm),
the length and depth of each section being 3 and
1.5 m, respectively. Between six and sixty-four nets
were used, depending on lake size and morphometry.
Test-fishing was conducted once in each lake between
15 August and 15 September, previous test-fishing
having indicated that the fish population distribution
was most even during that period (Mortensen ef al.,
1991). The nets were set late in the afternoon and
retrieved the next morning. Catch per unit effort
(CPUE) of planktivorous fish was calculated as mean
catch per net. The planktivorous fish catch usually
comprised bream (Abramis brama), silver bream
(Bjoerkna blicca), roach (Rutilus rutilus), smelt (Osmerus
eperlanus), whitefish (Coregonus lavaretus), crucian carp
(Carassius carassius), Leucaspius delineatus, and bleak
(Alburnus alburnus), with bream and roach being
dominant in most lakes.

To determine macrophyte coverage and the plant
volume infested (PVI), the macrophyte belt was
divided into a number of sub-areas (typically fifteen
to twenty-two), each having similar macrophyte cover-
age. If the macrophyte depth limit in a sub-area
was less than 1.5m, total macrophyte coverage was
determined at ten randomly selected spots at depth
intervals of 25cm reaching from the shore to the
macrophyte boundary; otherwise a depth interval of
50 cm was used. Coverage was determined from a
boat using a water glass or by diver. The following
categories were used: < 1, 1-5, 5-25, 25-50, 50-75, 75—
90 and 90-100%. Macrophyte average height was
measured at each spot and area-specific plant volume
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Table 2 Pearson correlation for log-transformed values of planktivorous fish CPUE (no. net™!) in multiple mesh size gill nets
(LOGFISH), % coverage of submerged macrophytes (LOGMAC) and epilimnion total phosphorus (LOGTP) v the percentage
contribution of the different variables examined. Cladoceran and rotifer remains in the upper 1 cm of the sediment, i.e. resting
eggs of Daphnia (DAPH), Leptodora (LEP). rotifers (ROT), Bosmina (BOS_L), B. coregoni (BOS_C) and Ceriodaphnia (CER);
postabdomen of Sida, (SIDA), Acroperus (ACRO), Eurycercus (EURY), Graptoleberis (GRAP), Alonopsis (ALON) and Leydigia (LEY%)

and the caudal cerca of Leptodora (LEP)

BOS_L% BOS_C% CER%

SIDA% -ACRO% EURY% GRAP% ALON% LEY%

LOGMAC LOGTP DAPH% LEP% ROT%
LOGFISH -0.65 0.66 0.29 0.43101 0.66 0.57
(0.0006) (0.0002) (0.13) (0.0196) (0.0001) (0.0013)
LOGMAC -0.51 0.069 ~0.06 ~0.54 -0.45
’ (0.0154)  (0.75) 0.75)  (0.0074) (0.032)
LOGTP -0.12 -0.36 0.38 0.37

(047) (009 (050)  (0.05)

(0.26)
021)

(0.26)

022 048  -041518 <060 0.4 -043 -040 013
(0.008) (0.025) (0.0007) (0.0027) (0.021) (0.03)  (0.48)

027 067 057 08 077 063 044 023
(0.0004) (0.0042) (0.0001) (0.0001) (0.0012) (0.033) (0.30)

023 032 036 046 037 028 022 041
0.10) (007) (0.015) (0.056) (0.16) (027)  (0.034)

Table 3 Ecological tolerances t and deshrinking updated
species optima v calculated by means of weighted averaging
WA and maximum likelihood ML. The tolerance-weighted
planktivorous fish estimate in log-scale is x = X ye v W yer?
where y is the percentage contribution of the species in
question (Birks et al., 1990)

Daphnia Rotifers B. longirostris B. coregoni Leptodora

WA v 2879 5.321 5.251 3.279 2.798
t 0.673 0.830 0.847 0.691 0.692
ML v 3.082 5.119 6.210 3.439 3.291
t 0.890 1.403 1.311 0.610 0.773

(PV) determined as coverage X plant height/100.
Average coverage (COV) and PV were calculated for
each sub-area (ii), while COV% and (PVI%) were
calculated for the whole lake as:

2 COV;; X area;; Z PV; X area;
i=1 ii=1

COV% =, PVI% =
total lake area

total lake volume

In three lakes COV and PVI% were estimated from
coverage and plant height measurements at a number
of stations located along transects covering the entire
lake area (Lauridsen, Jeppesen & Sendergaard, 1994).

Total phosphorus was measured as orthophosphate
using the ascorbic acid-molybdenum method
(Murphy & Riley, 1972) following persulphate diges-
tion according to the method of Koroleff (1970).
Chlorophyll 2 was estimated spectrophometrically fol-
lowing extraction with ethanol by the method of
Holm-Hansen & Riemann (1978).

Initial exploratory data analysis was accomplished
using both the canonical correspondence analyses
(CCA) and the correspondence analysis (CA)
(ter Braak, 1987b) routines in the program CANOCO
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3.10 (ter Braak, 1990a,b). Weighted averaging (WA)
regression was used to estimate species optima in
relation to planktivorous fish u = %; yy x;/y+i, Where
yx is the percentage contribution of zooplankton
species k in lake i, + indicates summation over the
current index, and x; is the planktivorous fish CPUE
in lake i. Inverse deshrinking regression was used to
obtain the final prediction formula for estimating
planktivorous fish CPUE xg = Zi Yo« Ukiyo+ Where vy =
a + buy are the deshrinking updated species optima
(Birks et al., 1990; ter Braak & Juggins, 1993), and zero
symbolizes an arbitrary lake. WA calibration was made
both with and without zooplankton species ecological
tolerance downweighting (WA and WA(tol), respect-
ively), using the program WACALIB 3.3. (Line,
ter Braak & Birks, 1994). The WA calibration with
inverse deshrinking was also carried out with max-
imum likelihood (ML) estimated optima and toler-
ances (ML (tol)) in a Gaussian unimodal regression
model (ter Braak, 1987b; Birks-et al., 1990). The root
mean square of the error (RMSE) and the coefficient
of determination > was calculated for comparison of
the predictive ability of the WA, WA(tol) and ML(tol)
methods.

Results

The thirty lakes in the calibration data set covered
a wide range of summer mean total phosphorus
concentrations (0.025-1.280 mg P Ih, planktivorous
fish CPUE (18-369 net™!) and submerged macrophyte
coverage (0-57%) (Table 1).

Pearson correlation for log-transformed plankti-
vorous fish CPUE, total phosphorus and submerged
macrophyte coverage v the percentage contribution
to the surface sediment (upper 1cm) zooplankton
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assemblage of rotifer and the abundant cladocerans
revealed that the CPUE best correlated to the typical
pelagic species, as represented by Leptodora caudal
cerca and Daphnia resting eggs, Bosmina longirostris,
B. coregoni and rotifers. With Daphnia and B. coregoni
the correlation was not significant, however (P > 0.05,
Table 2) and the data plots (Fig. 1) tended towards a
unjmodal relationship, as was also the case for
Leptodora. The percentage contributions of the various
littoral cladocerans as represented by the postabdo-
mens of Sida, Acroperus, Eurycercus, Graptoleberis and
Alonopsis best correlated to submerged macrophyte
coverage (P < 0.0001 to P = 0.03) (Table 2, Fig.2). A
high correlation to submerged macrophyte coverage
was also found for the semi-littoral Ceriodaphnia
(resting eggs), whereas the percentage contribution
of the mud-associated Leydigia (postabdomen) best
correlated to epilimnion total phosphorus (Table 2,
Fig. 2).

Based on the correlation analysis, the plots given in
Fig. 1 and an initial correspondence analysis (CA), we
decided to develop the transfer function for planktiv-
orous fish solely taking into consideration the pelagic
zooplankton (cladocerans and rotifers). The CA ana-
lysis on the pelagic species revealed a significant
relationship (F-test, P = 0.001) between the first species
CA axis and log-transformed planktivorous fish
(CPUE), while no significant relationship was found
between submerged macrophyte coverage (%) and
mean summer epilimnion total phosphorus concentra-
tion (P = 0.08 and 0.58, respectively). The percentage
of variance accounted for was 61%. This analysis
suggests that the planktivorous fish CPUE is sufficient
to predict the variation in zooplankton species com-
position represented by the first ordination axis
(ter Braak, 1987b). Reverse regression of planktivorous
fish CPUE on all the CA ordination axes revealed that
only the first CA ordination axis was significant, thus
suggesting that planktivorous fish CPUE relates only
to the first axis.

In the more robust CANOCO Monte Carlo permuta-
tion test (CANOCO 3.10, forward selection, ter Braak,
1990a,b) of the full data set there was a significant
correlation with planktivorous fish CPUE (P = 0.001),
but not for submerged macrophyte coverage or epilim-
nion total phosphorus (P = 0.6 and P = 0.7, respect-
ively). Planktivorous fish CPUE was highly correlated
with CCA axis 1 (* = 0.71) (Fig. 3), suggesting that
WA calibration of planktivorous fish abundance is

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127

possible. The location of the individual zooplankton
species in the constraint ordination diagram follows
the pattemn known from contemporary data; thus the
zooplankton most vulnerable to predation such as
Leptodora, Daphnia and B. coregoni occur at low plank-
tivorous fish densities, while the less vulnerable B. lon-
girostris and rotifers occur at high fish densities. In the
WA and ML calibrations the deshrinking updated
species optima ranged from 2.8 to 5.3 and from 3.1 to
6.2 log units, respectively, being particularly high for
rotifers and B. longirostris (Table 3). The ecological
tolerance of the five zooplankter included in the
analysis was quite similar in the WA calibration,
ranging from 0.67 to 0.85 log units, again being higher
for rotifers and B. longirostris. The latter was also the
case in the ML calibration, albeit that the variation
tended to be greater: 0.61-1.40 (Table 3).

Both WA and WA(tol) predicted planktivorous fish
CPUE were closely related to the observed CPUE (12 =
0.60 and 0.56; RMSE = 0.64 and 0.54, respectively)
(Fig. 4). However, the WA(tol) calibration that includes
maximum likelihood estimated optima and tolerance
appeared marginally better (2 = 0.67 and RMSE =
0.52). There were no substantial outliers. However, in
lakes with high submerged macrophyte coverage the
predicted CPUE tended to be somewhat too high

(Fig. 3).

Discussion

Our results suggest that it is possible to establish a
transfer function between planktivorous fish abund-
ance (CPUE in multiple mesh size gill nets) and
zooplankton remains in lake surface sediments. The
three calibration methods WA, WA(tol) and ML(tol)
appear very similar, although RMSE was marginally
better with the theoretically more rigorous maximum
likelihood approach (0.52 v 0.56 and 0.54), and 72 was
higher (0.67 v 0.60 and 0.64). This is in concert with
the observation of ter Braak (1987a), who found that
the weighted averaging method approximated the
approach of maximum likelihood method in a
Gaussian unimodal model. Inverse deshrinking regres-
sion (RMSE) tends to underestimate the predictive
variance. More reliable estimates are available from
bootstrapping, split-sampling or cross-validation
methods (Birks et al., 1990) and ought to be taken into
account in further, more refined, analyses on a larger
data set. The WA regression estimates of ecological
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Fig. 1 Percentage contribution of Leptodora caudal cerca and resting eggs of Daphnia spp., Bosmina longirostris, Bosmina coregoni and
rotifers to the total fossil assemblage present in surface sediment (upper 1 cm) of thirty Danish lakes v planktivorous fish CPUE in
multiple mesh size gill nets (left), percentage coverage of submerged macrophytes at biomass maximum (centre), and mean

epilimnion total phosphorus concentration.

tolerance hardly varied between the various zooplank-
ton species (Table 3), implying that the predicted
planktivorous fish CPUE derived by WA and WA(tol)
are similar. The species optima were generally higher
when estimated by maximum likelihood regression
compared with WA regression estimated optima
(Table 3), but tolerance was also higher and more
variable. High planktivorous fish abundance appeared
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to be more precisely predicted by the maximum
likelihood method (Fig. 3). It could be argued that the
CPUE used should have been expressed in terms of
biomass rather than fish number. However, we found
a much better relationship between CPUE expressed
in terms of fish number v both contemporary
zooplankton as well as fossil data (not shown here).
The scatter in the relationship between fish and the

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127



, A surface sediment calibration data set from shallow lakes 121
o Ceriodaphnia o Sida

2 Acroperus o Eurycercus v Graptoleberis ® Alonopsis e Leydigia
601 7 3
a o =]
50 - 4
a a ju]
9\140— . . Je 1 e .
(2] < < [+
g fo) o] .O
2304 ° * 4 e Jo
% ° . . ° .
\5 o] [ 4 £ [o] [« ®
520' ® 7 . o 7 9‘
L J
° g ° « o ° P % %
(o] o -
- % :: o (g . og . @ o.° b 3 g
£ Skie i : o el Gibasslnile L
20 50 150 400 O 2 6 20 50 150 0.2 0.5 0.8 1.2 1.7

Planktivorous fish (no. net?) Macrophytes (% coverage) Total phosphorus (mg I}
Fig. 2 The percentage contribution of Ceriodaphnia resting eggs and postabdomens of Sida, Acroperus, Eurycercus, Graptoleberis,
Alonopsis, and Leydigia to the total assemblage in surface sediment (upper 1 em) of thirty Danish lakes v the density of
planktivorous fish caught in multiple mesh size gill nets (left), the percentage coverage of submerged macrophytes at biomass

maximum (centre), and mean total phosphorus concentration in the epilimnion.

c +
T
*DAPH T
T *ROT
*LEP
. 1 1 4 !
T T T l T
T TOTAL_P FISH
T *BOS_L
*BOS_C

Fig. 3 Ordination diagram based on canonical correspondence analysis (CCA) of the environmental and species variables included

in the analysis. For explanation of abbreviations, see Table 2.

zooplankton is attributable to a number of factors, of
which uncertainty in the estimation of fish abundance
may be considered the most important. First, there
may be large spatial and interannual variation in the
catches (Mortensen et al., 1991; unpublished data). In
addition, the age structure of the fish may differ,
thereby influencing the per capita specific predation
rate. Secondly, the CPUE estimates are based on survey

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127

fishing during August-September, and although the
0 + class (YOY) is represented in the nets this may
give rise to scatter as variability in recruitment and
YOY survival seen during the first 1-2 months after
hatching will have stabilized by that time and hence
will not be recorded. This is relevant because YOY
fish are particularly important for predation pressure
on zooplankton during mid-summer (Mills & Forney,
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1983; Cryer, Peirson & Townsend, 1986; Luecke et al.,
1990; Jeppesen etal. in press). Thirdly, as the test

fishing is conducted during a limited period, short-

term variation in weather conditions (water temper-
ature, etc.) may influence catch number and hence
sample representativeness. Other problems include
net selectivity (Jensen, 1986) and mixing in the upper
layers of sediment, in the latter case because fish
and zooplankton data sets may not then be fully
synchronous.

In view of the above-mentioned problems involved
in the estimation of fish abundance and predation
pressure and the fact that fish surveys are only made
during a limited period of the year, one cannot expect
the modelled relationship to be as precise as that
between diatoms and total phosphorus. Accordingly,
72 values for the fish-zooplankton relationships are
about 0.10-0.15 lower than for diatom-total phos-
phorus and diatom~pH relationships (e.g. Birks et al.,
1990; Stevenson et al., 1991; Anderson et al., 1993). In
addition the lower precision may be attributable to
the fact that only five zooplankton species or genera
are included in the reconstruction v upwards of 100
species in most diatom relationships. Finally, that
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resting eggs of Daphnia, Bosmina and rotifers were
used instead of body parts may have introduced a
further uncertainty as resting eggs are only produced
during unfavourable environmental conditions, and
hence do not necessarily accurately reflect abundance.

Predicted planktivorous fish CPUE tended to be
too high in lakes with high submerged macrophyte
coverage (> 10%) (Fig. 4). However, macrophytes do
not encourage the species responsible for the predicted
planktivorous fish abundance being higher than the
observed abundance; the opposite is true, in fact, as
large zooplankton such as Daphnia, seek shelter in the
vegetation because it provides protection against fish
predation (Timms & Moss, 1984; Winfield, 1986; Irvine,
Moss & Stansfield, 1990; Schriver et al., 1995). Daphnia,
thus, tolerate a higher fish density in macrophyte-rich
lakes (Schriver ef al., 1995). Another possible explana-
tion for the high predicted fish density could be that
gill net surveys are more efficient in open water than
in the vegetation because fish forage more slowly in
vegetation, thereby lowering the possibility of their
being caught in the nets. That macrophytes protect
juvenile fish against predation from larger fish (Bohl,
1980; Winfield et al., 1983; Jakobsen & Johnsen, 1987;

© 1996 Blackwell Science Ltd, Freshwater Biology, 36, 115-127
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Persson & Ekl6v, 1995) may also play a role as does
the density of juvenile fish which is often being
higher in macrophyte-rich lakes (Werner et al., 1983;
Carpenter & Lodge, 1986). As juvenile fish are not
caught efficiently by multiple mesh size gill nets
(Jensen, 1986), CPUE may therefore be slightly under-
estimated in macrophyte-rich lakes, thus explaining
the difference between predicted and observed CPUE
in such lakes.

The transfer function so far developed is based
solely on pelagic zooplankton, littoral cladocerans
showing a higher correlation to submerged macro-
phyte coverage than to planktivorous fish CPUE
(Table 2). Plant-associated cladocerans, which offer the
advantage of being well-preserved in sediment (Frey,
1986), are also affected by changes in fish predation.
The relationship is less straightforward than with
pelagic zooplankton, however, because the vulnerabil-
ity of plant-associated cladocerans in macrophyte beds
depends on plant density (Schriver et al.,, 1995) and
fish composition (Persson, 1991). In addition, the pro-
tection provided by the various plant species may
differ (Diehl, 1988; Engel, 1988). Unfortunately, as
few of the lakes studied had extensive submerged
macrophyte communities it has not been possible
to include plant-associated species in the analysis.
Nevertheless, preliminary findings suggest that with
a more comprehensive data set it might be possible to
include plant-associated species (either untransformed
or normalized to macrophyte coverage) in the recon-
struction of past changes in planktivorous fish abund-
ance (E. Jeppesen et al. unpublished findings).

It is also likely that the transfer function for plankti-
vorous fish might be improved by including other
indicators of fish predation For example, a low mean
carapace and mucros length of Bosmina together with

Fig. 5 Percentage camivores in multiple mesh size gill net
catch, average size of cladocerans, zooplankton:phytoplankton
biomass ratio, epilimnion chlorophyll 2 concentration, Secchi
depth, maximum depth of submerged macrophytes and
epilimnion total phosphorus concentration v planktivorous fish
CPUE in multiple mesh size gill nets in a number of Danish
lakes. Fish were surveyed between 15 August and

15 September, and submerged macrophytes in July~August at
biomass maximum. All other data are summer averages

(1 May-1 October). Zooplankton and phytoplankton summer
averages were calculated before estimating the ratio. (Partly
after Jeppesen et al. in press.)
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alow proportion of cornuta to straight-form attennules
indicates high fish predation (Nilssen & Sanday, 1990;
Sanford, 1993; Leavitt et al., 1994). Information on the
species composition of Chaoborus remains may also
yield information on fish predation (Uutala, 1990); for
instance, the non-migratory C. americanus only occurs
in fishless lakes, while migrating species such as
C. flavicans coexist with fish even when the latter are
abundant (Pope, Carter & Power, 1973; Christoffersen,
1990), an exception being shallow lakes with high
abundance of planktivorous fish (.. Jensen & E.
Jeppesen, unpublished findings). Moreover, it seems
highly probable that inclusion of remains of soft-
bodied benthic invertebrates like snails, molluscs and
ostracods would yield valuable information as such
invertebrates are generally highly sensitive to changes
in fish predation (Bronmark & Weisner, 1992). The
effects on benthic invertebrates have been confirmed
by numerous studies of benthivorous fish stock reduc-
tion, the response being a highly significant increase
in benthic invertebrate abundance and major changes
in community structure (Kornijow & Gulati, 1992;
Berg et al., 1994). A multi-fossil approach will therefore
undoubtedly improve the accuracy of fish community
reconstruction.

The transfer function developed predicts only plank-
tivorous fish CPUE. At present, it is not possible to
convert this to the area-specific or volume-specific fish
density or fish biomass as concurrent data sets for giil
net CPUE and estimates based on marking-recapture

. methods are only available for five of the lakes. Even
though survey fishing with gill nets may result in bias
due to differential selectivity, both in relation to fish
size and species composition, the multiple mesh size
gill nets used in the present investigation seem to
yield an adequate description of the changes in fish
stock composition and density along a trophic gradient
(Persson et al., 1988; Quiros, 1990; Jeppesen et al., 1990
and, in press). This interpretation is further supported
by the very reliable correlations found between CPUE
expressed in terms of planktivorous fish number and
such indicators of predation pressure as the piscivor-
ous/ planktivorous fish ratio, cladoceran average size
and the zooplankton/phytoplankton biomass ratio
(Fig. 5). The cascading effects of these changes in
the form of changes in the phytoplankton biomass
(chlorophyll a), Secchi depth and the maximum depth
distribution of submerged macrophytes are therefore
also related to planktivorous fish CPUE, albeit to a
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varying degree (Jeppesen etal. in press) (Fig.5). A
reconstruction of planktivorous fish abundance from
the zooplankton fossil record in different layers of
lake sediments will therefore provide information not
only on fish stock development, but also on water
quality and trophic interactions in lake systems. A
precondition, though, is that there is no differential
degradation of the different zooplankton remains
included in the transfer function. Unfortunately, few
zooplankton time series exist that are sufficiently long
to allow comparison with fossil records, although a
relatively good relationship between Bosmina density
and fossil concentrations has been reported for a 19-
year period in a Canadian lake by Hann, Leavitt &
Chang (1994). As the carapace of Bosmina and the
resting eggs of the cladocerans used in the analysis
are thick-walled it can be assumed that they are well-
preserved in recent sediments. However, it is an
open question whether or not rotifer resting eggs
and Leptodora caudal cerca undergo degradation in
sediment. Analysis of sediment cores from a lake
where the fish stock is known to have been dominated
by planktivorous fish in the 1920s has revealed a high
accumulation of rotifer resting eggs in the layers
corresponding to that period (E. Jeppesen et al. unpub-
lished findings), thus indicating good preservation. It
is therefore unlikely that differential degradation will
present a major problem for the reconstruction of fish
and trophic structure, although further studies on
degradation are needed.

The lakes used in the analysis cover an epilimnion
summer mean total phosphorus range of 0.025-
1.28 mg P I"! and pH was higher than 6.5. The data set
therefore lack oligotrophic lakes, in which the
zooplankton community is often dominated by cal--
anoid copepods that are rarely found in the sediment
(Frey, 1986; Hann, Leavitt & Chang, 1994). Furthermore,
the data set does not cover acidified lakes, in which
pH-mediated changes in the zooplankton community
structure are known to be partly unrelated to fish stock
alterations (Nilssen & Sandey, 1990). In addition, vari-
ous carnivorous invertebrates play an important struc-
turing role for the zooplankton in acidified lakes
(Uutala, 1990). A satisfactory reconstruction of plank-
tivorous fish abundance in acidified lakes would prob-
ably require the study of some of the other sediment
remains mentioned above, e.g. fossils of invertebrates
such as chironomids, Chaoborus, etc.

In conclusion, a transfer function for predicting
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planktivorous fish abundance has been developed
(CPUE in gill nets) from the relative abundance of
pelagic zooplankton fossils in lake surface sediment
(upper 1 cm) based on data sets from thirty shallow
mesotrophic to hypertrophic lakes. Assuming that
degradation of different zooplankton fossils in the
sediment does not differ, then the transfer function
can be applied to sediment core fossil samples to
reconstruct past planktivorous fish abundance (CPUE).
The transfer function may also provide quantitative
and qualitative information on lake water quality and
the development of trophic structure, either alone
or in combination with other transfer functions and
multiple relationships currently being developed.
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Fish-induced changes in zooplankton grazing on phytoplankton
and bacterioplankton: a long-term study in shallow hypertrophic
Lake Sebygaard
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Narional Environmental Research Institute, Department of Lake and Estuarine
Ecology, 25 Vejispvej, DK-8600 Silkeborg, Denmark

Abstract. The impact of fish-mediated changes on the structure and grazing of zoopliankton on phyto-
plankton and bacterioplankton was studied in Lake Sgbygaard during the period 1984-92 by means
of in vitro grazing experiments ('“C-labelled phytoplankton, *H-labelled bacterioplankton) and model
predictions. Measured zooplankton clearance rates ranged from 0~25 ml 1" h~' on phytoplankton to
0-33 mi i-' h-! on bacterioplankton. The highest rates were found during the summer when Daphnia
spp. were ‘dominant. As the phytoplankton biomass was substantially greater than that of bacterio-
plankton throughout the study period. ingestion of phytoplankton was 26-fold greater than that of
bacterioplankton. Multiple regression analysis of the experimental data revealed that Daphnia spp..
Bosmina longirostris and Cyclops vicinus, which were the dominant zooplankton, all contributed sig-
nificantly to the variation in ingestion of phytoplankton, while only Daphnia spp. contributed signifi-
cantly to that of bacterioplankton. Using estimated mean values for clearance and ingestion rates for
different zooplankters, we calculated zooplankton grazing on phytoplankton and bacterioplankton on
the basis of monitoring data of lake plankton obtained during a 9 year study period. Summer mean
grazing ranged from 2 to 4% of phytoplankton production and 2% of bacterioplankton production to
maxima of 53 and 88%, respectively. The grazing percentage decreased with increasing density of
planktivorous fish caught in August each vear using gill nets and shore-line electrofishing. The changes
along a gradient of planktivorous fish abundance seemed highest for bacterioplankton. Accordingly,
the percentage contribution of bacterioplankton to the total ingestion of the two carbon sources
decreased from a summer mean value of 8% in Daphnia-dominated communities at lower fish density
t0 0.7-1.1% at high fish density, when cyclopoid copepods or Bosmina and rotifers dominated. Like-
wise, the percentage of phytoplankton production channelled through the bacteria varied, it being
highest (5-8%) at high fish densities. It is argued that the negative impact of zooplankton grazing on
bacterioplankton in shallow lakes is highest at intermediate phosphorus levels, under which conditions
Daphnia dominate the zooplankton community.

Introduction

It has long been recognized that zooplankton grazing can be an important loss
factor for phytoplankton in lakes (Gulati er al., 1982; Bergquist er al., 1985;
Kerfoot, er al., 1988), especially when Daphnia are dominant and present in high
density. In fact, Daphnia are considered to play a key role in the top-down control
of phytoplankton in such lakes (Carpenter and Kitchell, 1993). In recent years, it
has become apparent that large Daphnia may also have a significant effect on the
microbial community, including bacterioplankton (Riemann, 1985; Riemann and
S¢ndergaard, 1986; Giide, 1988; Christoffersen ez al., 1993; Jiirgens, 1994: Jiirgens
et al., 1994), although the results are not unequivocal (Pace and Funke, 1991;
Vaqué and Pace, 1992). The key role of Daphnia is attributable to their ability to
filter particles in a wide range of size: from bacterioplankton to relatively large
phytoplankton.

A change in fish predation affects the biomass. structure and average size of
the zooplankton community. In shallow eutrophic lakes, increased fish predation
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leads to a shift from a community dominated by Daphnia to one dominated by
Bosmina and cyclopoid copepods, and. at high fish predation, to one dominated
by rotifers and cyclopoid copepods (Gulati, 1990; Jeppesen et al., 1992, 1996b).
Bosmina, cyclopoid copepods and many rotifers select for particles larger than
bacterioplankton, including bacterioplankton-consuming protozoans (DeMott
and Kerfoot, 1982; Arndt, 1983; Sanders et al., 1989). It could, therefore, be
hypothesized that a shift towards dominance of small-bodied zooplankton as a
result of an increase in fish predation will alter the grazing pressure in the direc-
tion of a relatively higher pressure on phytoplankton and hence an increase in
the percentage of carbon channelled from phytoplankton to bacterioplankton.

To elucidate the impact of fish-mediated changes in the zooplankton grazing on
phytoplankton and bacterioplankton in Lake Sgbygaard, we conducted 32 in vitro
community grazing experiments on H-labelled bacterioplankton and 34 experi-
ments on ¥C-labelled phytoplankton during years with contrasting fish densities
and accordingly contrasting zooplankton community structure. Further, using
regression models developed from these data, we calculated the seasonal and
inter-annual variation in grazing during a 9 year investigation period. Finally, we
compared estimated grazing with data on phytoplankton and bacterioplankton
production and biomass.

Study area

Lake Sgbygaard is a shallow lake with a surface area of 40 ha, a mean and
maximum depth of 1.0 and 1.9 m, respectively, and a hydraulic retention time of
15-20 days. During the study period (1984-92), summer average total P ranged
from 550 to 1000 p.g I-'. During the 9 year study period, the abundance of the
fish community changed markedly and was exclusively dominated by roach
(Rutilus rutilus), rudd (Scardinius eryptropthalmus) and bream (Abramis
brama) throughout the study. The fish stock changes were the result of major
episodes of fish kill in the late 1970s and low recruitment since 1984 (particu-
larly from 1984 to 1988) due to exceedingly high pH (up to pH 11.2) during the
spawning period (E.Mortensen er al., unpublished observation). Moreover,
during the period 198688, a commercial fishery removed 4.3 tonnes of roach
and rudd from the lake, equivalent to 17% of the 1986 standing stock of
~660 kg ha-l.

During the first part of the study in 1984-86, when the majority of the grazing
experiments were carried out, the crustacean zooplankton consisted exclusively
of Cyclops vicinus, Daphnia longispina, Daphnia galeata and Bosmina lon-
girostris, while the rotifer community mainly consisted of Brachionus calyci-
florus and B.urceolaris rubens. The latter subsequently became more diverse.
The phytoplankton community was exclusively dominated by centric diatoms in
the spring, and by green algae, diatoms and cryptophytes during the summer.

The dynamics of the Lake Sgbygaard zooplankton, phytoplankton and
bacterioplankton communities is described in detail in Jeppesen et al. {1990a,b),
Hansen and Jeppesen (1992) and Jeppesen er al. (1992, 1996a).
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Method
Grazing experiments

The clearance rate of zooplankton (CR) was determined for both phytoplankton
and bacterioplankton using the in vitro grazing method of Bjgrnsen et al. (1986).
A total of 32-34 experiments were undertaken during the years 1984-86 and 1991.
For each experiment, water samples were first filtered through a 50 um mesh net
to remove zooplankton and then incubated with either [“C]bicarbonate
NaOHCO; or [*H]methyl-thymidine at in situ temperatures for 18 h in daylight
(**C-labelled phytoplankton) or 2-3 h in darkness (*H-labelled bacterioplank-
ton). In order to reduce the labelling of flagellates and small ciliates, the
incubation times were reduced from October 1985 onwards to 2-3 h for phyto-
plankton and 1 h for bacterioplankton. To obtain the same labelling of the plank-
ton as before October 1985, we enhanced the 4C and 3H activity during
incubation. Following the reduction in incubation time, we observed no significant
reduction in the specific clearance rate of the zooplankton community (E.Jeppe-
sen. unpublished results).

The zooplankton sampling for the grazing experiments was conducted at a mid-
lake station with a Patalas sampler, and consisted of a pooled sample (60-70) from
depths of 0.5 and 1.5 m. Triplicate 200 ml C-labelied and triplicate 200 ml non-
labelled phytoplankton were then added to 800 ml subsamples from the compos-
ite water samples of the incubated bacterioplankton. The procedure was the same
for bacterioplankton, except that 100 ml labelled and non-labelled bacterio-
plankton were added to 900 ml water samples. The labelled triplicates were incu-
bated in vitro, usually for 15-20 min, depending on water temperature. On a few
occasions during winter, the incubation time was longer in order to obtain suf-
ficient labelling (30-60 min). (It could be argued that the latter represents assimi-
lation rather than ingestion; however, exclusion of these samples did not alter the
results shown in Table I significantly; E.Jeppesen, unpublished results.) After
incubation, the plankton were filtered on a 140 wm net followed by a 50 wm (1984)
or a 20 pm net (1985, 1986 and 1991). The non-labelled samples were used as ‘time
zero’ controls. Tracer was added to these and the bottles were shaken for 10 s and
treated as the labelled samples. The zooplankton retained on the net were washed
six times in lake water by rapid back-filtration, whereafter the filter was dried on
a filter paper and transferred to glass vials containing 10 ml Ready-solv Hp/b
(Beckmann). After 24 h, the radioactivity was counted on an LKB-WALLAC
1210 liquid scintillation counter. Quenching was determined by the external stan-
dard channels ratio method. The 1C activity of phytoplankton and the 3H activity
of bacterioplankton in the incubated samples and the non-incubated controls
were determined on 10 ml aliquots filtered on cellulose nitrate filters (0.45 pm)
for phytoplankton and 25 mm Sartorius acetate filters (0.2 wm) for bacterio-
plankton. To estimate tracer activity in the incubated samples, 3-5 samples were
taken at both the start and at the end of the experiments, and the measured activi-
ties were averaged. The filters were dissolved in Ready-solv and counted as
described above. In the laboratory, the filters were transferred to glass vials, dis-
solved in Ready-solv and *H or ¥C activity determined as described above. In
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most of the experiments, the *C and 3H activities of the incubated 50-140 and
20-140 pum zooplankton fractions were not significantly different from those in
the controls. reflecting relatively high ‘time zero’ control activity in combination
with low uptake of labelled substrate in the fractions, and large variation among
replicates (E.Jeppesen, unpublished results). We have therefore elected to present
only results obtained with zooplankton >140 pm.

Zooplankton were counted on triplicate 1 | non-labelled samples taken from
the composite samples, filtered through a 140 pm net, and the biomass determined
from length-weight relationships as described in Jeppesen er al. (1990a). except
that C.vicinus numbers were converted to biomass assuming 7.38,12.85,4.76 and
0.14 mg dry weight (DW) indiv.”! for males, females, copepodites and nauplii,
respectively. These weight factors are averages for the C.vicinus population in the
lake (Hansen and Jeppesen, 1992; A.-M.Hansen, unpublished observation).

Chlorophyll a (<50 wm) was measured in triplicate in water from the compos-
ite samples after ethanol extraction (Holm-Hansen and Riemann, 1978), and con-
verted to carbon content using a conversion factor of X 35.

Specific clearances rates of the zooplankton community (SCR; ml mg-! C h-?)
were determined as CR divided by the zooplankton biomass in terms of carbon.
Zooplankton ingestion rates (IR; mg C 1! h™!) for phytoplankton and bacterio-
plankton were determined from CR by multiplying by chlorophyll a converted to
carbon and the bacterial biomass in terms of carbon, respectively. The daily ration
(DR;mg C mg! body C day!) was determined as IR X 24 divided by the biomass
of zooplankton in terms of carbon.

Clearance rate correction factor

The grazing method for determining ingestion rate has recently been criticized by
Jarvis and Hart (1993), who demonstrated that ‘time zero’ controls may not fully
compensate for adsorption to particles because adsorption increases with the
duration of exposure to radiolabelled compounds. They found that adsorption
errors were often attributable to abundant colonies of cyanobacteria (Microcys-
tis). However, since cyanobacteria accounted for <0.1% of the phytoplankton
biomass in Lake Sgbygaard, we consider adsorption errors to have been of minor
importance in our experiments.

Several authors have observed a loss of ingested labelled material when hand-
ling zooplankton samples, especially with cladocerans (Downing and Peters, 1980;
Gulati et al, 1982; Holtby and Knoechel, 1982; DeMott, 1985; Gulati, 1985;
Lampert and Taylor. 1985; Nagata and Okamoto, 1988; Mourelatos er al., 1992).
However, since the animals were not handled and analysed individually in the
present experiments, the loss of labelled material is likely to have been much
lower than in most of the previous studies carried out. Nevertheless, there could
have been some loss during the 2 h period between the end of the incubation and
the time scintillation fluid (Ready-solv) was added and scintillation counting
started. Experiments were therefore conducted by adding 3-5 filters directly to
the scintillation fluid after in virro incubation (grazing), and the samples mixed
and counted <30 min later until constant counts were obtained. Another set of 3-5
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filters was treated according to the procedure followed in this study (i.e.a 2 h delay).
We observed no significant change in H-labelled zooplankton (z-test, P > 0.89),
while a significant (s-test, P < 0.05) 15 + 2% (mean + SD, n = 2) reduction was found
for 14C-labelled zooplankton. We accounted for the 1C loss in the calculations.

Zooplankton and phytoplankton density and biomass

The abundance and biomass of phytoplankton and zooplankton (>20 wm) in the
lake were determined on composite samples taken at depths of 0.5 and 1.5 m with
a Patalas sampler at a mid-lake station, and, in the case of zooplankton, also at an
eastern and a western station. The samples were counted and converted to
biomass as described above. Phytoplankton biovolume was determined on some
of the collected samples by the use of simple geometric formulae (Olrik, 1991),
and converted to carbon content (C) assuming a DW of 24% and a DW : C ratio
of 2.2. In the present analysis, we distinguished between total phytoplankton and
grazeable phytoplankton defined as those passing a 50 pm filter. Chlorophyll a
(ethanol extraction, see above) in the composite water sample from the mid-lake
station was determined more frequently (n = 644) than phytoplankton biomass
(n=310). Carbon content derived by conversion of chlorophyll a values was there-
fore used in the grazing calculations for the entire study period. To determine
grazeable phytoplankton, we multiplied chlorophyll a by interpolated values of
the ratio of phytoplankton biovolume <50 pm to total phytoplankton biovolume.

Bacterioplankton and phytoplankton production

Bacterioplankton production was measured by the [SH]methyl-thymidine method
basically as described by Fuhrmann and Azam (1982) with minor changes (Jeppe-
sen et al., 1992) and converted to cells and carbon production using the following
conversion factors: 2 X 10° cells nmol-! thymidine (Riemann et al., 1982) and 25 fg
C cell"! (R.Bell, personal communication). In total, 351 measurements were con-
ducted from 1985 to 1992.

Bacterioplankton were counted according to Hobbie er al. (1977) with only
minor modifications (Jeppesen et al., 1992) and converted to biomass as described
above. Bacterioplankton cell dimensions were measured using an eyepiece
micrometer at X 1560 magnification (each micrometer unit = 0.7 wm), and half-
circle formed rods (four classes) and cell volume calculated using standard geo-
metric formulae (Jeppesen et al., 1992). Density and biomass were measured on
302 samples from 1985 to 1992. ‘

Phytoplankton production corrected for dark fixation was estimated from the
photosynthesis versus irradiance relationship determined from laboratory incu-
bation conducted at each sampling date, and integrated over depth and time using
observations of Secchi depth (converted to a light extinction coefficient) and the
time variation of surface irradiation at a station situated 3040 km from the lakes.
Sampling frequency was the same as that described for bacterioplankton. In total,
324 measurements of phytoplankton production were conducted between 1984
and 1992.
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Fish

Fish stock measurements were conducted in autumn each year from 1987 to 1992
using a standardized monitoring programme adapted for Danish lakes
(Mortensen er al., 1991). The lake was divided into six sections. In each section
300 m along the shoreline was electrofished and three multi-mesh size gill nets (16
different mesh sizes ranging from 6.25 to 75 mm) were set overnight (from about
16.00 p.m. to 09.00 a.m.). One gill net was set perpendicular to the shoreline,
another parallel with and ~25 m from the shoreline, and the third was set at about
half the distance to the middle of the lake. The catch by electrofishing in each
section was considered as a single sample. Likewise, the catch in each gill net was
considered as a single sample and defined as one effort. From the catches, arith-
metic mean catch per unit effort (CPUE) for each species, in terms of numbers
and biomass, was calculated for gill nets (CPUE,,,, #n = 18) and 300 m shoreline
electrofishing (CPUE,;, n = 6), and pooled. As no electrofishing data were avail-
able for 1991, we calculated CPUE,, as the average of that in 1990 (CPUE,, = 66)
and in 1992 (CPUE,, = 39).

Statistical analyses -

The paired r-test was used to test differences in clearance rates on phytoplankton

and bacterioplankton (Statistical Analysis Systems Institute, 1989). Multiple
regression was used to estimate SCR and DR of Bosmina, Daphnia, cyclopoid
copepods and rotifers from all the 32-34 community grazing experiments (Table
III). CR and DR were adjusted to 15°C according to Gulati er al. (1982) before the
analysis was performed. Estimated SCR and DR at 15°C were then applied to cal-
culate grazing on bacteria and phytoplankton during the entire study period using
the monitoring data on zooplankton, bacterioplankton, phytoplankton and tem-
perature (see further below).

Results
Grazing experiments

During autumn 1984 and throughout 1985 when the biomass of filter-feeding zoo-
plankton was low, the CR of zooplankton (>140 um) on both bacterioplankton and
phytoplankton was low, averaging 0.7 ml 1! h-! (range 04 m! I-! h-!)and 0.6 mi I-! h-!
(range 0.04-2.7 ml I h-1), respectively (Figure 1). Concurrently with the increase in
the biomass of Daphnia spp. during the summer of 1986 (Figure 1), there was a
marked increase in CR on both phytoplankton and bacterioplankton to maximum
levels of 25 ml 1! h-! for phytoplankton and 33 ml I-! h-! for bacterioplankton. High
CR values (14-25 ml I! h™1) were also found in two phytoplankton experiments con-
ducted in 1991 when B.longirostris was dominant and present in high density. Paired
t-test on grazing data from the 32 experiments on both phytoplankton and bacterio-
plankton grazing revealed that CR was 13% higher on bacterioplankton than on
phytoplankton (P < 0.02). Moreover, CR differed significantly (P < 0.05) in 14 of the
32 experiments, in 12 cases there being higher CR for bacterioplankton.
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Fig. 1. Zooplankton (>140 wm) clearance and ingestion rates on phytoplankton (A, C) and bacterio-
plankton (B, D) measured in Lake Sgbygaard, shown together with the biomass of Daphnia spp. and
cyclopoid copepods (C.vicinus) (E) and B.longirostris and rotifers (F).
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The IR largely followed the variation in CR, except that IR on phytoplankton was
relatively high in autumn 1984, and in the spring of 1985 and 1986, when the phyto-
plankton biomass was particularly high (Figure 1). Maximum IR on phytoplankton
was 0.5 mg C I-! day~! in 1984, and between 1.4 and 1.5 mg C 1! day in 1985,1986
and 1991. and on bacterioplankton it was 0.008,0.02 and 0.18 mg C 1! day~! in 1984,
1985 and 1986, respectively, with no data being available for 1991. As the phyto-
plankton biomass was substantially higher throughout the investigation period than
that of bacterioplankton, ingestion of bacterioplankton-C only accounted for an
average of 3.7% (range 0.2-28%) of total C uptake from the two sources (Figure 2).

The DR of the zooplankton (defined as daily carbon intake per unit body
carbon of zooplankton) averaged 0.82 for phytoplankton and 0.03 for bacterio-
plankton of 1.00 and 0.04, respectively, when adjusting DR to 15°C at each date as
described by Gulati er al. (1982) (Table I).

In 1984 and 1985, the ingestion of bacterioplankton was much lower than both
ambient bacterioplankton biomass and production (Figure 3). Thus, ingestion of
bacterioplankton amounted to0.3-3.7% day~! (mean 1.8% day™!) of the biomass
in late autumn 1984 and 0.8-9.5% day~! (mean 1.7% day™!) in 1985, while inges-
tion as a percentage of daily production amounted to 0.6-13% (mean 11.8%) and
0.4-19.2% (mean 5.4%), respectively. Relatively low percentages were found in
1986 until August, when ingestion increased and peaked at 80% of bacterio-
plankton biomass day! and 190% of daily production. This occurred simul-
taneously with a pronounced peak in the abundance of Daphnia spp. (Figure 1).
In 1986, the sampling average of bacterioplankton ingestion amounted to 14%
day! of biomass and 43% of daily production.

A pattern similar to that of bacterioplankton was observed for phytoplankton
ingestion (Figure 3). In 1984-85, the ingestion amounted to 0.1-6.5% day~! (mean
2.5% day!) of phytoplankton biomass and 0.4-32% (mean 8%) of daily produc-
tion. As with bacterioplankton, ingestion increased in August 1986 to a maximum
of 51% of biomass day! and 136% of daily production. High values were also
recorded in 1991 (28% and 53% biomass day1;33% and 80% of daily production;
Figure 3), at which time B.longirostris density was high (Figure 1). In 1986, the
sampling average of phytoplankton ingestion amounted to 11% day™ of biomass
and 30% of daily production.
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Fig. 2. Ingestion of bacterioplankton-C expressed as a percentage of total carbon ingestion of bacterio-
plankton and phytoplankton sources.
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Table 1. Daily ration (average specific ingestion: mg C mg™' C day' = SE) of phytoplankton and
bacterioplankton ingested by zooplankton >140 pum in 32-34 in vitro grazing experiments in Lake
Sgbygaard. The ration at 15°C, adjusted according to Gulati er al. (1982), is also shown

Daily ration n Measured Adjusted to 13°C
Phytoplankton 34 0.82= 013 1.00 £ 0.16
Bacterioplankton 32 0.03 + 0.006 0.04 = 0.006

n, number of experiments.

Stepwise multiple linear regression of IR versus the biomass of different zoo-
plankton species revealed that whereas Daphnia spp., B.longirostris and C.vicinus
contributed significantly to IR on phytoplankton, rotifers (>140 pm) did not
(Table II), the slope (DR) being 0.88.0.89, 1.02 and 2.38, respectively. In contrast.
only Daphnia spp. contributed significantly to IR on bacterioplankton. the slope
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Fig. 3. Zooplankton ingestion rate on bacterioplankton and phytoplankton expressed as a percentage
of biomass (A, C) and production (B, D).

1613

117



118

E.Jeppesen er al.

Table II. Multiple regression of clearance rate (CR, ml I-'h™!, 15°C) and ingestion rate (IR.mg~' C1+
day™,15°C) on data obtained from i vitro zooplankton (>140 m) grazing experiments on +C-labelled
phytoplankton and H-labelled bacterioplankton versus the biomass of various zooplankters (mg C1-1).
The slopes approximately represent the specific clearance rate (SCR; ml mg~' body C h™')in (A.C)
and daily ration (mg C mg-! body C day™') in (B, D).

Fvalue Pr>F
(A) CR on phytoplankton
Intercept -0.58 £0.73 0.44
Slope =+ SE
B.longirostris 108 1.1 96.8 0.0001
Daphnia spp. 19.8+23 75.4 0.0001
C.vicinus 10.6 =18 0.8 0.37
Rotifers 16.4 £20.7 0.6 0.43
Regression model: 72 = 0.85, F = 42.4, P < 0.0001,n = 34
(B) IR on phytoplankton
Intercept —0.04 =0.09 ) 0.58
Slope + SE
B.longirostris 0.88+0.13 46.8 0.0001
Daphnia spp. 1.02 £0.27 14.5 0.0041
C.vicinus 0.89+0.21 17.8 0.0072
Rotifers 2.38+2.43 1.0 0.3355
Regression model: 72 = 0.68, F = 16.46, P < 0.0001,n = 34
(C) CR on bacterioplankton
Intercept 0507 0.46
Slope = SE
Daphnia spp. 28121 172.8 0.0001
C.vicinus 13+16 0.66 0.42
B.longirostris 29+39 0.54 047
Rotifers 15+19.1 0.01 0.93
Regression model: r2 = 0.87, F = 48.8, P < 0.0001,n = 32
(D) IR on bacterioplankton .
Intercept -0.003 = 0.004 0.45
Slope + SE
Daphnia spp. 0.15+0.01 161.53 0.0001
C.vicinus 0.016 + 0.009 ‘ 2.99 0.095
B.longirostris 0.011 +0.02 0.24 0.63
Rotifers 0.034 +0.11 0.10 0.75

Regression model: 72 = 0.87, F = 44.5, P < 0.0001. n = 32

being 0.15; C.vicinus, B.longirostris and rotifers being ~0.02,0.01 and 0.03, respect-
ively. Regression analysis of CR on phytoplankton revealed slopes (SCR) of
~11-20 ml mg! C h! for the four zooplankton groups, with that for Cvicinus
being lowest (Table II). The slope for bacterioplankton was low for C.vicinus,
B.longirostris and rotifers (1.3-2.9 ml mg™ C h™!) and high for Daphnia spp.
(28 ml mg1 C h1).

Model predictions

The SCR and DR obtained from the regression analysis on grazing experiments
(Table II) (whether significant or not) were used to calculate both summer mean
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(Table III) and annual mean (Table I'V) zooplankton grazing on bacterioplankton
and phytoplankton for the entire investigation period (1984-92) by using moni-
toring data for the biomass of zooplankton, phytoplankton and bacterioplankton.
e.g. for phytoplankton as:

SCR-grazing = SCRgPhyt + SCRp,pnPhyt + SCReyc . Phyt + SCRp,Phyt
DR-grazing = DRgyBioget + DRpapnBiopaph + DRcycBiocyc + DRRosBiop,s

where Phyt is phytoplankton biomass (mg C I-!) and Bio is the total biomass of the
different zooplankton groups (mg C). All SCR and DR were adjusted to actual
temperature according to Gulati er al. (1982). As the carbon content of phyto-
plankton was lower than the incipient limiting level (ILL) for Daphnia
(~0.2 mg C I!; Lampert and Muck, 1985) during short periods only, totalling 1.8%
of the investigation period (E.Jeppesen, unpublished observation), and as detritus

Table M. Calculated summer mean (linear interpolation: 1 May-1 October) zooplankton grazing
(crustaceans and rotifers) on phytoplankton and bacterioplankton obtained using muitiple regression
models based on specific ingestion rates (daily ration) (A) and specific clearance rate (B) (Table II).
Grazing is shown as a percentage of the total measured production and biomass together with total
zooplankton biomass, the relative contribution to the biomass of Daphnia, Bosmina, cyclopoid cope-
pods and rotifers, and the bacterioplankton:phytoplankton production ratio

1984 1985 1986 1987 1988 1989 1990 1991 1992

(A) Based on daily ration

Phytoplankton grazing
(ng CI-' day™) 259 415 1222 1085 1978 1727 1632 1447 859
% of production 2 4 15 26 47 53 40 25 14
% of biomass (% day™!) 07 1 8 12 27 28 20 17 9
Bacterioplankton grazing
(ng CI' day ™) 3 3 77 68 169 124 13 38 63
% of production 20 19 45 45 88 77 4 12 39
% of biomass (% day-!) - 07 22 24 67 44 3 8 16
% of phytoplankton grazing 1.1 07 6 6 9 7 08 5 9
(B) Based on specific clearance rate
Phytoplankton grazing
(ngCllday?t) 421 531 1844 1056 1767 1479 1089 1446 1637
% of production 3 5 23 25 42 45 27 11 21
% of biomass (% day™') 1 1 12 11 24 24 13 7 14
Bacterioplankton grazing
(pg CI-¥ day) - 5 114 68 179 130 24 92 80
% of production - 3 67 46 92 81 7 29 49
% of biomass (% day') - 1 36 24 70 46 5 20 21
% of phytoplankton grazing - 09 6 6 10 9 2 6 5
Total zooplankton biomass
(mg DW I'!) 06 06 22 19 27 25 18 23 13
% Daphnia spp. 09 2 47 51 74 63 2 18 60
% Bosmina longirostris 05 4 6 08 03 00 39 32 0.0
% Cyclopoid copepods 94 64 46 43 22 28 13 28 39
% Rotifers 4 29 2 6 3 9 46 22 0.8
Bacterio:phytoplankton
production ratio (%) - 2 2 4 5 5 8 6 3
Minimum number of samples 11 46 45 4] 52 53 20 19 16
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Table IV. Calculated annual mean (linear interpolation) zooplankton grazing (crustaceans and
rotifers) on phytoplankton and bacterioplankton obtained by using the multiple regression models for
specific ingestion rates (daily ration) (Table II). Grazing is shown as a percentage of the total measured
production and biomass together with total zooplankton biomass, the relative contribution to the
biomass of Daphnia. Bosmina. cyclopoid copepods and rotifers. and the bacterioplankton:phyto-
plankton production ratio

1984 1985 1986 1987 1988 1989 1990 1991 1992

Phytoplankton grazing

(pg CI' day™') 205 264 573 526 901 835 78 817 545
% of production 3 5 14 24 39 39 27 24 15
% of biomass (% day') 09 14 7 9 18 11 9 11 8
Bacterioplankton grazing
(ng CI-! day™) 3 4 35 32 75 57 6 18 40
% of production - 5 40 40 75 61 4 11 43
% of biomass (% day') - 1 13 15 33 21 2 8 14
% of phytoplankton grazing - 2 6 6 8 7 1 2 7
Total zooplankton biomass
(mg DW I') 06 06 11 10 14 14 09 13 11
% Daphnia spp. 05 6 41 48 66 S3 2 21 58
% Bosmina longirostris 4 40 5 06 02 00 36 29 0.0
% Cyclopoid copepods 94 43 53 46 31 39 18 31 42
% Rotifers 2 12 2 6 3 8 4 20 04
Bacterio:phytoplankton
production ratio (%) - 2 2 4 4 4 6 5 2
Minimum number of samples 18 75 86 79 89 91 34 19 17

might have been available during this period, we have ignored it to account for a
decline in SCR and DR during these periods. When using DR values, we assumed
that the relative contribution of bacterioplankton in the diet during the investi-
gation period was the same as during the grazing experiments (1984-86), although
minor changes occurred in relation to changes in the zooplankton grazing (Tables
IIT and I'V). We finally assumed that estimated DR and SCR for rotifers >140 pm
were also valid for small rotifers. '

Interpolated summer mean (1 May - 1 October) and annual mean grazing and
related factors are shown in Tables III and IV, respectively. Calculated summer
mean phytoplankton grazing based on DR varied ~8-fold from a minimum of
259 pg C 11 day! (equivalent to 259 mg C m? day~! as mean depth = 1 m) in 1984
to 1978 pg C I! day™! in 1988. Phytoplankton grazing was low when the zoo-
plankton biomass was low and dominated by cyclopoid copepods (1984-85), inter-
mediate in years with an intermediately high biomass when dominated by
B.longirostris or a mixed community of Daphnia, Bosmina, rotifers and copepods,
and high in years with a high biomass of Daphnia spp. (1988-89) (Tabie IV).
However, as estimated SCR did not differ essentially with respect to the cyclopoid
copepods, Daphnia and Bosmina (Table III), the changes in phytoplankton
grazing largely reflect changes in the zooplankton biomass. .

Calculated summer mean phytoplankton grazing, expressed as a percentage of
production and biomass, varied markedly: from 2 to 53% of daily production and
from 0.7 to 28 % day! of biomass. The variation in annual mean grazing was slightly
less than that seen for summer mean grazing (Table IV). Thus, phytoplankton
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grazing only varied 4-fold. from 205 to 901 pg C I-! day~l. Likewise, the variation
in grazing pressure was smaller, ranging from 3 to 39% of the production and 0.9
to 18% of the biomass.

Calculated summer mean bacterioplankton grazing varied seven times more than
that of phytoplankton grazing (i.e. 58-fold), ranging from 3 ng C It day! in 1985 to
169 pg CI'! day! in 1988. It was particularly low in 198485, when cyclopoid cope-
pods were dominant, and in 1990-91, when Bosmina and rotifers were abundant,
whereas it was comparatively high during years with Daphnia dominance, it being
especially high in 1988 and 1989 when the biomass of Daphnia was high. Zooplank-
ton grazing on bacterioplankton was substantially less than that on phytoplankton,
ranging from 0.7 to 9% of phytoplankton grazing (Table III). On an annual basis,
bacterioplankton grazing only varied 26-fold, from 3 to 75 wg C1-! day! (Table IV).
The inter-annual variation in the grazing pressure on bacteria was greater than for
phytoplankton, ranging from 1.9 to 88% of bacterioplankton production and to
0.7-67% day! of biomass during summer (Table III). On an annual basis, zoo-
plankton grazing reached a maximum of 75% of daily bacterioplankton production
and 33% day~! of biomass (Table IV).The grazing pressure on bacterioplankton was
highest in years with high densities of Daphnia, and particularly low in years domi-
nated by cyclopoid copepods (1984-85) and Bosmina and rotifers (1990-91).

In general, low differences were found between the grazing rates calculated on
the basis of the SCR and DR values obtained by multiple regression on data from
the grazing experiments (Table III). Based on CR, grazing on phytoplankton ranged
from 421 to 1844 ug C I! day!, corresponding to 345% of daily production and
1-24% day! of biomass, while grazing on bacterioplankton ranged from S to
179 pg C I'! day!, corresponding to 3-92% of daily production and 1-70% of
biomass day-!. In addition, inter-annual variation in grazing rates calculated on the
basis of SCR was roughly the same as for the rates calculated on the basis of DR.In
the following discussion, we therefore concentrate on grazing rates based on DR.

The changes in grazing pressure on phytoplankton and bacterioplankton. and in
the relative abundance of various zooplankter, were related to changes in the abun-
dance (CPUE) of fish as determined by survey gill nets and electrofishing along
the shore (Figures 4 and 5). A negative linear relationship was found between
CPUE of fish in terms of numbers and grazing in percentage of both phyto-
plankton and bacterioplankton biomass and production, and between CPUE of
fish and zooplankton biomass. However, only the relationship for bacterioplank-
ton was significant (P < 0.05). Grazing expressed as percentages of biomass and
production was markedly higher far bacterioplankton than for phytoplankton at
low fish density, and lower or similar at high densities (Figure 4). Among the filter-
feeding zooplankton, a shift occurred from Daphnia dominance at low CPUE to
Bosmina and rotifer dominance at the highest CPUE (Figure 5).

Discussion

Grazing experiments

As revealed by the grazing experiments, there was considerable inter-annual
and seasonal variation in CR and grazing pressure on phytoplankton and
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bacterioplankton. CR on bacterioplankton was only high when Daphnia spp. were
dominant and abundant (1986), while CR on phytoplankton was high when
cyclopoid copepods, Daphnia spp. or B.longirostris were dominant and abundant
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(Figure 1). However, grazing pressure on phytoplankton expressed as a percent-
age of production was only high when Daphnia and Bosmina were dominant
(1986, 1991).

Multiple regression amalysis revealed that B.longirostris, Daphnia spp. and
C.vicinus, which most frequently dominated the Lake Sgbygaard pelagic zoo-
plankton community, each contributed significantly to the variation in IR on
phytoplankton, while only Daphnia spp. were significantly related to IR on
bacterioplankton. The validity of applying multiple regression analysis at the
community level to separate the impact of the species present can be questioned
because of the risk of autocorrelation and misinterpretation of the impact of less
abundant species. In the present study, it is suggested to be a minor problem
because of the low number of species present and the long intervals separating
periods of dominance by specific zooplankton grazers (Figure 1). Multiple regres-
sion analysis revealed no significant difference in Daphnia SCR on bacterio-
plankton and phytoplankton (£ > 0.05). Low selectivity has also been found in a
number of other studies (Hebert, 1978; DeMott, 1982, 1985). Cyclopoid copepods
seemed to select for phytoplankton, although the variability of SCR in the regres-
sion was high. Herbivorous feeding by cyclopoids and particularly by C.vicinus is
well known (e.g. Téth and Zankai, 1985; Adrian, 1991; Hansen and Santer, 1995),
and further evidence is provided by the study on the population dynamics of
C.vicinus in Lake Sgbygaard (Hansen and Jeppesen, 1992). Bacterioplankton
ingestion, however, was observed in most of the grazing experiments in which
cyclopoids were exclusively dominant, albeit IR was low. This apparently contra-
dicts the results from other studies. Thus, using a microsphere technique, Sanders
et al. (1989) observed a lack of clearance of small-sized particles by calanoid and
cyclopoid species during a single season in eutrophic Lake Oglethorpe. The same
conclusion has also been reached by others, e.g. Bogdan and Gilbert (1987) and
Vanderploeg and Paffenhoffer (1985). The apparent (albeit low and not signifi-
cant) bacterioplankton ingestion by cyclopoid copepods in our study is therefore
most likely caused by predation on labelled bacterivores, flagellates or ciliates,
rather than on bacteria.

Bosmina longirostris did not contribute significantly to the SCR on bacterio-
plankton either, the SCR regression coefficient being four times lower than for
Daphnia spp.This is in accordance with the finding of DeMott and Kerfoot (1982)
that Bosmina strongly select against bacterioplankton (4- to 16-fold higher SCR
on Chlamydomonas than on Aerobacter), and that adult Bosmina presented with
a pure culture of Aerobacter even stop feeding. Similarly, Hart and Jarvis (1993)
found a 4-fold higher SCR on phytoplankton than on bacterioplankton for
Bosmina.That the SCR of Bosmina on bacterioplankton is low in Lake Sgbygaard
is further supported by the fact that both bacterioplankton biomass and produc-
tion were particularly high in years and periods when Bosmina was dominant
(Jeppesen et al., 1992, 1996a).

Zooplankton DR feeding on phytoplankton averaged 0.82, or 1.0 when
adjusted to 15°C according to Gulati et al. (1982), while DR on bacterioplankton
was 0.03 (0.04 at 15°C) (Table I). In a comprehensive study of mesotrophic Lake
Vechten, Gulati et al. (1982) found that the zooplankton community DR (14C-
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labelled seston < 33 wm) ranged from 0.26 to 0.61 on an annual basis and from
0.45 to 1.28 during summer. In subsequent investigations in a large number of
shallow lakes. annual DR (adjusted to 15°C) was found to range from 0.65 to 3.7.
and in most cases from 1 to 2, with the highest ratios being found in lakes in which
algal biomass was high and small cladocerans dominant (Gulati, 1990). Compared
with these ratios, and taking into account that the more slow-growing cyclopoids
most often dominated the crustacean biomass in Lake Sg¢bygaard during the time
of the grazing experiments, the zooplankton DR of 1.0 at 15°C found in the
present study seems probable, although it is at the low end of the scale determined
by Gulati (1990). The generally higher DR values found in Gulati’s experiments
may reflect the fact that ingestion in his study comprised the total seston pool,i.e.
also detritus, the latter often being high in shallow lakes because of resuspension.
In contrast, in our experiments and the other experiments cited, only phyto-
plankton ingestion was measured.

DR for B.longirostris (0.88) was low compared with the value of 2-3 on the total
seston pool reported by Gulati (1990), but was close to the DR of 1.0 on phyto-
plankton reported by Johnson and Borsheim (1988). The cyclopoid copepod DR
corresponds to some of the values found in the literature on eutrophic lakes. For
example, Adrian (1991) reported average phytoplankton ingestion by C.vicinus of
7.3 (4.5-10.6) pg DW indiv."! day! for females and 8.7 pg DW indiv.”! day! for
males in hypertrophic Lake Heiliger See. while Téth and Zankai (1985) reported
a value of 8.1 pg DW indiv."! day™! for adult C.vicinus in Lake Balaton. Assuming
an individual biomass equivalent to those found in Lake Sgbygaard. these inges-
tion rates correspond to a DR of 0.6.1.2 and 0.8, respectively, or to a mean of 0.8,
which is comparable with the DR of 0.89 at 15°C determined for C.vicinus by
regression analysis in the present study (Table II). DR was, however, somewhat
higher than values obtained at high food concentrations (Chlamydomonas) in
laboratory experiments conducted by Santer and van den Bosch (1994). Contrary
to most other cyclopoid copepods, C.vicinus can undergo its whole life cycle as a
herbivore (Santer and van den Bosch, 1994).

Model estimates of grazing

. Except for the DR values of Gulati (1990). which were based on a total seston

uptake, the DR values we determined by regression analysis fit relatively well with

those reported by others for the zooplankton species in question. ‘We have there-

fore used the SCR and DR values obtained from the regression analysis to calcu-
late grazing for the whole study period (1984-92). We thus assume that all
phytoplankton <50 pm are edible. This is supported by the fact that cladoceran
fecundity was generally high, except for short periods (<2% of the summer
1984-92) with extremely high grazing pressure during which the phytoplankton
collapsed (Jeppesen et al., 1990a; E.Jeppesen, unpublished observation).
Phytoplankton grazing expressed as a percentage of phytoplankton biomass
ranged between 0.8 and 14% day! on an annual basis (0.7-28% day! in summer),
which is comparable to that found in the majority of other studies (Cyr and Pace,
1992). Carney and Elser (1990) argued that the crustacean grazing pressure on
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phytoplankton is highest in mesotrophic lakes and decreases markedly towards
hypertrophic lakes due to a shift to dominance by less palatable and less nutritious
phytoplankton. However. in hypertrophic Lake Sgbygaard. the grazing pressure
was low in. for instance, 1984-85 despite dominance by edible phytoplankton
(mainly Scenedesmus). Several authors have emphasized the importance of fish in
the determination of the grazing pressure on phytoplankton in eutrophic lakes
(e.g Leipold. 1989; Gulati er al., 1990; Sarnelle. 1992: Carpenter and Kitchell. 1993:
Mortensen er al., 1994). This is further supported by data from 39 shallow Danish
lakes showing that the potential phytoplankton grazing pressure on zooplankton
was significantly inversely related to the density of planktivorous fish (CPUE.
multiple mesh size gill nets) and that this relationship was not influenced signifi-
cantly by whether edible or inedible phytoplankton dominated (Jeppesen er al..
1996b). Fish also seem to play a key role in Lake Sgbygaard. In the period 1987-92.
both zooplankton biomass and phytoplankton grazing on algae were negatively
related (although not significantly so) to the CPUE of fish in terms of numbers
caught with gill nets and electrofishing. Moreover, when fish density was highest.
a shift occurred from Daphnia dominance to dominance by Bosmina and rotifers.
Unfortunately, routine investigation of fish density was not initiated until 1987, a
mark-recapture study. however, being undertaken in 1986 (E.Mortensen et al..
unpublished data). The latter, which also included age determination on the basis
of scale analyses, showed that fish biomass was high in 1986 (660 kg ha-!).and that
the stock was totally dominated by roach and rudd larger than 12 cm (3+ or older).
whereas only few 0+-2* fish were caught. It is, therefore, reasonable to conclude
that the abundance of planktivorous fish was high in 1984 and decreasing until
1986, which may explain the particularly low grazing pressure on phytoplankton
in 1984-85 (Tables III and IV). Analyses of seasonal variations in zooplankton
(Jeppesen et al.,1990) and experimental in situ investigations in the lake (Hansen
er al., 1991) suggest, however, that high pH (>10.5) mediated indirectly by the low
grazing pressure on phytoplankton (low grazing means high phytoplankton pro-
duction and accordingly high pH) in a self-amplifying manner has added to the
low grazing pressure in 1984 and 1985.

How trophic structure affects zooplankton grazing on bacterioplankton is less
well known. Evidence from enclosure experiments in eutrophic lakes indicates
that fish stock alterations may markedly affect the grazing rate on bacterioplank-
ton. For example, Riemann (1985) found a zooplankton grazing rate of 4.6% of
bacterial production when fish density in the enclosures approximately corre-
sponded to that in the lake under study, while removal of fish from the enclosures
led to an increase in grazing rate to 48-51% of production. Geertz-Hansen et al.
(1987) found even higher grazing rates (55-114%) in fish-free enclosures, and bio-
manipulation studies in a German lake revealed that Daphnia consistently con-
sumed >95% of the bacterioplankton production during late summer (Jiirgens,
1994; Jurgens et al., 1994). The present study supports the concept that grazing on
bacterioplankton is high in eutrophic lakes when fish predation is low (Figure 4,
Tables IV and V), the key organism being Daphnia. as in other studies (Jiirgens,
1994). Daily mean grazing rates thus reached maxima of 77-88% of the daily
bacterioplankton production during the summers of 1988-89 and 44-67% of the
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biomass. However, at higher planktivorous fish densities, at which the zooplank-
ton community was dominated by the less efficient bacterioplankton feeders
B.longirostris. rotifers and C.vicinus, the zooplankton grazing rates calculated for
Lake Sgbygaard were below 5% of bacterioplankton production and 2% day! of
biomass. In shallow lakes, the zooplankton community at natural fish densities
typically changes from one dominated by calanoid copepods at low total P to
Daphnia dominance at intermediate total P, and finally to dominance by Bosmina
or cyclopoid copepods and rotifers at high total P (Gulati er al., 1985; Jeppesen et
al.,1992). As calanoid copepods are inefficient grazers on bacterioplankton-sized
food (Horn, 1985), it is likely that the zooplankton grazing pressure on bacterio-
plankton at natural fish densities is highest at intermediate total P levels.i.e. when
the contribution of Daphnia to total biomass is highest.

The response to changes in the abundance of planktivorous fish was markedly
higher for bacterioplankton than for phytoplankton (Figure 3), which reflects the
fact that a shift occurs at increasing fish density towards higher abundance of inef-
ficient bacteria, but comparatively efficient phytoplankton grazers. High zoo-
plankton grazing percentages at low fish densities suggest low protozoan grazing
on bacteria. This corresponds to the results from other investigations (Christof-
fersen et al., 1993; Jiirgens, 1994), showing that Daphnia in high densities not only
affect the bacterioplankton, but exploit the whole microbial community. No data
on flagellates were available from the investigation period in Lake Se¢bygaard, but
a strong negative relationship was found between the Daphnia biomass and
bacterioplankton biomass (Jeppesen et al., 1996a) as well as ciliate density
(E.Jeppesen, unpublished results). In addition, the grazing pressure, expressed as
a percentage of production and biomass, was markedly higher on bacterioplank-
ton than on phytoplankton in the Daphnia-dominated situations. This does not
necessarily mean, however, that the impact of grazing is highest on bacterio-
plankton. In fact, the biomass of phytoplankton decreased 5-fold from 1984-85 to
1988-89, while only a 2-fold reduction was found for bacterioplankton (Jeppesen
et al., submitted). This may be explained by the fact that in addition to grazing,
phytoplankton loss by sedimentation was high in this green algae-dominated lake
(in 1985, ~50% of the production per day during summer) (Jeppesen ez al., 1990b;
P Kristensen and P. Jensen, unpublished) and even increased markedly with
increasing grazing pressure due to a simultaneous 10-fold increase in the average
volume of phytoplankton (Jeppesen et al., 1990, and E. Jeppesen, unpublished
results). Consequently, grazing enhanced phytoplankton loss by sedimentation
and thereby the overall loss in the lake. A similar effect is not to be expected for
bacterioplankton as high Daphnia grazing normally results in dominance by small
bacteria (Jiirgens, 1994).

The observed fish-mediated changes in zooplankton grazing rate also seem to
affect the relative levels of grazing on phytoplankton and bacterioplankton, as
well as the bacterioplankton:phytoplankton production ratio. Thus, annual
bacterioplankton grazing in terms of C amounted to 1-2% of phytoplankton
grazing when inefficient bacterioplankton feeders such as C.vicinus and B.lon-
girostris were dominant at high fish predation pressure, and despite a higher
grazing pressure than on phytoplankton it increased to 6-8% at relatively low fish
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predation pressure when Daphnia spp. were dominant (Table IV). Likewise. the
bacterioplankton:phytoplankton production ratio changed from 2% when
cyclopoid copepods dominated to 2-4% and 5-6% when Daphnia and Bosmina,
respectively, were dominant and present in high densities. The relatively low
importance of bacterioplankton to the zooplankton diet is in concert with the
findings of numerous other studies (Bérsheim and Andersen, 1987; Hart and
Jarvis, 1993). It primarily reflects the fact that bacterioplankton biomass is usually
much lower than phytoplankton biomass, although in some lakes the difference is
further enhanced because the zooplankton actively select against bacterio-
plankton. An exception is humic lakes, in which bacterioplankton grazing may be
higher than phytoplankton grazing (Hessen, 1985; Kankaala, 1988). Our findings
indicate that changes in fish predation pressure may also have an impact on the
relative importance of bacteriopiankton to the zooplankton diet, as well as on the
bacterioplankton:phytoplankton production ratio, mainly as a result of fish-medi-
ated changes in the composition of the zooplankton community.
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