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ABSTRACT

The success in restoration of eutrophicated lakes is mainly judged by water clarity and algal
biomass. Thus, major interest is focused on the top-down control of phytoplankton by
zooplankton. In lake littoral, submerged vegetation has been shown to structure food web
interactions through mediating resource availability for planktonic communities and altering
trophic cascades. Littoral community composition and trophic interactions determine the
resistance of ecosystem against perturbations, such as nutrient loading. Enhanced control of
phytoplankton biomass in macrophyte beds may be the result of improved chances of large
cladoceran grazers to avoid fish predation by using vegetation as a refuge. The relative role of
different regulation mechanisms on phytoplankton in vegetation is often difficult to interpret and
may depend on factors such as plant community composition, lake trophic state and
morphometry as well as climate. This study aims to assess how zooplankton community and
their role in controlling phytoplankton biomass are modified by predation by fish, macrophytic
vegetation, nutrient enrichment and climatic conditions. A series of mesocosm experiments of
factorial design were run in the littoral of Lake Vesijérvi, southern Finland and in five other lake
littorals along a climatic gradient from Spain (two sites) to Holland, England and Sweden.

The top-down control of phytoplankton by zooplankton grazers was important in vegetation and
was invariably, depending on species, facilitated by macrophytes, which controlled
phytoplankton growth and provided zooplankton with refuge against predation by fish. Thus,
complementary mechanisms by both zooplankton and macrophytes were apparently behind the
control of phytoplankton biomass. The series of parallel experiments along the European
climatic gradient also suggested that zooplankton, especially the functional group of large
crustacean grazers was of crucial importance in controlling algal biomass even under
hypereutrophic conditions (up to 1600 pg TP I''). The grazing impact of large crustaceans
declined relative to resource control under high temperature conditions (close to 30°C) leading
to low resistance to nutrient enrichment. Other geographical differences were probably masked
by the high year-to-year variation in the prevailing weather conditions, which affected the
structure of littoral communities and the resistance to nutrient enrichment and fish predation.

Small (5-10 cm) planktivorous fish had a greater role than nutrients in regulating zooplankton
biomass. On the other hand, the results suggested a threshold fish biomass of 4 g FW m™ or 2.5-
4 ind m? below which zooplankton grazer biomass and, subsequently, the control of
phytoplankton biomass were not controlled by fish. When fish abundance was higher (20 g FW
m™ or 7-20 ind m?), the results did not unequivocally show that submerged vegetation hampered
the trophic cascade of planktivorous fish via zooplankton grazers. Benthic and epiphytic
macroinvertebrates as alternative food sources for 15-17-cm roach (Rutilus rutilus L.) in Elodea
canadensis L. beds reduced predation pressure on cladocerans, the most preferred food source,
less than expected. Rather, the results suggested that alternative food sources may facilitate
roach populations to manage over the periods of low cladoceran abundance and thus maintain
high predation pressure on zooplankton.

Compositional changes within zooplankton community suggested that available food resources
determine total zooplankton biomasses but fish predation strongly regulated the relative
abundances of the different functional groups of zooplankton. The biomass of large cladocerans
was reduced by fish and was compensated by smaller grazers for which macrophytes appeared
to provide with refuge against fish predation. In vegetated littoral, also small-sized crustaceans
may be able to control algal biomass. In littoral ecosystems, the habitat structural heterogeneity
has generally been emphasized causing variation among trophic interactions. The results of this
work support this view and emphasize also the heterogeneity within trophic level as well as
year-to-year differences in the community structure. These factors affected the resistance of the
system to environmental variation.
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1. Introduction

1.1. The role of zooplankton and food web functioning

Trophic structure of an ecosystem can be defined as the partitioning of
biomass into different trophic levels of food web and is basically determined
by available resources and primary productivity. However, it is also

regulated by dynamic feedback from higher trophic levels, which in turn

affect resource availability (Carpenter et al. 1985, Arditi & Ginzburg 1989,
Power 1992, Carpenter & Kitchell 1993, Leibold et al. 1997, Polis 1999, 1
Persson et al. 2001). The relative importance of resource and predator il

control in shaping community structure is viewed as complementary, not

contradictory. Thus, zooplankton community is expected to respond to Li
changes both in available food resources and in predation pressure reflecting I
also the “sandwitched” role of zooplankton in lake food webs (Gliwicz
2002, Jeppesen et al. 2002). However, the two forces operate on different
time scales. The effect of predation is immediate, while it takes more time to
translate enhanced productivity into new biomass, and this time lag depends

on the generation time of organisms (Gliwicz 2002, Reynolds 1994).

Notable prevalence of predation in shaping the zooplankton community |
structure (Hrbacek 1962, Brooks & Dodson 1965) triggered off a fruitful ’
avenue of research in aquatic ecology. The dynamic feedback from higher
trophic levels has inspired a number of studies about the way and magnitude
how fish control lower trophic levels and affect also resource availability |
(Kerfoot & Sih 1987, Carpenter & Kitchell 1993). The trophic cascade
theory (Carpenter et al. 1985, Polis et al. 1999) as well as the traditional
food chain theory with its modifications (Hairston ét al. 1960, Fretwell
1977, Oksanen et al. 1981, Scheffer 1991) have been intensively tested in
aquatic ecosystems. Evidence for the strong vertical structuring of aquatic

food webs has been gained through manipulations of top trophic levels
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(Carpenter et al. 1985, Rask et al. 1996, Brett & Goldman 1997, Jeppesen et
al. 1998c, Horppila et al. 1998) or primary productivity (Hansson 1992,
Persson et al. 1992, Sarnelle 1992).

The success in restoration of eutrophicated lakes is mainly judged by water
clarity and phytoplankton biomass (Benndorf et al. 2002). Thus, major
interest is focused on the top-down control of phytoplankton by
zooplankton. Direct grazing has been considered an improbable mechanism
to maintain a permanent clear-water state (Benndorf et al. 2002). The
control of phytoplankton biomass may be achieved not only via direct
grazing but also via altered recycling of nutrients. Nutrient regeneration of
planktonic animals in aquatic ecosystems is important (Hudson ef al. 1999,
Tarvainen ef al. 2002, Vanni 2002), but so far there is little evidence about
its role in changing phytoplankton biomass (Cyr & Curtis 1999). The
relative importance of grazing and nutrient regeneration may often be
difficult to interpret and depends on conditions such as time scale, lake
depth and trophic state (Benndorf et al. 2002). In any case, low
phytoplankton biomass and indirect top-down effects combined with
mechanisms related to nutrient availability are decisive in controlling

phytoplankton biomass.

Intense planktivory by visually foraging fish decreases the biomass of large-
bodied effective grazers, especially that of Daphnia, leading to lowered
control of phytoplankton biomass. Reduced planktivory by fish has been
observed to result in positive or negligible and even negative responses of
(large) zooplankton grazers (Reynolds 1994, Rask et al. 1996, Leibold et al.
1997, Horppila et al. 1998, Sarvala et al. 2000). Such heterogeneity may
reflect compositional changes, which alter expectations about the regulation
of trophic structure. Considerable amount of variation in planktonic
community structure across productivity gradient may be due to

invulnerability of prey organisms (Mazumder 1994, Abrams & Walters

1996), omnivory (Diehl & Feifel 2000), compensatory responses (Pace et




al. 1998) and spatial heterogeneity (Scheffer & Boer 1995). Such
observations have addressed the major simplifying assumptions of most
food web models and have issued the importance of taking into more
profound consideration e.g. the heterogeneity within trophic levels (Leibold
et al. 1997, Persson et al. 2001). Even the most complex models also tend to
1gnore environmental variability (Hunter & Price 1992). Habitat structural
complexity is important for regulating community structure and the strength :
of cascades (Shurin et al. 2002). In shallow lake ecosystems the spatial

heterogeneity, created by submerged vegetation, increases the complexity of

trophic interactions within the habitat (Scheffer et al. 1993, Jeppesen et al.
1998b, Scheffer 1999) and also between habitats through spatial coupling
(Schindler & Scheuerell 2002, Vadeboncoeur et al. 2002).

1.2. Zooplankton and littoral communities

The majority of aquatic food web research has been carried out in pelagic
ecosystems (Vadeboncoeur et al. 2002). However, small, shallow lakes
comprise the majority of the world’s lakes (Wetzel 1990), thus emphasizing
the fundamental role of littoral ecosystem in the flow of nutrients and energy
in lake ecosystems (Schindler & Scheuerell 2002). In shallow lake

ecosystems, submerged vegetation has been shown to structure food web

interactions through mediating resource availability for planktonic
communities and altering trophic cascades. This spatial heterogeneity works
as an 1important buffering mechanism in shallow lakes and littoral
ecosystems where the outcome of perturbation results from variable
responses of organisms of different habitats that may partly or completely
compensate, or strengthen, each other’s effect (reviewed in Jeppesen et al.
1998b). The concept of altemnative stable states pu]lé together the positive
feedback mechanisms through which submerged macrophytes promote a

clear-water state over a wide range of nutrient concentrations. Thus,

eutrophic shallow lakes may be in either a turbid, phytoplankton-dominated




state or a clear-water, plant-dominated state (Irvine et al. 1989, Scheffer et
al. 1993). Both states are assumed to resist perturbations because complex
biological interactions buffer their stability. A switch from one state to the
other requires major forces. For instance, a gradual change in nutrient
loading or temperature may have little effects until a threshold is reached at
which a large switch occurs (Scheffer et al. 1993, Scheffer & Carpenter
2003).

In shallow vegetated ecosystems, zooplankton grazing has been shown to
have a central role in controlling phytoplankton and maintaining the clear-
water state (Schriver et al. 1995, Jeppesen et al. 1998a, 1999, Scheffer
1999). However, this mechanism has been challenged by field observations
of dense submerged vegetation and low phytoplankton biomass coincident
with a low abundance of zooplankton (Meijer et al. 1999, Blindow et al.
2000). Thus, other regulation mechanisms of macrophytes on planktonic
communities might also be effective. Such mechanisms include shading,
allelopathy, competition for nutrients, and regulation of water movements
and sedimentation (Sendergaard & Moss 1998). In every case, zooplankton
grazing may have a key role in affecting water clarity and, subsequently, the
establishment and maintenance of submerged vegetation. Although the
structuring role of submerged macrophytes is generally acknowledged, the
mechanisms behind this phenomenon are still arguable (Jeppesen et al.
1998b). The debate stems from the ultimate complexity of these mechanisms
and differences in their relative role. This controversy has been related to

differences in climate, lake morphometry, plant community composition as

well as trophic state of the lake (Jeppesen ef al. 1999).




1.3. Fish-zooplankton interactions in vegetated littoral habitats

Submerged macrophytes provide with refuge for grazing zooplankton,
especially daphnids, against visually predating planktivorous fish (Timms &
Moss 1984, Carpenter et al. 1985, Carpenter & Lodge 1986, Jeppesen ef al.
1998a, Kairesalo et al. 1998, 2000, Scheffer 1999). On the other hand, while
zooplankton grazers may utilise the vegetation as refuge they may also be
suppressed by macrophytes (Burks et al. 2002). A negative impact of
aquatic plants on rotifers was observed already 50 years ago (Hasler & Jones
1949). Later, several studies have suggested that submerged macrophytes do
not provide a favourable habitat either for cladocerans, especially Dap#hnia,
due to low food supply, high daytime pH, predation or plant chemicals
(Pennak 1973, Dorgelo & Heykoop 1985, Jeppesen et al. 1998a, Blindow et
al. 2000, Burks et al. 2000, 2002). By migrating horizontally between
macrophyte beds and open-water habitats, cladocerans may avoid constant
susceptibility to the adverse effects of macrophytes while still benefit from
the refuge (Timms & Moss 1984, Lauridsen & Lodge 1996, Burks et al.
2002). Littoral zooplankton may also swarm during day as well as perform
microscale diel vertical migration between lake bottom and open-water as a
response to predation by fish (Walls et al. 1990). However, in shallow lakes
light may penetrate to the bottom of water and a hypolimnetic refuge may be

lacking, making vertical migration less advantageous (Burks et al. 2002).

Vegetated littoral ecosystem may also modify fish-zooplankton interactions
through sustaining a habitat with multiple alternative food sources for fish
(Persson 1983, Diehl 1993, Moss et al. 1998, Perrow et al. 1999). Such
generalist feeding behaviour, i.e. switching of prey preference, may reduce
the predation pressure on zooplankton (Perrow et al. 1999) and thereby
dampen their population fluctuations. On the other hand, it has been
suggested that such behavioural flexibility may have only a short-term
stabilizing effect depending on the predator’s behaviour and food

preferences (Murdoch & Bence 1987). For instance, in the littoral of Lake
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Vesijarvi, southern Finland, the share of zooplankton in the diets of roach
(Rutilus rutilus L.) decreases and the proportion of benthos and macrophytes *
increases with the low availability of planktonic food (Horppila & Kairesalo |
1992), and with the increasing size of fish (Horppila 1994). However, the
consequences of such plasticity in food preference for zooplankton-
phytoplankton interactions, and on the stability of the littoral ecosystem, . U

have been less quantified (reviewed in Jeppesen et al. 1998b).

1.4. Effects of climate on the functioning of plankton communities

Community structure and food web interactions in any given ecosystem are
determined by a myriad of forces, both abiotic and biotic factors, often
difficult to untangle when interpreting the patterns observed in natural
communities (Hunter & Price 1992). Among the multiple environmental
factors controlling the functioning of ecosystems, climatic aspect has been
less considered in aquatic field studies, although its obvious role in affecting
trophic interactions has often been suggested (Jeppesen et al. 1999, Petchey
et al. 1999, Scheffer & Carpenter 2003).

All biochemical and biological processes such as population cycles, biomass
turnover times and trophic interactions have rates of operation which are

temperature dependent (McCauley & Murdoch 1987, Lehman 1988, Petchey

et al. 1999). Such factors are likely to affect communities in shallow aquatic
ecosystems. Production of zooplankton has been shown to increase with
temperature while biomass accumulation is more dependent on resource
availability (Shuter & Ing 1997). Similarly, enhanced primary productivity
at higher temperatures (Petchey et al. 1999) becomes more controlled by
nutrient turnover rate and availability. Accordingly, with ‘rising temperature
the inherently faster growth rate of algaec compared to that of zooplankton
may lead to reduced control of algal biomass by zooplankton. In addition,

the threshold food level of zooplankton increases with water temperature




and, for metabolic reasons, with increasing animal size (Lehman 1988). This
may yield a lower share of large-bodied (efficient) grazers in the
zooplankton community. Fish predation may further suppress large
zooplankton since the activity and capture success of several planktivorous
fish, such as roach, increase with temperature (Persson 1986). Thus, with
mcreasing temperature, effects at the resource base may have a major role in
the functioning of food web such that the cascading effects of fish via

zooplankton grazers could have a minor role in controlling algal biomass.

2. Objectives of the study i

|

This study focuses on the functioning of planktonic food web in lake littoral :‘I
ecosystem and, by using factorial field mesocosm experiments, aims to !
assess: !
o The hampering impacts of a submerged plant (Elodea canadensis
Michx) on the cascading effects of roach via zooplankton grazers
through (1) providing zooplankton with refuge against predation by
roach and (2) providing omnivorous roach with a habitat rich in

alternative food sources (I).

e Zooplankton community responses and, subsequently, the resistance of i
the littoral ecosystem to nutrient enrichment and predation by
planktivorous fish during two consecutive years locally (II) and under
different climatic conditions (III) assuming that the stability of the !
system, i.e. its resistance to nutrient enrichment, increases with
increasing macrophytic vegetation but decreases with increasing
temperature and fish density.

Special emphasis is paid on the role of zooplankton, gﬁrimaxily crustacean

grazers, in controlling algal biomass with different densities of

planktivorous fish. In this context, the effects of differing macrophytic
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vegetation on fish-zooplankton interactions and subsequent effects on

phytoplankton are addressed (Fig 1).

NUTRIENTS CLIMATE
W e temperature
submerged dg}\a}f“ R | ( em rature)
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Fig. 1. A schematic picture representing the main scope of the study. The
environmental variables are written in capital letters while the state variables
are in regular letters. The arrows show the processes of interest. Black thin
arrows illustrate consumer regulation and broader grey arrows illustrate
resource regulation. Roman numerals refer to each original paper in which
the processes are considered.
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3. The study sites and the design of the experiments

3.1. Description of the study sites

The field experiments included in this study were performed at the 1.0-1.2
meter depth in lake littorals rich in submerged macrophytic vegetation. The
Finnish study site situated at Kilpidistenpohja Bay, which lies at the
southeastern end of Lake Vesijdrvi, in southern Finland (61°02° N, 25 °39
E) (I, II, TIT). The other study sites situated in shallow lake littorals of Lake
Krankesjon (Sweden; 61°02° N, 25 °39” E), Little Mere (England; 61°02° N,
25 °39° E), Lake Naardemeer (the Netherlands; 61°02° N, 25 °39’ E), Lake
Chozas (Leon, Spain; 61°02° N, 25 °39° E) and Lake Xeresa (Valencia,
Spain; 61°02° N, 25 °39> E) (III). More detailed descriptions of the study

sites and community structure can be found in each original paper.

3.2. Design of the experiments

The experiments had fully factorial design with two factors (hereafter
referred to as treatments): either different densities of Elodea canadensis
and fish (altogether 18 enclosures) (I) or different weekly additions of
phosphorus and nitrogen and different densities of fish (altogether 36
mesocosms) (II, IIT) (Table 1). The effects of Elodea and fish were studied
in 2.5x2.5 meter enclosures August 1 to 29, 1994 (I). The effects of nutrient
enrichment and fish predation were studied in cylindrical mesocosms of 1 m
diameter and the experiments were conducted concomitantly in the different
study sites along the European climatic gradient in two consecutive years:
from June 8 to July 13, 1998 and from June 29 to August 10, 1999 (11, III).
During the third week of the experiment in 1998 in Finland, high fish
mortality occurred at the two highest nutrient levels probably due to the high
pH (>9) of water. Therefore, the results of these nutrient treatments were

excluded from the data analyses and the nutrient range was narrowed in
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1999 (Table 1). The enclosures and mesocosms, made of clear PE-
(polyethylene) plastic, were open to the atmosphere and the low ends were
sealed into the lake bottom sediment. The experimental arca was covered
with a net to prevent the entry of birds. Fish and macrophytes used in the

experiments were collected from a nearby lake area.

Table 1. Summary of the experimental designs.

Time of Treatment 1 Treatment 2 No. of Paper
experiment and  (levels) (levels) repli-
the size of cates
mesocosms
1-29 August Elodea Roach, Rutilus ;] I
1994 (0, 250, 750 g FW m™) rutilus L., of 16 cm
area 5 m’ length
vol. 7.5 m’ (0, 69 g FW m™ or

0, 1.8 ind. m?)
8 June — 13 July Nutrients Locally appropriate 3 II, I
1998 (OmgP+0mgNL", planktivorous fish
area 0.8 m* 0.lmgP+1mgN T species of 5-10 cm
vol. 0.7-1.0m> 05mgP+5mgNL", length* (0,4,20 g

1.0mgP+10mgNL") FW m™ or 0, 2.5-4,

7-20 ind. m™)
29 June - 10 Nutrients Locally appropriate 2 II, ITT
August 1999 (OmgP+0mgN e planktivorous fish
area 0.8 m* 0.03mgP+03mgN L', species of 5-10 cm

vol. 0.7-1.0m®> 0.06 mgP+0.6mgNL", length**0,4,20¢g
0.09mgP+09mgNL?!  FWm?or0,2.5-4,
0.15mgP+1.5mgNL", 7-20ind. m?)
030mgP+3.0mgNL"

In the Finnish experiment 6-9 cm juvenile roach (*) and 8-10 cm juvenile perch,
Perca fluviatilis L. (**), were used.
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4. Methods
4.1. Sampling procedure and sample analyses

Samples for water chemistry, chl-a, phytoplankton and zooplankton were
collected weekly with a transparent perspex core (length 1.5 m, inner
diameter 4.0 cm) from the surface to the bottom of each enclosure (I, II, III).
First samples were taken just before the introduction of fish and/or first
nutrient addition. Short-term impact of Elodea on roach-zooplankton
interaction was studied by taking additional set of samples three days after
the introduction of roach (I). Ten subsamples were taken from different
places of the mesocosms, pooled and mixed. Concomitantly with the
sampling procedure, temperature, oxygen and light penetration were
measured in the field. Diel variation in zooplankton densities was studied
once, on June 28-29, 1998, by taking samples at 9 to 11 a.m. and 11 p.m. to
1 a.m. The standard methods used in physical and chemical determinations

as well as plankton analyses are described in Papers I, II and III.

4.2. Data analyses

Data analyses of paper I were done using the SAS package, version 6.12
(Statistical System Institute Inc., USA). Repeated-measures analyses were
run using the mixed procedure. Differences between treatmens in the middle
and end of the experiment were studied using the general linear model
(GLM) procedure. The treatments and time were considered as fixed effect
factors and the enclosure as a random effect factor in both analyses. All
other statistical analyses were made using SPSS for Windows (versions 6.0
and 10.0). Intertreatment differences were calculated using the analysis of
variance (I and II). In Paper III, the treatment effects were tested with
MANOVA followed by univariate ANOVA. Analyses with several

independent variables, i.e. total phosphorus, hereafter referred to as TP, and
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macrophyte abundance, were done using linear regression. The homogeneity
of variances was tested with Levene’s test and the normality of the data was
tested with Kolmogorov-Smimov test and on the basis of the residual plots.
When the assumptions of variance analyses and regression analyses were
not met, logo-transformation was used to normalize the distribution of the
data before the statistical analyses. More detailed description of the data

analyses are given in each original paper.

5. Results and discussion

3.1.The role of the submerged plant Elodea canadensis in hampering the

zooplankton-fish interactions and the trophic cascade

The biomass of euplanktonic zooplankton, especially that of the dominating
cladoceran Daphnia longispina O.F. Miiller, declined in the presence of
Elodea canadensis (I; Fig. 1). The biomass of Daphnia was reduced also by
roach. Thus, Elodea provided neither a favourable habitat nor a good refuge
for D. longispina against predation by roach. This result is in contrast to
previous observations of the refuge effect of other macrophyte species, such
as Numphar lutea L. and Potamogeton pectinatus L., for several species of
Daphnia (Schriver et al. 1995, Jeppesen et al. 1998a, Moss et al. 1998).
Apparently, various macrophyte species have dissimilar values as refuges
for cladocerans against predation by fish. Finely dissected submerged
macrophytes, including Elodea, have been suggested to reduce predation on
Daphnia more than for instance floating leaved macrophytes (Burks et al.
2002). This general hypothesis is in contrast to the negative effects of

Elodea on Daphnia in our experiment.
On the other hand, the density of fish used in our study (1.9 ind. m?) was

close to the threshold density (2-5 ind. m™) at which the refuge effect of

macrophytes has been shown to be partially or totally lost for cladocerans
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(Jeppesen et al. 1998a). Such threshold fish density is probably shaped by
the species as well as by size and age class of fish. The ineffectiveness of the
refuge was also evidenced by the equally decreasing body size of
euplanktonic cladocerans in all Elodea treatments with fish (Fig. 2).
However, Flodea appeared to be of value as a refuge for plant-associated
cladocerans cladocerans (predominantly Acroperus harpae Baird,
Peracantha truncata O.F. Miiller, Eurycercus lamellatus O.F. Miiller and
Alonella exigua Lilljeborg), since they were even more abundant (mixed,;
Fi12=9.79, P = 0.009) and larger (mixed; F,» = 6.48, P = 0.026) in the

presence than in the absence of fish.

---0----no-Elodea ‘
—O— sparse-Elodea
—O=—dense-Elodea

Elodea NS

fish Fi1,=11.24, P = 0.006
Elodea *fish NS

time F,g=15.38, P <0.001
Elodea "time NS

fish*time Fqg = 15.38, P <0.001
Elodea *fish*time NS

time, days time, days

Fig. 2. Treatment means (+ 1 SE) over the course of the experiment for the
body length of euplanktonic cladocerans in the Elodea enclosures with or
without fish. The F ratios with significance levels for the main effects and
interactions of Elodea, fish and time obtained in the mixed model are given
for each variable.

Also the biomass of Polyphemus pediculus L. was positively affected by fish
in all Elodea treatments (mixed; Fii2 = 6.71, P = 0.024). Large-bodied
Eudiaptomus gracilis G.O. Sars (up to 1.6 mm in length) were not affected
by fish. These prey animals have high escape ability and actively change
their orientation making them suboptimal food sources for roach, despite
their high abundance (Butorina 1986, Persson & Greenberg 1990). In
addition, dark pigmentation may be distasteful to predators (Dodson & Frey,
1991), which may also explain why roach did not feed on Polyphemus.
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Fish had negligible effects on the total biomass and the clearance rate of
euplanktonic zooplankton due to the compensation by the other
predominating grazers (Ceriodaphnia, Diaphanosoma Eudiaptomus and
Bosmina) (I; Fig. 1). Nevertheless, chl-a concentration was higher in all the
Elodea treatments with fish than without fish (I; Fig. 1). Even though any
differences in dissolved nutrient concentrations between the treatments
could not be measured, our results suggest that phytoplankton productivity
was enhanced also through nutrient regeneration by roach. Earlier
experiments conducted with roach of comparable size in L. Vesijirvi
suggested similar mechanisms (Horppila & Kairesalo 1992). Thus, the
results did not unequivocally show that Elodea can hamper the trophic

cascade of fish via lowered predation on grazing zooplankton.

In littoral zone (1-3 m depth) of Lake Vesijirvi, >15 c¢cm roach have been
shown to have a broad diet consisting of zooplankton, zoobenthos,
macrophytes, epiphytic algac and detritus (Horppila 1994, Horppila et al.
2000). Thus, it was presumable that roach exhibit a generalist feeding
behaviour, switching their food preference according to the relative
abundance and availability of different prey types (cf. Townsend ef al. 1986,
Gliwicz 2002). During our experiment, the 15-17 cm roach faced a situation
in which the relative proportion of cladocerans was diminishing but that of
macroinvertebrates was increasing (I; Fig. 3). However, roach continued to
pursue zooplankton and were capable of feeding on scarce, small-bodied
cladocerans also in Elodea beds (I; Fig. 4). This is in contrast to the view
that roach are weakly adapted to foraging within dense vegetation (Winfield
1986; Diehl 1988). Lowered availability of preferred cladocerans induced
roach to increase consumption of less nutritious, detritus/plant food more
than macroinvertebrates. The capability for using alternative, less preferred
food sources may serve as life-supporting means for roach populations to
manage over the periods of low cladoceran biomass. Such high preference
for cladocerans is not likely to stabilize the predator-prey dynamics

(Murdoch & Bence 1987, ¢f. Schindler & Scheurell 2002). Thus, roach may
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ultimately maintain high predation potential on zooplankton in littoral
ecosystem. Regardless of the density of Elodea beds, feeding of roach on
zoobenthos and epiphytic macroinvertebrates decreased the predation
pressure upon cladocerans less than expected. Thus, this mechanism had

evidently a minor role in stabilizing zooplankton-fish interactions.

5.2.Responses of zooplankton to nutrient enrichment and fish predation
5.2.1. The Finnish experiment at Kilpidistenpohja Bay

Nutrient enrichment resulted in the similar range of total phosphorus
concentrations during both years (II; Tables 1 and 4). However, the
communities differed considerably and therefore both nutrient and fish
treatments resulted in contrasting results in the two experiments. The 1998
experiment began in early June when macrophytes had not started to grow
probably due to the preceding cold spring. The zooplankton community was
dominated by rotifers, which are highly selective grazers (Bogdan & Gilbert
1982), as well as by raptorial zooplankton (Polyphemus pediculus and
| cyclopoid copepods) (II; Fig. 2). Clearwater state with visible lake bottom
occurred only in the unenriched mesocosms with negligible or low fish
predation while the nutrient enriched mesocosms turned into a turbid state

| with very high biomass of phytoplankton (up to 200 pg chl-a I'') (I; Fig. 3).

Euplanktonic cladocerans were remarkably sparse in 1998 and increased
only during the two last weeks of the experiments. Their time-weighted
mean biomasses were not affected by the treatments (II; Table 3, Fig. 2). In
littoral areas, cladocerans are suggested to stay on the bottom during day to
avoid predation by fish and ascend to open water during night (e.g. Walls et
al. 1990). The results of our experiment gave slight support to this
hypothesis, since in the fish treatments higher densities of euplanktonic

cladocerans (predominantly Bosmina spp. and Diaphanosoma brachyurum
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Leydig) were observed in the water column during the night than during the
day (Fig. 3). However, the density of animals was low regardless of the time
of the day and the differences were not significant due to a high variation

between replicates.

Euplanktonic 100 - Polyphemus pediculus
cladocerans

30 -

number of individuals |-

Fish- Low- High- Fish- Low- High-
free fish fish free fish fish

Fig. 3. The mean (+ 1 SE) density of euplanktonic cladocerans and
Polyphemus pediculus in the different fish treatments during day and night
three weeks after the start of the experiment in 1998. Each bar represents the
mean of 6 replicates, i.e. the results from both nutrient treatments were
combined.

Raptorial zooplankton increased in biomass with nutrients when the density
of fish was low (II; Fig. 2, Table 3). The daytime numbers of the dominating
cladoceran Polyphemus pediculus were high in the fish-free treatments,
while their nocturnal numbers were remarkably lower (Fig. 3). In contrast,
an opposite trend was observed in low-fish treatments and, thus, there was
an interaction between fish and the time of the day (GLM; F330=390,P=
0.031). In the high-fish treatments Polyphemus numbers were reduced close
to undetectable level, unlike in the earlier experiment, where they were
affected positively by the presence of roach (I). Polyphemus is a day-active
animal and migrates to the bottom during night (Butorina 1986). Our results
suggest that such behaviour may change in the presence of planktivorous
fish. Polyphemids prey on small rotifer and crustacean prey (Packard 2001,
Butorina 1986). Thus, their predation may partly explain the low

colonization of even the fish-free mesocosms by euplanktonic cladocerans.




In 1999, the buffer capacity of the littoral community against nutrient
enrichment was high and a clear-water state was maintained even under
hypereutrophic nutrient conditions (>500 pug TP 1) (II; Table 4). The
biomass of macrophytes, especially that of free-floating Lemna trisulca L.,
was remarkably higher in 1999 than in 1998 (II; Fig. 1) as was also the
biomass and clearance rate of cladocerans (II; Fig. 2). Cladoceran
community was dominated by small-bodied Ceriodaphnia (0.4-0.5 mm) that
increased marginally significantly with nutrients (Anova; Fs3 = 2.60, P =
0.061) in all fish treatments. Ceriodaphnia is well adapted to plant beds
(Irvine et al. 1989, Jeppesen et al. 1998a) and has been shown to have
higher mass-specific grazing rates than for instance Daphnia,
Diaphanosoma and Bosmina (Mourelatos & Lacroix 1990). Thus, in our
experiment, Ceriodaphnia appeared capable of controlling phytoplankton
biomass. In addition, dense floating flocks of Lemna trisulca reduced the
penetration of light into water and, consequently, to some extent probably
suppressed the production planktonic algae (II). However, both the biomass
and the coverage, as the percentage of water surface area, of Lemna were
weakly related to chl-a concentration (Fig. 4). Also nutrient enrichment or

fish had no effects on the biomass of Lemna (Anova; P > 0.30) (II; Fig. 1).

O chl-a:lemnacoverage X chl-a:Lemna biomass
—— chl-a:Lemna coverage === chl-a:.Lemna biomass
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Lemna coverage, %, biomass g DW m?

Fig. 4. The relationships between the time-weighted average chl-a
concentration and the Lemna trisulca coverage (linear regression coefficient
R?*=0.03) as well as the biomass (R? = 0.01) at the end of the experiment in
1999 (n = 36).

However, fish reduced the clearance rate of cladocerans (Anova;

F,,15=16.94, p<0.001) and increased chl-a concentration especially in high-
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fish treatments (II; Fig. 1, Table 5). These results do not suggest that Lemna
was of primary importance in controlling algal densities. Rather,
zooplankton grazing together with lowered algal productivity by Lemna
were most likely complementary mechanisms behind the control of algal
biomasses. Lemna appeared to provide crustacean zooplankton with a refuge
against predation by perch, since no effects of fish were observed in their
total biomass (II Table 6). Thus, the results support the theory according to
which buffers of the clear-water state are mediated by submerged
macrophytes (Irvine ef al. 1989, Scheffer et al. 1993). However, Lemna did
not hamper the trophic cascade caused by the high biomass of perch (20 g
FW m™).

There were striking year-to-year differences in the response of the same
littoral ecosystem to nutrient enrichment and fish predation. The results
showed that either clear or turbid water may result depending on the initial
(enclosed) community structure. Prevailing weather conditions largely
dictated the abundances of key grazers and macrophytes and thereby the
' resistance of the ecosystem. Thus, the results emphasize heterogeneity
. among trophic interactions caused by environmental variability, as was also

pointed out by Hunter and Price (1992).

5.2.2. The European climatic gradient

Weather conditions in northern and central Europe differed greatly between
the study years: summer 1998 was cool and windy, whereas summer 1999
was warm (III; Table 1). Zooplankton community structure and biomass also
had remarkable year-to-year and geographical differences in the parallel
mesocosm experiments along the European climatic gradient (IIT; Tables 1,
2, Fig. 1). This probably reflected the heterogeneity within the trophic level
and within the littoral communities, as was observed in the Finnish
experiment (II). However, some consistent patterns were evident. The

multivariate effect of fish was highly significant in both study years and on
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all functional groups, i.e. rotifers, both small (<0.5 mm) and large (>0.5
mm) crustacean grazers as well as raptorial zooplakton (III; Figs. 1 and 2,
Table 2). The presence of macrophytes appeared to weaken the effects of
fish in some of the experiments. For instance, the macrophytic refuge for
zooplankton was apparent in Leon, where Myriophyllum was abundant (III;
Table 1) and fish had negligible effects on large crustaceans (III; Fig. 2).
However, in Valencia and Netherlands, large crustaceans were efficiently
foraged by fish, although the study sites were colonized by Chara-beds,
earlier considered as good refuges for zooplankton against fish predation
(Diehl 1988, Jeppesen et al. 1998a). Strong interaction between site and fish
in both study years (III; Figs. 1, 2, Table 2) may partly be explained by the

hampering impacts of macrophytes.

The multivariate effect of nutrients was significant only in 1998, when
biomasses of small crustaceans and rotifers were enhanced by nutrient
enrichment largely independently on the presence or absence of fish (III;
Tables 1, 2). The results emphasised the importance of consumer control
over resource control in determining zooplankton biomasses, especially
those of large zooplankton grazers (III; Table 2, Fig. 2). Time lags
depending on cladoceran generation times seem an unlikely reason for the
lack of nutrient response during the 5-week experiments. Assuming an
average growth rate of 0.3 day” (cf. Brett & Goldman 1997) there would
have been at least 15 population doublings. Nevertheless, these results
support the general view regarding strong responses of (large) herbivores to
predator manipulations within aquatic food webs (Brett and Goldman 1997,
Shurin et al. 2002). Thus, available food resources seemed to determine total
zooplankton biomasses but fish predation regulated the relative abundances
of the different functional groups of zooplankton. These results emphasize
the compositional changes within trophic levels. They also address the
weakness of traditional food chain models to reveal such changes, as have

been stated earlier by Leibold et al. (1997) and Persson et al. (2001).
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Biomasses of large crustacean grazers were inversely related to chl-a
concentrations, except at the highest temperature (close to 30 °C) in
Valencia where chl-a was unrelated to the biomass of large crustacean
grazers (III, Table 3) and the overall biomass of large cladocerans was low
compared to the other study sites (III; Fig. 2). This result suggests that the
role of grazing in controlling phytoplankton biomass by especially large
grazers was 1mportant at all sites except in Valencia. At high temperature,
nutrient enrichment apparently led to inharmoniously faster growth rate of
algae compared with that of zooplankton. Probably other factors related to
discrepancies between demography and behavioural time scales of
organisms became determinative (Arditi & Ginzburg 1989, Power 1992). In
addition, crustacean zooplankton was efficiently reduced by fish suggesting
that Chara, the abundant macrophyte in Valencia, provided with negligible
refuge for zooplankton against fish predation. Strong effects of fish on
zooplankton in Valencia support the statement that with increasing
temperature the consumer control will further weaken with respect to
resource control if the disruption of trophic regulation is interfered by
predators (Power 1992). Thus, large crustacean grazers had a minor role in
controlling phytoplankton biomass at the lowest latitude. The data set,
however, was insufficient to show whether there might be a threshold
between temperature regimes at which the functioning of ecosystem would
markedly change (c¢f Scheffer and Carpenter 2003). Other potential
geographical differences were probably masked by the high year-to-year
variation in the prevailing weather conditions. Such environmental
variability may greatly affect the structure of littoral communities, as was

concluded also in Paper II.
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5.3. Impacts of planktivorous fish, macrophytes and latitude on the role of

zooplankton grazers in controlling phytoplankton biomass in lake littoral

Daphnia has been used as the keystone grazer and it's abundance as a
relevant indicator for predicting the grazing impact of zooplankton on
phytoplankton (Hansson 1992, Samelle 1992, Mazumder 1994, Cyr &
Curtis 1999, Persson et al. 2001). Therefore, supporting evidence for the
food chain theory has been gained especially from open-water systems with
Daphnia as the key grazer (Carpenter et al. 1985, 1987, Jeppesen et al.
1998c). The capability of cladocerans other than Daphnia in limiting
phytoplankton biomass has been considered less pronounced (e.g. Benndorf
et al. 2002, McQueen et al. 1986, Carpenter et al. 1987). In our mesocosms
where the effects of nutrient enrichment and fish predation were tested (1L,
1) Daphnia was, however, relatively sparse and virtually absent in all fish
treatments. In order to compare the role of zooplankton grazers along the
European climatic gradient Daphnia was pooled and examined together with
the other large grazers, such as Diaphanosoma, Sida, Simocephalus and
Eudiaptomus (IIT). This functional group was of crucial importance in
controlling algal biomass, while smaller crustacean grazers and rotifers were
of minor or negligible importance (III; Table 3, Fig. 4). In some
circumstances, for instance in Finland (Chapter 5.2.1 and II), small
crustaceans were able to control algal biomass contributing to a significant

negative correlation between their biomass and chl-a (III; Table 3).

Large grazers, when having high biomass (time-weighted biomass of >80-90
ug DW 1) or proportional share (>30 %) of the grazer community, were
able to control phytoplankton biomass even under hypereutrophic conditions
(up to 1600 pg TP I'") (I11; Fig. 4a-d). The cascading éffect of fish, through
planktonic grazers, is revealed by steeper slope between chl-a and TP
concentration in systems with planktivorous fish than in fish-free systems
(Hansson 1992, Mazumder 1994). Our results from high-fish treatments

agree with these observations but in low-fish treatments the slope was less
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steep and alike that in fish-free treatments (IIL; Fig. 4c,d). Changes in chl-a
along TP concentration range were explained better by the abundance of
large grazers than by the number of trophic levels, i.e. presence or absence
of fish (II; Fig. 4e). The high fish biomass (20 g FW m™ or 7-20 ind. m™)
led to low grazer biomass and, consistently, yielded to high algal biomass
with increasing potential primary productivity. However, when fish biomass
was low (4 g FW m™ or 2.5-4 ind. m™) high grazer biomass could coexist
and control algal biomass. Macrophytic refuges may at least partly explain
the weak impacts of low fish biomass. Thus, the results suggest that the
threshold fish biomass, below which zooplankton biomass was not
controlled by fish, appeared to be close to 4 g FW m™, which has been
suggested as the desired fish biomass after biomanipulation (McQueen e al.

1986).

In shallow vegetated lakes, the relative importance of grazing in controlling
phytoplankton biomass and macrophytes in controlling phytoplankton
growth are difficult to interpret. This has been a subject of debate with the
primacy of zooplankton grazing (Schriver et al. 1995, Jeppesen et al. 1998a,
1999) and macrophytes (Meijer et al. 1999, Blindow et al. 2000). The
experiments conducted at the same location (Kilpidistenpohja Bay; I, II)
enabled the comparison of the magnitude and the relative role of
zooplankton grazing in controlling phytoplankton biomass in different
structures of macrophytic vegetation. The grazing impact on phytoplankton
by euplanktonic crustaceans was compared in unenriched mesocosms
without and with high biomass of fish (20, 73 g FW m™). The grazing was
estimated by calculating the cladoceran clearance rates according to the
equation by Knoechel and Holtby (1986), while the clearance rate of 2 ml
per animal per day was used for Eudiaptomus (excluding nauplii) (Cyr &
Pace, 1992). It 1s assumed that these crustaceans feed primarily on
phytoplankton, despite of the fact that many cladocerans feed efficiently also
on bacteria (Kankaala 1988, Jeppesen et al. 1998a), which are abundant in

vegetation (Wetzel & Sendergaard 1998). In general, clearance rates and
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chl-a concentrations had an inverse relationship regardless of macrophytic
vegetation (Fig. 5). Perrow et al. (1999) suggested a threshold filtration
(clearance) rate of 300-400 ml per day to maintain the clear-water phase. In
our experiments, these values were exceeded especially in fish-free

treatments.
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Fig. 5. Clearance rates of the euplanktonic crustacean community and chl-a
concentrations in the mesocosms without fish (Fish-free) and with high
biomass of planktivorous fish (High-fish; 73 and 20 g FW m? in
experiments with Elodea and Lemna, respectively). The experiments are
arranged with respect to different biomasses of Elodea canadensis and
Lemna trisulca in the mesocosms. Each value represents the mean (+ 1 SE)
of three replicates, except in the experiment with 50-75 g DW Lemna m?,
where the number of replicates is two.

Howeyver, in some of the enclosures without or with sparse (18 g DW m?)
Elodea beds, without or with roach, high algal biomass and blooms of the
cyanobacterium Anabaena lemmermannii P. Richter occurred in the middle
of the experiment (I; Fig. 1) despite of high clearance rates (Fig. 5). This

result supports the view that in some circumstances selective grazing may
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shift phytoplankton community structure into dominance by filamentous
cyanobacteria (e.g. Gragnani et al. 1999). Cyanobacterial blooms did not
develop in enclosures with dense Elodea beds (53 g DW m™) where chl-a
concentration was always low. This suggests that phytoplankton production

were controlled also by Elodea.

In contrast, when the biomass of Lemna was low (7-9 g DW m™) relatively
low chl-a concentrations coincided with extremely low clearance rate even
in the absence of fish. Perhaps rotifers and raptorial zooplankton that
dominated the zooplakton community having biomasses of up to 200-500
and 120-250 pg C 1", respectively, were able to utilise and control algal
biomass. Competition for nutrients with periphytic algae was unlikely
responsible for the observed low chl-a concentration since the biomass of

periphytic algae was low, always below 1 pg cm™ (II).

Highest chl-a concentrations were measured in fish treatments, where
clearance rates were lower than in the corresponding fish-free treatments.
This trophic cascade was more apparent in the systems with high biomass of
Lemna than in those with high biomass of Elodea (Fig. 5). This difference is
notable, as roach biomass in Elodea enclosures was over six times higher
than perch biomass in mesocosms with high biomass of Lemna. Perch are
superior to roach in foraging in vegetation (Winfield 1986; Diehl, 1988) and
this was evidenced by markedly lower zooplankton clearance rates in
mesocosms with abundant Lemna compared to those in enclosures with

abundant Elodea and roach (Fig. 5).

Thus, Elodea appeared to facilitate the top-down control of phytoplankton
biomass by zooplankton, which, in turn, operated simultaneously with the
control of phytoplankton production by Elodea. Also Schriver et al. (1995)
and Scheffer (1999) have suggested the importance of the synergistic effects
on phytoplankton by both zooplankton and macrophytes. However,
zooplankton grazing was apparently behind the control of phytoplankton
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biomass more than mechanisms by Lemna trisulca. These results suggest
considerable differences in the strength of variable macrophyte and fish

assemblages in affecting zooplankton-phytoplankton interactions.

Top-down effects on phytoplankton biomass have been demonstrated in
several mesocosm experiments (Schriver et al. 1995, Sarvala et al. 2000,
Benndorf et al. 2002). Both the between-site and local year-to-year
comparisons in our experiments also emphasised the general importance of
zooplakton grazers, especially large crustaceans, in controlling
phytoplankton biomass. In addition, depending on macrophyte species, this

control may be facilitated by vegetation.

6. Conclusions

The mechanisms behind the control of algal biomass were evidently linked
to the abundances of key grazers and macrophytes. The functional group of
large crustacean grazers was of crucial importance in controlling
phytoplankton even under hypereutrophic conditions when their
proportional share or biomass was high. However, small-sized crustaceans
may also be able to control algal biomass in vegetated littoral. Under high
temperature conditions (close to 30 °C), the grazing impact was low in
relation to resource control and this lead to low resistance of the community
to nutrient enrichment. Other geographical differences were probably
masked by the high year-to-year variation in the prevailing weather

conditions.

Fish had a greater role than nutrients in regulating zooplankton biomass. On
the other hand, the results suggested a threshold fish biomass of 4 g FW m>,
at which high grazer biomass may coexist and control algal biomass. When
fish biomass was higher (20 or 73 g FW m? of 5-10 or 15-17 cm fish,

respectively), the results did not unequivocally show that submerged
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vegetation hamper the trophic cascade of planktivorous fish via zooplankton
grazers. Benthic and epiphytic macroinvertebrates as alternative food
sources for roach in Elodea beds reduced predation pressure on cladocerans,
the most preferred food source, less than expected. Rather, the results
suggested that alternative food sources may facilitate roach populations to
manage over the periods of low cladoceran abundance and thus maintain

high predation pressure on zooplankton

Compositional changes within zooplankton community suggested that
available food resources determine total zooplankton biomasses but that fish
predation strongly regulated the relative abundances of the different
functional groups of zooplankton. The biomass of large cladocerans was
reduced by high biomass of fish and compensated by smaller grazers for
which macrophytes appeared to provide with refuge against fish predation.
However, variable macrophyte species established beds of dissimilar refuge
value for zooplankton. In littoral ecosystems, the habitat structural
heterogeneity has generally been emphasized causing high variation among
trophic interactions. The results of this work support this view and
emphasize also the heterogeneity within trophic level as well as year-to-year
differences in the community structure, affecting the resistance of the system

to environmental variation.
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Impacts of a submerged plant (Elodea canadensis)
on interactions between roach (Rutilus rutilus) and
its invertebrate prey communities in a lake llttoral zone
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SUMMARY

1. Using 5-m? field enclosures, we examined the effects of Elaédga canadensis on zooplankton
communities and on the trophic cascade caused by 4-5 year old (approximately 16 cm)
roach. We also tested the hypothesis that roach in Elodes beds use variable food resources
as their diet, mainly benthic and epiphytic magminverfebrates, and feed less efficiently on
zooplankton. Switching of the prey preference stabilises the zooplankton community and,
in turn, also the fluctuation of algal biomass: The factorial design of the experiment
included three levels of Elodea (no-, sparsee-r and dense-Elodea) and two levels of fish
(present and absent). :
2. During the 4-week experiment, the total blomass of euplanktonic zooplankton,
especially that of the dominant cladoceran Daphnia longispina, decreased with increase in
Elodea density. The Daphnia biomass was also reduced by roach in all the Elodea treatments.
Thus, Elodea provided neither a favourable habitat nor a good refuge for Daphnia against
predation by roach.
3. The electivity of roach for cladocerans was high in all the Elodea treatments. Roach were
able to prey on cladocerans i in Elodea ‘beds, even when the abundance and size of these prey
animals were low. In addition to: cladocerans, the diet of roach consisted of macroinver-
tebrates and detrital / Planl' matérial Although the biomass of macroinvertebrates
increased during the-experiment in all Elodes treatments, they were relatively unimportant
in roach diets regardless of the density of Elodea beds.
4. Euplanktonic zooplankton species other than Daphnia were not affected by Elodea or fish
and the treatments had no effects on the total clearance rate of euplanktonic zooplankton.
However, the chlorephyll a concentration increased with fish in all the Elodea treatments,
suggesting that fish enhanced algal growth through regeneration of nutrients. Thus, our
results did not unequivocally show that Elodez hampered the trophic cascade of fish via
lowered predation on grazing zooplankton.
5. Intreatments with dense Elodea beds (750 g FW m™), chlorophyll a concentration was always
low suggesting that phytoplankton production was controlled by Elodea. Apparently, the
top-down control of phytoplankton biomass by zooplankton was facilitated by the macro-

- phytes and operated simultaneously with control of phytoplankton production by Elodea.
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Introduction

The positive feedback mechanisms, through which
submerged macrophytes promote a clear-water state
in lakes across a wide range of nutrient concentra-
tions, have been crystallised in the concept of alter-
native stable states (Scheffer et al., 1993). In shallow
lakes, spatial heterogeneity and macrophyte refuges
for invertebrates against fish predation hamper
trophic cascades (Carpenter, Kitchell & Hodgson,
1985), thereby decreasing the strength of top-down
impact of planktivorous and omnivorous fish on
planktonic communities (Scheffer et al., 1993; Jeppe-
sen et al., 1998a; Pace et al., 1999). Indeed, one of the
major regulating roles of submerged vegetation is
thought to be the refuge that it provides for grazing
zooplankton, especially daphnids, against visually
predating planktivorous fish (Timms & Moss, 1984;
Jeppesen et al., 1998a; Scheffer, 1999). Lowered pre-
dation by fish on zooplankton is reflected in dam-
pened variation in algal biomass. However, dense
submerged vegetation and low phytoplankton bio-
mass often coincide with a low abundance of grazing
zooplankton (Meijer ef al., 1999; Blindow et al., 2000),
suggesting other regulatory mechanisms of macro-
phytes on planktonic communities, such as shading,
allelopathy, competition for nutrients and influence
on water movements and sedimentation (reviewed by
Sendergaard & Moss, 1998). o

Because of the low overall capability of roach

(Rutilus rutilus L.) to forage efficiently in vegetation
(Winfield, 1986; Diehl, 1988), macrophyte beds may
provide prey populations with an important refuge
against predation by roach. Submerged macrophytes
may structure fish-zooplankton interactions through
sustaining a habitat with multiple alternative food
sources for fish. Several authors showed that in
vegetation, planktivorous and omnivorous fish switch
from zooplankton to other food sources, such as algae,
detritus, macrophytes or macroinvertebrates (Persson,
1983; Diehl, 1993; Moss, Kornijéw & Measey, 1998).
Such generalist feeding behaviour has major implica-
tions for the dynamics of predator—prey interactions.
Switching of prey prefetence may reduce the preda-
tion pressure on zooplankton (Perrow et al., 1999) and
thereby. dampen their population fluctuations. Con-
sequently, planktivorous fish populations are stabi-
lised by alternative food resources in the littoral
ecosystem and may become uncoupled from the

dynamics of their preferred zooplankton prey
(Schindler & Scheuerell, 2002). On the other hand,
depending on the predator’s behaviour and food
preferences, behavioural plasticity may have only a
short-term stabilising effect (Murdoch & Bence, 1987).
For instance, in the littoral of Lake Vesijirvi, southern
Finland, the proportion of zooplankton in the diets of
roach decreases and that of benthos and macrophytes
increases with low availability of planktonic food
(Horppila & Kairesalo, 1992) and with increasing size
of fish (Horppila, 1994). In addition, in the littoral
zone (at 1-3-m depths), large roach (15 cm in length)
were shown to have.a broad diet consisting of
zooplankton, zoobenthos, macrophytes, epiphytic
algae and detritus {Horppila, 1994; Horppila et al.,
2000). Yet, the consequences of such plasticity in fish
food preference for zoophnkton-phytoplankton inter-
actions and for the stability of the littoral food web
functioning have not been quantified experimentally
taking into account all major communities (for review
see Jeppesen et al., 1998b).

~In the present study, we set up an enclosure
experiment to test two main hypotheses: (i) the

" cascading effect (Pace et al., 1999) caused by 4-5 year
+ old (215 cm) roach can be hampered by the refuge

effect of Elodea canadensis Michx beds, primarily via
reducing predation on euplanktonic filter-feeding

-zooplankton; and (ii) in Elodea beds, roach utilise

variable food rescurces, mainly benthic and epiphytic
macroinvertebrates, and thus feed less efficiently on
zooplankton, while switching of prey preference
stabilises the littoral plankton dynamics.

Methods
Study site and experimental design

The study was performed in Kilpidistenpohja Bay,
which lies at the south-eastern end of mesotrophic
Lake Vesijarvi in southern Finland (61°02'N, 25°39’E,
surface area 110 km?, mean depth 6.0 m). Further
details of the lake can be found in Kairesalo et al.
(1999) and Keto & Sammalkorpi (1988). Kilpiiisten-
pohja is a shallow bay with rich emergent vegetation
dominated by Phragmites australis (Cav.) Trin. ex
Steud., submerged vegetation composed mainly of
E. canadensis, Myriophyllum spp. and Ceratophyllum
demersum L., and floating-leaved macrophytes (Nu-
phar lutea L.) together with freely floating lemnids
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(Lemna trisulea L.). Roach and perch (Perca fluviatilis
L.) are the most abundant fish species in the littoral
area (Kairesalo et al., 1999; Horppila et al., 2000), while
pike (Esox lucius L.) have decreased in abundance
with eutrophication (Keto & Sammalkorpi, 1988).

On 14 July, 1994, 18 5-m? rectangular enclosures
(2 x 2.5 m) were placed in the lake at a depth of 1.2 m.
These enclosures, made of thin, clear polyethylene,
were suspended from wooden frames and were open
to the atmosphere. The low ends of the walls were
sealed into the bottom sediment, which consisted of
organic material with abundant remnants of macro-
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experiment was terminated on 29 August, when all
fish were removed from the enclosures with a pound
net.

Sampling procedure and sample analyses

The first samples of water for chemical and plankton
analyses were collected on day 0 (1 August), just
before the introduction of fish. Thereafter, samples
were collected on days 3, 7, 14, 21-and 28. The
temperature and dissolved oxygen concentration at
the water surface and near the lake bottom were

phytes. After harvesting the naturally occurring llllmeasured using a YSI meter (Yellow Springs Inc.,

macrophytes from the experimental area, six ran-
domly chosen enclosures were planted with 250 g
WW (wet weight) m™ of FElodea (sparse-Elodea),
another six with 750.g WW m™ of Elodea (dense-
Elodea) and the remaining six were left without Elodea
addition (no-Eledea). Hereafter, Elodea treatments will
be referred to by the abbreviations in parentheses.
Assuming Elodea dry weight (DW) to be about 7% of
the WW (Kairesalo, Titrai & Luokkanen, 1998), the
initial Elodea biomass in the sparse-Elodea treatment
was 17.5 g DW m™2 and in the dense-Elodea treatment
52.5 g DW m™2 The macrophytes were collected from
the same lake, near the experimental area. In ‘all
enclosures, lemnids (L. trisulca) occurred at low and
equal densities.

The enclosures were allowed to recover from -
disturbance for 2 weeks prior to the experiment,

which began on 1 August (day 0), when nine
randomly-selected enclosures (three for each Elodea
treatment) were stocked with a group of 4-5 year old
roach at a density of nine fish per enclosure (68.9 g or
1.8 fish m™?). The mean length of the fish was 15.9 cm

U.S.A.) prior to the sampling (at 10.00-11.00 hours).
The diurnal fluctuation of water temperature and
dissolved oxygen concentration was studied on days
10 and 11, with measurements taken at 10.00, 16.00,
22.00 and 04.00 hours.

Water samples were taken from 10 different places
with a transparent perspex core (length 1.5 m, inner
diameter 4.0 cm) from the surface to the bottom of
each enclosure. The samples were then pooled and

‘mixed. From each sample, a 100-mL subsample of

water for phytoplankton was preserved immediately
with acid Lugol's solution. A 1-L subsample was
taken for chemical analyses, and another 1-L subsam-
ple for the analysis of chlorophyll a (hereafter,
referred fo as chl 4). These samples were transported
in a cool box to the laboratory and kept in a
refrigerator prior to the analyses. For zooplankton
analysis, 5-L. subsamples were filtered through a 50-
pm mesh. The zooplankton retained on the net were
transferred to 250-mL of chilled formaldehyde-sugar
solution.

In the laboratory, pH and conductivity of water

(SD=13cm, n=62), and the mean individual lsamples were determined using a Radiometer ION 85

weight was 38.3 g (SD =86 g, n = 62). These fish
were caught from nearby littoral area with a pound
net. Three enclosures of each Elodes treatment were
included as fish-free control systems. Thus, the
experimental design was fully factorial with two
factors: the density of Elodea (three levels) and the
density of fish (two levels), with three replicates for
each treatment, A net was stretched over the enclo-
sures (2.5 m above the water surface) to prevent entry
of birds. The enclosures were checked every other day
and any dead roach were immediately replaced with

analyser and a Radiometer CDM 83 conductivity
meter. Ammonium was determined according to
Solérzano (1969) and orthophosphate according to
Murphy & Riley (1962). Total phosphorus and total
nitrogen were determined as phosphate and nitrite,
respectively, after digestion with peroxodisulphate
according to Koroleff (1983) and after reduction of
nitrate in a Cd-Cu column according to Wood,
Armstrong & Richards (1967).

Samples for chl a were first filtered through a 200-
pum mesh net to remove larger zooplankton and then

New ones of similar size. The overall rate of fish [lEthrough Whatman GF/C filters. The chl 2 on the GF/

Mortality during the experiment was 3.7%. The

C-filter was extracted with ethanol and then measured
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spectrophotometrically. Phytoplankton samples taken
during the middle of the experiment (14 August, day
14) were counted with an inverted microscope at 400x
and 200x magnifications after 24-h sedimentation of
the 10-50-mL subsample. Counting was continued up
to 100 units of the two most abundant taxa from a
minimum of 20 fields at both magnifications. The
phytoplankton biovolumes were calculated from cell
dimensions and geometric shape, according to stand-
ard geometric formulae. The phytoplankton taxa were
grouped as edible and inedible forms having the
greatest axial length dimensions (GALD) of <50 and
250 pm, respectively.

Zooplankton enumeration and length measure-
ments were performed with an inverted microscope
at 100x and 40x magnifications. At least 100 individ-
uals of each of the most numerous species were
counted. The lengths of 30 individuals of the most
abundant cladoceran species in each sample were
measured. Copepods, identified to genus or species
level whenever possible, were separated into adults
and five copepodid instars. From all samples, 20-100
individuals per instar of each copepod species were

measured for length. The mean length of each instar J
- three fish were caught from each stocked enclosure,

was used for biomass calculations. The nauplii were
separated to suborder level as Calanoida or Cyclo-
poida. The biomass of crustacean zooplankton was
determined using species-specific equations for length
and carbon content (A. Lehtovaara & ], Sarvala,
unpubl. data; Luokkanen, 1995). The biomass of
rotifers was assessed according to Bottrell et al.
(1976); Latja & Salonen (1978) and J. Sarvala (unpubl.
data). The functional group of euplanktonic crusta-
cean grazers consisted of Daphnia, Bosmina, Ceriodaph-
nia, Diaphanosoma, Eudiaptomus, ¢copepod nauplii and
the I-III instars of cyclopoid copepodé. The clearance
rate of euplanktonic cladogerans was calculated using
the equation F = 11.695L2#%, where F is grazing rate
in millilitre per animal per day and L is animal length
in millimetre (Knoechel & Holtby, 1986). A grazing
rate of 2 mL per animal per day was used for
Eudiaptomus (excluding nauplii) (Cyr & Pace, 1992).
Samples of epiphytic fauna (macroinvertebrates
living on the surface of Elodea) and of zoobenthos

from each vegetated enclosure; epiphytic animals
were not sampled in the no-Elodea enclosures. The
zoobenthos was sampled with a perspex core 4.0 cm
in diameter. The uppermost 10-cm thick sediment
layer of each core was sieved through a 350-ym mesh
net and transferred to plastic containers. Ten core
samples were pooled to comprise a single zoobenthos
sample. Three zoobenthos samples were collected
from each enclosure on each sampling occasion.
Living epiphytic and benthic  invertebrates were
sorted visually and preserved with formaldehyde (to
a final concentration of 4%): The formalin-wet bio-
mass of the fauna was determined to a precision of
0.1 mg. Biomasses of benthic and epiphytic fauna
were calculated per1.m” of lake bottom. The biomass
of epiphytic fauna was first calculated per 100 g WW
Elodea and then per 1m® of lake bottom when
knowing the biomass of Elodea m™2. The animals were
identified to taxonemic levels, from family to species,
which made it possible to pool them into trophic
guilds of ‘herbivores/detrivores and predators. This
was accomplished to increase statistical power and to
facilitate comparisons among systems.

Roach were sampled three times. On days 4 and 15,

immediately replaced with individuals of similar size,
and frozen for diet analysis. On day 29, all roach were
caught and preserved for diet analyses. As roach lack
a distinct stomach, the content of the anterior third of
their gut area was analysed (Rask, 1989), and volume
proportions of different food categories were estima-
ted visually under a dissecting microscope. The gut
contents were subsequently dried at 60°C and
weighed.

Data analyses

The analysis of zooplankton biomass and clearance
rate as well as the concentrations of total nutrients, chl
a, dissolved oxygen and conductivity were calculated
with a maximum likelihood technique recommended
for unbalanced designs that contain both fixed and
random effects (Goldberg & Scheiner, 1993). In the
repeated mixed procedure of the SAS package,

were taken on days 1, 15 and 28. The epiphytic fauna [lllversion 6.12 (Statistical System Institute Inc., US.A.),

were collected using a core sampler 32 cm in length
and 13 cm in diameter, with openings covered with a
180-pm mesh net (Kornijow, 1998). Three samples,
each containing about 30 g WW of Elodea, were taken

Elodea, fish and time were taken as fixed effect factors,
while the enclosure was used as a random effect
factor. The class variables were Elodea, fish and
enclosure. The repeated measure factor was time (six
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levels: days 0, 3, 7, 14, 21 and 28). The best-fit matrix
for data having heterogeneous variances was given by

PElthe ARH (1)-type covariance structure, which declines

exponentially with distance (Littell et al., 1996) and
this was selected for analysis.

The macroinvertebrate biomass, water pH and
concentrations of ammonium and orthophosphate
were analysed using the general linear model (GLM)
procedure of SAS. The results of the middle (day 14)
and last (day 28) sampling date were tested, using the
initial day (day 0) as a covariate. The water pH values
were tested without the covariate. The fixed and
random effects were the same as those in the mixed
procedure. To assess the similarity of starting condi-
tions in the enclosures, the initial concentrations of the
main nutrients, chl 4 and invertebrate biomasses were
compared using the GLM procedure of SAS.

The coefficient of variation (CV) was used to
compare the variability of the chl a concentration
and zooplankton biomass in the various treatments.
To distinguish the short-term refuge effect of Elodea on
zooplankton from predation by roach, the change in
biomasses of the various taxa were compared by
subtracting the biomass on day 3 from that on day 0.
The biomasses of different invertebrate prey commu=
nities were calculated as DW m™ assuming that DW
is 10% of WW and carbon content is 50% of DW
(Latja & Salonen, 1978). The volume biomasses were

divided by the water depth (1.2 m) to obtain the

corresponding areal values per square metre.

Inter-treatment differences of calculated CV, short-
term differences between days 0 and 3 as well as
phytoplankton results from day 14 were compared
using the GLM univariate analysis of variance’of SP55
for Windows (Version 10.0), with fish and Elodea as
fixed factors. The Shapiro-Wilk test (SPSS) was used
to inspect the normality of macroinvertebrate, phyto-
plankton and time-weighted means data. Logarithmic
transformation was used,, if necessary, to normalise
the distribution of the data. -

Results
Plankton communities

The total biomass of euplanktonic, crustacean grazers
was significantly reduced by Elodea (Fig. 1), especially
the biomass of the dominating cladoceran Daphnia
lﬂngispina O.F. Miiller, which decreased also with fish

Roach and invertebrate prey in Elodea beds 5

(Fig. 1). The biomass of Daphnia was somewhat lower
in the Elodea treatments than in no-Elodea treatments
already when the first samples were taken on day 0
(GLM; F;,12 = 3.9, P = 0.050; Fig. 1). No other differ-
ences in zooplankton biomasses were found between
Elodea treatments at the start of the experiment. The
fish treatments had negligible effects on the total
biomass of euplanktonic grazers because the biomas-
ses of the other dominant taxa (Bosmina longispina
Leydig, Ceriodaphnia pulchella G.O. Sars; Diaphanosoma
brachyurum Leydig and Eudiaptomus gracilis G.O. Sars)
were unaffected by fish presence/absence. Elodea also
did not affect the biomasses of these taxa (mixed;
P > 0.05), or the clearanee rate of euplanktonic crus-
tacean grazers (Fig. 1). The CV of euplanktonic crus-
tacean grazer biomass varied widely between the
replicates especially in the no-Elodea treatments, and
did not differ between the treatments (GLM; P > 0.1).

Short-term differences (between days 0 and 3)
between the fish treatments were observed only in
the biomass of Daphnia. The strongest reduction in
Daphnia biomass by fish was found in the no-Elodea

‘treatments but the main effect of fish was, neverthe-

less, not significant (GLM; Fy 1, = 3.9, P = 0.073). On

- the contrary, in the fish-free treatments the biomass of

Daphnia decreased with the increase in Elodea density,
resulting in a significant interaction of Elodea and fish

{GLM; F, 1, = 4.3, P = 0.040).

Plant-associated and benthic cladocerans (predom-
inantly Acroperus harpae Baird, Peracantha truncata O.F.
Miiller, Eurycercus lamellatus O.F. Miiller and Alonella
exigua Lilljeborg) were positively affected by both
Elodea and fish (mixed; F,;; =5.0, P =0.027 and
Fi12 = 9.8, P = 0.009, respectively). The biomasses of
these cladocerans increased strongly during the
experiment, and there was a significant interaction
of time and Elodea (mixed; F,g3 = 12.6, P < 0.001).
Suspension-feeding rotifer densities were usually
<50 individuals L™, corresponding to a biomass of
<20 pg C L7 Although they increased (maximum
450 individuals L™") at the end of the experiment, no
consistent pattern with respect to fish or Elodea was
apparent. )

The density-weighted mean length of euplanktonic
cladocerans was significantly reduced by fish (mixed;
Fi12 =112, P = 0.006). Cladoceran length wvaried
between 0.6 and 0.8 mm at the beginning of the
experiment but declined to 0.5-0.7 mm in the fish-free
treatments and to about 0.4 mm in the fish treatments
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Daphnia longispina ---0---No Elodea

600 ~—o—_Sparse Elodea
==C==ense Elodea

500
400
T, G;‘;:G Elodea Fyq5=592, P =0.049
O 300 fish Fy 5= 11,56, P = 0.005
2 Elodea*fish NS
200 time Fqg3= 27.84, P < 0,001
Elodea*time NS
100 fish*time NS

3 Elodea*fish*time NS

700
600
500
400 Elodea F1q=3.92, P = 0.049
C A 1T~ "1] /3 N I fishNS
= 300 Elodea*fish NS
200 O time NS
2 Elodea*time NS
100 fish*time NS
04 r r = 4 . . , Elodea~fish*time NS
Clearance rate
Elodea NS
fish NS
Elodea*fish NS
time F1a3=15.02, P < 0.001
Elodea *time NS
fish*time NS
Elodea *fish*time NS
Chiorophyll a
60 - ]
Elodea NS
fishi Fy 45 = 5.35, P = 0.045
Elodea*fish NS
time Fg3=10.19, P = 0,043
Elodea *time NS
fish*time NS
Elodea*fish*time NS

28
Time (days) Time (days)

Fig. 1 Treatment mean values (+1 SE) over the course of the experiment for biomasses and the clearance rate of Daphnia longispina and
other euplanktonic crustacean grazers, as well as concentration of chl a in the Elodea enclosures ‘with or without fish. The F ratios with
significance levels for the main effects and interactions of Elodes, fish and time obtained in the mixed model are given for each variable.
The grey line in the no-fish treatment of chl & concentration shows the mean in the sparse-Elodea treatment without the Anabeena
replicate (see text for further explanation).
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Table 1 Physical and chemical properties
of water (mean + SE) in all enclosures, .
calculated from the data collected from all ¥ ariable

Overall
mean + S5E

Statistically different

Treatment effects treatment mean + SE

enclosures during the experiment

(mg L™

pH

Total phosphorus
(pg L™
Orthophosphate
(ng L™H

Total nitrogen (ug L")
Ammonium (ug L™
Conductivity (S cm™)

Water temperature (°C)
Oxygen near bottom

204+ 18 NS

6901  Elodea (Fy1p =641, 6.3 = 0 (no-Eloden)
P =0.014) 6.9 £ 0 (sparse-Elodea)
7.6 = 0 (dense-Elodea)
74+0 NS ‘
65 + 28 Time (Fy,g3 = 56.87, 74 = 3 (day 0)
P <0.001) 40 + 2 (day 28)
22927  Elodea (on Day 28) 6.5 = 1.5 (no-Eloden)
(Fy12 = 6.41, 15.2 +2.9 (sparse-Elodea)
P =0.014) 5.0 = 0 (dense-Elodea)
790 £ 17 NS
213+ 27 NS
119 £ 0.1 NS

Also shown are the treatment effects and, in case of statistical difference, the treatment
mean values (+SE). NS refers to non-significant statistical result.
*Water temperature declined steadily from the initial 23 to <15 °C by the end of the

experiment.

by the end of the experiment. Thus, there was a
significant interaction of fish and time on the size
of cladocerans (mixed; F;g3 = 36.7, P <0.001). The
opposite trend was observed for plant-associated
cladocerans, as their mean length was positively
related to the fish treatments (mixed; Fy; = 6.5,
P =0.026).

The physical and chemical properties of the water
were, in general, similar in all treatments. The bottom

waters were always well oxygenated, even at night.

Judging by shoot density and appearance, the planted
Elodea managed well in the enclosures. However, their
total biomass change could not been quantified
because of efficient colonisation of plant roots into
sediment. The daytime dissolved oxygen concentra-
tion increased with the rising density of Elodea
(Table 1). At the end of the experiment (day 28), the
phosphate concentrations were Jowest in the dense-
Elodea treatment, while no other differences in the
concentrations of nutrients were observed between
the Elodea and fish treatments (Table 1). Consequently,
the chl a concentrations did tiot differ between Elodea
treatments (Fig. 1), but remained below 15 pg L™ in
all dense-Elodea treatmenits, while in the other treat-
ments two to fivefold concentrations were measured
(Fig. 1). At the end of the experiment, the concentra-
tions were similar (3-6 pg chla L") in all treatments.
However, significantly higher chl a concentrations
were measured in the fish enclosures than in the fish-
free enclosures (Fig. 1), while the opposite trend was
observed for the ratio of chl a to total phosphorus

concentration (mixed; Fy15 = 5.0, P = 0.045). In the
middle of the experiment (day 14), small edible algae
(GALD <50 pm) were slightly more abundant in
treatments with fish than without fish (GLM, F; 2 =
3.7, P = 0.077). Positive effects of fish were found for

* the biovolumes of cryptophytes (Cryptomonas spp. and
- Rhodomonas spp; GLM, F; 1, = 14.2, P = 0.003), chrys-

ophytes (mainly Chrysamoeba spp.; GLM, Fy;, = 5.7,
P =0.034) and chlorophytes (Dictyosphaerium spp.

“and Chlorococcales spp.; GLM, Fy32 = 8.2, P = 0.014).

These algal groups, together with euglenophytes
(mainly Trachelomonas spp.), dominated the phyto-
plankton community. The chl 2 concentration varied
markedly over time but was less in the dense-Elodea
treatments than in the no- and sparse-Elodea treat-
ments (Fig. 1). The CV of chl a2 was lower in the dense-
Elodea treatments than in the other Elodea treatments,
but differences between treatments were not statisti-
cally significant because of high variation between the
replicates. Much of the observed wvariation was
because of visible blooms of cyanobacteria (Anabaena
lemmermannii P. Richter) in the middle of the experi-
ment (days 14 and 21) in four no-Elodea or sparse-
Elodea treatments, both with and without fish. In these
enclosures, A. lemmermannii constituted 55-97% of the
phytoplankton biovolume on day 14. Exceptionally
high biomass (up to 80 pg chl 2 L™) occurred in one
sparse-Elodea, fish-free replicate. After excluding this
replicate from the data, the mean chl a concentration
was much lower than it was for all three replicates
(Fig. 1).
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Predatory zooplankton were, in general, favoured
by the presence of fish. The biomass of the cladoceran
Polyphemus pediculus L. was positively related to fish
in all Elodea treatments (mixed; Fy 1, = 6.7, P = 0.024).
The biomass of cyclopoid copepods (predominantly
Thermocyclops oithonoides G.O. Sars and Mesocyclops
leuckarti Claus) was negatively affected by Elodea
(mixed; F31, = 4.0, P = 0.046). The highest cyclopoid
biomasses (>200 pg C L) were observed in the no-
Elodea treatments with fish, resulting in the significant
interaction of Elodea and fish (mixed; Fz1; = 5.7, P =
0.018).

Epiphytic and benthic invertebrate communities

The mean biomass of all epiphytic animals (120 mg
DW m™2) was about one-fourth of the total zooben-
thos biomass (510 mg WW m™). Chironomid larvae
and gastropods predominated in the biomass of both
epiphytic and benthic macroinvertebrates and, on
average, constituted about 16 and 19% of the total
epiphytic fauna biomass and 34 and 65% of the total
benthic biomass, respectively. Other invertebrates,
mainly Asellus aguaticus L. and hirudineans, were
recorded occasionally, resulting in relatively wide
spatial and temporal variations within the total
biomass of the two animal communities. In the
middle of the experiment, Elodea positively affected
the total biomass of epiphytic fauna (GLM; Fyip =

11.6, P = 0.011) and negatively that of the benthic

fauna (GLM; Fz1; = 7.3, P = 0.010). A positive effect
of Elodea was observed on the biomasses of epiphytic
predators and herbivores/detrivores, (GLM; Fy1; =
8.1, P=0.025 and F;; = 27.8, P = 0.001, respect-
ively) as well as on benthic herbivores/detrivores
(GLM; Fp;2 =48, P =0.036): At the end of the
experiment, the biomasses of epiph_yﬁc' chironomids
and gastropods were even slightly higher (GLM;
Fiyp =51, P=0058 and Fyj; =53 P =0.056
respectively) in the presence than in the absence of
fish, especially in the dense-Elodea treatments. The
influence of fish on the biomasses of the most often
consumed trichopteran and ephemeropteran larvae
(see next section) was not significant. At the end of
the experiment, only slight differences in zoobenthos
biomass were found between the treatments. In the
dense-Eladea treatments, the benthic predator bio-
mass was higher in the fish-free enclosures than it
was in enclosures with fish, resulting in a significant

interaction of Elodea and fish (GLM; F;1, = 9.0, P =
0.005).

Relative importance of invertebrate communities
as food sources for roach -

The food preference and switching behaviour of roach
were examined assuming a density-dependent func-
tional response. The potential availabilities of micro-
crustacean and macroinvertebrate - prey were
compared by calculating their total biomasses per
square metre of lake bottom. In all Elodes treatments
with fish, the biomass of euplanktonic cladocerans
(mixed; Fyg4 = 18.5, P < 0.001} decreased during the
experiment, while that of copepods (mixed; F; gy =
9.8, P=0.002) and macroinvertebrates increased
during the experiment (Figs 2 & 3). Yet, the total
biomass of all invertebrates did not markedly differ
between the fish and fish-free treatments (GLM;
P > 0:05). The weight of non-empty roach gut contents
(0.04-0.06-g DW individuals™) did not differ between
the treatments or between sampling days (GLM;
P > 0.2). On the contrary, the food spectrum of roach

~was highly variable (Fig. 2). Roach fed almost exclu-

sively on euplanktonic cladocerans (predominantly
Bosmina and Ceriodaphnia) at the start of the experi-
ment only in the no-Elodea treatments (Fig. 2). Later

-during the experiment and in the other treatments,

some roach individuals seemed to specialise on
cladocerans (share in guts near 100%), while others
fed on cladocerans to a minor extent or not at all
(values near 0%) (Fig. 3). The mean proportion of
euplanktonic cladocerans in the roach gut content
exceeded considerably that in the ambient environ-
ment in the no-Elodea treatments at the start of the
experiment and in the dense-Elodea treatments at the
end of the experiment suggesting high electivity
(Fig. 2). No identifiable remains of Daphnia were
found in fish guts. Therefore, the actual electivity for
cladocerans was probably even higher than that
observed in our analyses. In the middle of the
experiment, roach also favoured plant-associated
and benthic cladocerans (mainly chydorids) (Fig. 2).
Macroinvertebrates constituted a minor fraction of
the food items found in the roach gut, despite their
relatively high ambient biomasses (Fig. 2). Only a
few roach included macroinvertebrates (mainly
ephemeropteran and trichopteran larvae, seldom
chironomid larvae) in their diet in spite of high
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Fig. 2 Mean biomasses of animal prey communities in the Elodes enclosures with fish (upper) and mean percentage shares by weight
of different food items found in fish guts (lower) at the start (day 0), middle (day 15) and end (day 28) of the experiment. The number

of studied non-empty roach guts (n) is shown below the x-axis.

biomass of these prey (Fig. 3). The diet of roach also
included non-animal food items (macrophytes, det-

ritus and algae). The macrophytic food consisted of
freely floating L. trisulca in the no-Elodea treatments,

while in the other treatments it included both Lemiza
and Elodea. Copepods were not e&t‘én by roach,
although their proportion (predominantly E. gracilis)
could exceed more than half of the total invertebrate
biomass (Fig. 2). '

Discussion

Effects of Elodea on plankton __camrriﬁnities
and trophic cascade '

The total biomass of euplanktonic zooplankton, espe-
cially that of the dominant cladoceran D. longispina,
decreased with the increase in Elodes density. The
biomass of Daphnia was also reduced by roach. Thus,
Elodea provided neither a favourable habitat nor a
good refuge for D. longispina against predation by
roach. Burks; Jeppesen & Lodge (2000) demonstrated
that the growth of Daphnia magna Straus was strongly

suppressed when exposed to chemicals from both

"E. canadensis and roach. This phenomenon might have

been pronounced in our enclosed systems, which did
not allow large-scale (>2.5 m) horizontal migration of
daphnids (reviewed by Burks et al., 2002). Thus, the
decline of Daphnia in our dense-Elodea fish treatments
may partly have been affected by this chemical
suppression. However, the density of macroinverte-
brate predators often increases with structural com-
plexity of the habitat (Kornijow & Kairesalo, 1994). In
our experiment, the biomass of macroinvertebrate
predators increased in the Elodea treatments. Thus,
predation by macroinvertebrates, especially of water
mites (Hydracarina) (Kornijéw et al., 2001), may also
have lowered zooplankton biomasses in the Elodea
treatments.

During the first 3 days of the experiment, fish
reduced the Daphnia biomass more in the no-Elodea
enclosures than in the Elodea enclosures. However, the
strong negative impact of Elodea on Daphnia compli-
cated estimation of the refuge effect. Thus, we found
no clear evidence for even a short-term refuge effect of
Elodea for Daphnia against predation by roach. The
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ineffectiveness of the refuge by Elodea was evidenced
by the equally decreasing body size of euplanktonic
cladocerans in all Elodea treatments with fish. Many
roach individuals were - specialised to feed on
cladocerans and continued to pursue zooplanktonic
food even as it declined-in abundance. This suggests
that roach were capable of feeding on scarce, small-
bodied cladocerans in Elodez beds. Among many
factors affecting predator=prey dynamics, such high
preference is not likely to be a stabilising effect
(Murdoch & Bence, 1987; cf. Schindler & Scheuerell,
2002). The lack of stabilising effect in Elodea was also
suggested by the similar CV of zooplankton biomass
in all the fish treatments. However, the strong search
image of the large roach (215 cm) roach for Bosmina is
in agreement with earlier results from Lake Vesijérvi

(Horppila, 1994; Horppila et al., 2000). In addition,
roach also pursued the less abundant, plant-associ-
ated and benthic chydorid cladocerans. Perhaps,
when foraging for these prey items, roach passively
engulfed large quantities of detrital/plant material.
Feeding on non-animal, low nutritional food items
was clearly also an active process. An earlier diet
analysis of roach food preferences in Lake Vesijirvi
demonstrated that the frequent use of plant food
generally indicated a low availability of animal prey
(Horppila, 1994). The capability for using alternative,
less-preferred food sources may serve as life-support-
ing means for roach populations to manage over the
periods of low cladoceran abundance and thus main-
tain high predation pressure on zooplankton (cf.
Jeppesen et al., 1998a).

© 2005 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/}.1365-2427.2004.01318.x




Macrophyte species differ in their value as refuges
for zooplankton. For instance, N. lutea or Potamogeton
berchtoldii Fiber were shown to provide refuge for
Daphnia hyalina Leydig against predation by perch
(Beklioglu & Moss, 1996; Moss et al., 1998). Perch,
moreover, is better adapted to foraging among
macrophytes than roach (Winfield, 1986; Diehl,
1988). In contrast, Venugopal & Winfield (1993)
showed that dense N. lutea stand does not have the
potential to offer a refuge for zooplankton against
juvenile fish. Schriver et al. (1995) observed a lowered
impact of small (0+ and 1+) roach and three-spined
stickleback (Gasterosteus aculeatus L.) predation on
zooplankton among dense (53 g DW m™) macro-
phyte beds comprising of mainly Potamogeton pectin-
atus L, P. pusillus L. and Callitriche hermaphroditica L.
The macrophyte biomass in our dense-Elodea treat-
ment was at least as high. On the contrary, the density
of fish used in our study (1.9 individuals m™) was
close to the threshold density (2-5 individuals m™) at
which the refuge effect of macrophytes may be
partially or totally lost for Daphnia and small clado-
cerans, such as Bosmina and Ceriodaphnia (Jeppesen
et al., 1998a). Such threshold fish density is probably
shaped by the fish species and size/age-class. For
instance, Elodea was shown to have a refuge effect on
Bosmina against 0+ perch at a density of three fish per
square metre (Kairesalo ef al., 1998). In our experi-
ment, Bosmina and Ceriodaphnia were preferred food
of roach but, nevertheless, attained relatively high
biomasses in the Elodea treatments with fish. This
difference was not significant because of high vari-
ation between replicates, especially in the sparse-
Elodea treatments. In any case, Elodea appeared to be
of value as a refuge for plant-associated cladocerans,
as these were even more abundant and larger in the
presence than in the absence of fish.

Zooplankton grazing in vegetation plays a central
role in controlling phytoplankton (Schriver et al., 1995;
Jeppesen et al., 1998a, 1999). However, Meijer et al.
(1999) and Blindow ef al. (2000) suggested that direct
interactions between miacrophytes and planktonic
algae, rather than mere grazing of algae by zooplank-
ton, are probably the decisive factors in controlling
algal densities in lakes with dense submerged veget-
ation. Although the planted Elodez managed well in
our enclosures, they did not clearly affect the concen-
trations of total nutrients (dissolved and <200 pm
particulate fractions) and chl a in the water. Thus, our
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results indicated that submerged plants do not reduce
the availability of nutrients to planktonic algae,
consistent with the results of Schriver ef al. {1995)
and Beklioglu & Moss (1996). Nevertheless, cyano-
bacterial blooms developed only in same replicates of
the no-Elodea or sparse-Elodea treatments, but never in
the dense-Elodea treatments. In addition, the dense-
Elodea treatments always showed the lowest chl a
concentrations, suggesting that phytoplankton pro-
duction was constrained by Elodes. On'the contrary, in
the dense-Elodea treatments where the biomass of
grazing cladocerans, especially large-bodied Daphnia,
was reduced by roach, approximately twofold higher
phytoplankton biomasses and lower clearance rates
were observed in comparison to the corresponding
fish-free enclosures. Perrow ef al. (1999) suggested a
threshold community filtration (clearance) rate of 300-
400 mL per day to maintain the clear-water phase. In
our experiment these high rates were observed in all
treatments except the dense-Elodea treatment with
fish. A total of 60-130% of the phytoplankton biomass
was grazed per day in the Elodea treatments, assuming

that cladocerans and copepods fed exclusively on

phytoplankton in amounts corresponding to 100 and

. 50% of their biomass per day, respectively (Jeppesen

et al., 1999; Blindow et al., 2000). This value is higher
than that (<10%) estimated by Blindow et al. (2000)

but lower than that (137-298%) estimated by Jeppesen

et al. (1999) in Danish, Swedish and Latvian clear-
water lakes with abundant macrophytes. In our
experiment, those zooplankton grazers unaffected by
Elodea, such as Eudiaptomus, Ceriodaphnia, Diaphanoso-
ma and Bosmina, were apparently sufficient to control
algal biomass within the Elodea beds. This top-down
control of phytoplankton biomass was facilitated by
the macrophytes and operated simultaneously with
the control of phytoplankton production by Elodea.
Thus, these results support earlier conclusions by
Schriver et al. (1995) and Scheffer (1999) dealing with
the synergistic effects on phytoplankton of both
zooplankton and macrophytes.

The chl 2 concentration was two to three times
higher in the no-Elodea treatments with fish than in the
corresponding sparse-‘and dense-Elodea treatments,
but there was no interaction of Elodea and fish with chl
a. Fish had a negligible effect on the total biomass and
clearance rate of euplanktonic grazers. Nevertheless,
the chl a concentration and the biovolume of edible
algae were higher in all the Elodea treatments with fish
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than without fish. Although no differences in dis-
solved nutrient concentrations between the treatments
could be measured, our results are consistent with
enhancement of phytoplankton productivity through
nutrient regeneration by roach (cf. Horppila &
Kairesalo, 1992; Vanni, 2002). Thus, our first hypothe-
sis that Elodea can hamper the trophic cascade impact
of fish via lowered predation on zooplankton was not
unequivocally supported; the enhancement of algal
biomass was probably due not only to lowered
grazing by zooplankton but also to nutrient regener-
ation by fish.

Macroinvertebrate communities as alternative prey
for roach

Switching of prey preference occurs when different
food sources are present in different microhabitats,
and their abundance and availability to the predator
vary. Lake littoral zone invertebrate communities
include those of open water, macrophyte surfaces
and bottom sediments. In principle, generalist pred-
ators such as roach focus their foraging on the most
profitable prey and modify their feeding behaviour in
relation to the relative and absolute abundance of
prey (Townsend ef al., 1986; Gliwicz, 2002). At the
population level, switching of prey preference is
because of a changing proportion of specialists rather
than to a gradual change in preferences of individual

roach and this yields a bimodal distribution of

percentage composition of the diet (Townsend ef al.,
1986). During our experiment, roach faced a situation
in which the relative proportion .of the preferred
cladocerans was diminishing (because of predation
and/or negative influence by’ Elodes) but that of
macroinvertebrates was increasing. Horppila & Kair-
esalo (1992) showed experimentally that in unvege-
tated environments the decreasing availability of
planktonic food drives roach te forage for benthic
food items. In our expériment, however, this switch-
ing did not become apparent as foraging for more
abundant and much larger epiphytic/benthic macro-
invertebrates did not increase. In addition, large-
bodied Eudiaptomus (up to 1.6 mm in length), which
contributed highly to the invertebrate biomass (up to
50%), were not preyed on by roach. Although roach
have been shown to be capable of preying on
copepods (Persson & Greenberg, 1990) these are
elusive and not consistently included in the diet of

roach (Winfield etal, 1983). The same probably
applies to the large cladoceran P. pediculus (Moss
et al., 1998). Therefore, prey animals with an active
escape reaction seem to be underexploited food
sources for roach. In addition, Dodson & Frey (1991)
hypothesised that dark pigmentation may be distaste-
ful to predators which may also explain why roach
did not feed on Polyphemus or on Scapholeberis
mucronata O.F. Miiller, the other pigmented cladocer-
an that were also relatively abundant (16-40 pg C L™")
in our enclosures. & % '

Our results are in agreement with those of Persson
& Greenberg (1990), who showed that the overall
foraging of roach for macroinvertebrates is low and
that the unavailability of preferred food induces roach
to increase consumption of less nutritious detritus/
plant food. Utilisation of such low-energy food may,
however, -increase phosphorus regeneration by fish
(Brabrand, Faafeng & Nilssen, 1990). Hence, roach
apparently chese food items that required minimal
effort to detect and capture (ie. slowly moving
cladocerans ‘and non-animal items). In our experi-
ment, the feeding of roach on zoobenthos and

‘epiphytic macroinvertebrates decreased predation
- pressure on grazing cladocerans less than expected,

which was inconsistent with our second hypothesis.
On the contrary, in perch-dominated systems, benthic

-and epiphytic macroinvertebrates may play a more

important role as alternative prey instead of cladocer-
an zooplankton, as perch are superior to roach in
foraging for macroinvertebrates in vegetation (Pers-
son, 1987; Diehl, 1988).

In conclusion, our results showed that the top-
down control of phytoplankton by zooplankton graz-
ers was still important in vegetation although Elodea
beds provided only poor refuges for euplanktonic
cladocerans and negligible refuges and unfavourable
habitats for Daphnia. Although roach were able to
capture cladocerans in Elodea beds, even when the
abundance and size of these prey animals were low,
the fish had negligible effects on the total biomass and
the clearance rate of euplanktonic crustacean grazers.
Thus, our first hypothesis that Elodea can hamper the
trophic cascade of fish via lowered predation on
grazing zooplankton was not supported. In addition,
the chl a concentration significantly increased with
fish, suggesting that fish enhanced algal growth
through regeneration of nutrients. On the contrary,
no cyanobacterial blooms appeared and a clear-water
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state with low chl 2 concentration was maintained in
the dense-Elodea treatments, suggesting that Eloden
inhibited algal growth. Regardless of the density of
the Elodea beds, macroinvertebrates were quantita-
tively unimportant in roach diets. Therefore, our
second hypothesis that switching of food preference
by roach stabilises littoral plankton dynamics was not
supported either.
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Community resistance and change to nutrient enrichment
and fish manipulation in a vegetated lake littoral

JAANA HIETALA, KIRSI VAKKILAINEN AND TIMO KAIRESALO
Department of Ecological and Environmental Sciences, University of Helsinki, Lahti, Finland

SUMMARY

1. High biomass of macrophytes is considered important in the maintenance of a clear-
water state in shallow eutrophic lakes. Therefore, rehabilitation and protection of aquatic
vegetation is crucial to the management of shallow lakes.

2. We conducted field mesocosm experiments in 1998 and 1999 to study community
responses in the plant-dominated littoral zone of a lake to nutrient enrichment at different
fish densities. We aimed to find the threshold fish biomass for the different nutrient
enrichment levels below which large herbivorous zooplankton escapes control by fish. The
experiments took place in the littoral of Lake Vesijérvi in southern Finland and were part
of a series of parallel studies carried out jointly at six sites across Europe.

3. In 1998, when macrophyte growth was poor, a clear-water state with low phytoplankton
biomass occurred only in unenriched mesocosms without fish or with low fish biomass
(4 g fresh mass m ™). Both nutrient enrichment and high fish biomass (20 g fresh

mass m~>) provoked a turbid water state with high planktonic and periphytic algal
biomass. The zooplankton community was dominated by rotifers and failed to control the
biomass of algae in nutrient enriched mesocosms. The littoral community thus had low
buffer capacity against nutrient enrichment.

4. In 1999, macrophytes, especially free-floating Lemna trisulca L., grew well and the
zooplankton community was dominated by filter-feeding cladocerans. The buffer capacity
of the littoral community against nutrient enrichment was high; a clear-water state with
low phytoplankton biomass prevailed even under the highest nutrient enrichment. High
grazing rates by cladocerans, together with reduced light penetration into the water caused
by L. trisulca, were apparently the main mechanisms behind the low algal biomass.

5. Effects of fish manipulations were less pronounced than effects of nutrient enrichment.
In 1999, clearance rates of cladocerans were similar in fish-free and low-fish treatments but
decreased in the high-fish treatment. This suggests that the threshold fish biomass was
between the low- and high-fish treatments. In 1998, such a threshold was found only
between fish-free and low-fish treatments.

6. The pronounced difference in the observed responses to nutrient enrichment and fish
additions in two successive years suggests that under similar nutrient conditions and fish
feeding pressure either clear or turbid water may result depending on the initial
community structure and on weather.

Keywords: fish predation, littoral ecosystem, macrophytes, nutrient enrichment, plankton communities
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literature. The dominant view is that the total biomass
is ultimately set by resources while, within a system,
the biomass at a particular trophic level reflects the
relative importance of resource and predator control
as these drivers act simultaneously (e.g. McQueen,
Post & Mills, 1986; Carpenter et al., 1987; Hunter &
Price, 1992; Mittelbach et al., 1995). In lacustrine
littoral ecosystems, submerged macrophytes structure
food-web interactions through mediating resource
availability for planktonic communities and altering
trophic cascades (Jeppesen ef al., 1998).

The alternative stable states model (Irvine, Moss &
Balls, 1989; Scheffer et al., 1993) has been proposed to
explain the functioning of shallow lake ecosystems.
The model suggests that at very high phosphorus
concentrations a turbid, phytoplankton-dominated
state may be the only possibility whereas at low
phosphorus concentrations (<25 pg PL™) a clear-
water state uniquely exists. Between these extremes,
both turbid, phytoplankton-dominated states and
clear-water, plant-dominated states are possible
(Irvine et al., 1989; Scheffer et al., 1993). Both states
are assumed to resist perturbations, such as changes
in nutrient enrichment, because complex biological
interactions buffer against community changes (Schef-
fer et al., 1993).

Grazing by zooplankton is key to determining algal
biomass. Grazing efficiency is largely determined by
zooplankton community structure; mean body size
and taxonomic composition are the critical parameters
(Cyr & Curtis, 1999). Heavy fish predation on
zooplankton leads to low numbers of large-bodied
zooplankton and low grazing pressure (Knoechel &
Holtby, 1986). This favours the development of high
algal biomass if nutrient concentrations are high
(Carpenter et al., 1987). This trophic cascade is
thought to be stronger in deep lakes than in shallow
lakes with abundant macrophytes, which modify
trophic interactions by increasing habitat complexity
(Jeppesen et al., 1998). For instance, submerged macro-
phyte vegetation may provide refuges for grazing
cladocerans against fish predation and therefore
promote high grazing pressure on phytoplankton
even in the presence of planktivorous fish (Jeppesen
et al., 1998; Mehner et al., 2002).

A switch from one state to the other may occur
often following some catastrophic event. For instance,
increase in the population of large Daphnia after a fish
kill can cause a switch from turbid state to clear-water

state (Edmondson & Litt, 1982; Wright & Shapiro,
1984). Declines in macrophytes may have the opposite
effect: a clear-water lake turns into the turbid state
following herbicide application (Van Donk et al.,
1990). A switch may also occur as a result of severe
nutrient enrichment (Schindler, 1977). When a thresh-
old nutrient concentration is reached, macrophyte
dominance may be replaced by phytoplankton dom-
inance (Scheffer et al., 1993).

In this study, we manipulated both nutrient loading
and fish predation in order to assess the community
responses in a vegetated littoral zone of a lake to these
factors. Experiments were carried out in field meso-
cosms in 1998 and 1999. Treatments included three
(1998) or five (1999) levels of nutrient additions,
resulting in mesotrophic to hypereutrophic conditions
that were crossed with three fish densities. The
highest fish density was chosen to represent the fish
stock in eutrophic, turbid lakes and the lowest one to
represent the desired fish density after biomanipula-
tion (McQueen et al., 1986). We hypothesised that
resistance of vegetated shallow-lake systems to nutri-
ent enrichment decreases with the density of plank-
tivorous fish and increases with macrophyte biomass.
We aimed to find the threshold of fish biomass for the
different nutrient enrichment levels below which
large herbivorous zooplankters and, consequently,
their grazing impact, escape fish control. This experi-
ment was part of a series of parallel studies carried
out at six sites across Europe (Stephen ef al., 2004a).

Methods
Study site and mesocosm design

We conducted two field mesocosm experiments in the
shallow littoral zone of Lake Vesijirvi in southern
Finland. Details of the lake and its eutrophication and
recovery history are given in Kairesalo et al. (1999).
The mesocosms used in the experiments, altogether 36
in each year, were 1-m diameter clear polyethylene
cylinders suspended from wooden frames at the
surface and weighted to the lake bottom. They were
installed at one metre water depth and the walls of the
mesocosms extended about 20 cm into the sediment.
The mesocosms were covered with bird netting. The
most abundant macrophyte species in the study area
were Elodea canadensis Michx., Ceratophyllum demersum
L., Myriophyllum verticillatum L., Lemna trisulca L.,
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Nuphar lutea L., and Potamogeton natans L. The 1998
experiment began on 4 June when the natural
macrophyte community had just started to grow.
The distribution of macrophytes in the study area was
patchy. Therefore we collected Elodea plants from the
nearby littoral area and added 62g fresh mass
(corresponding to 27 g dry mass) to each mesocosm
to ensure a similar inoculum of macrophytes in each
mesocosm. In 1999, the experiment began 3 weeks
later (29 June) when the natural macrophyte commu-
nity had achieved good growth and no inoculum was
needed.

1998 experiment

In 1998, we used a fully factorial block design with
three replicates. We had three nutrient enrichment
levels and three densities of juvenile (6-9 cm) roach
(Rutilus rutilus L.). The nutrient levels were: control
(NO: no nutrient addition); two-fold enrichment (N1:
100 pg P L7!, 1 mg N L™); ten-fold enrichment (N2:
500 ug PL™, 5mg N L™Y; and twenty-fold enrich-
ment (N3: 1.0 mg P L™, 10 mg N L") compared with
total phosphorus and nitrogen concentrations in the
lake water. Fish treatments were: fish-free treatment;
low-fish treatment (4 g fresh mass m™2); and high-fish
treatment (20 g fresh mass m™2), respectively. The
nutrients were added weekly as KNO; and KH,PO,.
Pretreatment samples of water chemistry and plank-
ton were taken on 8 June, just before the first nutrient
addition and the introduction of fish. The experiment
ended after 5 weeks, on 13 July. The mesocosms were
checked daily and dead fish were replaced with new
ones. Fish mortality increased radically in the N2 and
N3 mesocosms during the third week, probably owing
to the high pH of water. Because added fish died
within a few hours, we did not add any further fish to
those mesocosms and excluded the results of the two
highest nutrient treatments from the data analyses.

Growth of periphytic algae was measured on two
2.5 cm-wide plastic strips of wall material extending
from the surface to the bottom. Two strips were
placed to hang at the centre of each mesocosm in the
beginning of experiment. One strip was removed and
replaced weekly and the other one was removed
4 weeks after the start. Periphyton was scraped from
the strips and suspended into a known volume of
filtered (Whatman GF/C) lake water for chlorophyll 24
analysis.

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537

1999 experiment

In 1999, we had five nutrient levels: (NO: no nutrient
addition; N1: 30 pg P L™, 0.3 mg N L™'; N2: 60 ug
PL", 06mg NL % N3:90 ug PL™, 0.9 mg NL;
N4: 150 pg PL™", 1.5 mg N L™; N5: 300 pg PL7,
30mg NL") and three fish densities, with two
replicate blocks. Fish treatments consisted of 0, 4, and
20 g fresh mass m™? of juvenile (8-10 cm) perch (Perca
fluviatilis L.). The experiment lasted for 7 weeks;
pretreatment samples were taken on 29 June and the
last samples on August 10. Fish were introduced and
nutrients first added on 29 June after the pretreatment
sampling. Nutrients were added weekly and occa-
sional dead fish were replaced. The growth of
periphytic algae was measured as in 1998.

Sampling and data analyses

Samples for chemical analyses, phytoplankton and
zooplankton were taken weekly from the mesocosms
and the lake. Conventional methods standardised
across the whole series of experiments (Stephen ef al.,
2004b) were used with the following additions. Water
temperature and oxygen were measured weekly with
a Marvet fluids AJ90 (Hyko Ltd., Kerava, Finland)
oxygen-temperature meter at surface and at bottom in
10 randomly chosen mesocosms. Vertical profile of
light penetration into water was measured with a
LiCor LI-1400 4w sensor (Li-Cor Ltd., Lincoln, NE,
US.A.) on the last week of the experiment in 1999.
Macrophytes were dried and weighed and divided
into two groups according to growth form, the free-
floating L. trisulca and rooted submerged plants.

For every zooplankton sample, 30 individuals of
each cladoceran species, five individuals of each
copepodite stage and adult copepods, and 20 indi-
viduals of nauplii were measured whenever sufficient
number of animals was available. Zooplankters were
assigned to functional groups according to their
feeding mode. Raptorial feeders included Polyphemus
pediculus L., Asplanchna spp., and both copepodites
and adult cyclopoids. Copepod nauplii and calanoids
were classified as filter-feeding copepods, and
euplanktonic cladocerans included the permanently
planktonic species (Hutchinson, 1967), i.e. Bosmina
spp., Ceriodaphnia spp., Chydorus sphaericus O. F.
Miiller, Daphnia longispina O. F. Miiller and Diaphano-
soma brachyurum Liéven. Other cladocerans, mainly




1528 . Hietala et al.

chydorids and Simocephalus vetulus O. F. Miiller, were
summed as plant-associated cladocerans, and the
group of suspension-feeding rotifers included all
rotifers except Asplanchna spp. Clearance rate of
cladocerans was calculated using the equation F =
11.695 x L**® where F is filtering rate in millilitre per
animal per day and L is animal length in millimetre
(Knoechel & Holtby, 1986).

Because fish mortality was high in N2 and N3
treatments in 1998, only the data of the nutrient
treatments NO and N1 with all three fish densities
were included in analyses. No such problems
occurred in 1999 and all data were included.
Differences between replicates on pretreatment sam-
pling were tested with ANOVA. The time-weighted
average concentrations of planktonic and periphytic
chlorophyll 4, and the biomasses of phytoplankton
and the different zooplankton groups were used as
response variables in ANOVaAs (SPSS for Windows v.
6.0). Stephen et al. (2004a)) provide the rationale
behind our choice to use time-weighted averages.
Pretreatment data were not used in the calculation of
the time-weighted averages. Multiple comparisons
were made with a posteriori Tukey’s tests. Heterogen-
eity of variances was tested with Cochran’s test and
normality of data was checked from the residual plots.
When the assumptions for ANOVA were not met, In-
transformation was used to stabilise heterogeneous
variances or to normalise the distribution of residuals.
However, the non-transformed values are presented
in the figures and tables.

Results
1998 experiment

In 1998, mean water temperature was 18 °C, with a
range of 15-21 °C during the experiment. Water depth
in the mesocosms averaged 99 cm at the start but
owing to much rain the water level increased to
106 cm by the end of the experiment. No significant
differences in water chemistry or plankton commu-
nity were found among mesocosms before nutrient
and fish addition. Chemical analyses revealed quite
similar results in the lake and control mesocosms (N0)
during the experiment with the exception of ammo-
nium and nitrate concentrations, which were higher in
the mesocosms than in the lake. Phosphorus concen-
trations were, on the contrary, slightly lower in the
mesocosms (Table 1). In N1 mesocosms, pH rose to
over 10 and nutrient enrichment caused also an
increase in alkalinity. High roach density increased
phosphorus concentrations in the mesocosms of both
nutrient treatments (N0 and N1) and total phosphorus
was at least twice as high in the high-fish treatment as
in the control or low-fish treatments (Table 1).

The bottom sediment of the mesocosms was visible
and a clear-water state occurred throughout the
experiment in control and NO/low-fish treatments,
whereas in high-fish treatments water turbidity
increased as shown by the greater amount of total
suspended solids and decreased Secchi depth (Ta-
ble 1). Water transparency decreased also in NI
treatments, where the bottom was not visible 2 weeks

Table 1 Mean values (SE) in the 1998 experiment for water chemistry data, Secchi depth, and periphytic chlorophylla concentration in
the last experimental week, in lake water (no replicates) and mesocosms (n = 3). NO and N1 are nutrient treatments and F0, F1,
and F2 fish treatments. Concentrations of soluble reactive phosphorus, total soluble phosphorus, total phosphorus, and total
suspended solids are abbreviated as SRP, TSP, TP and TSS, respectively.

Treatment
NO N1

Parameter Lake control  FO F1 k2 FO F1 F2
pH 6.8 7.15 (0.13) 734 (0.19) 738 (0.19) 1036 (0.22)  10.15(0.17)  10.30 (0.15)
Total alkalinity (meq ] 0.7 0.63 (0.00) 0.57 (0.01)  0.65 (0.02) 0.99 (0.01) 1.02 (0.10) 0.95 (0.01)
NH4-N (ug | e 12.1 28.0 (9.7) 11.4 (3.7) 25.5 (8.5) 208 (104) 116 (27) 205 (66)
NOs-N (mg LY <0.01 0.08 (0.04) 0.02 (0.01)  0.07 (0.04) 0.94 (0.08) 0.90 (0.2) 0.70 (0.05)
SRP (pg L™ 10.0 8.3 (2.3) 252 (11.2) 109 (1.3) 80 (48) 65 (16) 93 (18)
TSP (pg L™ 34 23.2 (6.7) 26.0(10.5) 272 (3.5) 134 (54) 123 (18) 190 (40)
TP (ug L™ 56 44.4 (8.6) 54.4 (7.0) 107 (23) 285 (17) 330 (87) 700 (274)
TSS (mg L™ 24 2.53 (0.5) 14.9 (6.1) 18.7 (8.6) 5.6 (1.3 4.3 (0.9) 15.7 (6.0)
Secchi depth (cm) >100 >100 (@ >100 (0) 77 (18) 67 (22) 60 (26) 28 (6)
Periphytic chl a (g cm™) 071 (0.13)  0.86 (0.28)  0.22 (0.54) 245 (0.56) 5.09 (1.47) 3.25 (1.03)
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after the start. Thereafter, Secchi depth decreased
even more; a depth of 67 cm was reached in the N1/
fish-free treatment after 6 weeks, and in the N1 /high-
fish treatment it was <30 cm (Table 1). The decrease in
transparency occurred simultaneously with an in-
crease in temperature from 16 to 21 °C.

Nutrient enrichment clearly increased the biomass
of phytoplankton, and the chlorophyll 2 concentration
was about 10 times higher (>100 ug L™ in the N1
treatment than in the control (10 pg L™Y). In the N0/
high-fish treatment, chlorophyll a concentration was
twice as high as in the control. The low-fish treatment,
on the contrary, did not differ from the control
treatment. Such a fish effect was not seen in the
nutrient-enriched mesocosms (Fig. 1). The highly
significant effects of nutrients on the total biomass of
phytoplankton probably masked the effects of fish
(Table 2).

The phytoplankton community in the control treat-
ment comprised equal shares of edible and inedible
algae. In terms of biomass (measured as biovolume),
the most abundant taxa were cyanobacteria (Anabaena
spp.) and flagellates (Cryptomonas sp. and Synura sp.).
Biomass of cyanobacteria decreased dramatically with
nutrient enrichment, and cyanobacteria were almost
absent in the N1 treatment. The increase of phyto-
plankton biomass with nutrient enrichment was
because of an increase of edible algae, defined as
forms with a greatest axial or linear diameter (GALD)
<50 um (mainly cryptophytes), and the inedible
(GALD >50 um) chlorophyte Dictyosphaerium sp. The
increase in the biomass of both edible and inedible
algae with nutrient enrichment was highly significant
whereas the increase of edible algae with increasing
fish density was only marginally significant (Table 2).

Biomass of periphytic algae (determined as chloro-
phyll @) was high, between 2.5 and 5.0 ug cm™,
during the whole experiment in N1 mesocosms,
whereas in N0 mesocosms the biomass of periphytic
algae was always below 1 pg cm™. The difference in
the biomass of periphytic algae between NO and N1
treatments was almost ten-fold and highly significant
(F1,12 = 10.51, P = 0.007). Biomass of periphyton was
at its highest in the low-fish treatment, although
neither fish addition (F;;, = 0.81, P = 0.47) nor the
nutrient-fish interaction (Fp;2 = 0.69, P = 0.52) were
significant. No significant correlation was found
between periphytic and planktonic chlorophyll a
concentration (r = 0.16, P = 0.54, n = 18).

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537

The structure of the zooplankton community
changed during the experiment. Initially, rotifers
(mainly Polyarthra spp., Synchaeta spp. and Keratella
cochlearis Gosse) contributed almost 90% of total
biomass. In most mesocosms, a decrease in rotifer
biomass occurred during the third and fourth week,
following an increase in the biomass of the raptorial
cladoceran P. pediculus. The cyclopoids Mesocyclops
leuckarti Claus and Thermocyclops spp. were abundant
in all mesocosms during the experiment. The biomas-
ses of the filter-feeding cladocerans Ceriodaphnia
pulchella Sars, C. quadrangula O. F. Miiller and
D. brachyurum started to increase during the fourth
week. Bosmina longispina Leydig and B. longirostris
O. F. Miiller, as well as chydorids like Alona nana
Baird and Alonella exigua Lilljeborg, occurred in low
numbers.

The mean total biomass of zooplankton doubled
with nutrient enrichment, but this increase was only
marginally significant (Table 3). Raptorial feeders,
especially P. pediculus, in N1/fish-free and N1/low-
fish treatments and suspension feeding rotifers in
N1/low-fish and N1/high-fish treatments, were
responsible for this increase in zooplankton biomass
(Fig. 2). The biomass and clearance rate of euplank-
tonic cladocerans increased with nutrient enrichment
in the fish-free treatment but tended to decrease
with nutrient enrichment in the presence of fish.
However, the changes were not significant (Fig. 2;
Table 3). Total biomass of zooplankton did not differ
between fish treatments, although the biomasses of
both raptorial feeders and euplanktonic cladocerans
decreased in the high-fish treatment (Fig.2). The
biomass of P. pediculus increased with nutrients but
decreased when fish were present, resulting in a
significant joint effect of nutrients and fish on
raptorial feeders (Fig. 2; Table 3). With the decrease
of predators, rotifers (mainly K. cochlearis and
Trichocerca sp.) built up a high biomass (up to
>11 000 pg dry mass L") in N1/low- and high-fish
treatments. Tenfold rotifer biomass increases were
observed in comparison with fish-free mesocosms
(Fig. 2). However, the observed increase in rotifer bio-
mass with increasing fish density was not significant
(Table 3) owing to wide variation among replicates.

At the end of the experiment, the biomass of
macrophytes varied between 2 and 12 g dry mass
per mesocosm. Although we added Elodea to each
mesocosm, biomass of this plant declined in all




1530 ]. Hietala et al.

200 - Chlorophyll a
m1998
150 51999
T
o 1001
=
50
0
7 Periphytic chlorophyll a
6
& 9
E 44
Q
2 3
2
14
0
T 1007 Macrophyte biomass
5
Q
Q
o
w
Q
£
2
(0]
0
o]
£
ey
(=)

Cladoceran clearance rate

P (mgL"): ] 0.3 0.6 [1.0/0.8( 15 3.0 0 0.3 06 (1009 15 3.0 4] 0.3
N(mgt™y:| o | 30 | 60 Jtooeo| 150 [ 300 | o | 30 | o |1ooed 150 | a0 | o | 30
Fish ) i
I rreatﬁnem:l Fish-free I Low-fish , High-fish

Fig. 1 Mean values (+5E) of time-weighted averages of phytoplankton chlorophyll a concentration, periphytic chlorophyll # con-
centration and macrophyte biomass in the last week of the experiment and time-weighted average cladoceran clearance rates in
different nutrient and fish treatments in 1998 and 1999. Note that P enrichment of 1.0/0.9 mg L™! and N enrichment of 100 /90 mg L?

refer to different nutrient additions in 1998/1999.

mesocosms and L. trisulca became the most abundant
species. In fish treatments, the biomass of submerged
plants, mainly E. canadensis, M. verticillatum, and
P. natans, was lower in the N1 than in the NO meso-
cosms. The difference in the biomass of submerged
macrophytes between the two nutrient treatments
was marginally significant (F;,, = 3.42, P = 0.089),
whereas the biomass of L. trisulca was not significantly
affected (Nutrients, F;;2 =001, P =0.94; Fish,
F212=10, P =040; N xF, F51, = 0.26, P = 0.78).

1999 experiment

The summer in 1999 was much warmer than in 1998.
Water temperatures in the mesocosms were around
21-23 °C but decreased to 17 °C at the end of the
experiment. The study period was very dry and water
depth in the mesocosms declined from 100 to 80 cm.
Concentration of total nitrogen did not differ much
between lake and NO mesocosms at the end of the
experiment, whereas total phosphorus concentration

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537
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Table 2 Results of ANOVAS on time-weighted averages of
phytoplankton chlorophyll a concentration, biovolume of ined-
ible algae (GALD >50 um) and edible algae (GALD <50 pm) in
1998

Response variable Source DF MS F P

Chlorophyll a Fish (F) 2 072 246 013
Nutrients (N) 1 157 534  0.001
FxN 2 0.32 1.08 0.37
Error 12 0.29

Inedible algae Fish (F} 2 053 029 075
Nutrients (IN) 1 11.7 12.83 0.004
FxN 2 0.62 068 0.53
Error 12 091

Edible algae Fish (F) 2 125 320 0077
Nutrients (N) 1 298 76.6  0.001
FxN 2 0.44 14 0.35
Error 12 0.39

All variables were In-transformed before analysis.

Table 3 Results of ANOVAs on time-weighted averages of the
major zooplankton groups in 1998

Response variable  Source DF MS F P
Total biomass of Fish (F) 2 470 037 0.71
zooplankton Nutrients (N) 1 5487 433 0.059
FxN 2 117 0.09 091
Error 12 1266
Suspension feeding Fish (F) 2 340 214 016
rotifers* Nutrients (N) 1 0.09 0.06 0.81
FxN 2 077 048 063
Error 12 1.59
Euplanktonic Fish (F) 2 74 1.06 038
cladocerans Nutrients (N) 1 0.019 0.00 0.99
FxN 2 37 052 061
Error 12 70
Raptorial feeders®  Fish (F) 2 1.00 377 0.054
Nutrients (N) 1 058 219 0.16
FxN 2 289 8.56 0.005
Error 12 0.27

Variables marked with an asterisk (*) were In-transformed
before analysis.

was higher in the control mesocosms than in the lake
(Table 4). Nutrient enrichment caused an increase in
pPH of water. High values (9~10) were measured after
the third week of the experiment. Concentration of
ammonium increased and that of nitrate decreased
with fish added. However, the water remained clear
and the bottom was visible almost throughout the
experiment in all mesocosms (Table 4).

Mean chlorophyll a concentrations were below
30 ug L7! in fish-free and low-fish treatments. The
highest mean chlorophyll & concentrations (40~

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537

60 g L™!) were measured in the high-fish treatment
(Fig. 1). The increase of chlorophyll a concentration in
the high-fish treatment was significant (Table 5). In
addition, the high-fish treatment differed significantly
from both the low-fish and control treatments
(Tukey’s test; P < 0.05). This difference was mainly
because of a significant increase in the biomass of
inedible algae when fish were present (Table 5). The
biomass of edible algae also increased with fish
present, although this change was not significant
(Table 5). Nutrient enrichment had no significant
effect on chlorophyll a concentration, although the
biomass of inedible algae increased significantly with
nutrient enrichment (Fig. 1; Table 5).

Cryptophytes were initially the dominant phyto-
plankters in all mesocosms, their share of the biomass
being nearly 50%. Towards the end of the experiment
the biomass of chlorophytes increased and Chlamydo-
monas spp. and Scenedestus spp. became the most
common species. However, Volvox aureus Ehrenberg
formed a high biomass in some mesocosms, causing
the observed wide variation in the biomass of inedible
algae.

Periphytic chlorophyll a concentration was low,
usually <0.10 pg cm™ (Table 4). Total biomass of
periphyton in the mesocosms, however, often excee-
ded that of phytoplankton. The biomass of periphytic
algae slightly increased with nutrient enrichment in
the high-fish treatment, resulting in a marginally
significant fish effect (F, ;5 = 2.66, P = 0.097), whereas
the differences between nutrient levels (Fs;5 = 0.93,
P = 0.49) and the interaction between nutrients and
fish (Fip,158 = 0.58, P = 0.81) were not significant.

Only the biomass of suspension-feeding rotifers
showed a significant increase with fish, while the
other zooplankton groups responded less clearly
(Fig. 2; Table 6). Biomasses of euplanktonic cladocer-
ans showed an increasing, although not significant,
trend with nutrient enrichment and a decreasing
trend with fish density (Fig. 2; Table 6). However, the
clearance rate of cladocerans increased significantly
with nutrient enrichment (F5;5 = 2.98, P = 0.04). A
more detailed analysis of the responses of cladoceran
species showed that the biomass of D. longispina
decreased significantly in fish treatments (Fp5 =
11.35, P = 0.001). The biomass of the dominating
cladoceran, Ceriodaphnia, was reduced only in high-
fish treatments (Tukey’s test; P < 0.05). The decline of
large-bodied cladocerans, Daphnia (0.7-1.3 mm) and
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Diaphanosoma (0.5-0.9 mm), resulted in a significantly
lower clearance rate (Fig. 1; Foq5 = 1694, P < 0.001),
especially in the high-fish treatment (Tukey’s test;
P < 0.001). Consequently, chlorophyll a concentration
increased in high-fish treatments (Fig. 1; Table 5).
However, in the high-fish treatments with the two
highest nutrient additions, the clearance rates slightly
exceeded those in the control (Fig. 1). This suggests
that the threshold fish biomass for these nutrient
additions was even higher than 20 g fresh mass m™.

Biomass of macrophytes varied between 30 and
70 g dry mass per mesocosm at the end of the
experiment. Treatments did not explain the differ-
ences in macrophyte biomass among mesocosms
(Nutrients, Fs;5 =051 P =0.77; Fish, Fz1s = 0.55,
P =059; N xF, Fio8 = 0.57, P = 0.82). The share of
submerged plants, E. canadensis and C. demersum,
was usually <10% of the total macrophytic biomass.
The most common species in all mesocosms was
L. trisulca, which formed floating flocs in the whole

water column. Lemna trisulca covered 70-95% of
mesocosm area and efficiently diminished light
penetration into water. Light measurements showed
that at 4 cm water depth the photon flux density
was teduced by 90-95% as compared with macro-
phyte-free patches. However, at the bottom (at
80 cm depth), this reduction was only 0-40%
because of scattering of light.

Comparison of 1998 and 1999 experiments

Although nutrient enrichment resulted in similar
ranges of total phosphorus concentrations in both
years, the response of phytoplankton to nutrient
enrichment clearly differed (Fig. 3). In 1998, a clear-
water state with visible lake bottom occurred only in
NO0/fish-free and NO/low-fish mesocosms with phos-
phorus concentrations <60 pg P L™ (Table 1). Chlo-
rophyll 2 concentration increased linearly with
phosphorus concentration up to a maximum of

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537
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Table 5 Results of ANOVaAs on time-weighted averages of
phytoplankton chlorophyll 4 concentration and, and of the bio-
volume of inedible algae (GALD >50 pm) and edible algae
(GALD <50 pm) in 1999

Response variable  Source DF MS F 2

Chlorophyll a Fish (F) 2 1312 771 0004
Nutrients (N) 5 58 034 088
FxN 10 133 078 064
Error 18 170

Inedible algae Fish (F) 2 1183 3.88 0.040
Nutrients (N} 5 99 318 0032
FxN 10 357 117 037
Error 18 305

Edible algae Fish (F) 2 532 140 027
Nutrients (N) L] 192 051 077
FxN 10 439 115 038
Error 18 380

Table 6 Results of ANOVAs on time-weighted averages of the
major zooplankton groups in 1999

Response variable  Source DF M5 F P
Total biomass of Fish (B 2 32 0.55 059
zooplankton Nutrients (N) 5 57 099 045
FxN 10 27 048 0.88
Error 18 58
Suspension feeding  Fish (F) 2 439 4.85 0.021
rotifers Nutrients (N) 5 0.98 1.08 040
FxN 10 0.81 090 056
Error 18 0.91
Euplanktonic Fish (F) 2 553 124 018
cladocerans Nutrients (N) 5 359 191 033
FxN 10 1.82 062 077
Error 18 2.89
Raptorial feeders Fish (F) 2 309 070 051
Nutrients (N) 5 317 072 061
FxN 10 821 187 012
Error 18 4.37

approximately 200 pg L' (Fig. 3). The increase of
phytoplankton biomass in N1 treatments with all fish
levels resulted in a turbid state with low Secchi depth
(Table 1). In 1999, on the contrary, chlorophyll a
concentrations remained below 100 pg L7}, and a
clear-water state prevailed over the whole nutrient
gradient (Fig. 3; Table 4).

The control treatments of the two study years
behaved differently. In 1998, chlorophyll 4 concentra-
tion was 1.6 times lower and periphyton concentra-
tions 10 times higher than in 1999. Also, the growth of
macrophytes was negligible in 1998 but high in 1999.
In addition, cladoceran clearance rate was seven times
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Fig. 3 Relationship between concentrations of total phosphorus
and chlorophyll a concentration in 1998 (upper panel} and
1999 (lower panel). Data points represent the time-weighted
averages from each mesocosm.

lower and rotifer biomass over five times higher in
1998 than in 1999 (Figs 1 & 2).

As the communities differed so much, both nutrient
and fish treatments resulted in contrasting results in
the two experiments. When the responses of the
littoral communities to similar nutrient enrichment
were compared, ie. N1 treatments (100 pg P L
1.0 mg N L™ in 1998 and N3 treatments (90 pg P L™";
0.9 mg N L™) in 1999, clear differences are apparent.
In 1998, both phytoplankton and periphyton devel-
oped high biomasses (chlorophyll ) compared with
control treatments. In 1999, on the contrary, nutrient
enrichment did not increase algal biomass, and in
many nutrient treatments with different fish densities,
chlorophyll a concentration remained even lower than
in control treatments (Fig. 1). Cladoceran clearance
rates were much higher in 1999 than in 1998 (Fig. 1).
In 1998, the clearance rate also increased slightly in

the N1/fish-free treatment but this was not reflected
in the chlorophyll 2 concentration. The refuge value of
macrophytes for cladocerans against fish predation
was negligible in 1998, for Daphnia also in 1999.
However, in 1999, smaller cladocerans, especially
Ceriodaphnia (0.4-0.5 mm), increased marginally sig-
nificantly with nutrients (Fs51s = 2.60, P =0.061)inall
fish treatments.

Discussion

The alternative stable states model suggests that a lake
that initially hardly responds to continuing enrich-
ment will eventually switch from a clear-water to a
turbid state (Scheffer et al., 1993). A switch is possible
over a wide range of nutrient concentrations depend-
ing on buffering mechanisms, such as abundance of
submerged macrophytes (Irvine et al., 1989; Scheffer
et al., 1993). In 1998, all nutrient-enriched mesocosms
rapidly reached the transition point and were turbid
with very high biomass of phytoplankton, while the
clear-water state was sustained in the surrounding
lake littoral and in unenriched control mesocosms. In
1999, on the contrary, a clear-water state prevailed in
all mesocosms over the whole nutrient gradient. Thus,
resistance of the clear-water state against nutrient
enrichment was very low in 1998 but high enough in
1999 to maintain a clear-water state even under
nutrient conditions that normally characterise
hypereutrophic lakes. What then were the principal
mechanisms behind these striking differences?

The experiment in 1998 began after a cold spring in
early June and water temperature remained below
20 °C during the whole experiment. The nutrient-
enriched mesocosms turned into a turbid state within
a few weeks and remained turbid thereafter. Under
the low temperature conditions in early summer, the
start of macrophyte growth was delayed, and further
suppressed by strong biomass development of plank-
tonic and periphytic algae in the enriched mesocosms.
Noteworthy is that the total biomass of periphytic
algae on the mesocosm walls reached or exceeded that
of phytoplankton (total surface area of plastic walls in
each mesocosm was about 3.2 m* for a total water
volume 700-800 L). However, although periphyton
also benefited from surplus nutrients, it was unable to
prevent planktonic algae from developing high bio-
mass and thus causing high turbidity of the water.
The lack of a significant correlation between periphy-

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537
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tic and planktonic chlorophyll 2 concentration sug-
gests that biomass of the different algal communities
was not consistently controlled by the same factors
such as nutrient availability. Probably the low grazing
pressure on planktonic algae was a more important
mechanism. Because of the cold spring, hatching of
cladocerans was delayed and the suspension-feeding
zooplankton community, dominated by highly select-
ive rotifers, could not control algal biomass. Rather,
they probably further enhanced the availability of
nutrients to algae as small rotifers might recycle
nutrients more effectively than larger cladocerans (cf.
Vanni, 2002). In addition, K. cochlearis, one of the most
abundant species in our mesocosms, probably fed
effectively also on bacteria and detritus (Bogdan &
Gilbert, 1982), as probably also did the small
Trichocerca (length 50-70 pm), the other abundant
rotifer species.

In the nutrient-enriched mesocosms, high pH (and
low availability of CO,) probably prevented the
growth of aquatic plants, including Lemna (Keddy,
1976). In unenriched mesocosms with lower pH, the
growth of Lemna was apparently limited by the
availability of dissolved nutrients. However, in 1998,
macrophytes grew poorly in the study area in general.
This suggests that together with weather conditions in
the previous summer and winter, some intrinsic
mechanism like the production and use of storage
material, added to the observed suppression in
macrophyte growth. High pH probably prevented
also the recruitment of cladocerans (Beglioglu &
Moss, 1995).

In 1999, macrophytes and especially Lemna grew
luxuriously in the mesocosms as well as in the
surrounding lake area. Lemnids over-wintered suc-
cessfully in the littoral zone and started to grow early,
favoured by a warm and sunny spring and early
summer. In 1999, the biomasses of phytoplankton in
the nutrient treatments did not obviously differ from
each other because cladoceran grazing increased
significantly with nutrient enrichment. In addition,
the significant positive effect of fish on chlorophyll a
concentration indicates that grazers had a controlling
effect on phytoplankton biomass. Indeed, the clear-
ance rates of the cladoceran community decreased
significantly in high-fish treatments, although the
biomasses of most zooplankton groups did not
respond significantly to the presence of fish. Only
the biomass of D. longispina decreased and rotifers

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1525-1537

increased with high fish density. However, the
biomass of Daphnia remained rather low and the most
abundant euplanktonic zooplankton cladoceran was
Ceriodaphnia, together with plant-associated Simo-
cephalus and small chydorids, for which Lemna appar-
ently provided refuge from fish predation.

The importance ascribed to zooplankton in control-
ling phytoplankton biomass has been criticised (De-
Melo, France & McQueen, 1992; Blindow et al., 2000).
In general, large-bodied daphnids have been shown to
be the only zooplankton species capable of limiting
phytoplankton biomass (e.g. Benndorf efal, 1984;
McQueen et al., 1986; Carpenter et al., 1987; Leibold,
1989). Perrow ef al. (1999) found a threshold filtration
rate of 300400 mL day ™’ for cladocerans to maintain
clear-water phase. In our experiment, this value was
exceeded only in 1999 and followed, as predicted, by a
decrease in chlorophyll a concentration. Our results
suggest that Ceriodaphnia can also control phytoplank-
ton biomass. However, the effects of zooplankton on
phytoplankton observed in both our study and pre-
vious studies on small zooplankton (Vanni, 1987; Cyr
& Curtis, 1999) were much less pronounced than in
experiments with Daphnia as the key grazer.

It has been suggested that periphytic algae may
buffer a clear-water state by competing with plank-
tonic algae for nutrients (Moss, Madgwick & Phillips,
1996). This hypothesis is not supported by our results.
Both algal communities developed very high and low
biomasses in 1998 and 1999, respectively, in response
to nutrient enrichment, with no indication of strong
competitive interactions.

Buffering of the clear-water state is generally
thought to be mediated mainly by macrophytes
(Irvine et al., 1989; Scheffer et al., 1993). In 1999, the
final biomass of macrophytes was ten times higher
than in 1998 and water remained clear in the meso-
cosms despite nutrient enrichment. The most evident
mechanism behind the depression of phytoplankton
biomass was grazing by cladocerans, for which Lemna
flocs provided refugia against predation by fish. In
addition, dense floating flocs of Lemna prevented light
penetration into the water and, consequently, limited
the production of both planktonic and periphytic
algae to some extent. The fronds of L. trisulca are thin
and elongate and have a large surface area, suggesting
that Lemna can efficiently take up nutrients from
water. However, nutrient concentrations in the water
remained high. Thus, zooplankton grazing coupled
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with lowered algal productivity because of shading by
Lemna were most likely the principal mechanisms
behind the low biomasses of the algal communities.

The high-fish level (20 g FW m™), which sup-
pressed cladoceran zooplankton in our experiment,
is usually found in turbid lakes. However, daphnids
were suppressed even at the low-fish level (4 g fresh
mass m2), which is close to the fish biomass consid-
ered acceptable after biomanipulation (Moss ef al.,
1996). Our results support those of Post & McQueen
(1987) and Perrow et al. (1999) who stated that a fish
biomass as low as 2-5 g fresh mass m™, or 0.2 indi-
vidual m™2, might be sufficient to remove Daphnia
populations. In 1999, the clearance rates of cladocerans
were similar in fish-free and low-fish treatments and
decreased only in high-fish treatments. This suggests
that in 1999 the threshold fish density was between
low and high fish treatments, except at the two highest
nutrient levels where the threshold fish biomass was
even above 20 g fresh mass m™2 In 1998, when we
used roach rather than perch, such a threshold was
found only between fish-free and low-fish treatments
regardless of nutrient enrichment. Roach is an effective
planktivore in open-water habitats, while the perch
used in 1999 is better adapted to forage among
macrophyte beds (e.g. Jeppesen et al.,, 1998; Perrow
et al., 1999). Therefore, if roach had been the fish
species added also in the year characterised by high
biomass of Lemmna, the fish effect might have been
different. However, roach have recently been found to
feed effectively on cladocerans also among macro-
phytes (R. Kornijéw, K. Vakkilainen, ]. Horppila,
E. Luokkanen & T. Kairesalo, submitted), suggesting
that the consequences of using different fish species
in different years should not be overrated.

In conclusion, the resistance to nutrient enrichment
of our mesocosm communities was very low in 1998
but exceptionally high in 1999. Striking year-to-year
differences in the responses to nutrient enrichment
and fish additions imply that either clear or turbid
water may result in shallow-lake systems depending
on the initial community structure and weather
conditions. The mechanisms behind the resistance
and the control of algal biomass were apparently
linked directly to the abundances of key grazers and
macrophytes. These, in turn, appeared to be deter-
mined largely by prevailing weather conditions,
which should be taken into consideration when
generalising results across studies.
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SUMMARY

1. Responses of zooplankton to nutrient enrichment and fish predation were studied in
1998 and 1999 by carrying out parallel mesocosm experiments in six lakes across Europe.
2. Zooplankton community structure, biomass and responses to nutrient and fish
manipulation showed geographical and year-to-year differences. Fish had a greater
influence than nutrients in regulating zooplankton biomass and especially the relative
abundances of different functional groups of zooplankton. When fish reduced the biomass
of large crustaceans, there was a complementary increase in the biomasses of smaller
crustacean species and rotifers.

3. High abundance of submerged macrophytes provided refuge for zooplankton against
fish predation but this refuge effect differed notably in magnitude among sites.

4. Large crustacean grazers (Daphnia, Diaphanosoma, Sida and Simocephalus) were crucial in
controlling algal biomass, while smaller crustacean grazers and rotifers were of minor
importance. Large grazers were able to control phytoplankton biomass even under
hypereutrophic conditions (up to 1600 ug TP L™") when grazer biomass was high (>80~
90 pg dry mass L™") or accounted for >30% of the grazer community.

5. The littoral zooplankton community was less resistant to change following nutrient
enrichment in southern Spain, at high temperatures (close to 30 °C), than at lower
temperatures (17-23 °C) characterising the other sites. This lower resistance was because
of a greater importance of nutrients than zooplankton in controlling algal biomass.

6. Apart from the reduced role of large crustacean grazers at the lowest latitude, no
consistent geographical patterns were observed in the responses of zooplankton commu-
nities to nutrient and fish manipulation.

Keywords: eutrophication, fish predation, littoral zooplankton, mesocosm experiments, nutrient
enrichment

i Introduction

The outcomes of impacts like nutrient enrichment are
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Niemenkatu 73 C, FIN-15140 Lahti, Finland. within the food web. The trophic structure of com-
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into different levels. It is basically determined by
available resources and primary productivity but is
also regulated by feedbacks from higher trophic
levels, which in turn affect resource availability
(Arditi & Ginzburg, 1989; Power, 1992; Leibold et al.,
1997; Polis, 1999; Persson et al., 2001). Theories of
food-web dynamics focus on the number of trophic
levels. They predict relatively discontinuous, alternat-
ing (high/low/high) changes in biomasses along the
food chain and an increasing number of trophic levels
with increasing productivity (Hairston, Smith &
Slobodkin, 1960; Fretwell, 1977; Oksanen ef al., 1981;
Scheffer, 1991).

Such cascading effects between trophic levels have
successfully explained incongruous plant/herbivore
biomass variation in terms of resource availability.
Evidence for strong vertical structuring of aquatic
food webs has been gained through manipulations of
upper trophic levels (Carpenter, Kitchell & Hodgson,
1985; Carpenter et al, 1987, Horppila efal., 1998;
Jeppesen et al., 1998b; Kairesalo etal, 1999) and
nutrient availability (Hansson, 1992; Persson et al.,
1992; Sarnelle, 1992). However, nutrient manipula-
tions have shown a surprisingly high variability,
including positive correlations of two adjacent trophic
levels and responses unrelated to the number of
trophic levels in the food web (Hansson, 1992;
Mazumder, 1994; Brett & Goldman, 1997; Leibold
et al., 1997).

Variation in the responses of aquatic plankton
communities to nutrient enrichment has indicated
the importance of considering not only the number of
trophic levels but also the nature of the organisms
within them (Leibold et al., 1997; Persson et al., 2001)
and variation in the efficiency of consumers to exploit
their prey (Power, 1992). Compensatory community
responses may account for much of the observed
variation, and dampen trophic cascades when species
vulnerable to predation are replaced by less vulner-
able species. For instance, primary producer biomass
may increase with increasing nutrient availability
when species composition shifts to inedible species,
even in the presence of efficient grazers (Mazumder,
1994; Abrams & Walters, 1996; McCauley ef al., 1999).
Such declines in the edibility of food with increasing
primary productivity may lead to ratio-dependent
interactions and proportional changes in biomass at
each trophic level (Arditi & Ginzburg, 1989; Power,
1992).

In shallow lakes and the littoral zones of larger
lakes, spatial heterogeneity produced by submerged
vegetation, coupled with movements of organisms
between open water, vegetated, and benthic environ-
ments may provide important compensatory mecha-
nisms. Through trophic interactions, this spatial
heterogeneity affects water quality and may also
buffer effects of nutrient enrichment (Scheffer et al.,
1993; Jeppesen et al., 1998c; Scheffer, 1999).

The resistance of aquatic ecosystems to perturba-
tions, such as nutrient enrichment, are controlled by
variable environmental factors that are often difficult
to predict. These include climate, and its manifesta-
tions in weather, an aspect that has received little
explicit consideration in field studies, which have
mainly been conducted in temperate ecosystems.
Most biological processes are temperature dependent
(McCauley & Murdoch, 1987; Lehman, 1988; Petchey
et al., 1999). Production of zooplankton has been
shown to increase with temperature, while biomass
accumulation is more dependent on resource availab-
ility (Shuter & Ing, 1997). Primary productivity at
higher temperatures may become more controlled by
nutrient turnover rate. Temperature may influence
demography (Arditi & Ginzburg, 1989). Thus, with
rising temperature, the inherently greater growth rate
of algae compared with that of zooplankton might
lead to reduced control of algal biomass by zooplank-
ton. In addition, the threshold food requirement of
zooplankton increases with water temperature and,
for metabolic reasons, with increasing animal size
(Lehman, 1988). This may mean a lower share of
large-bodied, typically more efficient grazers in the
zooplankton community at higher temperatures.
Thus, the resource base may have a major role in the
functioning of food webs as temperature increases,
such that the cascading top-down effect of fish via
zooplankton grazers on phytoplankton could become
less important.

In this study, the response of zooplankton commu-
nities to experimental manipulation of nutrients and
fish was studied in shallow-lake systems by compar-
ing nutrient and plankton dynamics at six field sites
across Europe.

We hypothesised (i) that algal biomass is controlled
by large crustacean grazers and (ii) that large grazers
increase in number or biomass with nutrient enrich-
ment, unless they are controlled by planktivorous fish
or submerged macrophytes provide refuges against
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fish predation (Jeppesen et al., 1998a; Scheffer, 1999).
We aimed to find a threshold fish density below
which zooplankton escapes control by fish. Further-
more, we hypothesised (iii) that the loss of large
crustaceans is compensated by an increase in the
biomass of smaller zooplankton, which exert weaker
control of phytoplankton biomass. As we surmised
that the resistance of plankton community structure
and dynamics to nutrient enrichment is temperature
dependent, we hypothesised (iv) that at warmer
southern sites, control of phytoplankton by large
crustacean zooplankton and the cascading effects of
fish via zooplankton on phytoplankton are less
important than nutrient control, and vice versa at
colder northern sites.

Methods
Study sites and experimental design

Similar mesocosm experiments were carried out
simultaneously in 1998 and 1999 (Stephen ef al.,
2004a). The study lakes were shallow (mean depth
about 1 m over the whole lake or over extensive lake
areas) and potentially rich in submerged macrophyte
vegetation. Experiments were run at 1-m depth at six
nearshore sites in Lake Vesijarvi (Finland), Lake
Krankesjon (Sweden), Little Mere (England), Lake
Naardermeer (The Netherlands), Lake Sentiz (Leon,
northern Spain) and Lake Xeresa (Valencia, southern
Spain). Hereafter, the study sites are referred to as
Finland, Sweden, England, Netherlands, Leon and
Valencia.

The mesocosms were 1-m diameter open cylinders
made of clear polyethylene suspended from wooden
or plastic frames at the surface and sealed into the
littoral sediment. The experiments had a fully factorial
block design with three levels of fish biomass (0, 4 and
20 g fresh mass m™2) in both years and four levels of
nutrient enrichment (0, 1, 5 and 10 mg N L™ com-
bined with 0, 0.1, 0.5 and 1.0 mg P L™") in 1998 and six
levels (0, 0.3, 0.6, 0.9, 1.5 and 3.0 mg N L™ combined
with 0, 0.03, 0.06, 0.09, 0.15 and 0.3 mg P L") in 1999.
Hereafter, the fish treatments are referred to as fish-
free, low-fish and high-fish, and nutrient treatments
as N0, N1, N2, N3, N4 and N5. The fish were locally
the most appropriate planktivorous species of small
individual size (5-10 cm). The low-fish treatment had
at least two individuals. Each treatment had three

2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1619-1632
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replicates in 1998 and two replicates in 1999, i.e.
altogether 36 mesocosms in each year per site. The
highest nutrient additions in 1998 resulted in unreal-
istically hypereutrophic conditions and mortality of
fish in one location (see below). We therefore nar-
rowed the nutrient range in 1999.

Samples for zooplankton were taken weekly for
6 weeks with a plastic tube (inner diameter 4 cm)
from the whole water column of the mesocosms.
Pretreatment samples for zooplankton were taken
just before the first nutrient addition and the intro-
duction of fish. Separate sub-samples were taken
randomly from different places in each mesocosm to
obtain 10 L of water. After mixing this pooled sample,
a 3-L sub-sample was filtered through a 25-um mesh
net, and a 7-L sub-sample through a 50-um mesh net
to obtain rotifer and crustacean zooplankton samples,
respectively. Zooplankton samples were preserved in
70% ethanol or 4% formaldehyde (final concentra-
tion). After counting and length measurement of
zooplankton, crustacean biomasses were calculated
from either length-dry weight (Bottrell et al., 1976) or
length-carbon regressions (Vasama & Kankaala, 1990;
Luokkanen, 1995; A. Lehtovaara, pers. comm.). Rotifer
carbon contents were obtained from Latja & Salonen
(1978) and Telesh, Rahkola & Viljanen (1998). Dry
weight of zooplankton was calculated assuming that
the carbon content is 40% of dry weight, the average
of values reported by Wiebe, Boyd & Cox (1975) and
Latja & Salonen (1978). More details of the study
lakes, mesocosm experiments, fish species used,
sampling protocol and analyses of the samples are
available in Stephen et al. (2004a,b), and in individual
papers describing the results of the experiments
(Fernandez-Aldez et al., 2004; Hansson ef al., 2004;
Hietala, Vakkilainen & Kairesalo, 2004; Romo ef al.,
2004; Stephen et al., 2004b; Van de Bund & Van Donk,
2004).

Data analysis

Zooplankton taxa were grouped into four functional
groups: (i) Rotifers; (ii) small crustacean grazers
(<0.5 mm), mainly Bosmina spp., Ceriodaphnia spp.,
chydorid cladocerans and copepod nauplii; (iii) large
crustacean grazers (>0.5 mm), mainly Daphnia spp.,
Diaphanosoma brachyurum Liéven, Sida crystallina O.F.
Miiller, Simocephalus spp. and diaptomid calanoid
copepods; and (iv) raptorial feeders (Polyphemus
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pediculus L. and cyclopoid copepods). Time-weighted
averages (pretreatment data not included) for
zooplankton biomass, total phosphorus (TP) and
chlorophyll 2 concentrations (chl a) were used for
each replicate mesocosm. Macrophyte abundance was
classified as negligible, sparse and abundant. The
corresponding numeric values used are 0, 1 and 2.

The following data were excluded from analyses: (i)
results of fish treatments with the two highest nutrient
additions in 1998 in Finland, owing to the complete
mortality of fish in those mesocosms; (ii) results from
Sweden in 1998 because heavy storms destroyed the
mesocosms; (iii) the Netherlands rotifer data because
rotifers were counted only in week 6 in 1998; (iv) the
1999 fish treatments in Leon because of high fish
mortality and because dense growth of Myriophyllum
alterniflorum L. made it necessary to take water
samples from an artificially separated macrophyte-
free area in the centre of each mesocosm; and (v) the
England mesocosms in 1999, which accidentaily
received a 10-fold higher phosphorus enrichment
than planned.

All statistical analyses were made using SPSS for
Windows (version 10.0). Treatment effects were tested
separately for the two study years with MANOVA
followed by univariate ANOvA with type III sums of
squares and Tukey’s test. Time-weighted average
biomasses of the four zooplankton functional groups
were the response variables, study sites were treated
as block effects and nutrient and fish treatments were
the factorial variables. The homogeneity of variances
was tested with Levene’s test and the normality of the
data was tested with a Kolmogorov-Smirnov test and
on the basis of the residual plots. Logo-transforma-
tion was used to normalise the distribution of the data
before the statistical analyses. However, the criteria
for homoscedasticity were not met even after log-
transformation, thus increasing the risk for type I
error. Pillai’s trace was used in multiple comparisons
as this test of significance is the most robust to
violations of assumptions (Scheiner, 1993). Non-trans-
formed values are presented in the figures and tables.

In order to study the treatments between study
years and sites, the responses of similar nutrient
treatments in both study years were compared, ie.
with 0.1 mg P L™%; 1.0 mg N L™ in 1998 and 0.09 mg
PL™; 0.9 mg NL™ in 1999. Between-year compari-
sons were not possible for the whole enrichment
regime owing to the different enrichment levels. The

responses of time-weighted mean zooplankton bio-
masses (BIOM) to nutrient enrichment and fish
density were studied by calculating biomass res-
ponse factors as follows: logiy [(BIOMiyeatment + 1)/
(BIOM_ontro1 + 1)]. The response factors were calcula-
ted for both fish and nutrient treatments. Using linear
regression, the zooplankton biomass response factors
were tested for the effects of mean water temperature
and macrophyte abundance as independent variables.
This approach allowed inclusion of the Netherlands
results, which could not be treated in the MANOVA
owing to the lack of rotifer data. The use of response
factors harmonised the data and, thus enabled com-
parison of nutrient effects on zooplankton biomasses
under different water temperature and macrophyte
density (Table 1).

General trends in the relation of zooplankton func-
tional group biomass to chl a were studied at individ-
ual study sites. Results of both study years were
pooled and analysed after log;o transformation using
linear regression with chl a as the dependent variable
and zooplankton biomass as the independent variable.
Further analyses focused on the relationship between
chl a and TP at different biomasses of large crustacean
grazers. Before all regression analyses, normality of
the data was tested on the basis of the residual plots.
The overall potential of large crustacean grazers to
control phytoplankton was further analysed at differ-
ent productivity levels, measured as TP concentration,
by using the whole data set without separating it into
different study sites. Chl 2 was compared with the
large crustacean grazer biomass and their percentage
of the total grazer biomass. Further analyses aimed to
discover whether possible threshold biomasses and
shares of large grazers might provide a buffer mech-
anism and an efficient control of phytoplankton
biomass over the whole range of TP concentrations.

Results

Weather conditions in northern and central Europe
differed greatly between the study years: summer
1998 was cool and windy, whereas summer 1999 was
warm (Table 1). The southernmost study site, Valen-
cia, had the highest water temperature (29 °C) in both
years. The ranges of the time-weighted mean chl a
and TP concentrations in all experiments and treat-
ments were 3-870 and 15-3700 pg L™, respect-
ively, thus covering a wide range of mesotrophic to

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1619-1632
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Fig. 1 Time-weighted mean (+SE) of total zooplankton biomass in different nutrient and fish treatments of a series of mesocosm
experiments carried out at six shallow-lake sites across Europe in 1998 and 1999. Nutrient and fish treatments are given in sequential

order according to the levels detailed in the text.

hypereutrophic conditions (Table 1). The species
composition and abundance of macrophyte and
zooplankton communities varied among sites and
years and there was no obvious geographical pattern
(Table 1). The cladoceran community was mostly
characterised by small genera such as Ceriodaphnia,
Bosmina and chydorid cladocerans, which often
occurred together with cyclopoid copepods. Daphnia
was found only in a few experiments, while Diap-
hanosoma was a quite common large-bodied cladocer-
an at many sites (Table1). Total zooplankton
biomasses reached higher wvalues in 1998, when
nutrient manipulations included greater enrichment
than in 1999 (Table 1, Fig. 1). They also showed an
increasing trend with nutrient enrichment in both
years and in 1998, when the greatest enrichment
exceeded that in 1999, the highest biomasses were
often measured at intermediate nutrient levels
{Fig. 1).

Nutrient enrichment had a marginally significant
multivariate effect on zooplankton only in 1998, when
it increased the biomass of small crustacean grazers
and, in all sites except Valencia, decreased that of
raptorials (Table 2; Fig. 2). The responses of large
crustacean grazers to nutrient enrichment were
mostly negligible in fish-free treatments, and negative
in fish treatments (Fig. 2). Thus, neither the main
effect of nutrients nor the joint effect of nutrients and
fish were significant on large grazers.

Fish had a highly significant multivariate effect on
zooplankton in both years (Table 2). In general, the
biomass of rotifers increased, and those of all other
functional groups decreased with increasing fish
density (Table 2; Fig. 2). Differences in the biomass
of almost all zooplankton groups were significant
between no-fish and high-fish treatments as well as
between no-fish and low-fish treatments (Tukey’s
test).

Table 2 MANOvVA and ANOVA results of effects of treatments (nutrients and fish) and block (site) on time-weighted averages of
zooplankton biomass in mesocosm experiments carried out at four shallow-lake sites across Europe in 1998 and 1999

Small crusta- Large crusta-

Pillai’s trace Anova  Rotifers cean grazers cean grazers Raptorials

Year Source of effect df. F P d.f. F P F P F P F D
1998  Nutrient 12 18 0052 3 14 0.245 29 0.038 12 0.308 31 0.030
Fish 8 140  <0.001 2 331 <0001 106  <0.001 440  <0.001 19.1  <0.001
Nutrient x fish 24 0.8 0.743 6 1.4 0.221 0.9 0.519 12 0.326 0.6 0.748
Site 12 41.8  <0.001 3 983 <0.001 520 <0.001 57.7  <0.001 284  <0.001
1999  Nutrient 20 09 0594 5 07 0.652 1.2 0.322 1.4 0.242 13 0.271
Fish 8 9.1  <0.001 2 342 <0001 142 <0.001 96  <0.001 125  <0.001
Nutrient x fish 40 0.7 0.903 10 04 0922 02 0.992 1.9 0.057 0.3 0.985
Site 12 27.0 <0.001 3 522 <0.001 902 <0001 3985 <0001 1204 <0.001

Results are based on loge-transformed variables. The Netherlands’ results were excluded from this analysis.
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Fig. 2 Time-weighted mean (+SE) biomasses of four zooplankton functional groups in different nutrient and fish treatments of a

series of mesocosm experiments carried out at six shallow-lake
are given in sequential order according to the levels detailed in

Zooplankton biomass differed among study sites,
resulting in a highly significant multivariate main
effect (Table 2). Lowest total biomasses were found in
Valencia, the southernmost site, which differed
greatly from Leon, the other Spanish site, and also
from almost all other sites (Figs 1 & 2). Conversely, at
the two northernmost sites in Finland and Sweden,
the zooplankton communities resembled each other in
1999 (Fig. 2). The response factors of total zooplank-
ton biomass showed a consistently positive effect of
nutrients, whereas the effect of fish was variable
(Fig. 3). Similarly to mMANoOvA and aNova, the
response factors of distinct functional groups showed
strong effects of fish and less clear effects of nutrients.
In the absence of fish, crustacean grazers and rapto-
rials responded positively to nutrient enrichment,

rotifers mostly negatively. In fish treatments,

sites across Europe in 1998 and 1999. Nutrient and fish treatments
the text.

however, the pattern was much more variable with
both positive and negative responses without clear
geographical trends. In Valencia, zooplankton bio-
masses increased with nutrients in all fish treatments,
with the exception of large crustacean grazers. The
Netherlands results were generally in line with those
of the other sites (Fig. 3). An exception was the
positive responses of large crustacean grazers in high-
fish treatments. The response factors of small crusta-
cean grazers to nutrients were significantly related to
mean water temperature (linear regression analysis;
R? = 0.26; Fy 27 = 9.08; P = 0.006). High water tem-
peratures in 1999 (Table 1) apparently enhanced the
reproduction of small crustaceans in Finland, Sweden
and The Netherlands. At the high temperature in
Valencia, small crustaceans increased with nutrients
in both study years (Fig. 3).
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similar nutrient additions, i.e. 0.1 mg P + 1 mg N L™ in 1998 and 0.09 m P + 0.9 mg N L in 1999. Abbreviations: Swe, Sweden;

Engl, England.

Interactions between zooplankton and phytoplankton

Linear regressions of log-transformed data showed in
general a positive or negligible relationship between
chl a and biomass of both rotifers and small crusta-
cean grazers (Table 3). Chl a decreased with increas-
ing biomass of small crustacean only in Finland and
England. In contrast, the biomasses of large crusta-
cean grazers were inversely related to chl 4, except in
Valencia where chl 2 was unrelated to the biomass of
large crustacean grazers (Table 3). Thus, the potential
of large grazers to control phytoplankton biomass was
shown at all study sites except Valencia.

Extremely high chl 2 concentrations (2190~
200 pg L") were observed when large grazers
accounted for less than about 30% of total zooplank-
ton biomass (Fig. 4a). At higher grazer biomasses,

there was only one outlying point. A similar picture
was obtained when comparing chl a concentration
with the biomass of large grazers, with only two
outlying points at grazer biomasses >80-100 pg dry
mass L™ (Fig. 4b). At a biomass of large grazers
>80 pg dry mass L™', chl 2 concentration increased
only slightly with increasing TP concentration
(slope = 0.22, R*=10.09, P =0.005, n =83; linear
regression analysis of log-transformed data) and the
mean chl a concentration was 27 pg L™ with a SE of
+3 (Fig. 4d). At lower grazer biomasses, there was a
significant relationship between chl a and TP
(slope = 0.56, R* = 0.35, P < 0.001, 1 = 167) and the
mean chl 2 concentration was 96 ug L™! with a SE of
=11,

With a >30% share of large grazers, the slope
between chl 2 and TP was 027 (R* = 0.18, n = 52)

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1619-1632
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Table 3 Results of linear regressions des-
cribing relationships between zooplank-

ton biomass and chl # (log;-transformed)
determined in a series of mesocosm
experiments at six shallow-lake sites
across Europe

Dependent variable Site, years df. slope R? F P
Rotifers Finland, 1998 & 1999 59 029 029 241 <0.001
Sweden, 1999 35 017 0.07 26 0.12
England, 1998 35 035 053 388 <0.001
Leon, 1998 & 1999 47 021 009 45 0.039
Valencia, 1998 & 1999 71 =013 001 0.6 0.43
Small crustacean Finland, 1998 & 1999 59 -0.19 0.07 4.1 0.046
grazers Sweden, 1999 35 026 003 09 036
England, 1998 35 -025 018 76 0.009
Netherlands, 1998 & 1999 71 012 003 19 0.18
Leon, 1998 & 1999 47 020 0.06 32 0.08
Valencia, 1998 & 1999 71 032 020 179 <0.001
Large crustacean Finland, 1998 & 1999 59 -0.19 012 7.6 0.008
grazers Sweden, 1999 35 -0.67 030 143 0.001
England, 1998 35 =033 050 344 <0.001
Netherlands, 1998 & 1999 71 -041 033 343 <0.001
Leon, 1998 & 1999 47 -035 037 273 <0.001
Valencia, 1998 & 1999 71 028 004 27 0.11

(Fig. 4c). Predictability of phytoplankton control was
not increased further by raising the threshold biomass
of large grazers from 80 to 100 g DW L', Moreover,
the lower number of observations containing these
high biomasses likely augmented the possibility of
coincidence. In contrast, when the biomass thresholds
were lowered, the slope increased, e.g. to 0.26 (R? =
0.11) with a large grazer biomass of 260 pg DW L™
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Similarly, when the 30% threshold of large grazers
was shifted to 220 and >40%, the slopes changed to
0.34 (R? = 0.21, n = 71) and 0.26 (R* = 0.18, n = 42),
respectively.

Changes in chl a over the TP concentration range
were explained better by the abundance of large
grazers than by the presence or absence of fish
(Fig. de). There was a significant relationship between
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Fig. 4 Relationship between chlorophyll 2 concentration (chl #) and the (a) biomass share and (b) absolute biomass of large crustacean
grazers; chl 2 and the total phosphorus concentration (TP) in treatments with a biomass of large grazers below and above (c) 30% of
the total zooplankton biomass and (d) 80-90 pg dry mass L™; and (e) chl a and TP at three fish densities. Data are from mesocosm
experiments carried out at six shallow-lake sites across Europe in 1998 and 1999. Note the logarithmic presentation of both axes in

Fig. 4c-e.
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chla and TP even in fish-free treatments (slope = 0.41,
R® = 0.21, P < 0.001, n =95). This relationship did
not markedly change in low-fish treatment (slope =
037, R* =013, P =0.001, n = 77), but a stronger
response was observed in the high-fish treatment
(slope = 0.78, R* = 0.78, P < 0.001, n = 77).

Discussion

The results of this pan-European mesocosm experi-
ment emphasise the importance of consumer control
over resource control in determining zooplankton
biomass in shallow lake systems. Thus, our results are
in agreement with the general view that (large)
herbivores respond strongly to predator manipulations
in aquatic food webs (Brett & Goldman, 1997; Mehner
et al., 2002; Shurin et al., 2002). Rotifers increased with
nutrient enrichment in fish treatments, while small
crustacean grazers showed positive responses to nutri-
ent enrichment largely independently of the presence
or absence of fish. Small zooplankton species appar-
ently benefited from the mostly negative responses of
their larger competitors and raptorial predators to the
presence of fish. Thus, within zooplankton communi-
ties different functional groups responded inconsis-
tently to the treatments. Such compensation suggests a
ratio-dependent functional response and is consistent
with the view that nutrient enrichment leads to
proportional increases at all trophic levels (Arditi &
Ginzburg, 1989; Leibold et al., 1997).

The traditional equilibrium theory of food chain
dynamics and its modifications (Hairston et al., 1960;
Fretwell, 1977; Oksanen et al., 1981; Scheffer, 1991)
emphasises the control of lower trophic levels by
consumers, and predicts that effects of nutrient
enrichment are transferred into biomass at the top
trophic level and even-numbered levels below it.
Accordingly, zooplankton biomass increases with
enhanced primary productivity in two-level systems
(phytoplankton and herbivorous zooplankton) but
does not change in three-level systems (phytoplank-
ton, herbivorous zooplankton and planktivorous fish).
In contrast to this theory, the higher zooplankton
biomass we observed in fish treatments compared
with fish-free treatments, especially in 1998, shows
that total zooplankton biomass may increase with
nutrients independently of the number of trophic
links in the food chain. Several field and laboratory
studies of aquatic food chains have shown similar

increases with nutrient enrichment in both two- and
three-level systems (Mazumder, 1994; Leibold et al.,
1997; Persson et al., 2001). In our study, available food
resources appeared to determine total zooplankton
biomass, whereas fish regulated relative abundances
of different functional groups. This emphasises the
importance of compositional changes within trophic
levels and reveals the limitation of simple food-chain
and ratio-dependent models to capture such changes,
as pointed out by Leibold et al. (1997) and Hulot et al.
(2000). In addition, our result that algal biomass was
positively related with TP concentration even in the
presence of efficient grazers has often been observed
in previous studies (Hansson, 1992; Mazumder, 1994;
Brett & Goldman, 1997; Leibold et al., 1997; Shuter &
Ing, 1997; Persson et al., 2001). It reflects the positive
response of adjacent trophic levels and, therefore, is
not consistent with traditional food-chain theory.

The variability of responses to fish and nutrient
manipulations was also influenced by substantial
variation in community structure among sites. For
instance, in Leon, the biomass of large crustacean
grazers in 1998 increased with nutrients even when
fish density was high, most probably through the
refuge effect of the abundant growth of Myriophyllum
(Timms & Moss, 1984; Jeppesen ef al., 1998a; Scheffer,
1999; Burks et al.,, 2002). In shallow lakes and littoral
zones, refuges provided to zooplankton by macro-
phytes work as an important buffering mechanism to
changes in fish predation pressure (Jeppesen et al.,
1998¢). Chara beds have also been considered as good
refuges for zooplankton against fish predation (Dieh],
1988; Jeppesen et al., 1998a), but our results do not
support this view as Chara at the study sites in
Valencia and Netherlands did not prevent efficient
foraging of fish for large crustacean grazers.

There were substantial differences in zooplankton
community structure and biomass among study sites,
and even between study years at the same site.
Nonetheless, some consistent patterns were evident.
Valencia in southern Spain differed from the other
sites in that zooplankton had a minor influence on
phytoplankton dynamics. Nutrient enrichment appar-
ently increased algal growth rate more than that of
zooplankton and thus disrupted top-down control of
algae (cf. Arditi & Ginzburg, 1989; Power, 1992). In
addition, as Power (1992) pointed out, if grazers were
subject to predation, the grazer control of phytoplank-
ton would further weaken relative to resource control.

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1619-1632



Our result supports this hypothesis because fish
efficiently reduced the biomasses of large grazers in
Valencia and the remaining small grazers were unable
to control algal biomass.

Daphniahas been suggested as a keystone species and
its abundance as a useful indicator to predict the
grazing impact of zooplankton on phytoplankton
(Hansson, 1992; Sarnelle, 1992; Mazumder, 1994; Pers-
son et al., 2001). Supporting evidence for food-chain
theory has been gained especially from open-water
systems with Daphnia as the key grazer (Carpenter
et al., 1985, 1987; Jeppesen et al., 1998b). In our experi-
ments, however, Daphnia was relatively sparse and
virtually absent in fish treatments. Its biomass was
therefore pooled with that of other large grazers. The
potential of large grazers to control phytoplankton
biomass was shown at all study sites except Valencia.
The share of large crustacean grazers of the whole
grazer biomass had a clear inverse relationship with chl
a concentration. A consistent result was obtained when
chl a concentration was related to the biomass of large
grazers. When abundant, these large grazers efficiently
controlled phytoplankton biomass even under hyper-
trophic conditions (up to 1600 pg TP L™"). Otherwise,
chl @ concentration increased steeply with increasing
TP concentration. Sarnelle (1992), moreover, found
even stronger differences in the chl 2/ TP relationship in
systems with both high and negligible biomass of
Daphnia. Our empirically obtained threshold biomass
(80-90 pg dry mass L) is close to that (ca 100 pg dry
mass L") at which Hansson (1992) found an efficient
control of algal biomass by grazers.

Increase in the biomass of small crustaceans and
rotifers was generally associated with an increase in chl
a, indicating the low ability of small zooplankton to
control total phytoplankton biomass. In Finland and
England, however, even small grazers such as Ceriod-
aphnia were apparently able to restrain algal biomass. In
Finland, this control was probably enhanced by high
abundance of the free-floating macrophyte, Lemna
trisulca L. (Hietala et al., 2004). Rotifers are highly
specialised suspension-feeders and are not able to
control total algal biomass, at least in eutrophic
systems, because they feed mainly on nanoplankton
such as bacteria, flagellates, ciliates, and small algae
(Pourriot, 1977; Gilbert & Bogdan, 1984). In addition,
rotifers probably recycle nutrients more effectively
than larger crustaceans (Vanni, 2002) and therefore
further enhance the availability of nutrients to algae.
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Nonetheless, the food-web role of rotifers is empha-
sised under turbid conditions. Through providing food
for young-of-the-year (YOY) fish, they may maintain a
high recruitment of zooplanktivorous fish. The pro-
liferation of small crustaceans and rotifers in our
experiment was probably related to their lower
susceptibility to fish predation. Additionally, their
shorter generation times compared with larger crusta-
ceans allowed the smaller zooplankton to respond
quickly to nutrient enrichment. On the contrary, it is
unlikely that life-history constraints affected the
nutrient enrichment responses of the larger zooplank-
ton during the 5-week experiments as with an average
growth rate of 0.3 day™' populations turned over at
least 15 times. Suppression of large herbivores at higher
water temperature (Beisner, McCauley & Wrona, 1997)
and/or in enriched systems (McCauley et al., 1999} has
been explained by increases in inedible algae. How-
ever, no such consistent dominance of inedible algae
(i.e. forms having a Greatest Axial or Linear Dimension,
GALD, of 250 um) was observed in our enriched or
high-temperature mesocosms (Van de Bund et al.,
2004).

A steep slope between chl 2 and TP concentration
suggests a cascading effect of fish through herbivor-
ous zooplankton on phytoplankton in systems with
three trophic levels (Hansson, 1992; Mazumder, 1994).
Our results from high-fish treatments agree with these
predictions, although the slope in low-fish treatments
was less steep and similar to that in fish-free
treatments. However, the abundance of large crusta-
cean grazers explained the relationship between chl a
and TP better than did the mere number of trophic
levels. This can be explained by the fact that our
experimental systems involved several hypereutroph-
ic fish-free systems with low biomass of large grazers,
as well as several low-fish systems with high biomass
of large grazers. In addition, small crustacean grazers
that were not heavily preyed upon by fish probably
had at least a complementary role in controlling
phytoplankton biomass. Thus, our results show that
high fish biomass (20 g dry mass m™) leads to
generally low grazer biomass and consistently to high
algal biomass with increasing nutrient availability.
However, when fish biomass is low (4g dry
mass m ™) grazer biomass can be high and control
algal biomass in shallow-lake systems.

In conclusion, fish had a greater role than nutrients
in regulating zooplankton biomass and especially
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relative abundances of zooplankton functional
groups. Large crustacean grazers were of crucial
importance in controlling algal biomass even under
hypereutrophic conditions provided that their bio-
mass proportion or absolute biomass was high. This
result supports our first hypothesis that algal bio-
mass is controlled by large crustacean grazers.
However, our second hypothesis that large crusta-
ceans increase in number or biomass with nutrient
enrichment either in the absence of fish or when
protected from fish predation by submerged macro-
phytes, was not supported. Although abundant
submerged macrophytes often provided refuges for
zooplankton against fish predation as expected,
differences in the magnitude of the refuge effect
occurred at different sites. These may be because of
differences in macrophyte species, fish species or
other factors that varied among sites. In agreement
with our third hypothesis, the biomass of large
crustaceans was reduced when fish were present and
smaller zooplankton species with minor or comple-
mentary importance in controlling phytoplankton
biomass became more abundant. Our fourth hypo-
thesis that at southern, warmer sites control of
primary producers by large crustacean zooplankton
and cascading effects of fish via zooplankton grazers
are less important than nutrients, and vice versa at
the northern cooler sites, was supported by the
Valencia results; the potential of zooplankton, espe-
cially that of large crustacean grazers, to control
phytoplankton biomass was evident at all other sites.
Apart from the reduced role of large crustacean
grazers in Valencia, no consistent geographical pat-
terns were observed in the responses of zooplankton
communities to nutrient and fish manipulation.
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2000 RAILO HELENA: Kaatopaikkojen ympiristdvaikutukset, esimerkking Pasilan kaatopaikka.
(pro gradu)

2001 ONKILA HANNU: Tuhkan ja sen siséltimén kadmiumin vaikutukset metsimaan dnkyrimato-
populaatioihin. (pro gradu)

2001 TORN ANNE: Kohotetun hiilidioksidipitoisuuden ja typpilannoituksen vaikutukset
ombrotrofiseen suokasvillisuuteen. (pro gradu)
Effects of elevanted CO2 and increased N deposition on ombrotrofic bog vegetation

2001 HOVI SANNA: Valuma-alueen metsitaloustoimenpiteiden vaikutukset pieniin jarviin - paleo-
limnologinen selvitys. (pro gradu)

2001 ANTTILA SAKU: Pisllyslevistén biomassan kertyminen eri ravinnetasoilla seki vaikutukset
veden ravinnepitoisuuksiin. (pro gradu)

2002 KOSKINEN SARI: Hiilidioksidialtistuksen vaikutukset jérvikortteen (Equisetum fluviatile) ja
jarvikaislan (Schoeneplectus lacustris) aerobiseen ja anaerobiseen hajoamiseen. (pro gradu)

2002 KORKAMA TIINA: Maaperiin hajottajaelidyhteisén vuorovaikutussuhteet ja hajotustoiminta
lyijyllé saastuneessa maassa. (pro gradu)

2002 LEHTIMAKI ELENA: Auringonkukan vaikutus atratsiinin ja simantsiinin hajoamiseen
kaupunkimaaperéssd. (pro gradu)

2003 KAJALA SAIJA: Rihmamaisten syanobakteerien ja niiden toksiinien ravintoketjuvaikutukset.
(pro gradu)

2003 TAHVANAINEN JUULIA: Elisa-konsernin ympiristkuormitustekijéiden nykytilan kartoitus..
(pro gradu)

2003 SUSILUOTO SANNAMAIJA: Comparison of drought avoidance and tolerance strategies in
Eucalyptus microtheca. (pro gradu)

2003 KUUKKA HANNA: Sirjen ravinnon kéytén vaikutus vedenlaatuun Jja kasviplanktoniin,
(pro gradu)

2003 FLYKT ENNI: Mineraalidljy- ja bioGljypohjaisten hydrauliikkaéljyjen vaikutukset boreaalisen
metsdmaan hajottajaravintoverkkoon. (pro gradu)

2003 HOLMA ANNE: Tuhkan ja typen vaikutukset kuusen (Picea abies L. Karst) ektomykorritsaan.
(pro gradu)

2003 LATTUNEN PETRA: Yritysten ympiristdjarjestelmét — erilaisten indikaattorimenetelmien
vertailu. (pro gradu)

2003 TAIPALE SAMI: Lipidimarkkerit kompostin mikrobisukkession maédrityksessé. (pro gradu)

2003 KAKI TIINA: Boreaalisen jirven rantavyshykkeen metaaniemissiot seki niiden suhde
ympiristooloihin ja kasvillisuuden kehitykseen. (lis.tutkimus)

2004 JARVI ANNE: Populaatiotiheyden vaikutus pentakloorifenolin myrkyllisyyteen dnkyrimadolla.
(pro gradu)

2004 HOLSA JENNI: Kompostin sieniyhteison kehittyminen ja karakterisointi molekyylibiologisin
menetelmin (pro gradu)

2004 MAKINEN JUSSI: Vesijirven kilpidistenpohjan ekologinen tila ja hoitosuunnitelma (pro gradu)




No.22 2004 LONNGREN HANNA: Ympiristoasioiden hallinta kaupunkikuntien toimintayksikdissd —
Tapaustutkimuksena Hyvinkifin kaupungin tilapalvelu (pro gradu)

No.23 2004 HUOTARI JUSSI : DAPHNIA LONGISPINA ja D. PULEX- vesikirppujen lisdintyminen
simuloiduissa ilmastonmuutos olosuhteissa: ekosysteemitason cop-altistus (pro gradu)

No.24 2004 SAARINEN TUOMAS: Petodyridisen merkitys Vesijirven ulappavyShykkeen
eldinplanktonyhteisGssi (pro gradu)

No.25 2004 VAKKILATNEN KIRSI: The role of zooplankton in controlling phytoplankton biomass in lake
littoral (lis.tutkimus)
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