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SUMMARY

1. Results are analysed from 11 experiments in which effects of fish addition and nutrient

loading on shallow lakes were studied in mesocosms. The experiments, five in 1998, six in

1999, were carried out in six lakes, distributed from Finland to southern Spain, according

to a standard protocol.

2. Effects of the treatments on 29 standard chemical, phytoplankton and zooplankton

variables are examined to assess the relative importance of bottom-up (nutrient

enrichment) and top-down (fish predation) effects. For each year, the experiments in

different locations are treated as replicates in a meta-analysis. Results of individual

experiments are then compared in terms of the patterns of significant influences of nutrient

addition and fish predation with these overall results (the baseline), and between years in

the same location.

3. The overall meta-analysis gave consistent results across the 2 years, with nutrient

loading influencing all of the chemical variables, and on average 31% of primary producer

and 39% of zooplankton variables. In contrast, fish influenced none of the chemical

variables, 11% of the primary producer and 44% of the zooplankton variables. Nutrient

effects on the system were thus about three times greater than fish effects, although fish

effects were not inconsiderable.

4. The relative importance of nutrients and fish in individual experiments often differed

between years at the same location and effects deviated to varying degrees from the

baseline. These deviations were treated as measures of consistency (predictability) of

conclusions in repeat experiments. Consistency increased southwards and this is

interpreted as a consequence of more variable annual weather northwards.

5. The influence of nutrient loading was greater southwards and this was probably

manifested through naturally greater annual macrophyte abundance in warmer locations

in consequence of the longer plant growing-season. There was no trend in the relative

importance of fish effects with latitude but this may partly be an artefact of the simple fish

Correspondence: Brian Moss, School of Biological Sciences, Jones Building, University of Liverpool, Liverpool L69 3GS, U.K. E-mail:

brmoss@liverpool.ac.uk

Freshwater Biology (2004) 49, 1633–1649 doi:10.1111/j.1365-2427.2004.01304.x

� 2004 Blackwell Publishing Ltd 1633



community used. These findings suggest that nutrient control should be a greater priority

than biomanipulation in the restoration of eutrophicated shallow lakes in warm temperate

regions.

6. Starting conditions affected the outcome of experiments. High initial concentrations of

total phosphorus and planktonic chlorophyll a concentration (created by local conditions

prior to the experiment) led to de-emphasis of the importance of nutrient loading in the

experiment.

Keywords: continental gradient, fish, meta-analysis, nutrients, weather variation

Introduction

Diversity in structure and function of ecosystems is

considerable. There is concern that the functioning of

ecosystems is being impaired by widespread destruc-

tion in a situation where there is still much to

understand about fundamental patterns and pro-

cesses in the systems. Such patterns in functioning

may be driven by a range of environmental gradients.

These include climate and variation in weather,

geology and soil conditions and the accidents of past

events that have led to distinctive biogeography.

Because energy input in the form of solar radiation

and its influence on production and water availability

is fundamental to all ecosystem functioning and

because it also controls processes such as soil

formation and development, climate is often seen as

the master driving variable in the establishment of

terrestrial systems. In turn, freshwater systems are

dependent on their surrounding terrestrial catch-

ments, but because they are ‘islands’, their greater

discontinuity may lead to patterns that are more

locally controlled.

The gross differences between, say, Arctic tundra

and tropical rain forest are substantial. The gross

appearance of lake systems from poles to tropics is

basically similar. Nonetheless there are still likely to

be patterns among freshwater systems, although

they may be subtle. Climate, for example, will have

many effects on freshwaters, ranging from modifica-

tions within the system (changes in growth rates,

timings of reproduction, balances of photosynthesis

and respiration, rates of mineralisation) (Quayle

et al., 2002; McKee et al., 2003; Moss et al., 2003) to

large-scale regional effects (Watson, 2002). These

latter may be consequent on changes in the balance

of rainfall in summer and winter, and effects

induced by sea level rise on rivers and coastal

lakes. However, geology, soil conditions and land

use have been known for nearly a century to

determine many details within freshwater lakes

(Pearsall, 1921; Juday et al., 1928). Linking the details

to the drivers, however, is not easy. This is not

because basic physiological effects of, say, tempera-

ture or phosphorus on individual processes are at

all mysterious, but because the complexity of the

systems, and the degree of stochasticity inherent in

all ecological systems, leads to a likelihood of many

possible outcomes in any individual system. None-

theless, there must be some common denominators

in effects on major system processes. The experi-

ments considered here were conceived on this

assumption.

Nitrogen and phosphorus loading determine many

features of lakes (Vollenweider, 1975), but evidence

has emerged of a more complex situation, especially

in shallow lakes, where the nature of the fish

community can influence the zooplankton and thus

indirectly the phytoplankton communities and even

water chemistry (e.g. Irvine, Moss & Balls, 1989;

Scheffer et al., 1993; Carpenter & Kitchell, 1994;

Hansson et al., 1998). These effects may also have

impacts on aquatic plants, which in turn may counter-

influence water chemistry and predator–prey rela-

tionships among fish and zooplankters (Jeppesen

et al., 1998). A consensus has emerged that nutrients

remain very important in shallow lakes, but that the

extent to which their potential influence may be

realised is very much a function of food-web

structure and how it can be modified by nutrient

loading.

Understanding how continental- or greater-scale

variations in environmental factors and food-web

structure influence these complex shallow lake
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systems is important because of the importance of

these lakes to humanity as providers of diverse

resources such as building materials, fisheries, water,

and amenity (Dugan, 1994). They are also important

reservoirs of conservation and biodiversity value, not

least for migratory and other water birds. Many

shallow lakes have become severely damaged by

eutrophication in combination with other forms of

pollution, recreational impact, changing salinity and

introduced species. Both nutrient control and food

web manipulation (biomanipulation) are used in

combination in attempts to restore their biodiversity

and other values (Moss, Madgwick & Phillips, 1996).

The effectiveness of current restoration strategies

could well be affected by climate as well as by local

chemical conditions, but evidence from the subtro-

pics and tropics is meagre in comparison with that

from the north-temperate region. It is clear, however,

that the differences in seasonality and in fish

communities may have important consequences for

warm lakes compared with cooler ones (Lazzaro

et al., 1992).

Investigation of how environmental drivers might

affect these systems can be carried out through

analysis of large data sets and the seeking of

changing patterns along defined gradients. It can

also be done by setting up highly controlled tank

systems in which the environment, including factors

like temperature can be closely regulated and their

effects followed. Lack of data from low-latitude

lakes, and the inherent problem that correlations do

not imply causation, hampers the first approach; a

degree of artificiality in the complexity of the systems

and cost deter the latter. A compromise is to carry

out comparable experiments with natural commu-

nities along a natural environmental gradient to

investigate how major processes or controls change

along this gradient. This was the approach used in

the International Mesocosm Experiment (Stephen

et al., 2004a), whose overall results are presented

here. The experiment involved carrying out a

standardised experiment to a common design with

fish addition and nutrient addition treatments, in

mesocosms at five or six locations from Finland to

Spain in each 2 years.

The founding hypothesis was that there would be

shifts in the relative importance of top-down and

bottom-up effects in shallow lakes across broad

spatial scales. This hypothesis was based on the

assumption that both macrophyte and algal growth

would benefit from extended growing seasons at

lower latitudes. However, nutrient shortage would be

more likely to set in when temperature is higher and

the growing season longer (Talling & Lemoalle, 1998),

leading to greater importance of nutrient control in

southerly locations. We also surmised that algal

growth, being inherently faster than that of zooplank-

ton (Fogg & Thake, 1987), would outstrip develop-

ment of herbivorous zooplankton at higher

temperatures. In turn, the influence of planktivorous

fish on zooplankton populations would become less

relevant for control of phytoplankton at higher

temperatures. We thus anticipated a greater impor-

tance of nutrients in warmer locations and years and a

greater importance of fish effects under cooler condi-

tions.

Results of the individual mesocosm experiments at

each location are reported in separate papers (Fer-

nández-Alaez et al., 2004; Hansson et al., 2004; Hietala,

Vakkilainen & Kairesalo, 2004; Romo et al., 2004;

Stephen et al., 2004b; Van de Bund & Van Donk,

2004). Continental-scale patterns in zooplankton and

phytoplankton community responses to fish and

nutrient manipulations have also been examined

(Vakkilainen et al., 2004; Van de Bund et al., 2004).

Those papers aimed to provide pointers to under-

standing the functioning of shallow lake systems and

to the interpretation in general of such experiments

repeated across large spatial scales. In the overall

synthesis provided here, we used the results for 29

standard chemical, phytoplankton and zooplankton

variables from the eleven experiments and first

treated them in a meta-analysis for each year at five

(1998) or six (1999) locations. From this analysis we

determined a baseline scenario against which the

results from individual experiments could be com-

pared. Our basis of comparison was the fractions of

the 29 variables, divided into chemical, primary

producer and zooplankton variables that were sig-

nificantly influenced by either fish or nutrient treat-

ments in the overall analysis and in individual

experiments. We also made the comparison in relation

to latitude, temperature and starting conditions. In

contrast to the synthesis papers on phytoplankton and

zooplankton (Vakkilainen et al., 2004; Van de Bund

et al., 2004) we thus examine here not changes in

communities or biomass but in the relative impor-

tance of processes.

Nutrient and fish effects in shallow European lakes: a synthesis 1635
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Methods

Enclosure experiments

In 1998 and 1999, eleven replicated-mesocosm experi-

ments were performed in six shallow, macrophyte-

dominated lakes: Vesijarvi in Finland, Krankesjön in

Sweden (1999 only), Little Mere in England, Naar-

dermeer in the Netherlands, Sentiz in northern Spain

near León, and Xeresa in southern Spain near

Valencia. Background conditions in the lakes are

given in Table 1 of Stephen et al. (2004a).

The mesocosms were polyethylene cylinders, 1 m

in diameter, enclosing up to 750 L of lake water,

with exposure to bottom sediment and with natural

vegetation. Experimental treatments were identical

between locations in a given year. Each experiment

comprised 36 enclosures, with fish addition and

nutrient addition treatments. In 1998 there were

three zooplanktivorous fish levels (from 0 to 20 g

fresh mass m)2), and four nutrient additions (from

no nutrient addition to weekly additions sufficient

to create an additional immediate concentrations of

up to 10 mg L)1 nitrate-N and 1 mg L)1 phosphate-

P), with three replicates for each treatment. Fish

treatments were the same in 1999 as in 1998, but

there were six rather than four nutrient loadings

(from no nutrient addition to weekly addi-

tions enough to create an additional immediate

Table 1 Results of overall analysis by two-way A N O V AA N O V A on data from eleven mesocosm experiments carried out at six locations across

Europe in 1998 and 1999

Dependent variable

Main effects

Transformation 1998 1999

1998 1999 Location Fish Nutrients Location Fish Nutrients

TP Log10 Log10 *** ns *** *** ns ***

SRP Log10 Log10 *** ns *** *** ns ***

Nitrate Log10 Log10 *** ns *** *** ns ***

Ammonium Log10 Log10 *** ns *** *** ns ***

Alkalinity Log10 Log10 *** ns *

pH None None ** ns *** *** ns ***

TSS Log10 Log10 *** ns *

Planktonic chl-a Log10 Log10 *** * *** *** ns ***

Total phytoplankton Log10 Log10 ** ns * ** ns *

Chlorophycota Log10 Log10 ** ns *** ** ns ns

Cryptophyceae Log10 Log10 ns * ** *** ns ns

Bacillariophyceae Log10 Sq rt *** ns ns *** ns ns

Cyanobacteria Log10 Log10 *** ns ns *** ns ns

Chrysophyceae Log10 Log10 *** ns ns *** ns ns

Dinophyceae Log10 Log10 *** ns ns *** * ns

Euglenophycota Log10 Log10 *** ns ns *** ns ns

Small algae (GALD<50 lm) Log10 Log10 *** ns ** *** ns ****

Large algae (GALD>50 lm) Log10 Log10 * ns ns *** ns ns

Phytoplankton diversity index None None *** ns ns *** ns ***

Periphytic chl a Log10 Log10 *** ns ns *** ns **

Total zooplankton Sq rt Sq rt *** ns * *** * *

Rotifers Log10 Log10 *** *** ns *** *** ns

Cladocera <500 lm Log10 Log10 *** ** ns *** ns ns

Cladocera >500 lm Log10 Log10 *** *** ns *** *** ns

Cyclopoid copepods Log10 Sq rt *** ns ns *** ns **

Calanoid copepods Log10 Log10 *** ns ns *** ns **

Nauplii Log10 Sq rt *** ns ns *** ns ns

Raptorial zooplankters Log10 Sq rt *** ** ns *** Ns ***

Open-water filterers Sq rt Log10 *** ns ** *** * **

Significances for main effects of fish and nutrient treatments are shown for up to 29 variables as: ns, not significant; *P < 0.05;

**P < 0.01; ***P < 0.001. There were no interaction effects.

Sq rt, square root; TP ¼ total phosphorus, SRP ¼ soluble reactive phosphorus, TSS ¼ total suspended solids. Values for phyto-

plankton groups are biovolumes and values for zooplankton groups are biomasses.

1636 B. Moss et al.
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concentration of 3 mg L)1 nitrate-N and 0.3 mg L)1

phosphate-P), with two replicates for each treatment.

Appropriate zooplanktivorous fish species were

used in different locations (Table 1 of Stephen et al.,

2004a).

Mesocosms were established several days before fish

addition and the first nutrient addition; pre-existing

fish were removed by electrofishing. The experiments

lasted 5 weeks in 1998 and 6 weeks in 1999. Weekly

samples were taken for water chemistry, phytoplank-

ton and zooplankton. Details of sampling and methods

are given in Stephen et al. (2004b). For the current

analysis, 29 variables were selected. The chemical

variables were: total phosphorus (TP; lg L)1), soluble

reactive phosphorus (SRP; lg L)1), nitrate-N (mg L)1),

ammonium-N (lg L)1), pH, alkalinity (meq L)1), total

suspended solids (TSS; mg L)1), the latter two in 1998

only. Variables characterising primary production

were phytoplankton chlorophyll a (lg L)1), total

phytoplankton biovolume and biovolumes of

Chlorophycota, Cryptophyceae, Bacillariophyceae,

Cyanobacteria, Chrysophyceae, Dinophyceae and

Euglenophycota (lm3 L)1), Shannon–Wiener (Weaver)

diversity index for the phytoplankton (bits per indivi-

dual), biovolume of small algae with a Greatest Axial or

Linear Dimension (GALD) <50 lm (lm3 L)1), biovo-

lume of larger algae (GALD >50 lm) (lm3 L)1) and

periphytic chlorophyll a (lg cm)2). Zooplankton vari-

ables were biomasses (lg L)1) of total zooplankton,

total rotifers, Cladocera <500 lm, Cladocera >500 lm,

cyclopoid copepods, calanoid copepods, nauplii,

raptorial zooplankton, and open-water filterers.

Storms completely destroyed one of the Swedish

experiments, but the data set was near complete for

the eleven other experiments, although there was also

severe damage to one Dutch experiment which led to

a loss of data for some enclosures. In addition, there

were omissions of single variables in a few experi-

ments: Rotifers were not counted in the Netherlands

experiments, and results of fish treatments with the

two highest nutrient additions in 1998 in Finland were

excluded from data analyses owing to the complete

mortality of fish in those mesocosms. There was also

high intermittent fish mortality in one experiment in

northern Spain, but since the fish were replaced, the

data were included. Likewise the data from the

English 1999 experiment were included despite a 10-

fold error in phosphorus loadings because available

phosphate was so high in the lake water that

phosphate was already present in substantial excess

for algal growth.

Time-weighted averages of the 29 variables were

calculated for each enclosure in each experiment in a

standard way, with week number used as weighting

factor. The rationale for this approach is given in

Stephen et al. (2004a). Data were log-transformed or

arcsine-transformed where necessary to meet ANOVAANOVA

requirements. The five location experiments in 1998

and the six in 1999 were then combined for analysis as

single experiments for each year with five and six

blocks (i.e. location), respectively, and replications for

each treatment of 15 in 1998 and 12 in 1999. The data

were subjected to two-way analyses of variance

(ANOVAANOVA) giving an overall baseline set of relation-

ships against which the results from individual

location experiments could be compared.

The threefold ratio of numbers of significant effects

of nutrients on water chemistry: primary producers:

zooplankton and the equivalent ratio for fish effects

were determined. Data were analysed separately for

1998 and 1999 because the experimental set-up

differed in detail between years. There were no

interaction effects in the baseline results (and indeed

rather few in the individual experiment results) so

only main effects are treated. Where a variable was

missing (for example, rotifer data in the Netherlands

experiments) the ratios were normalised to the

maximum possible ratio of variables measured to

make them comparable. These ratios were then used

as baselines for comparison with the parallel ratios

obtained in the several locations for individual

experiments. To do this, the numbers of variables,

from the standard suite of 29 chemical, primary

producer and zooplankton variables, significantly

influenced by fish or nutrients were determined for

the individual location experiments and expressed as

ratios, as above. These ratios were calculated sepa-

rately for fish and nutrient effects and were then

compared by chi-square tests against the baseline

ratios (the separate values for 1998 and 1999 being

used because the number of chemical variables

differed in the 2 years) for the experiment overall

and between years in the same location. The latter

calculation was not possible for Sweden where data

were only available for 1999.

The experiment was conceived against a north-

south gradient from Finland to southern Spain. This

gradient is approximately indicated by latitude and

Nutrient and fish effects in shallow European lakes: a synthesis 1637
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about 20� of latitude were embraced. However, other

gradients were inevitably present. Weather differed

and can be expressed as mean temperature during the

experiments; initial conditions also inevitably differed

because of weather and local circumstances prior to

the experiments. We thus examined the data in terms

of initial concentrations of chlorophyll a, TP and

macrophyte density (on an arbitrary scale of abun-

dance where 1 was negligible, 2 was sparse and 3 was

abundant) as well as in terms of latitude and

temperature gradients. The standard chemical, pri-

mary producer and zooplankton variables were

grouped by year and the proportions of each group

that were significantly influenced by fish or nutrients

in each experiment were determined. The proportions

of all biological and of all variables so influenced were

then calculated. Linear regressions were made with

latitude, temperature and initial conditions as driving

variables and the percentages of significant influences

as dependent variables.

Results

Overall analysis

The data used in the overall analyses are given in

Appendices 1 and 2. In both years, block (i.e. location)

significantly affected all variables with the one

exception being Cryptophyceae biovolume in 1998

(Table 1). There were no interactions of fish and

nutrients in either year. Fish influenced fewer vari-

ables than nutrients. Fish increased chlorophyll a

concentration and biovolume of Cryptophyceae in

1998 but not in 1999, when instead fish increased

dinoflagellate biomass. Fish also significantly in-

creased rotifer biomass, but reduced biomass of large

and small Cladocera and raptorial zooplankters in

1998. In 1999 they decreased the total zooplankton

biomass, but increased the proportion of open-water

filterers, increased the rotifer biomass and decreased

that of large Cladocera. In 1998 fish significantly

influenced none of the seven chemical variables, two

of the 13 primary producer variables and four of the

nine zooplankton variables. Comparable proportions

in 1999 were 0 : 5, 1 : 13 and 4 : 9. The influence of

fish was thus apparently greater on the upper levels of

the food web than on the lower.

Nutrient loading influenced five of the seven

chemical variables, always by increasing values and

five of the primary producer variables in 1998. It

increased chlorophyll a concentration, total phyto-

plankton biomass, and biomasses of Chlorophyceae

and Cryptophyceae, and decreased the biomass of

small algae (GALD <50 lm). Nutrients significantly

increased total zooplankton biomass and that of open-

water filterers in 1998, although the increases were

small.

In 1999 nutrient additions positively influenced all

chemical variables, and also increased chlorophyll a

concentration, total phytoplankton biomass, the pro-

portion of small algae and periphytic chlorophyll a,

but decreased the diversity (Shannon–Wiener) index

of phytoplankton. Nutrients increased total zooplank-

ton biomass, both cyclopoid and calanoid copepod

biomasses and in consequence decreased the biomass

of open-water filterers in 1999 but increased that of

raptorial species. They had no significant effect on

other zooplankton variables.

Thus in 1998 nutrients significantly influenced five

of seven chemical variables, five of 13 primary

producer variables and two of nine zooplankton

variables and in 1999 the proportions were, respec-

tively: 5 : 5, 5 : 13 and 5 : 9. Chi-squared tests showed

that the ratios of number of chemical: primary

producer: zooplankton variables significantly influ-

enced by either fish or nutrients did not differ

between years for either fish effects (v2 for fish

effects ¼ 1, d.f. ¼ 2, P > 0.5) or nutrient effects (v2

for nutrient effects ¼ 2.6, d.f. ¼ 2, P > 0.2) or all

effects (fish and nutrient) taken together (v2 ¼ 3.6,

d.f. ¼ 5, P > 0.5). In percentage terms, the effects of

nutrients on chemical, primary producer and zoo-

plankton variables were, on average, 83, 39 and 39.

The corresponding average effects for fish were 0, 12

and 44%. Nutrient additions thus had a much greater

effect on water chemistry and about equal effects on

primary producers and zooplankton, whilst fish

addition had no effect on nutrients, modest effects

on primary producers and the greatest effect on

zooplankton. Overall the effects of nutrients might

thus be assessed as greater than those of fish (Fig. 1;

Table 2).

Comparisons with individual experiments

Ratios of significant effects of fish addition or nutrient

addition or both added together differed significantly

between years in all locations except southern Spain

1638 B. Moss et al.
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(Table 3). The combined ratios (fish and nutrient

effects together, ratio of six items) differed between

years in the three more northerly locations but not in

the two more southerly ones.

Compared with the overall baseline ratios for each

year, there were again differences in fish or nutrient

effects, or both, in both years at three locations. Of the

four possibilities for significant differences (fish and

nutrients, 2 years) there was a tendency for a greater

proportion to be significantly different towards the

north and this trend was also shown for the combined

ratios (ratio of six items). For the total number of

comparisons (both between years and against the

baseline) the proportion that showed significant

differences can be calculated. There was a greater

tendency for stability (predictability) of effects (lower

proportion of significant differences in the chi-

squared comparisons) with decreasing latitude

(Fig. 2; r2 ¼ 0.41, n ¼ 22, P < 0.005).

There were similar relationships between stability

of effects with mean temperature during the experi-

ment (r2 ¼ 0.33, P < 0.05), although this was strongly

conditioned by one data point from southern Spain,

and with initial macrophyte density (r2 ¼ 0.32,

P < 0.01), which was not so conditioned. There were

no relationships between stability of effects and initial

concentrations of chlorophyll a or TP.

Regression analyses

Among the drivers tested, temperature and latitude

were inversely related and initial macrophyte density

increased with temperature and decreased with

latitude (Table 4). Initial concentrations of chlorophyll

a and TP were positively related. There were no

significant relationships among any of the drivers and

the percentage of variables influenced by fish. How-

ever, there were significant relationships with the

percentages of variables influenced by nutrients. The

percentages of significantly-influenced zooplankton

variables, and that of all variables significantly

influenced by nutrients, increased southwards

(Fig. 3) There was also a pattern with initial TP and

chlorophyll a concentrations. High initial values of

these led to a decreased proportion of the variables

being influenced by nutrients. Finally, initial macro-

phyte density was positively correlated with the

proportion of the chemical variables significantly

influenced by nutrient addition.

Table 2 Ratios of numbers of significant fish effects on all

variables to the sum of significant fish effects plus significant

nutrient effects in mesocosm experiments carried out at five

locations in 1998 and 1999

Location 1998 1999

Finland 0.21 (14) 0.54 (15)

England 0.56 (32) 0.49 (10)

The Netherlands 0.42 (28) 0 (15)

Northern Spain 0.29 (25) 0 (13)

Southern Spain 0.36 (31) 0.38 (25)

Overall 0.31 (18) 0.25 (19)

In parentheses are shown the absolute total numbers of sig-

nificant effects (the denominator).

Fig. 1 Percentages of variables, all together (a) or grouped as

chemical (c), primary producer (p) or zooplankton (z) that were

significantly affected by nutrient (N) or fish (F) treatments in

mesocosm experiments carried out in 1998 and 1999 at six

European locations. Similar results from a meta-analysis of all

locations (overall) are also shown.
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Discussion

Despite differences in weather in 1998 and 1999, the

overall analyses of the collections of five and six

experiments, respectively, gave similar results in

terms of the balance of importance of top-down and

bottom-up processes (Fig. 1; Table 2). The effects of

nutrient loading were, inevitably, strongest on water

chemistry whilst effects of fish were greatest on

zooplankton but were absent for water chemistry.

There were no interaction effects so the picture that

emerges is of a strong effect of nutrients on which are

superimposed lesser but still substantial effects of fish.

The zooplankton are pivotal in that both nutrients and

fish have about equal effects and it is the balance of

these zooplankton effects that could explain much of

the variation in individual experiments.

The baseline scenario that emerged from overall

analysis of the experiments is consistent with much

other information (Jeppesen et al., 1998). Nutrient

loading increased phytoplankton growth, often selec-

tively increasing the proportions of green algae and

cryptomonads, and decreasing the proportions of

small algae and phytoplankton diversity. Through

food availability, it sometimes increased zooplankton

biomass but had lesser influence on community

composition. Fish tended to remove the Cladocera, T
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Fig. 2 Percentage of ratios of numbers of significantly-influ-

enced (by fish or nutrients) variables that significantly differed

(chi-square test) either between years at a single location or

significantly differed (chi-square test) from the equivalent ratio

obtained as a baseline in the overall meta-analysis. Values are

plotted against latitude of the location of the experiment in a

series of mesocosm experiments carried out in 1998 and 1999.

The relationship was significant (r2 ¼ 0.41, P < 0.005, n ¼ 18)

and the equation for the regression line is y ¼ 3.44x ) 124.
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particularly the larger ones (Gliwicz, 2004) and

increase the rotifer biomass and sometimes increase

the chlorophyll a concentration. These conclusions are

not new (Hrbácek, 1962; Brooks & Dodson, 1965);

their significance lies in their consistency with current

understanding. This gives confidence in the further

analysis of the patterns of differences obtained in

different years and from the overall analysis.

Differences between years are very important in

that large-scale, relatively expensive experiments are

often only carried out once, the presumption being

that major processes should be consistently important

from year to year. The results of our highly

standardised, continent-wide experiment illustrate

that this may not typically be the case (Table 3). At

two locations there were no effects of fish in one year

and many effects in the other. There were also

differences in individual experiments from the

baseline scenario derived from the meta-analysis. By

comparing the ratios of significant effects between

years and with the baseline ratios, two measures of

such inconsistency are apparent.

The y axis of Fig. 2, in which the percentage of

significantly different ratios of significant effects on

the test variables obtained from comparisons between

years or with the baseline, is plotted against latitude,

can be taken as a measure of consistency (predict-

ability) of results in individual experiments. There is

apparently a pattern, with greater inconsistency

northwards. This is understandable as weather

patterns are more unpredictable in cold-temperate

climates than in warm-temperate climates (Watson,

2002). The implication is that there is greater stability

of processes between years with decreasing latitude.

This can be understood in terms of longer growing

seasons for plants (initial macrophyte density also

increased with decreasing latitude). There would also

be less likelihood, for example, of poor summer plant

growth resulting from cold spring weather and failure

of the overwintering plants to grow, or perhaps for

turions to be damaged by bird grazing before full

establishment of the new growth (Pokorny & Kvet,

2004). Warm, dry winters in the north may also be

more likely to give advantages to the phytoplankton,

which may establish a strong foothold before macro-

phytes have started to grow. Plants are more likely to

overwinter at relatively high biomass in the south.

The result suggests that experiments need to be

repeated more frequently in northern temperate

regions than in warm temperate regions for good

understanding of the relative importance of different

processes determining community structure in shal-

low lakes.

Our planned intention was to investigate the effects

of broad-scale variation in site characteristics on the

balance of importance of top-down and bottom-up

controls of plankton biomass and community struc-

ture. One of the evident differences at continental

scales is temperature along a north-south gradient.

We thus analysed the proportions of variables

influenced by fish and nutrients against latitude and

mean temperature (during the experiments). We

were, however, unable to control some initial condi-

tions for the experiments. It was thus crucial to

examine the effects of potentially important initial

conditions (e.g. macrophyte density and concentra-

tions of TP and chlorophyll a) on the results (Table 4).

Strikingly, the influence of fish had a relationship

with neither latitude nor temperature. We may partly

Fig. 3 Percentage of variables from a standard set of 29 chemi-

cal, primary producer and zooplankton variables that were

significantly influenced by experimental nutrient (upper) and

fish (lower) additions, plotted against latitude of the experi-

mental sites in a series of mesocosm experiments carried out

across Europe in 1998 and 1999. The relationship for nutrients

was significant (r2 ¼ 0.42, P < 0.05, n ¼ 11) with a regression

equation, y ¼ 112 ) 1.27x. The relationship for fish was not

significant at P ¼ 0.05.
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have predetermined this lack of effect by selecting

ecologically equivalent fish and being unable to

incorporate whole fish communities into small meso-

cosms. The picture emerging from other observations

is that of a more diverse, more omnivorous fish

community in warmer regions, feeding year around

and imposing severe predation pressure on the

zooplankton (Crisman & Beaver, 1990). In turn this

means continual, severe top-down effects on zoo-

plankton and a phytoplankton thus effectively re-

leased from grazer control. We were unable to test

this, however, with a monospecies fish community.

What did emerge in our analysis is a relationship

between the influence of nutrient loading and

latitude. Nutrient effects were more frequent south-

wards and this was not a trend manifestly condi-

tioned by the effects of the southernmost Valencia

experiment. It may be linked with the greater

macrophyte density southwards (itself correlated

with temperature, and thus probably length of

growing season). Macrophytes are very effective at

stripping nutrients, particularly nitrogen, from the

water (Howard-Williams, 1985) and thus nutrient

loading can be expected to have a greater effect on

phytoplankton. The positive relationship between

nutrient effects on water chemistry variables and

initial macrophyte density (Table 4) is consistent with

this. Northwards, greater inconsistency in plant

communities, dependent on weather fluctuations

between years, may result in less tight nutrient

cycling and greater nutrient availability. There is

certainly a prominent increase in nutrient concentra-

tions in winter prior to growth in spring at high

latitudes that is not so much a feature of lower

latitudes where growth continues in winter (Talling,

1986). Towards the Equator, inputs from runoff are

also lesser owing to high evaporation rates even in

winter, which is also frequently relatively drier than

at high latitudes. This too is likely to increase

emphasis on nutrients.

Temperature did not produce the correlation that

latitude did. Latitude integrates many climatically

related variables, including weather over the longer

period prior to the experiment that might greatly

influence starting conditions and therefore potentially

the outcome of experimental manipulations. Mean

temperature during the experiment, although inver-

sely correlated with latitude has not such a compre-

hensive influence.

Results of relatively short-term mesocosm experi-

ments are certainly influenced by starting conditions,

and this apparently underlies many of the differing

pictures obtained at the same location in the two years

of our experiments. The influence of macrophyte

density was referred to above. Initial concentrations

of chlorophyll a and TP, however, are probably not

latitude-related, but depend more on local conditions

and weather just previous to the experiment. Initial TP

and chlorophyll a concentrations were strongly corre-

lated and when an experiment began with high values

of both, there was a lesser importance of nutrients

(Table 3). Inevitably therefore, choice of lakes for

experiments such as ours is important. Ideally only

pristine lakes should be used, but the reality is that

most lakes are impacted to greater or lesser extents by

eutrophication. For example, the lake used in the U.K.

experiments was recovering from previous eutrophi-

cation but still had residual high phosphorus levels in

summer owing to release from the sediments (Beklio-

glu, Carvalho & Moss, 1999). It was a pragmatic choice

and helped reveal important effects of variability

between years and the importance of starting condi-

tions, but conversely it may have obscured or

weakened other relationships that less extreme

nutrient concentrations would have revealed.

In spite of several unavoidable imperfections of our

study, some important general conclusions emerge

from our experiments: (i) in shallow lakes nutrient

effects on the plankton community are greater than

fish effects, although fish effects are not inconsider-

able; (ii) predictability of the importance of different

processes increases with decreasing latitude and this

is probably a consequence of more variable weather

polewards; (iii) the influence of nutrient loading is

greater with decreasing latitude and this is probably

manifested through the effects of longer plant grow-

ing seasons and greater macrophyte abundance

(averaged over the year) in warmer locations. Do

these conclusions suggest that the simple biomanipu-

lations (primarily removal of zooplanktivorous fish)

found to be effective in northern lakes (e.g. Hansson

et al., 1998; Mehner et al., 2002) may be less successful

in warmer climates? They do, but indirectly because

biomanipulation of shallow lakes is carried out when

they are dominated by phytoplankton and thus

turbid. The lakes of our experiments were specifically

chosen to be macrophyte-dominated and clear. The

relatively greater importance of nutrients southwards,
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however, does suggest that nutrient control of

eutrophicated southern lakes may be a greater priority

than it is for northern lakes where biomanipulation

alone may clarify the water.
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Appendix 1

Appendix 1A Treatment mean values (�x) and standard deviations (SD) of time weighted averages for chemical variables in the

combined data set derived from five mesocosm experiments in five locations in 1998 (n ¼ 15)

Variable Statistic

Treatment

F0N0 F0N1 F0N2 F0N3 F1N0 F1N1 F1N2 F1N3 F2N0 F2N1 F2N2 F2N3

TP �x 65 136 595 1106 99 153 428 804 108 185 473 775

SD 58 70 442 873 96 98 241 326 94 128 206 426

SRP �x 25 39 341 802 34 26 175 524 35 42 212 425

SD 44 52 370 843 52 32 152 357 60 43 175 268

NO3-N �x 0 0 6 14 0 0 4 14 0 0 4 12

SD 0 0 5 9 0 0 2 3 0 0 2 7

NH4-N �x 60 158 231 308 54 118 187 348 54 133 274 315

SD 60 115 184 180 60 122 117 237 62 118 167 250

Alkalinity �x 1.95 1.88 2.01 2.31 1.91 1.83 2.11 2.72 1.76 1.75 2.37 2.74

SD 1.89 1.54 1.25 1.95 1.73 1.54 1.55 0.54 1.36 1.21 1.56 2.04

pH �x 8.0 8.7 9.4 9.3 8.0 8.9 9.4 9.3 8.0 9.0 9.4 9.4

SD 0.6 0.6 0.5 0.4 0.7 0.7 0.3 0.6 0.5 0.6 0.3 0.3

TSS �x 4.26 9.95 13.3 17.3 7.26 10.2 11.1 14.2 6.61 9.71 14.3 10.8

SD 2.47 10.9 16.9 28.6 4.94 7.05 14.7 18.7 3.01 6.28 15.8 10.8

F, fish treatment; N, nutrient treatment. Numbers refer to successive levels of treatment. Units are: lg L)1 for total phosphorus (TP),

soluble reactive phosphorus (SRP), NH4-N and chlorophyll a; mg L)1 for NO3-N and total suspended solids (TSS); and meq L)1 for

total alkalinity.
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Appendix 1C Treatment mean values (�x) and standard deviations (SD) of time-weighted averages for zooplankton variables in the

combined data set derived from five mesocosm experiments in five locations in 1998 (n ¼ 15)

Variable Statistic

Treatment

F0N0 F0N1 F0N2 F0N3 F1N0 F1N1 F1N2 F1N3 F2N0 F2N1 F2N2 F2N3

Total zooplankton �x 447 826 1110 709 431 801 666 1029 492 649 991 512

SD 345 676 426 341 445 1035 361 824 489 560 689 208

Total rotifers �x 103 87 186 208 159 281 158 157 228 367 369 402

SD 73 71 178 278 153 271 81 92 180 305 336 93

Cladocera <500 lm �x 15 40 49 22 11 49 26 99 11 12 51 22

SD 20 47 82 22 15 90 44 183 15 18 101 44

Cladocera >500 lm �x 182 393 577 226 57 174 211 112 3 8 59 6

SD 176 386 721 233 70 265 296 156 5 9 115 12

Cyclopoid copepods �x 112 252 216 203 127 160 137 464 166 227 436 59

SD 115 240 347 274 129 219 129 734 226 407 840 110

Calanoid copepods �x 8 6 14 8 29 46 35 80 53 4 5 12

SD 10 9 27 13 48 88 60 139 101 7 8 21

Nauplii �x 27 48 69 42 48 91 99 57 31 31 71 11

SD 20 55 104 53 49 70 136 48 36 27 79 6

Raptors �x 155 385 451 224 177 247 140 465 173 229 441 74

SD 145 463 495 259 188 413 132 734 237 406 837 104

Open-water filterers �x 202 353 610 347 235 463 349 325 241 312 392 261

SD 197 265 561 274 262 431 291 355 250 338 311 210

F, fish treatment; N, nutrient treatment. Numbers refer to successive levels of treatment. Units are lg L)1.

Appendix 2

Appendix 2A Treatment mean values (�x) and standard deviations (SD) of time-weighted averages for chemical variables in the

combined data set derived from six mesocosm experiments in six locations in 1999 (n ¼ 12)

Variable Statistic

Treatment

F0N0 F0N1 F0N2 F0N3 F0N4 F0N5 F1N0 F1N1 F1N2 F1N3 F1N4 F1N5 F2N0 F2N1 F2N2 F2N3 F2N4 F2N5

TP �x 396 466 579 478 639 930 187 384 636 671 660 1499 234 388 468 855 888 1245

SD 865 1043 1266 984 1279 1859 370 846 1439 1485 1363 3076 486 845 1004 1916 1916 2506

SRP �x 207 328 448 320 363 627 134 234 507 443 354 1314 128 273 344 763 639 886

SD 485 771 1035 705 778 1271 315 540 1198 1027 772 2951 298 624 785 1821 1429 1869

NO3-N �x 2 8 25 163 222 993 2 11 40 94 239 762 2 26 29 53 300 745

SD 4 14 41 304 352 1585 3 17 63 148 397 1381 4 48 44 86 582 1168

NH4-N �x 208 104 183 186 136 209 127 55 119 183 173 485 96 112 81 321 205 262

SD 427 159 326 288 178 238 219 41 174 280 231 767 146 157 81 642 266 271

pH �x 8.3 8.5 8.6 9.0 8.9 8.9 8.2 8.5 8.6 8.7 9.0 9.0 8.3 8.4 8.6 8.6 8.9 8.9

SD 0.7 0.9 0.8 1.1 0.9 0.9 0.8 1.0 1.0 0.9 0.9 0.9 0.7 1.0 0.8 0.9 1.0 0.9

Treatments and units as in Appendix 1A.
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