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Abstract  Food chain theory provides explicit predic- 
tions for equilibrium biomasses among trophic levels in 
food chains of different lengths. Empirical studies on 
freshwater benthic food chains have typically been per- 
formed on chains with up to three levels and in field ex- 
periments with limited spatial and temporal scale. Here 
we use a "natural snapshot experiment" approach to 
study equilibrium biomass and abundance among trophic 
levels in natural ponds differing only with respect to fish 
assemblage structure. Forty-four ponds were surveyed 
for their density and biomass of fish, snails and periphy- 
ton. Ponds were divided into three categories based on 
fish assemblage: ponds with no fish (two trophic levels), 
ponds with molluscivorous fish (three trophic levels) and 
ponds that also had piscivorous fish (four trophic levels). 
Ponds without fish had a high density and biomass of 
snails and a low biomass of periphyton, whereas snails 
were scarce and periphyton biomass was high in ponds 
with molluscivorous fish. In the presence of piscivores, 
molluscivore populations consisted of low numbers of 
large individuals. Snail assemblages in piscivore ponds 
were characterised by relatively high densities of small- 
bodied detritivorous species and periphyton biomass was 
not significantly different from ponds with three trophic 
levels. Thus, predictions from classic food chain theory 
were upheld in ponds with up to three trophic levels. In 
ponds with four trophic levels, however, there was a de- 
coupling of the trophic cascade at the piscivore-mollu- 
scivore level. Gape-limited piscivory, predation on snails 
by molluscivores that have reached an absolute size ref- 
uge from predation, and changes in food preferences of 
the dominant snails are suggested to explain the ob- 
served patterns. 
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Introduction 

The importance of complex, indirect interactions in 
freshwater food chains has been recognised in many re- 
cent studies. This is especially evident in freshwater pe- 
lagic food chains where experimental manipulations of 
the top trophic levels have often been shown to affect the 
structure of lower trophic levels through cascading tro- 
phic interactions (e.g. Kerfoot and Sih 1987; Carpenter 
1988; Gulati et al. 1990; Carpenter and Kitchell 1993). 
Typically, an increase in piscivore abundance results in a 
decrease in phytoplankton biomass through a decrease in 
the density of planktivorous fish species and a concomi- 
tant increase in large, cladoceran zooplankton. Strong 
(1992) suggested that strong effects of cascading interac- 
tions are characteristic of species-poor aquatic communi- 
ties, whereas in more speciose systems the top-down ef- 
fects are buffered by e.g. a high degree of omnivory and 
temporal and spatial heterogeneity. However, benthic lit- 
toral communities in lakes are typically characterised by 
high spatial heterogeneity with speciose faunal assem- 
blages where omnivory can be a prominent factor (e.g. 
Diehl 1992, 1995; Lodge et al. 1994), and yet several re- 
cent studies have shown that cascading trophic interac- 
tions may have strong effects even in benthic freshwater 
communities (Power 1990, 1992; Br6nmark et al. 1992; 
Martin et al. 1992; Wootton and Power 1993; Br6nmark 
1994; Lodge et al. 1994). Several of these studies includ- 
ed interactions between periphytic algae, herbivorous 
snails and a snail predator (Br6nmark et al. 1992; Martin 
et al. 1992; Br6nmark 1994; Lodge et al. 1994). 

Snails are an important component of many freshwa- 
ter benthic food chains, and it has been suggested that 
predation is the most important factor structuring snail 
assemblages in permanent lakes and ponds where calci- 
um is not a limiting factor (Lodge et al. 1987). Recently, 
several studies have shown strong effects of predation on 
snail density and species composition in ponds and lakes 
(Weber and Lodge 1990; Merrick et al. 1991; Br6nmark 
et al. 1992; Martin et al. 1992; Br6nmark 1994; Lodge et 
al. 1994). Freshwater snails can have strong effects on 



their major food source, periphytic algae, and affect algal 
biomass, productivity and species composition (see 
Br tnmark  1989 for a review), and thus predation by a 
snail predator may indirectly benefit periphytic algae 
through a decrease in grazing pressure. Predation by spe- 
cialised molluscivorous sunfishes (Brtnmark et al. 1992; 
Martin et al. 1992) and tench (Brtinmark 1994) had indi- 
rect positive effects on periphyton through a reduction of 
herbivorous snails, and similar results were found in an 
experiment where the density of crayfish was manipulat- 
ed (Lodge et al. 1994). Thus, these studies showed 
strong cascading effects in a benthic food chain with 
three trophic levels (fish/crayfish, snails, algae). Many 
freshwater systems, however, include a fourth trophic 
level, piscivorous fish, and although studies on interac- 
tions in four-level food chains are commonplace in pe- 
lagic systems, only a few studies have addressed the im- 
portance of a fourth trophic level in benthic food chains 
(Power 1990, 1992; Wootton and Power 1993). Thus, 
further studies on the effect of piscivores on interactions 
in benthic food chains are needed. 

In the above studies on benthic food chains, cascading 
effects were evaluated by manipulating the density of top 
predators in enclosure/exclosure field experiments. The 
use of cages to study mechanisms of interactions be- 
tween species has clear advantages but also limitations 
(e.g. Diamond 1986; Frost et al. 1988; Cooper and 
Barmuta 1993). Results may be confounded by e.g. edge 
effects, replicates poorly matched for spatial heterogene- 
ity, and changes in the behaviour of organisms in enclo- 
sures. These experimental side-effects may increase or 
outweigh the effect of  a manipulation. Furthermore, the 
duration of experimental studies may also be critical 
when evaluating the strength of cascading trophic inter- 
actions. Although predictions from food chain models 
(e.g. Oksanen et al. 1981) consider patterns in equilibri- 
um biomass among trophic levels, the importance of cas- 
cading trophic interactions in benthic food chains has 
typically been inferred from strong perturbations of top 
trophic levels and monitoring of the system over a rather 
short period post-manipulation (weeks to months, but see 
Br tnmark et al. 1992). On a longer time-scale, changes 
in the species composition and size structure of prey as- 
semblages together with the plasticity of prey defences 
and behaviour may decouple the initially strong interac- 
tions between top predators and lower trophic levels. 
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An alternative to experimental manipulations is the 
"natural snapshot experiment" (Diamond 1986), where a 
large number of natural systems, in which predator and 
prey have coexisted for many generations, are surveyed, 
and then pattems in equilibrium biomass with regard to the 
studied character can be compared to predictions from the- 
ory and/or results from smaller-scale experimental studies. 

In this study, we surveyed ponds similar in productiv- 
ity and superficially differing in only one respect, the 
composition of the fish assemblage. Given the results 
from earlier enclosure/exclosure manipulations of bent- 
hic freshwater food chains (Power 1990, 1992; 
Br tnmark et al. 1992; Martin et al. 1992; Wootton and 
Power 1993; Br tnmark 1994; Lodge et al. 1994), we ex- 
pected high densities of snails and a low periphyton bio- 
mass in ponds without fish, and low densities of snails 
and high periphyton biomass in ponds with molluscivo- 
rous fish. In addition, predictions from food chain theory 
and results from experiments in pelagic food chains sug- 
gest that including a fourth trophic level, piscivores, 
should affect lower trophic levels such that molluscivo- 
rous fish should decrease in density, snails increase and 
periphyton decrease. 

Material and methods 

Food chain composition was studied in 44 ponds situated near 
Lund, southern Sweden, in an area with numerous ponds. These 
ponds occur in an area with a similar geological background (gla- 
ciofluvial moraine deposits), and thus any differences in fish or 
snail densities between ponds should not be due to water chemis- 
try (Table 1); all ponds are eutrophic and hard water. 

Fish assemblage composition, snail abundance and periphyton 
biomass in the ponds were determined during the period 30 July - 
17 September 1990. Fish were sampled with two multimesh 
monofilament nylon gill nets, consisting of panels with mesh sizes 
of 6, 8, 10, 12.5, 16.5, 22, 30, 40, 55, 75 and 100 ram. The nets 
were placed in the ponds overnight. In addition, fish associated 
with the vegetated littoral zone were sampled by electrofishing at 
6-8 sites along the perimeter of the pond. The number of individu- 
als and total wet mass of each species were quantified, and 5-10 
individuals of representative size classes of each species were 
placed in a plastic bag, kept on ice and deep-frozen upon arrival in 
the laboratory. These fish were later analysed for gut content. In- 
vertebrate prey items were identified to the lowest possible taxo- 
nomic unit and the presence of vegetation and fish remains in the 
gut contents was noted. 

Benthic invertebrates were sampled with a sweep-net (ar- 
ea = 710 cm 2, mesh size = 1 mm). Five samples were taken from 

Table 1 Physicochemical char- 
acteristics (mean_+SD) of ponds 
with no fish, ponds with mol- 
luscivorous fish only and ponds 
with molluscivores and piscivo- 
r e s  

No fish Molluscivores Piscivores 

Conductivity (mS/m) 45.5+8.5 60.8+19.5 56.0+11.8 
Alkalinity (mEq/l) 2.8+0.7 3.8_+1.8 4.4___2.0 
pH 7.9_+0.5 8.1+0.4 8.0_+0.35 
Total phosphorus (/ag/1) 158_+ 116 442_+430 291+431 
Total nitrogen (/ag/1) 2.1___0.5 2.3_+1.7 1.5_+0.4 
Turbidity (JTU) 5.8_+3.6 25.0+62.5 6.1 _+4.7 
Area (m 2) 817+393 1868_+ 1079 5686_+5426 
Maximum depth (m) 1.4+_0.4 1.9_+0.7 2.6+1.0 
Mean depth (m) 0.8+0.3 1.1_+0,5 1.6_+0.6 
Number of ponds 5 11 28 
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each pond at sites chosen haphazardly along the pond perimeter. 
The water depth at the sampling sites ranged from 0.3 to 1.0 m. At 
each site, the net was pushed through the vegetation for 1 min. 
The contents of the net were emptied into a plastic container and 
preserved in alcohol. The sweep-net samples were later sorted in 
the laboratory and all snails were identified to species and 
weighed after drying to constant mass (60oC, 24 h). Only the aver- 
ages from the five sweep-net samples from each pond were used 
in the final analyses. 

Periphyton were quantified using an artificial substrate (plastic 
flagging tape). The biomass of periphyton colonising plastic flag- 
ging has been shown to closely mirror the biomass of periphyton 
on natural, submerged macrophytes (Br6nmark et al. 1992). On 19 
June, three strips of plastic flagging (each strip 80x3 cm) were 
placed in all ponds, each strip at a different location within the 
pond. The strips were anchored to the sediment with a screw nut 
and a small piece of Styrofoam tied to the other end kept them 
vertical in the water column. All strips were removed from the 
ponds on 5 September. Strips were transferred individually to a 
plastic bag, stored on ice and deep-frozen upon arrival in the 
laboratory. Periphyton were removed from the strips by brushing 
with a toothbrush and rinsing with water. The volume of the algal 
suspension was determined and a subsample was filtered onto a 
preweighed glassfiber filter (Whatman GF/C), dried (60oC, 24 h) 
and reweighed for determination of periphyton dry mass. The av- 
erage biomass from the three strips in each pond was used in the 
analysis. 

A watersample was taken from each pond and analysed for pH, 
alkalinity, turbidity and total phosphorus. Water depth in the ponds 
was determined along two perpendicular transects crossing the 
centre of the pond, giving the mean and maximum depth. Pond 
surface areas were determined from aerial photographs. 

Results 

Pike [Esox lucius (L.)], crucian carp [Carassius cara- 
ssius (L.)], tench [Tinca tinca (L.)], bream [Abramis 
brama (L.)], rudd [Scardinius erythrophthalrnus (L.)], 
roach [Rutilus rutilus (L.)], sunbleak [Leucaspius delin- 
eatus (Heckel)],  eel [Anguilla anguilla (L.)], ten-spined 
stickleback [Pungitius pungitius (L.)], and perch [Perca 
fluviatilis (L.)] were collected in the ponds. Six o f  these 
species were captured in sufficient numbers  to allow gut 
content analyses (Fig. 1). These, in combinat ion with lit- 
erature data and results f rom a field experiment  (C. 
Br6nmark  and J.G. Miner, unpublished data), suggested 
that three o f  the fish species are potentially important  as 
snail predators, namely  tench, crucian carp and rudd, 
having snails in 45%, 7% and 13% of  the guts, respec- 
tively. Besides snails, the diets o f  these species mainly  
included other benthic invertebrates, zooplankton and, in 
the case o f  rudd, plants. Snails comprised <2% of  the gut 
contents in the remaining fish species. Based on gut con- 
tent analyses, perch >10 cm in total length were consid- 
ered as potential piscivores, whereas all pike caught  were 
piscivorous. 

Ponds were separated into three categories based on 
fish assemblage structure, i.e. ponds without  any fish 
(No fish), ponds with molluscivorous fish (tench, crucian 
carp and/or rudd) but without  piscivores (Molluscivores) 
and ponds  that also had piscivorous fish (pike and/or 
perch; Piscivores). A discriminant analysis was per- 
formed on water chemistry and pond size variables (Ta- 
ble 1) to see if  there were any differences between pond 
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Fig. 1 Gut contents of the six most abundant fish species in the 
ponds, expressed as the percentage of guts containing a given food 
item 

Table2 Fish biomass (kilograms wet mass per unit effort, 
mean_+SE) in ponds with and without piscivores. Perch >10 cm to- 
tal length are considered as potential piscivores, based on gut con- 
tent analysis 

Fish species Molluscivore ponds Piscivore ponds 

Crucian carp 1.63_+0.48 0.39+0.13 
Tench 0.27-+0.13 3.91_+0.60 
Bream - 0.11_+0.11 
Rudd - 0.22+0.08 
Roach 0.05-+0.04 0.86-+0.14 
Sunbleak 0.02_+0.01 0.03+0.01 
Perch < 10 cm - 0.16+0.11 
Perch > 10 cm - 0.40_+0.07 
Pike - 1.13_+ 1.30 

categories with respect to abiotic characteristics. There 
was no significant difference (P = 0.302) between ponds 
without  fish and Molluscivore ponds, whereas Piscivore 
ponds were significantly different f rom No fish ponds (P 
= 0.008) and Molluscivore ponds (P = 0.016). Piscivore 
ponds were deeper (max imum depth, P = 0.008; mean 
depth, P = 0.004) and larger (area, P = 0.029; Table 1). 
There was no difference between pond categories with 
respect to water chemistry variables. 

The densi ty o f  mol lusc ivorous  fish was much greater 
in ponds  wi thout  piscivores than in ponds with the pi- 
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Fig. 2 Density (number per unit effort) A and biomass (kilograms 
wet mass per unit effort) B of molluscivorous fish, including ten- 
ch, crucian carp and rudd, in ponds with and without piscivores. 
Vertical bars denote 1 SE 

scivorous northern pike and/or perch (Table 2, Fig. 2A, 
ANOVA F = 76.9, P<0.001), whereas total mollusciv- 
ore biomass was higher in ponds with piscivores 
(Fig. 2B, ANOVA F = 6.5, P = 0.015). Molluscivorous 
fish in the surveyed ponds mainly consisted of crucian 
carp and tench (79+32% of molluscivore density, 
91+22% of biomass; mean_+SD), with rudd being less 
important. 

Fish assemblage structure had a significant effect on 
snail density (Fig. 3A; ANOVA F = 9.05, P = 0.001). 
Snail densities were high in ponds that lacked mollusc- 
ivorous fish, whereas in the presence of molluscivores 
there was a dramatic reduction in snail densities. Snail 
densities in ponds that had piscivorous fish were higher 
than in ponds with molluscivores only, and similar to 
densities in ponds without molluscivores. The differ- 
ences in snail density between Molluscivore and No fish 
or Piscivore ponds were significant (Tukey test, P 
= 0.003, and P = 0.002, respectively), whereas there 
was no significant difference between No fish ponds and 
Piscivore ponds (P = 0.323). The large effect of  mol- 
luscivores on snail densities was also seen when all the 
data were combined, resulting in a significant negative 
relationship between snail density and molluscivore 
density (Fig. 4, linear regression F = 23.4, P<0.001). 
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Fig, 4 The relationship between molluscivore density (numbers 
caught per unit effort) and snail density (numbers per sweep net 
sample) in surveyed ponds 

However, the pattern for snail biomass differed from 
that for snail densities (Fig. 3B). Snail biomass was sig- 
nificantly higher in ponds without fish than in ponds 
with molluscivores or in ponds with piscivores (AN- 
OVA, F = 9.60, P<0.001; Tukey test P = 0.004 and 
P<0.001, respectively). There was no difference be- 
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Table 3 Factor loadings for snail species in ponds with different 
fish species composition 

Principal component 

1 2 

Variance explained 20.7 18.3 
Eigenvalue 1.65 1.46 

Lymnaea stagnalis 0.66 0.47 
Lymnaea peregra O. 14 O. 13 
Physafontinalis -0.47 0.41 
Anisus vortex -0.75 0.40 
Bathyomphalus contortus 0.36 0.19 
Gyraulus albus -0.40 -0.72 
Gyraulus crista -0.02 -0.17 
Bithynia tentaculata 0.36 -0.55 

Table 4 Comparisons of the principal-component scores for the 
different pond categories 

Mean principal-component score 

Pond category axis 1 axis 2 

No fish 0.99 1.08 
Molluscivores 0.86 -0.28 
Piscivores -0.55 -0.12 

tween Molluscivore ponds and Piscivore ponds (Tukey 
test P = 0.71). Thus, the low biomass of snails in the pi- 
scivore ponds in relation to the high densities suggests 
that there is a shift in snail species composition to a 
dominance of smaller species in the presence of mol- 
luscivores. To analyse snail species composition in rela- 
tion to predator regime (pond category) we performed a 
principal-components analysis (PCA). Differences 
among pond categories in principal-component scores 
were analysed with ANOVA (Tables 3, 4). The first 
PCA axis separated ponds with piscivores from ponds 
with either no fish or with molluscivores (Table 4; AN- 
OVA F = 22.0, P<0.001; Tukey test P<0.001), whereas 
No fish ponds were significantly different from the two 
other pond categories along the second principal-com- 
ponents axis (ANOVA F = 4.91, P = 0.01; Tukey test 
P<0.05). Thus, ponds with no fish were dominated by 
Lymnaea stagnalis (L.), whereas both pond categories 
with molluscivores had relatively more Gyraulus aIbus 
(Mtiller) and Bithynia tentaculata (L.) (Fig. 5). Further, 
in ponds where molluscivores coexisted with piscivores, 
Anisus vortex (L.) dominated. 

The biomass of periphyton on artificial substrate dif- 
fered between pond categories (Fig. 6). Artificial sub- 
strates in ponds without fish had significantly less peri- 
phyton than in ponds with fish (ANOVA F = 6.01, P 
= 0.006; Tukey test P<0.01). There was no difference in 
periphyton biomass between ponds with molluscivores 
only and ponds that also had piscivores (Tukey test P 
= 0.99). 
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Fig. 6 Periphyton biomass [lag dry weight (DW)/cm 2] on artificial 
substrates in ponds without fish, ponds with molluscivorous fish 
and ponds with both molluscivores and piscivores. Vertical bars 
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Discussion 

The presence of piscivores in these ponds had a dramatic 
effect on populations of  molluscivorous fish. Ponds with 
piscivores had a low density of  molluscivores although 
the molluscivore biomass was high, whereas in ponds 



without piscivores, the density of molluscivores was high 
but the biomass low. The dominant molluscivores in the 
surveyed ponds were tench and crucian carp, species 
whose population densities and size structures are great- 
ly affected by the presence of piscivores (Piironen and 
Holopainen 1988; Br6nmark et al. 1995). In the surveyed 
ponds, populations of both species were dominated by 
small individuals at high densities in the absence of pi- 
scivores, whereas in ponds with piscivorous pike and/or 
perch, populations of crucian carp and tench were sparse 
and consisted almost exclusively of large-bodied individ- 
uals (Br6nmark et al. 1995), resulting in a large total bio- 
mass. Field experiments have demonstrated that size- 
limited predation is responsible for the population struc- 
ture of crucian carp in ponds with piscivores (Tonn et al. 
1989, 1991; Holopainen et al. 1991; Br6nmark and Min- 
er 1992), whereas the high-density crucian carp popula- 
tions in ponds without piscivores are limited by intraspe- 
cific competition (Paszkowski et al. 1990; Tonn et al. 
1994). The evidence for tench is less extensive, but re- 
sults from whole-pond experiments where pike density 
was manipulated indicate that piscivory can effectively 
reduce density and change the size structure of tench 
populations as well (C. Br6nmark and J.G. Miner, un- 
published data). 

Ponds with piscivores were larger and deeper than 
ponds without fish or with molluscivorous fish. Piscivo- 
res, such as pike and perch, are sensitive to the low-oxy- 
gen conditions that may prevail in shallow, eutrophic 
ponds covered by ice during winter, whereas tench and, 
especially, crucian carp can survive very low oxygen lev- 
els (e.g. Doudoroff and Shumway 1970). Crucian carp 
have physiological adaptations for anaerobic metabolism 
under low temperatures (Holopainen and Hyv~rinen 
1985) and this allows them it to survive the almost com- 
pletely anoxic conditions during winter kill conditions 
that may commonly occur in shallow ponds during harsh 
winters. 

Molluscivorous fish had a strong effect on snails in 
accordance with earlier studies showing that predators, 
such as fish and crayfish, can have strong direct effects 
on the density and species composition of freshwater 
snail assemblages (Brown and DeVries 1985; Merrick et 
al. 1991; Br6nmark et al. 1992; Martin et al. 1992; Osen- 
berg et al. 1992; Br6nmark 1994; Lodge et al. 1994). 
The relative dominance of snail species changed in re- 
sponse to predation pressure in these ponds. In the ab- 
sence of molluscivorous fish, the snail assemblage was 
dominated by the large, relatively thinshelled species L. 
stagnalis, whereas in the presence of molluscivorous 
fish, there was a shift in dominance towards smaller, 
more thick-shelled species such as G. albus and B. tenta- 
culata. Foraging experiments in the laboratory have 
shown that both crucian carp and tench are sizeselective 
and prefer thinshelled species such as Lymnaea over 
thickshelled species such as Bithynia (W.M. Tonn, C.A. 
Paszkowski and C. Br6nmark, unpublished work). Stud- 
ies on other molluscivores have shown that they are size 
and/or species selective (Stein et al. 1984; Osenberg and 

O E C O L O G I A  108 (1996) �9 Springer-Verlag 539 

Mittelbach 1989; Klosiewski 1991), and thus predation 
by molluscivorous fish or crayfish may alter the species 
composition in freshwater snail assemblages towards 
small, thick-shelled species (Brown and DeVries 1985; 
Klosiewski 1991; Lodge et al. 1994). Predation may also 
have indirect effects, for example by reducing the densi- 
ty of a competitively dominant species, allowing other 
species to increase in density. Predation by lake trout 
controls densities of Lymnaea elodes (Say) in arctic 
lakes (Merrick et al. 1991), and it was suggested that a 
reduction in density of the competitively dominant L. 
elodes allows a fugitive species, VaIvata lewisi (Currier), 
to increase to high population densities (Hershey 1990). 

Addition of a fourth trophic level, the piscivores, was 
predicted to decrease the predation pressure on snails, 
and thus in ponds with piscivores, the density of snails 
would be higher than in ponds with molluscivores only. 
Indeed, snail densities in piscivore ponds were higher 
than in ponds with molluscivores. Furthermore, food 
chain models may also predict the relative ranking of 
snail abundances in two-versus four-level systems. Ok- 
sanen et al. (1981) predicted that the number of trophic 
levels increases as a function of productivity. However, 
in this study, productivity is similar among ponds, 
whereas the number of trophic levels differs. Thus, pre- 
dictions for two- and three-level systems could be ex- 
tended into the productivity region which supports four- 
level systems (see e.g. Fig. 1 in Mittelbach et al. 1988), 
resulting in the prediction that snails should be most 
abundant in two-level systems, least abundant in three- 
level systems and intermediate in systems with four tro- 
phic levels. The ranking of snail abundances among 
pond categories is in accordance with these predictions 
(Fig. 3), although differences between ponds without 
molluscivores and ponds with piscivores (two vs. four- 
levels) were not significant. Snail biomass, however, was 
not higher in ponds with piscivores than in ponds with 
only molluscivores. In piscivore ponds, the relative im- 
portance of larger species such as lymneids and Bithynia 
decreased further and the small A. vortex and G. albus 
dominated. Small numbers of large-bodied tench and 
crucian carp coexisted with piscivores and the predation 
pressure from these may be intense enough to control the 
densities of large species. 

A number of studies in both streams and lakes have 
shown that snails are dominant grazers of periphytic al- 
gae and can reduce standing crops and change species 
composition of the periphytic layer (e.g. Br6nmark 1989; 
McCormick and Stevenson 1989; Swamikannu and Hoa- 
gland 1989; Barnese et al. 1990). Recently, manipula- 
tions of molluscivore density have been shown to indi- 
rectly affect periphytic algae. Enclosure/exclosure exper- 
iments in the field have shown that molluscivorous sun- 
fishes (Br6nmark et al. 1992; Martin et al. 1992) and ten- 
ch (Br6nmark 1994) reduce the density of snails, indi- 
rectly increasing the biomass of periphytic algae. A posi- 
tive, indirect effect on periphyton through decreased 
grazing pressure by snails was also shown in a study of 
the more omnivorous crayfish, Orconectes rusticus 
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(Lodge et al. 1994), which also feeds on macrophytes 
and periphyton. In the present study, we predicted that 
the periphyton biomass on an artificial substrate should 
be highest in molluscivore ponds (three-level systems), 
intermediate in piscivore ponds (four-level) and lowest in 
ponds without fish (two-level). Periphyton biomass was 
indeed much higher in ponds with fish where snail densi- 
ties were low than in ponds without fish and with high 
snail densities. However, the higher density of snails in 
ponds with piscivores did not result in reduced periphy- 
ton biomass as compared to molluscivore ponds. This is 
probably due to the low biomass of snails in the pisciv- 
ore ponds, i.e. a dominance of small species. In a recent 
review of factors affecting removal rates of periphyton 
by grazers, it was shown that grazer body mass was the 
most important determinant of periphyton removal rates 
(Cattaneo and Mousseau 1995). However, Vermaat 
(1994) showed that mass specific periphyton removal 
rates differed between snail species. Grazing rates of B. 
tentaculata, which was one of the dominating species in 
ponds with molluscivores, were only 10% of Lymnaea 
peregra grazing rates. Further, lymneid snails prefer al- 
gae and have a high cellulase activity and assimilation 
efficiency of algal food items, whereas planorbids, such 
as Anisus and Gyraulus, have low cellulase activity and 
are mainly detritivores (Calow and Calow 1975). A shift 
in snail species composition from species which have 
high grazing rates on periphytic algae to species which 
are less efficient grazers or are mainly detritivorous 
should reduce the grazing pressure on periphytic algae. 

The patterns among trophic levels in food chains with 
up to three levels displayed in this survey of natural sys- 
tems, where predator and prey have coexisted for many 
generations, are in general agreement with the predic- 
tions from food chain theory and earlier experiments. 
Molluscivorous fish reduced snail densities and had an 
indirect positive effect on periphyton. However, patterns 
among trophic levels in ponds with four trophic levels 
were not fully consistent with the theory and results from 
earlier field experiments. Piscivores reduced mollusciv- 
ore density to have a positive effect on snail densities but 
not on snail biomass, and the primary producers, peri- 
phytic algae, were not affected by the addition of a 
fourth trophic level. Manipulations of food chains with 
four trophic levels in pelagic freshwater systems have of- 
ten shown that piscivores impose strong cascading ef- 
fects all the way down to the primary producers, phyto- 
plankton (e.g. Carpenter and Kitchell 1993). With bent- 
hic freshwater food chains, only one study has so far ma- 
nipulated the density of secondary predators (Power 
1990). In a stream, steelhead salmon and roach reduced 
fish fry and invertebrate predators, resulting in an in- 
crease in herbivorous midge larvae and a reduction in the 
biomass of filamentous algae. Many factors, including 
e.g. omnivory, spatial and temporal heterogeneity, and 
efficient prey defence adaptations may decouple preda- 
tor-prey dynamics and affect the strength of indirect in- 
teractions in food chains (Strong 1992; Neilt 1994). Fur- 
thermore, changes in the size structure of prey popula- 

tions may affect predation intensity. For example, large, 
deep-bodied planktivores may enjoy an absolute size ref- 
uge from predation by gape-limited piscivores, resulting 
in a population of planktivores dominated by large indi- 
viduals (Hambright et al. 1991; Hambright 1994). The 
continued ingestion of zooplankton by these larger indi- 
viduals could uncouple trophic interactions in the pelagic 
food chain, i.e. reduce the efficiency of transfer of cas- 
cading effects from piscivores to phytoplankton. In the 
surveyed ponds, we believe that low abundances of mol- 
luscivores that have reached an absolute size refuge from 
predation by piscivores reduced densities of large, effi- 
cient, periphyton-grazing snail species, resulting in a 
snail assemblage dominated by small, thick-shelled, 
mainly detritivorous snail species. Hence, decoupling of 
the trophic cascade at the piscivore-molluscivore level 
resulted in patterns of biomass distribution among tro- 
phic levels that deviate from predictions from classic 
food chain theory. Gape-limited predation, prey defence 
adaptations and grazer food choice may all contribute to 
reducing the interaction strength in this benthic freshwa- 
ter food chain. 
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