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Summary. An experimental investigation under field con-
ditions of enclosures containing freshwater pulmonate
snails, the macrophyte Ceratophyllum demersum and epi-
phytes, produced evidence of beneficial interactions.
Ceratophyllum growth, measured in terms of stem length,
numbers of leaf-nodes and growing tips and leaf survival
was significantly enhanced in the presence of snails. This
effect was attributed to the increased availability of plant
nutrients of snail origin, such as phosphates and ammo-
nia, as well as to the snails’ action as “cleaning sym-
bionts” in reducing the density of bacterial and algal
epiphyton potentially deleterious to macrophytes. Prin-
cipal component analysis revealed both seasonal and
treatment effects of snail grazing on algal epiphyton.
Small adnate algal species (e.g. Cocconeis placentula)
survived grazing and benefited from the removal of larg-
er, competitor, species. Snail densities increased in all
treatments, despite high (86%) juvenile mortality. It is
concluded that freshwater pulmonate snails are strong
interactors in lentic habitats, enhancing the growth of
Ceratophyllum and producing characterisic epiphyte
communities. This benefits not only the snails, but also
the plants and epiphytes that are associated with them.
Thus the interactions between these component parts of
the community can be considered as mutualistic.
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Freshwater pulmonate snails are commonly found in
association with macrophytic vegetation and their epi-
phyton (Thomas 1987; Thomas and Tait 1984; Lodge
and Kelly 1985; Lodge 1985, 1986; Bronmark 1989).
These macrophytes provide sites for snail oviposition,
access to the air-water interface and shelter, and provide
a surface for epiphyton development, which constitutes
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a major source of the food of freshwater snails (Thomas
et al. 1985; Lodge 1986; Underwood and Thomas 1990).

It has been proposed that the close association of
plants and snails in freshwater habitats since the Creta-
ceous (Thomas 1990) may have led to the development
of mutually beneficial interactions (Thomas et al. 1985;
Thomas 1987, 1990; Thomas et al. 1989). This hypothesis
is supported by laboratory experiments which show that
the presence of freshwater snails can increase macro-
phyte growth and leaf longevity (Rogers and Breen 1983;
Bronmark 1985; Underwood 1991b). This effect appears
to be due to both nutrient exchange and removal of
epiphyton by feeding snails. (Underwood and Thomas
1990; Underwood and Baker 1991; Underwood
1991a, b).

This paper describes a field experiment which was
designed to ascertain whether mutually beneficial in-
teractions between freshwater snails, macrophytes and
epiphyton occur under natural conditions. The experi-
ment was carried out in enclosures situated in a calcium-
rich eutrophic drainage dyke in the Lewes Brooks, Sus-
sex, United Kingdom (Underwood and Thomas 1990),
supporting large populations of freshwater pulmonate
snails and abundant macrophytic vegetation.

Materials and methods

Experimental design

Cylindrical floating enclosures (30 cm diameter, 45 cm depth, mesh
base, open top, 1 mm square plastic mesh) were attached to poles
placed in a drainage dyke running north-south in March 1987.

Each enclosure was seeded with a similar healthy stem of Cera-
tophyllum demersum L. (a free floating plant), approximately 40 cm
long, with 55 leaf nodes and seven growing tips, which had been
cleaned of snails and their egg masses. Nylon twine was tied between
leaf-nodes five and six on two growing shoots on each plant to
measure the growth rate and age of leaves. The four treatments were
as follows.

1. No snails added (control)
2. Lymnaea peregra (Mull.) present: six adult snails (length
12 mm+ 1 mm) added
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3. Planorbis planorbis L. present: eight adult snails (diameter
10 mm + 2 mm) added

4. Assemblage of snail species present: six L. peregra (length
12 mm =+ 1 mm), one L. stagnalis (L.) (length 25 mm), two Physa
Sfontinalis (L.) (length 3 mm), eight Planorbis planorbis (width
10 mm <+ 2 mm), two P. contortus (L.) (width 3 mm), one P. vor-
tex (L.) (width 5 mm) and 11 Bithynia tentaculata (L.) (length
8 mm)

The initial experimental snail densities were based on values

given by Aram (1970) as well as those obtained during more recent
sampling (unpublished obs.).

Sampling

Numbers of snails, density of epiphytes, and growth of plants were
monitored over a period of 116 days between 19 March and 13 July
1987. The length, number of leaf-nodes, and number of growing-
tips of each C. demersum plant were recorded. This data was
analysed using “repeated measures” analysis of variance with subse-
quent pairwise Tukey tests to determine the individual differences
between samples (Zar 1984). Single leaves from the two nylon-
marked leaf-nodes were removed, placed in Eosin yellowish (1 g
1-1) and stored at 4°C. The number and sizes of snails and the
numbers of egg masses laid in each enclosure were recorded. Epi-
phytes on the C. demersum leaves were counted within three days
of sampling after staining with phenolic aniline blue (Hossell and
Baker 1979). Data from epiphyte counts were non-parametric, and
were analysed using the Mann-Whitney U-test. The Shannon-
Wiener diversity index, the mean number of taxa and the equitabil-
ity of the communities were calculated from the epiphyte counts
(Underwood and Thomas 1990). The species composition of the
algal epiphyte communities were analysed using principal com-
ponents analysis (Gauch 1984). After counting, leaf material was
digested in chromic acid to obtain cleaned diatom frustules for
identification.

Results

Growth of Ceratophyllum

Repeated measures analyses of variance on the plant
growth data showed that there were significant treatment
effects on the length (Fig. 1A, F; 6= 7.57, P<0.001),
number of leaf-nodes (Fig. 1B, F; 46=6.6, P<<0.001) and
the number of growing tips (Fig. 1C, F;q46=13.54,
P<0.001), with the plants in the Control treatment
having the lowest length and numbers of leaf-nodes and
growing tips. Subsequent Tukey tests showed that signifi-
cant differences in the length, number of leaf-nodes and
number of growing tips occurred between C. demersum
grown in the presence of snails (treatments 1-3) and the
control treatment (4) (indicated on Fig. 1A—C). There
were no significant differences in the growth measure-
ments of plants grown in the three treatments containing
snails.

The percentage survival of the leaves growing on the
original fifth leaf-node of the C. demersum plants is
shown in Fig. 2. Analysis of these survivorship curves
using Peto and Peto’s log rank test (Pyke and Thompson
1986) showed that leaves of C. demersum grazed by snails
survived significantly longer than comparable, ungrazed
leaves on the control plants (P <0.05, 0.05, and 0.01 for
the L. peregra, P. planorbis, and mixed-snail treatments
respectively).
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Fig. 1. A Length of Ceratophyllum; B number of leaf-nodes;
C number of growing tips on C. demersum grown under four
different treatments (each point mean of 5 plants). ® Control (no
snails), O L. peregra,  P. planorbis and © mixed-snail species
treatments. Asterisks indicate significant differences between the
controls and treatments containing snails (Tukey test, * P<0.05,
** P<0.01, *** P<0.001

Changes in bacterial and algal epiphyton density

The population densities of epiphytic organisms on the
abaxial surface of C. demersum leaves are shown in
Figs. 3A and 3B. Leaves growing on the original fifth
leaf-node became senescent in the control treatments by
day 95, and sampling of epiphytes was carried out on
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leaves from the original fourth leaf-node on all plants on
day 95. No original control plant leaves survived until
day 116.

Bacterial population densities on C. demersum leaves
in the control were significantly higher than on leaves in
the L. peregra treatment at days 12, 68, and 95 (P<0.01,
P<0.01 and P<0.001 respectively), in the P. planorbis
treatment at day 12, 41, 68, (P<0.01 in each case), and
day 95 (P<0.001), and in the mixed snail species treat-
ment on days 12, 41, 68, and 95 (Mann-Whitney U-test,
P<0.05, P<0.001, P<0.01, P<0.001 respectively)
(Fig. 3a.) There were no significant differences in bac-
terial population density on the leaves of C. demersum
between the three different snail treatments.

Epiphytic algal cell density in the control treatments
increased with time and was significantly higher than the
initial densities by day 68 (Fig. 3b, P<0.001). Algal
density on leaves in the snail treatments also showed a
gradual increase with time, and were higher than the
initial population densities by day 116 (P<0.01,
P<0.05, and P<0.05 for the L. peregra, P. planorbis,
and mixed-snail treatments respectively). Algal popula-
tion densities on leaves in the control treatments were
significantly higher than in the L. peregra treatment
[P<0.05 (day 12) and P<0.01 (days 41, 68, and 95)],
P. planorbis treatment [P<0.01 (day 12), P<0.05 (day
41) and P<0.01 (days 68 and 95)], and in the mixed-snail
treatment (P<0.001, P<0.05, P<0.01, and P<0.001
for days 12, 41, 68, and 95 respectively).

Changes in epiphyton composition

The percentage composition (expressed as relative abun-
dance) of epiphytic algal communities from day 0 to day
95 are shown in Fig. 4. The relative abundance (RA) of
filamentous cyanobacteria (Anabaena inaequalis and
Lyngbya sp.) in the control treatments increased by day
95. In the snail treatments the overall change in RA of
filamentous cyanobacteria tended to be low, (with
Lyngbya sp. RA increasing and A. inaequalis RA de-
creasing). The RA of coccoid green algae in epiphyton
in the controls showed no trend with time, whereas in the
three snail treatments they initially increased before de-
clining. The RA of green algae with an adnate growth
form (predominantly Coleochaete scutata Breb.), de-
clined in all treatments.

Both the RA and cell densities of the diatom Coc-
coneis placentula Ehr. increased in the snail treatments,
but did not increase in the controls. This resulted in
larger C. placentula population densities in snail treat-
ments than in the controls by the end of the experiment.
Achnanthes minutissima Kutz. increased in all four treat-
ments with there being were no significant differences in
RA between treatments.

Principal component analysis of the epiphyton data
showed two overlapping patterns. Principal components
1 and 2 (explaining 71.7% of the variation), grouped
epiphyte assemblages by time (Fig. 5A), suggesting that
temporal changes accounted for more of the variation in
the data than treatment effects. The algal taxa which had
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Fig. 4. Percentage relative abundance of epiphytic algal taxa
in epiphyton growing on C. demersum under four different graz-
ing regimes over 95 days. C=control treatment, L= L. peregra,
P=P. planorbis, M =mixed species treatments. Species codes:
Fcb=filamentous cyanobacteria, CG=coccal green algae,
Col= Coleochaete spp., C= Cocconeis placentula, A= Achnanthes
minutissima, O = other diatom species

the most influence on principal components 1 and 2 were
coccal and adnate green algae, A. minutissima and
Lyngbya sp. (Fig. 5A). Thus in all treatments the epiphy-
ton was initially dominated by coccal green algae and
Coleochaete spp., whereas towards the end of the expe-
riment, it became dominated by A. minutissima and
Lyngbya sp.

Principal components 3 and 4 explained a further
24.7% of the total variance in the assemblage com-
position data (Fig. 5B) and showed epiphyton assem-
blages grouped by treatment, with the control com-
munities being influenced by Lyngbya and coccal green
algae and the snail treatment assemblages being influ-
enced by Cocconeis. Epiphyton in the L. peregra treat-
ment was most similar to the control epiphyton, with the
epiphyton communities in the P. planorbis and mixed-
snail treatments occurring in the region greatly influ-
enced by Cocconeis-placentula.
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Fig. 5. A Principal component score-scatter diagrams for principal
components 1 and 2. Each point represents a single epiphyte com-
munity, the number by each point is the sample time (days). O Initial
epiphyton, ® control epiphyton, O L. peregra-grazed epiphyton,
A P. planorbis-grazed epiphyton, ¢ epiphyton grazed by mixed-
snail species. Areas of the plot strongly influenced by specific epi-
phyte taxa are indicated. B Principal component score scatter
diagrams for components 3 and 4 (details as 5A)

Epiphyton community indices

Epiphytic algal diversity (H’) (Table 1) in the controls
was higher than the epiphyton diversity (H’) in the snail
treatments (Fys 199 =1.96, P<0.05). In the control treat-
ments the diversity showed an initial increase, and then
declined, whereas in all three snail treatments diversity
declined over the course of the experiment. This pattern
was also shown by the mean number of algal taxa (Ta-
ble 2) (Fys.100=4.15, P<0.001). There were no signifi-
cant trends in equitability of the algal communities with
time (data not shown).

Snail population densities

The population densities of adult Lymnaea peregra in the
L. peregra treatment enclosures fell to zero during the



591

Table 1. Shannon-Wiener diversity indices

. . .7 Date Days Treatment

(H") for algal epiphytic communities grow- :

ing under four different treatments over a Control Lymnaea Planorbis Mixed

period of 116 days in the Lewes Brooks
19.03.87 0 1.65 (0.17) 1.65 (0.17) 1.65 (0.17) 1.65 (0.17)
31.03.87 12 1.79 (0.20) 1.79 (0.13) 1.70 (0.31) 1.60 (0.29)
29.04.87 41 1.85 (0.38) 1.63 (0.45) 1.57 (0.30) 1.37 (0.38)
26.05.87 68 1.66 (0.41) 1.43 (0.25) 1.58 (0.19) 1.34 (0.35)
22.06.87 95 1.42 (0.22) 1.42 (0.25) 1.65 (0.22) 1.45 (0.44)
13.07.87 116 no data 1.59 (0.20) 1.38 (0.49) 1.51 (0.19)
Mean (standard deviation), n=10

Table 2. Mean number of algal taxa in

epiphyton growing under four different Date Days Treatment

treatments over a period of 116 days in Control Lymnaea Planorbis Mixed

the Lewes Brooks
19.03.87 0 7.4 (097) 7.4(0.97) 7.4 (0.97) 7.4 (0.97)
31.03.87 12 93 (1.16) 8.5(1.43) 7.8 (1.55) 6.6 (1.90)
29.04.87 41 10.75 (2.25)  8.5(2.37) 8.4 (2.37) 7.7 (2.41)
26.05.87 68 129 (2.58) 9.8(2.3) 9.6 (1.5) 8.2 (1.99)
22.06.87 95 8.25(1.67) 7.9 (2.38) 8.9 (1.66) 83 (2.5
13.07.87 116 no data 7.0 (1.41) 7.43 (1.40) 6.56 (1.01)

Mean (standard deviation), n= 10

course of the experiment as a result of post-oviposition
mortality (Fig. 6A). Oviposition occurred between late
April and mid-June (days 12-68), and juvenile snails
(approx. 2 mm long) were present by day 68. By day 95,
juvenile (2-5 mm long) numbers had increased and at the
end of the experiment only these juveniles (3-8 mm long)
were present. Juvenile mortality was high; 82% of
juveniles hatched between day 68 and day 95 died be-
tween days 95 and 116.

The population densities of P. planorbis in the P. pla-
norbis treatment enclosures followed a similar pattern to
that of L. peregra (Fig. 6B). Egg masses were not ob-
served until day 41, with juveniles (2 mm shell diameter)
present by day 68. Numbers of juveniles increased with
time, with 86% of individuals hatched between days 68
and 95, dying between days 95 and 116. Surviving
juveniles grew to 6 mm shell diameter by the end of the
experiment. Some adult snails were still present in the
enclosures at the end of the experiment.

In the mixed-snail treatments both L. stagnalis and
L. peregra reproduced in the enclosures (Fig. 7A), with
the adults suffering high mortalities during the latter
period of the experiment. Eggs were present between
days 12 and 95, but it was not possible to assign these to
particular species. Juvenile L. peregra (2 mm long) were
present by day 68, and these grew to about 5 mm long
by the end of the experiment. Juvenile L. stagnalis were
also present by day 68, and grew to about. 10 mm long
by the end of the experiment. Juveniles of both species
suffered high mortality rates. The numbers of adult
Bithynia tentaculata, Physa fontinalis, Planorbis contor-
tus, P. vortex and P. planorbis are shown in Fig. 7B. Only
juvenile P. planorbis were found in the enclosures, the
number of adults of the other species decreasing with
time. Juvenile P. planorbis occurred in the enclosures by

day 95 and the number of juveniles had increased by day
116.

The overall number of snails increased in all three
treatments during the experiment (P <0.001 in all three
cases), with significantly more snails in the mixed-snail
trecatments than the two single-species treatments until
day 41 (P<0.001). However, there were no significant
differences in the total number of snails present in any of
the three treatments containing them by day 116.

Other invertebrates

A range of invertebrates normally encountered in the
Lewes Brooks drainage ditches were present in all the
enclosures (including the controls). These included larvae
of Centroptilum sp. and Caenis sp. (Ephemeroptera),
Limnephilus sp. and Triaenodes sp. (Trichoptera),
chironomid larvae, oligochaete worms, leeches and flat-
worms. Qualitative observations suggested no apparent
differences in the abundance of these taxa between treat-
ments.

Discussion
Interactions between snails and Ceratophyllum

Ceratophyllum demersum grown in the presence of snails
under field conditions was significantly longer and had
more leaf-nodes and growing tips than when grown in
the absence of snails. These results agree with laboratory
studies involving C. demersum and snails (Bronmark
1985; Underwood 1991b), and with observations from
estuarine (Hootsmans and Vermaat 1985; Howard and
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Short 1986) and marine habitats (Coen 1988). Fresh-
water pulmonate snails do not eat healthy C. demersum
but remove epiphyton from its surface (Underwood and
Thomas 1990). An outcome of this association is en-
hanced macrophyte growth. It has been shown in lab-
oratory studies that growth enhancement may be partly
caused by the recycling of nutrients present in material
egested or excreted by the snails (Kairesalo and Kos-
kimies 1987; Mat 1988; Underwood 1991b). This recycl-
ing of nutrients is likely to be important to macrophytes
during summer months when the combined effects of
rapid plant growth and reduced water flow results in
nutrient depletion (Subramaniam 1990). It is likely that
non-rooting submersed plants such as Ceratophyllum will
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show a greater response to nutrients released by grazing
invertebrates than rooted species of macrophyte. This
hypothesis remains to be tested.

It has also been demonstrated that macrophyte
growth can be enhanced due to the removal of potentially
harmful populations of bacteria and competing epiphytic
algae by grazing invertebrates (Rogers and Breen 1981,
1983; Bronmark 1985; Underwood and Thomas 1990;
Underwood 1991a, 1991b; Underwood and Baker
1991). That C. demersum leaves in the treatments con-
taining snails had significantly greater longevity than
comparable leaves on control plants shows that this ef-
fect also occurs under field conditions.



Interactions between snails and bacterial and algal
epiphyton

Because other invertebrates were present in the en-
closures which were potential grazers of epiphyton, epi-
phyton in the control treatments can only be considered
as ungrazed by snails, and not as totally ungrazed. The
lower population densities of epiphytic algae and bac-
teria on Ceratophyllum leaves in the treatments with
snails compared with controls without snails is in agree-
ment with other studies on snail grazing (Kesler 1981;
Cattaneo 1983; Cuker 1983a, b; Jacoby 1985; Cattaneo
and Kalff 1986; Lamberti et al. 1987; Lowe and Hunter
1988 ; Fairchild et al. 1989; Underwood and Thomas
1990). Other invertebrate grazers which were present in
the enclosures may also have influenced the epiphyton.
Many species of Trichoptera and Ephemoptera are
known to be important grazers of epilithon in stream
habitats (Jacoby 1987; Lamberti et al. 1987; Peterson
1987; Hill and Knight 1988), but their importance in
lentic systems is unclear. Grazing by chironomid larvae,
cladocerans, and oligochaetes in lentic habitats would
appear to have little impact on periphyton standing crop
(Mason and Bryant 1975; Cattaneo 1983; Cuker 1983b;
Cattaneo and Kalff 1986) though it may effect epiphyton
species composition. Yet, as significant treatment effects
were found in this experiment, it can be concluded that
freshwater pulmonate snails are important grazers in the
lentic habitat studied.

Nutrient turnover due to snails will have also bene-
fited some epiphytic taxa, e.g. green algae (Fairchild et
al. 1989). The initial increase of coccal green algae under
snail grazed conditions may have been due to this, as well
as to their ability to survive grazing (Porter 1976; van
Aardt and Wolmarans 1981; Underwood and Thomas
1990). Small diatom taxa (ec.g. Cocconeis placentula),
which can both avoid ingestion and survive digestion by
snails (Underwood and Thomas 1990) would also be in
a position to benefit from increased nutrient availability
and reduced competition from larger taxa (Power 1990;
Pringle 1990). These advantages may explain the in-
creases in C. placentula cell densities in the snail treat-
ments.

Changes in epiphyton structure and species com-
position during the experiment can be attributed to suc-
cessional and seasonal changes as well as to differences
in grazing regime. Differences in diversity, mean number
of species and species composition of snail-grazed and
non-snail-grazed epiphyton were less marked than in
similar laboratory-based experiments (Underwood and
Thomas 1990). This could have been due to non-mollus-
can grazing pressure influencing species composition as
well as to the longer time period of this experiment.
Principal component analysis indicated that the greatest
amount of variation in epiphyte communities was due to
temporal changes. These would have included increases
in cyanobacteria during the summer (Cattaneo 1983;
Morin 1986), successional changes in community struc-
ture (Hoagland et al. 1982; Roemer et al. 1984) and in
changes to the nutrient and temperature regimes which
favour cyanobacteria (Tilman et al. 1986).
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The observed patterns of egg laying, adult post-oviposi-
tion mortality, and juvenile growth and mortality agree
with published results on the life cycles of freshwater
pulmonates (Eisenberg 1970; Calow 1978; Gaten 1986;
Lam and Calow 1989). It is known that intra- and inter-
specific competition for food is an important factor in
determining snail densities (Eisenberg 1970; Brown
1982; Lam and Calow 1989; Osenburg 1989). The en-
closures probably provided a set amount of food, and
although final numbers were similar, the age structure
and composition of the snail populations were different.
This may have been due to differences in food preference
and competitive ability between species and between
adults and juveniles of different size classes (Brown 1982;
Thomas et al. 1985; Lodge 1986; Underwood and Tho-
mas 1990; Bronmark et al. 1991).

Conclusions

This experiment demonstrated that freshwater snails can
significantly enhance the growth of C. demersum and
affected epiphyton populations under highly variable
natural conditions. As an increase in macrophyte bio-
mass increases the probability of a plant surviving into
a second season (Arber 1963), such enhancement could
have longer term ecological importance. Increased mac-
rophyte growth will also result in an increased surface
area of epiphyton, upon which snails feed, as well as sites
for shelter and oviposition. There is evidence indicating
that grazed periphyton assemblages are more productive
than ungrazed assemblages (Gregory 1983 ; Jacoby 1987;
Lamberti et al. 1987) and therefore if increased epi-
phyton production compensates for lower algal biomass,
snails may enhance the food resources available to them.
The significant effect that snails can have on epi-
phyton and macrophytes may effect other species of
invertebrate. Strongly interacting grazers can modify the
environment in favour of species whose grazing activities
are not great enough to maintain their own food supply
(Dethier and Duggins 1984; Feminella and Resh 1991).
It is possible that some of the smaller species of snails and
ephemeroptera may benefit from the activities of the
more strongly interacting, pulmonate snail species. This
hypothesis remains to be tested in lentic conditions.
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