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Chapter 1

General introduction

Figure 1.1: Inside bird exclosures in the Lauwersmeer, dense aqua-
tic plant beds dominated by fennel pondweed (Potamogeton pectinatus)
were observed in summer
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1.1 Bird herbivory on aquatic plants

Herbivory is one of the fundamental forces operating in ecosystems and
is therefore a crucial aspect of ecology, as it concerns the direct link be-
tween primary and secondary producers in ecosystems. Although herbi-
vores are ubiquitous, plants are even more so, at least on land, which has
raised the question why the world is mostly green, leaving plants largely
unconsumed. One important reason for greenness may be that herbivores
are controlled by predators giving plants relief (Hairston et al., 1960). An-
other reason may be that plants are not that palatable and very little of it
is actually good as a diet. The relative contribution of both explanations is
still a topic of debate, but in recent years the notion that most plant tissues
are no good diet has gained support (Midgley, 2005; White, 2006). Plants in
aquatic environments contain less structural support tissues than terrestrial
plants and should therefore be a suitable food source to herbivores, which
may explain why herbivore biomass may exceed plant biomass in pelagic
aquatic systems (Cyr and Pace, 1993), and why much of the earth ’s water
is blue instead of green (Pollis, 1999). Apparently, predators cannot always
keep herbivores in check.

Submersed vascular plants, or aquatic macrophytes, descended from ter-
restrial ancestors (Feild et al., 2003) but lack many of the lignin and cellulose
based support tissues that truly terrestrial plants have. They may therefore
be more palatable than their terrestrial counterparts, yet not as attractive
as algae. Nonetheless, since algae are considered far more palatable, her-
bivory on aquatic macrophytes has long been considered negligible (Lodge,
1991). This view has changed and aquatic macrophytes are now consid-
ered an important part of the diet of animals across the taxonomic spectrum
ranging from crayfish (e.g. Cronin, 1998), lepidopterans (Gross et al., 2001),
gastropods (Elger et al., 2007) to fish (e.g. Prejs, 1984; Miller and Crowl, 2006)
and waterfowl (e.g. Anderson and Low, 1976; Søndergaard et al., 1996; No-
let et al., 2001). This thesis deals with the effect of herbivory by waterfowl on
aquatic plants across aggregation levels, ranging from individuals to ecosys-
tems. I ask how herbivore avoidance and tolerance affect populations and
communities of aquatic plants. First I will provide a short treatment of her-
bivory in general.

Although details may differ between plants in terrestrial and aquatic
systems, aquatic plants in principle face the same trouble as their terres-
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trial counterparts: herbivores. Aquatic plants may therefore cope with them
in the same way as terrestrial plants do. The two fundamentally different
strategies that plants may employ when they can not reliably count on her-
bivore predators to eliminate the herbivores, are tolerance and avoidance
(sensu Belsky et al., 1993). Tolerance is the capacity of a plant to regrow af-
ter herbivore damage (Rosenthal and Kotanen, 1994), i.e. the fitness impact
of herbivory is smaller than the amount of tissues consumed. Tolerance can
be especially considerable when tissues are relatively cheap to produce and
are readily replaced. Avoidance on the other hand incurs an investment in
traits that lower not the impact of herbivory, but herbivory itself, such as
chemical or structural defences. Tolerance is not the opposite of avoidance,
as in principle, defended plants may still tolerate certain levels of herbivory.
Nonetheless, a trade-off may exist between tolerance and avoidance, as re-
sistant plants may often be less tolerant (Strauss and Agrawal, 1999). Avoid-
ance may evolve in plants when the fitness benefits exceed the costs (Simms
and Rausher, 1987).

The best known mechanism for plants to avoid herbivory is to defend
by producing less palatable leaves. This can be accomplished by produc-
ing phenolic or alkaloid defence compounds but also structural defences
are common. The acacias of the African Savanna can be very spiny, deter-
ring many generalist herbivores (watch Attenborough, 2002). Many grasses
have silica compounds in the leaves which effectively lower palatability to
rodents (Massey and Hartley, 2006). However, another way to avoid herbi-
vore damage is to escape it. Grasses may keep their costly meristem tissues
away from ungulate grazers (McNaughton, 1979) and goldenrod (Solidago
altissima) stems may hide themselves from insect herbivores by temporarily
developing a “candy cane” morphology, reportedly lowering attack chances
(Wise and Abrahamson, 2008). Bulbs of desert lilies subject to herbivory by
dorca ’s gazelles were found to be buried deeper, hence reducing damage
to it by the gazelles (Saltz and Ward, 2000). A similar escape strategy was
hypothesized for the tubers of fennel pondweed in response to predation
by Bewick ’s swans (Santamarı́a and Rodrı́guez-Gı́rones, 2002). I will delve
into the details of this phenomenon later.

Irrespective of the type of avoidance plants exhibit, such strategy can be
phenotypically plastic or structural. The first mode involves some environ-
mental trigger (in this case herbivory) after which plants start to invest more
in defences, also known as inducible defences. Many examples are known
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of inducible defences in plants (e.g. Agrawal, 1999; Pavia and Toth, 2000;
van der Stap et al., 2007). The advantage of having inducible defences is
that resources can be used for other purposes such as growth or reproduc-
tion when enemies are absent. A trade-off must exist between growth and
defence in plants (Herms and Mattson, 1992), selecting for the inducibil-
ity of defences. On the other hand, there are costs related to maintaining
phenotypic plasticity. Such costs are notoriously hard to show experimen-
tally but there is evidence supporting it (see Agrawal et al., 2002; Relyea,
2002). Plant species also harbour considerable genetic variation for certain
traits, meaning that certain genotypes may be more adapted to herbivory
than others. They may likewise be phenotypically plastic but their norms
of reaction, the range of phenotypes expressed under variable environmen-
tal conditions, may be different. For example, a certain concentration of a
defence compound in leaves of a plant may be an intermediate expression
for genotype A whereas it may be an extreme expression for genotype B. If
the optimal defence is an even higher concentration of the this compound,
A may still react whereas B remains suboptimal. Hence, natural selection
may change the genotypic composition of a population irrespective of whe-
ther traits are phenotypically plastic. Naturally, under continuing herbivore
pressure, populations may change in their genetic composition towards a
population that is more defended (e.g. Prittinen et al., 2006; Arany et al.,
2009).

There is a limit to what a single species can accomplish in terms of cop-
ing with herbivory, although the extent of both phenotypic plasticity or
genotypic adaptive variation may vary greatly between species. Hence,
herbivory may differentially affect species and thereby change the rules of
competition among plant species. One of the reasons why plant communi-
ties may change under herbivory is again the supposed trade-off between
growth and defence (Herms and Mattson, 1992). The trade-off implies that
resources can only be spent once. A plant can either invest in growth, and
therewith often competitive strength, or in defence. Wright and colleagues
(2004) showed that fast growing species must have a high photosynthetic ca-
pacity and a high protein concentration (e.g. rubisco) in their leaves. Such
plants are inherently more palatable than slow growers that invest in leaf
longevity including defence compounds. Therefore, facing generalist her-
bivores, fast growing palatable species may decline while more defended,
slow growing species may then increase in dominance.
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A second important trade-off may exist between colonizing abilities and
growth (Tilman, 1994; Lehman and Tilman, 1997). In the famous Cedar
Creek experiment Tilman 1994 observed coexistence of inferior and dom-
inant competitors, although a monoculture of the dominant was never in-
vaded by subordinate competitors. Tilman explained this observation stat-
ing that space matters and that subordinate competitors must be superior
colonizers. Such plants simply arrive earlier at an empty colonizable patch.
Although this trade-off may not be relevant when herbivores exploit plants
while leaving them alive, in the case of whole plant or propagule consump-
tion herbivory may favour superior colonizers. Such may be the case when
seeds are predated or belowground tubers are dug up. For instance, in
shallow lakes, pondweed tubers are consumed by migratory swans (An-
derson and Low, 1976; Beekman et al., 1991), leaving empty patches behind
(Klaassen and Nolet, 2008). It is therefore important to think of the identity
of herbivores in terms of what they do to plants, and of the life-history stage
of the plants under attack.

The impact of herbivory on plant biomass and community composition
has been studied extensively and is relatively well-understood in for in-
stance grasslands. Vertebrate herbivory can fundamentally affect species
composition and diversity, where both positive and negative diversity ef-
fects can largely be explained in terms of nutrient availability and herbi-
vore identity (see Olff and Ritchie, 1998; Bakker et al., 2006). To date, it
is unknown how herbivore identity and nutrient availability (trophic sta-
tus) modulate herbivory effects in aquatic vegetation. In shallow lakes con-
trasting results have been obtained, and the mechanisms underpinning her-
bivory effects on community composition are not very well understood.
Most available studies report an increase of more palatable species inside
exclosures relative to control plots (Santamarı́a, 2002; Rodrı́guez-Villafañe
et al., 2007; van de Haterd and ter Heerdt, 2007). Studies on the commu-
nity effects of belowground herbivory by waterfowl outside the growing
season are also rare. In a study of ponds in Alberta, Canada, LaMontagne
and colleagues (2003) reported an increase of Myriophyllum exalbescens and
Potamogeton zosteriformis where trumpeter swans Cygnus buccinator foraged
on the tubers of the dominant Potamogeton pectinatus. Tubers of the same
species were targeted by Bewick ’s swans in Lake Krankesjön in Southern
Sweden (Sandsten and Klaassen, 2008). Contrastingly, here competing per-
foliate pondweed Potamogeton perfoliatus was more damaged through swan
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foraging on P. pectinatus tubers than P. pectinatus itself, increasing domi-
nance of the foraged species. P. perfoliatus rhizomes were apparently dam-
aged through swan grubbing whereas enough P. pectinatus tubers remained
to compensate in spring.

How avian herbivory regulates aquatic plant biomass and species com-
position is of great importance to the understanding of shallow lake func-
tioning. The presence of aquatic vegetation may greatly ameliorate water
quality, but some species do so more than others (c.f. van den Berg et al.,
1999). It is important to note that herbivores may have a strong impact on
competition between aquatic macrophytes, since herbivores may change the
optimal allocation to colonization ability and defence traits in plants. The
fundamental principles of competition between plant species and the trade-
offs involved may not differ fundamentally from terrestrial plant commu-
nities, yet there are at least two considerable differences. First, competition
may involve periphyton, algae growing on macrophyte leave surfaces, an-
noyingly intercepting light and inorganic carbon. Second, aquatic plants
not only share common sediment to extract nutrients from, they also share
a common water column. This is relevant since diffusion is 10,000 times
slower in water than in air, so aquatic plants may deplete inorganic carbon
(both CO2 and HCO−

3 ) for photosynthesis in their immediate environment
(Maberly and Spence, 1983; Prins and Elzenga, 1989). Most macrophyte spe-
cies rely for their inorganic carbon acquisition completely on the water col-
umn.

Inorganic carbon is considered to be a substrate that can be the basis for
alternative equilibria in shallow lakes (van Nes et al., 2003). These alterna-
tive equilibria in turn depend on the initial densities in spring and these may
be regulated through avian herbivory. Charophytes are thought to be supe-
rior competitors for inorganic carbon (van den Berg et al., 2002), but their
uptake depends on light availability. Pondweeds are better competitors for
light, as they may develop extensive canopies at the water surface whereas
Chara stays closer to the bottom (van den Berg et al., 2002). So the outcome
of competition may depend on the densities of these taxa, both in terms of
propagule density at the start of the growing season and in terms of plant
biomass during growth (c.f. van Nes et al., 2003). Importantly, charophy-
tes increase water transparency considerably, and this may fundamentally
change foodweb relations and affiliated species composition at all trophic
levels (Scheffer et al., 1993b). These species are therefore typical examples
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Figure 1.2: The annual cycle of the clonal plant fennel pondweed (Po-
tamogeton pectinatus) in temperate shallow lakes; In the shallow lake
Lauwersmeer in the Netherlands where much of the research was
done, aboveground biomass in summer is foraged upon by mallards
(Anas platyrhynchos), coots (Fulica atra) and mute swans (Cygnus olor)
whereas tubers are eaten in early winter by Bewick ’s swans (Cygnus
columbianus bewickii). P. pectinatus drawings adapted from van Wijk
(1988)

of ecosystem engineers. When the two genera Potamogeton and Chara coex-
ist in the same water body they are mostly restricted to their own patches
(Scheffer et al., 1994). Belowground herbivory on P. pectinatus tubers and
Chara aspera propagules (bulbils) may be to the advantage of Chara that has
an enormous colonization potential as it produces innumerable spores and
bulbils (van den Berg et al., 2001). If competition between Chara and Potamo-
geton indeed has a density dependent outcome, belowground herbivory by
swans may accelerate a shift from Potamogeton dominance towards Chara
dominance. So ultimately, competition which may be influenced by bird
herbivory can induce alternative equilibria in shallow lakes.

This thesis is split in two main chapters. Chapter 2 (page 17) deals with
individual aquatic plants, in this case Potamogeton pectinatus, and how it
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Figure 1.3: The shallow lake Lauwersmeer and its location in the
Netherlands. Bird exclosures in the branch ”de Babbelaar” played a
pivotal role in this thesis. Their position is indicated.

responds to herbivory. I will treat belowground herbivory by Bewick ’s
swans in winter and aboveground herbivory by other waterfowl (Fig. 1.2).
In chapter 3 (page 73) I will treat in more detail what the effect of avian
herbivory can be at the level of the community, both belowground and
aboveground. In addition I will assume that herbivory may change the rel-
ative presence of two common macrophyte species and take a look at direct
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competition between two macrophyte species that may significantly affect
ecosystem state. Below I’ll provide a very brief introduction to the chapters,
all a result of collective effort, so studies that WE did.

- In chapter 2.1 (page 19) we will extend upon the idea formulated by
Santamarı́a and Rodrı́guez-Gı́rones (2002) that the burial depth of fen-
nel pondweed tubers represents a trade off between growth and her-
bivore avoidance. We compare tuber depth in wetlands exposed to
different intensities of tuber predation by swans. In addition we com-
pare tuber depth distribution in the Lauwersmeer, for which we have
both recent and historical data collected by Beekman et al. (1991) from
a time when tuber predation by swans had just started. A common
garden experiment performed with clonal lines from our compared
wetlands is briefly discussed in box 1.

- In chapter 2.2 (page 45) we tested the same idea experimentally by
building an exclosure experiment, in which we factorially excluded
both belowground tuber predation by Bewick ’s swans and herbivory
by other waterfowl in summer. We measured tuber depth over a pe-
riod of four years in all treatments to find out whether the trade-off
between growth and avoidance would result in shallow tubers in the
absence of tuber predation.

- In chapter 2.3 (page 51) we look at the effect of summer and winter
herbivores on the aboveground biomass of P. pectinatus in summer
and the tuber biomass in winter in the Lauwersmeer exclosure study.
Our goal is to see to what extent plants may tolerate herbivory and
how this is influenced by herbivore timing, and ultimately, how her-
bivores in summer and winter compete with each other for the same
food source. An analysis of “background mortality” of tubers in win-
ter is discussed in box 2.

- In chapter 3.1 (page 75) we look at the effect of avian herbivory on the
community composition of aquatic plants in the Lauwersmeer exclo-
sure experiment. Do above- and belowground herbivory create op-
portunities for different aquatic plant species?

- In chapter 3.2 (page 93) we constructed exclosures separating above-
and belowground herbivory in a Baltic estuary in Estonia. Here, the
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water was less eutrophic and the species composition was dominated
by Chara. We investigate to what extent the here dominating charo-
phytes and the subordinate P. pectinatus tolerate avian herbivory.

- In chapter 3.3 (page 107) we look deeper into the competition between
Chara and P. pectinatus . We ask whether bicarbonate is an important
substrate for these plants to compete on, and how initial densities of
both plants impact on the outcome of competition.

Figure 1.4: On our field trips to Estonia we used state of the art pre-
drying techniques of aquatic plant material before we put it in the
stove at 60°C for the finishing touch





Chapter 2

Population responses to herbivory

Figure 2.1: Deep burial of pondweed tubers in the sediment may rep-
resent an escape strategy to tuber predation by Bewick ’s swans (Chap-
ters 2.1 and 2.2). To determine tuber depth we collected sediment cores
and sliced them in 5 cm fractions. Photos by David Roshier





2.1 Burial depth distribution of fennel pondweed
tubers (Potamogeton pectinatus) in relation to
foraging by Bewick’s swans

Bert Hidding, Bart A. Nolet, Mennobart R. van Eerden, Matthieu
Guillemain and Marcel Klaassen. Aquatic Botany (2009) 90:321-327

Abstract

Deep burial in the sediment of tubers of fennel pondweed (Potamoge-
ton pectinatus) has been explained in terms of avoidance by escape against
consumption by Bewick’s swans (Cygnus columbianus bewickii) in autumn.
We therefore expected changes in foraging pressure to ultimately result in
a change in the tuber distribution across sediment depth. A trade-off un-
derlies this idea: deep tubers are less accessible to swans but must be larger
to meet the higher energy demands of sprouting in spring. To test this pre-
diction, we compared tuber burial depth over a gradient of foraging pres-
sure both across space and across time. Tuber samples were obtained after
aboveground plant senescence but before arrival of Bewick’s swans. First,
we compared the current tuber bank depth profile in a shallow lake with
high foraging pressure, the Lauwersmeer, with that in two wetlands with
moderate and low foraging pressure. Second, we compared the current tu-
ber burial in the Lauwersmeer with that in the early 1980s when exploita-
tion by swans had just started there. In accordance with our hypothesis,
we found significantly deeper burial of tubers under high consumption risk
compared to low consumption risk, both when comparing sites and com-
paring time periods. Since tubers in effect only survive to the next spring,
the observed differences in burial depth among sites and over time cannot
be a direct result of tuber losses due to consumption by swans. Rather, these
observations suggest adaptive responses in tuber burial related to foraging
pressure from Bewick’s swans in the recent past. We thus propose that fen-
nel pondweed exhibits flexible avoidance by escape, of a kind rarely descri-
bed for plants, where both phenotypic plasticity and genotype sorting may
contribute to the observed differences in tuber burial.
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Introduction

Avoidance and tolerance are the two contrasting strategies that plants
may adopt in their interaction with herbivores. Tolerance is the capacity
of a plant to maintain its fitness through growth and reproduction after
sustaining herbivore damage (Rosenthal and Kotanen, 1994). If the benefits
in terms of fitness exceed the associated costs of avoidance, anti-herbivore
traits may evolve in plants (Janzen, 1973; Simms and Rausher, 1987; Jokela
et al., 2000). One way to avoid is to defend, by developing mechanical or
chemical protection, which is common not only in terrestrial but also in
aquatic plants (Elger et al., 2004). A wholly different, and in plants less
studied strategy, is avoidance by escape (sensu Belsky et al., 1993). Grasses
for instance, which may often be tolerant to herbivory on leaves, keep
their costly meristem tissues well hidden from browsing ungulates (Mc-
Naughton, 1979). A remarkable example of avoidance by escape in plants
was encountered in the Negev desert in Israel, where bulbs of lilies exhibit
greater downward growth in the presence than in the absence of dorcas
gazelles (Ward and Saltz, 1994; Saltz and Ward, 2000).

The aquatic macrophyte Potamogeton pectinatus L. (fennel pondweed),
which overwinters mostly by means of subterranean tubers may resem-
ble the latter example. In the shallow lake Lauwersmeer, after senescence
of roots and shoots, Bewick’s swans (Cygnus columbianus bewickii Yarrell)
utilise the subterranean tubers while migrating in autumn to their winter-
ing areas (Beekman et al., 1991; Nolet et al., 2001). Deep burial of pondweed
tubers has been shown to reduce the magnitude of tuber consumption by
swans (Santamarı́a and Rodrı́guez-Gı́rones, 2002). Using an optimisation
model, these authors suggested that the optimal combination of depth and
size of a tuber in the sediment shifts towards larger and deeper buried tu-
bers under increased foraging pressure.

Subterranean tubers are produced afresh each growing season, but only
very few of these propagules survive another summer while dormant (cf.
van Wijk, 1988). In order to obtain the tubers, swans trample with their legs
therewith creating craters in the sediment. They then filter the energy-rich
tubers from the sediment through their bills. The swans can reach down to a
depth of c. 85 cm below the water surface (Owen and Cadbury, 1975; Nolet
et al., 2006a). P. pectinatus may also produce axillary (aboveground) turions,
which are much smaller than tubers (van Wijk, 1989; Kantrud, 1990) and are
thought to mostly contribute to vegetative dispersal. They are unlikely to
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be consumed by Bewick’s swans in large numbers as they are both rare in
the sediment and too small to be detected by foraging swans (Hangelbroek,
2004).

Size and depth are inevitably linked for the optimal tuber, as the chance
of successful sprouting (i.e. reaching the sediment surface in spring) de-
creases with burial depth for a tuber of a given size (Santamaria and Ro-
driguez - Girones 2002). A positive relationship between burial depth and
size of P. pectinatus tubers is therefore expected and is indeed found in the
field. Hence, deep burial of tubers imposes an extra cost; a trade-off ex-
ists between sprouting success and risks related to shallow burial, notably
consumption by swans. Alternatively, in certain wetlands tubers run a risk
of desiccation in shallow sediment due to water level drawdowns to the
sediment surface (c.f. Kantrud, 1990). Since the trait tuber size is variable
and both genetically determined and phenotypically plastic (Hangelbroek
and Santamarı́a, 2004), the same may be true for tuber depth. A genetic
component to tuber burial depth was indeed found (Hangelbroek, 2004).
Therefore, if either the gene pool of the (meta-) population or the plasticity
of individuals holds the potential to change the depth allocation of tubers,
this may indeed happen when foraging pressure on a population changes.

Following predictions from the optimisation model of Santamarı́a and
Rodrı́guez-Gironés (2002), we test the hypothesis that P. pectinatus responds
to tuber foraging by putting a higher proportion of tubers in deep sedi-
ment layers than under low foraging pressure. To this end, we compared
proportional allocation of tubers to sediment depth between permanently
submersed sites experiencing (1) heavy exploitation by Bewick’s swans (the
Lauwersmeer), (2) moderate swan foraging Lake Peipsi, Estonia) and (3)
hardly any swan foraging (Camargue, France). In addition, we compared
proportional allocation of tubers over a sediment depth profile in the Lauw-
ersmeer as measured after 6 years, 8 years and 30 years of tuber foraging by
Bewick’s swans.

Study sites

The Lauwersmeer - high foraging pressure

The Lauwersmeer in the Netherlands (2100 ha, 53◦ 22’ N, 06◦ 13’ E) is a
former bay of the Wadden Sea that turned into a freshwater lake after its em-
bankment in 1969. The water level in the lake may exhibit fluctuations with
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Figure 2.2: The number of swan days (swan days = the sum of daily
swan counts) spent on tuber foraging in the autumn of each year in the
Lauwersmeer since its embankment in 1969 until 2003, the last year
swans visited the lake before sampling in 2004. Data from 1969 - 1979
based on interpolated swan counts (performed at least once a month:
Prop and van Eerden 1981; J. Prop, personal communication), Swan
counts 1980 - 1989 according to Beekman et al. (1991), and 1995 - 1998
own unpublished data. Data from 2002 and 2003 for the whole lake
(LM) were extrapolated from swan days in Lauwersmeer branch ”de
Babbelaar” (BBL; Nolet et al., 2006b; LM = 2.706 e 0.767∗BBL, R2 = 0.737,
n= 8).

an amplitude of about 0.5 m, but corrections towards target level are usually
attained within days through sluice drainage (data from Water Board No-
orderzijlvest). The first stands of P. pectinatus appeared around 1972 (Pot,
1981; Beekman et al., 1991). The first Bewick’s swans arrived in the Lauw-
ersmeer area in 1973 only a year after P. pectinatus established. Substantial
numbers of Bewick’s swans appeared from the autumn of 1977 onward (Fig.
2.2), when 18, 000 bird days were recorded on the lake (bird days = the sum
of daily bird counts or an estimate of it based on interpolation) (Prop and
van Eerden, 1981, Prop, personal communication). The swans, migrating
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in the autumn from the Russian Arctic to wintering areas around the North
Sea (Fig. 2.3), usually arrive in the Lauwersmeer area in October. Here,
depending largely on the available tuber stock, between 700 and 6500 in-
dividuals simultaneously feed on P. pectinatus tubers in the shallow areas
with a water depth down to 70 cm, before they switch to sugar beet harvest
leftovers and grass (Beekman et al., 1991; Nolet et al., 2002). The total time
spent on tuber foraging in the Lauwersmeer is typically short, as after 2-4
weeks of massive swan presence numbers quickly drop, reducing the initial
tuber biomass density of 30.3 g m−2 ± 4.7 SE dry weight to a low 13.3 g
m−2 ± 1.4 SE dry weight, N = 8 years; (Nolet et al., 2006b). In summer, the
P. pectinatus dominated macrophyte beds in the Lauwersmeer are exploited
mainly by coots (Fulica atra L.), mallards (Anas platyrhynchos L.) and mute
swans (Cygnus olor Gmelin) (Santamarı́a, 2002)

Lake Peipsi - intermediate foraging pressure

Lake Peipsi (3555 km2, 58◦ 41’ N, 27◦ 28’ E) is a large eutrophic fresh-
water lake at the border between Russia and Estonia. Lake Peipsi sensu
stricto forms the Northern basin of the larger lake Peipsi-Pihkva (“Chudsko
- Pskovskoye ozero” in Russian; Nõges et al., 1996). The shores of the lake
form an important stop-over site for Bewick’s swans and whooper swans
(Cygnus cygnus L.) on their southwest bound autumn migration, where the
birds may stay for two weeks on average (Luigujõe et al., 1996). The swans
forage on the tubers of P. pectinatus and probably also on the rhizomes of the
similarly abundant Potamogeton perfoliatus L. (perfoliate pondweed). The
water level of Lake Peipsi exhibits distinct rhythmic fluctuations with mul-
tiple cycles varying in period from a few years to a few decades (Jaani, 1996;
Tavast and Raukas, 2002). Due to these cycles causing water level differ-
ences up to one meter between consecutive years, accessibility of tubers to
swans may vary drastically among years. Whereas thousands of birds may
visit the lake in favourable years (Luigujõe et al., 1996), Bewick’s swans have
been observed to largely skip Lake Peipsi on their autumn migration when
the water level is too high, for example in 1998 (Beekman et al., 2002) and
2004 (Luigujõe, pers. comm.).
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1

3

2

Figure 2.3: Map of Europe with the main staging areas of the Bewick’s
swans indicated in dark grey (adapted from Rees et al., 1997). The
migration route of the swans from the breeding areas in the Russian
Arctic to their winter staging areas in North-West Europe is indicated
as well as the locations where samples of P. pectinatus tubers were
taken: 1. Lake Peipsi, Estonia, 2. The Lauwersmeer, the Netherlands,
3. The Camargue, France.
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The Camargue - low foraging pressure

The Camargue, France, 43◦ 32’ N, 4◦ 30’ E, is the delta of the river
Rhône, consisting of wetlands varying in salinity and water level (Mathevet
and Tamisier, 2002). The Camargue is an important wetland for wintering
ducks, but below-ground herbivory by Bewick’s swans is rare because only
few individuals winter in the area. A small flock of Bewick’s swans has
been reported to winter in the Camargue region since the late 1960s (Cramp
et al., 1977; Rees et al., 1997). The maximum number recorded to date was
160 individuals in December 1997. In other years, maximum numbers var-
ied between 36 in January 1996 and 84 in January 1997 (Kayser et al., 2003).
These swans were seen mainly in the marshes and rarely if ever in the Etang
de Vaccarès (13,000 ha) where tuber samples were taken. Limited numbers
of pochards (Aythya ferina L.) have been observed to feed on tubers of P.
pectinatus in the Camargue’s marshes but these birds used the Etang de
Vaccars mostly as a day roost (Tamisier and Dehorter, 1999).

Methods

Sampling

P. pectinatus tubers were sampled in September 2004 at sites in the Lauw-
ersmeer (Rilveld) and Lake Peipsi (a shore near the village of Kodavere) be-
fore the arrival of Bewick’s swans, and in January 2004 in the Camargue
(Etang de Vaccarès; Table 2.1). At the time of sampling, locations in the
Lauwersmeer and the Camargue had a water depth between 0.4 and 0.6
m, suitable for swan foraging. The Lake Peipsi site was sampled in a pe-
riod of relatively high water with a water depth of 1.0 m. None of these
sites experience regular water level drawdowns to the sediment surface.
We used Perspex corers with a diameter of 70 mm. Minimum length of the
obtained cores was 350 mm (tuber biomass below 300 mm sediment depth
is negligible (Santamarı́a and Rodrı́guez-Gı́rones, 2002)). Cores were sliced
into segments of 50 mm starting with the top layer (hereafter designated
by their mean depths in millimetres, 25 mm, 75 mm etc.). For each sed-
iment layer, segments from twelve cores were collectively put through a
sieve with mesh size 3 mm. Tubers were put in zip-lock plastic bags and
stored at 5 °C on the same day. Intact tubers were enumerated and fresh
mass was measured to the nearest 0.1 mg. Tubers were then dried for 48
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hours at 60 °C. Total dry mass was pooled per depth layer per twelve cores.
Tubers that had been damaged during sampling were not enumerated but
were included in the assessment of dry mass tuber density. Rare tubers (<
1%) that had been produced a year before, recognisable by their greyish
appearance were completely discarded since their depth could have been
altered by swan foraging activities.

Sediment

For each twelve collected cores from the tuber beds a thirteenth core was
obtained to sample the sediment. These cores were sliced into segments
with a length of 50 mm, similar to the tuber sampling protocol. On the
second and the fifth (75 mm and 225 mm sediment depth respectively) seg-
ment granulometric Malvern analyses were performed to obtain a measure
of sediment particle sizes. Sediment characteristics are both indicative for
the nutrient content of the sediment (Hangelbroek et al., 2003) and for the
permeability to trampling waterfowl (Nolet et al., 2001).

Historical data from the Lauwersmeer

Historical data had been gathered somewhat differently. In 1980, 71
cores of sediment were obtained in the Lauwersmeer branch Rilveld. The
core samplers had a diameter of 70 mm, 100 mm or 150 mm. The cores had a
length of 200 mm and were sliced in two segments of 100 mm and sieved (1
mm mesh size). Tubers were collected for the two depth layers separately.
In 1982 three plots (10m × 50m) were established at the same location by
one of the authors (M.R.v.E.). From each plot 16 cores were obtained (diam-
eter 75 mm, length 300 mm). Cores were sliced in three segments of 100 mm
each. Tubers were enumerated per depth layer per plot. Dry weight of the
tubers was assessed per plot.

Statistical analyses

A comparison between burial patterns of the investigated sites Lauw-
ersmeer, Lake Peipsi and Camargue was based on the proportional alloca-
tion of tubers to depth. Proportional allocation is hence defined as the num-
ber of tubers at a given depth layer divided by the total number of tubers
found at a site. A χ2 test was used to test for significant difference over the
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entire depth range. The samples from 200 to 350 mm were pooled per loca-
tion because tuber numbers at these depths were often too low for proper χ2

estimation. The difference in proportional allocation for the three locations
was thus studied using a 3 × 5 (site × depth) contingency table. To specify
at what depths differences in allocation were prominent, contingency tables
were subdivided (Zar, 1998). Probabilities were calculated for the tubers at
each depth compared to all remaining tubers at the other depths and both
the other locations individually in 15 2× 2 (site× depth) contingency tables
using χ2 statistics with Yates continuity correction. A sequential Bonfer-
roni correction for multiple comparisons (Rice, 1989) was applied to the test
statistics afterwards (α/(1 + k− i)), where α is the significance level, k is the
number of tests and i is the subtest ranking according to its p-value).

Both in 1980 and 1982 tubers were collected from depth segments of 100
mm. We compared tuber numbers from the 1980 data (0-100 mm and 100-
200 mm sediment depth) with the same segments from 1982 and with the
2004 data by pooling samples of 25 mm and 75 mm (i.e. 0 -100 mm) and
those of 125 mm and 175 mm (i.e. 100-200 mm). Significance of the dif-
ferences in proportional distribution over depth between the five datasets
was tested again with a χ2 test on a 2 × 5 (depth × site) contingency table.
Each 2004 site and the 1982 site was also individually compared with the
Lauwersmeer 1980 dataset yielding four 2 × 2 contingency tables on which
χ2 statistics were applied with a Yates continuity correction. A sequential
Bonferroni correction was again applied. A similar analysis was performed
in which the three sediment sections from 1982 were compared with the cor-
responding pooled 2004 fractions (0-100 mm, 100 - 200 mm, 200 - 300 mm)
in the Lauwersmeer, Camargue and Peipsi. Statistical procedures for the 3
× 4 (depth× site) contingency table were identical to those described above
including subdivision into 2 × 2 tables.

Sediment characteristics of sampling sites within wetlands were descri-
bed using a principal component analysis (PCA). The Malvern analysis of
sediment texture yielded percentage data per sediment particle size class
(seven categories). As all factors added up to 100%, the category contain-
ing the largest sediment particle sizes was omitted (coarse sand, 0.5 - 1.0
mm) in the PCA. Therefore, per sampling core the two analysed samples
(75 mm and 225 mm depth) resulted in 12 active variables. The fractions silt
(<62.5 µm) and sand (>62.5 µm) comprising three Malvern categories were
included as supplementary variables.
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Results

The three wetlands

The proportional depth allocation of tuber number differed substantially
between the Lauwersmeer, Lake Peipsi and the Camargue in 2004 (Fig. 2.4;
χ2 = 55.08, df = 8, p< 0.001). Tubers had a relatively shallow depth distribu-
tion in the Camargue compared to the Lauwersmeer and Lake Peipsi. Dif-
ferences in tuber number proportions were especially manifest in the upper
two sediment samples (0 - 100 mm; Table 2.2). In the Lauwersmeer 2004 a
much smaller allocation of tubers was found above 100 mm sediment depth
than in the Camargue. In the Camargue the largest allocation of tubers was
found at 75 mm, which is significantly larger than at Lake Peipsi and the
Lauwersmeer at this depth. Proportional allocation of tubers reached its
maximum at 125 mm for the Lauwersmeer location, being larger than in the
Camargue and Lake Peipsi, although this difference was only marginally
significant after Bonferroni correction. The overall depth allocation of the
tubers in Lake Peipsi was significantly different from the Lauwersmeer (Ta-
ble 2.2). However, no significant difference was found for specific tuber
depths. The larger allocation of tubers to the shallowest sediment layer in
Lake Peipsi was marginally significant (Table 2.2).

Sediment

The PCA resulted in a clear distinction between the three locations (Fig.
4). The first principal component accounting for 60 % of the variation was
a close descriptor of the mean silt content of the sediment (correlation co-
efficient 0.92). A negative correlation coefficient was comparably high for
the sand fraction of the sediment (-0.92). The second factor covering 21.9 %
had the strongest (negative) correlation with the proportion very fine sand (-
0.76 at 75 mm and -0.84 at 225 mm, particle fraction 62.5 µm - 125 µm). Lake
Peipsi had the sandiest sediments of the three locations, with a negligible
silt fraction (Table 2.1, Fig. 2.5). The Camargue sediments had the highest
silt fraction of the three locations. The Lauwersmeer sediments were rich in
silt and very fine sand.
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Camargue
Depth χ2 df uncorr rank Bonferroni

p corr. p
Lauwersmeer all 47.6222 4 0.0000 1 0.0000

25 11.0705 1 0.0009 3 0.0114
75 23.2111 1 0.0000 1 0.0000

125 7.6655 1 0.0056 5 0.0619
175 5.6832 1 0.0171 10 0.1028

>200 6.5721 1 0.0104 9 0.0725

Peipsi
Depth χ2 df uncorr rank Bonferroni

p corr. p
Lauwersmeer all 14.3313 4 0.0063 3 0.0063

25 7.6167 1 0.0058 6 0.0578
75 0.4955 1 0.4815 11 2.4075

125 7.8878 1 0.005 4 0.0597
175 0.0997 1 0.7521 13 2.2563

>200 0.0525 1 0.8188 14 1.6376

Peipsi
Depth χ2 df uncorr rank Bonferroni

p corr. p
Camargue all 24.4651 4 0.0001 2 0.0001

25 0.2287 1 0.6325 12 2.5300
75 3.2624 1 0.0003 2 0.0038

125 0.0253 1 0.8735 15 0.8735
175 6.6166 1 0.0101 8 0.0808

>200 7.4038 1 0.0065 7 0.0586

Table 2.2: Individual comparisons between the sites are given for all
depths and per depth layer. A Yates continuity correction was applied
to all χ2 tests on 2 × 2 contingency tables (df = 1).
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Figure 2.4: The proportional allocation of the total number of P. pect-
inatus tubers (indicated by n) to the separate sediment layers for the
Lauwersmeer 2004 (heavy tuber foraging by Bewick’s swans), Lake
Peipsi (intermediate tuber foraging by swans) and the Camargue 2004
(negligible tuber foraging by Bewick’s swans). Depth values represent
the median depth of 50 mm sediment fractions. Significant differences
in proportional allocation (p < 0.05) between two sites are depicted
with a letter representing the compared site if applicable (P = Peipsi, C
= Camargue, L = Lauwersmeer).

Historical data

Whole table analyses of the comparison of proportional depth allocation
yielded highly significant results in the historical comparisons in the Lauw-
ersmeer for both 1980 (χ2 = 64.69, df = 4, p< 0.001) and 1982 (χ2 = 58.33, df =
6, p < 0.001). The proportion of deep tubers was larger in 2004 than in 1980
and 1982. When considering solely the tubers down to a depth of 200 mm,
allocation of tuber numbers was 60% at 0-100 mm and 40% at 100-200 mm in
1980 (n=341). In 1982 49% of the tubers was found from 0 - 100 mm. At the
same location in 2004 (n=181), only 26% were found in the shallowest seg-
ment. Both in 1982 and 2004, the proportional allocation was significantly
different from the 1980 pattern (Table 2.3, Fig. 2.6a). Comparing the Lauw-
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Figure 2.5: Factor coordinates of the cases (sampling plots at sites)
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a PCA on the proportional contribution of particle size classes to sedi-
ment composition. The analysis is based on seven particle classes sam-
pled at 75 mm and 225 mm resulting in 12 active variables. Factor 1
covers 59.7 % of the variance and factor 2 covers 21.9 %.

ersmeer 1982 and 2004 data, a larger proportion of tubers was allocated to
shallow sediment in 1982 (Fig. 2.6b).

We also compared historical data from the Lauwersmeer with current
burial patterns in Lake Peipsi and the Camargue. In Lake Peipsi, the alloca-
tion to the upper sediment layer was slightly less than in the Lauwersmeer
in 1980. 41% was positioned from 0 - 100 mm and 59% from 100 to 200
mm. In contrast, a comparison between the proportional allocation of tu-
bers in Camargue (n=87; 64% at 0-100 mm, 36% at 100-200 mm) and the
Lauwersmeer 1980 turned out non-significant. Shallow burial in the Lauw-
ersmeer in 1982 was not as pronounced as in the Camargue 2004 and dif-
fered significantly from it (Table 2.3). No significant difference was found
between the Lauwersmeer 1982 and Lake Peipsi 2004.
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Lauwersmeer 1980
Depth χ2 df uncorr rank Bonferroni

p corr. p
Lauwersmeer 1982 all 9.6409 1 0.0019 3 0.0038
Lauwersmeer 2004 all 52.0388 1 0.0000 1 0.0000
Camargue 2004 all 0.4914 1 0.4833 4 0.4833
Peipsi 2004 all 10.9122 1 0.0010 2 0.0029

Lauwersmeer 1982
Depth χ2 df uncorr rank Bonferroni

p corr. p
Lauwersmeer 2004 all 34.0485 2 0.0000 1 0.0000

50 33.121 1 0.0000 1 0.0000
150 22.8731 1 0.0000 2 0.0000
250 1.7807 1 0.1821 8 0.3642

Camargue 2004 all 14.3452 2 0.0008 2 0.0015

50 10.7041 1 0.0011 3 0.0075
150 3.342 1 0.0675 6 0.2701
250 5.7184 1 0.0168 4 0.1007

Peipsi 2004 all 5.6348 2 0.0598 3 0.0598

50 3.8475 1 0.0498 5 0.2491
150 0.8431 1 0.3585 9 0.3585
250 2.4701 1 0.1160 7 0.3480

Table 2.3: χ2 tests for within table comparisons with consecutive Bon-
ferroni correction for the comparison of historical and modern depth
distribution data of tuber numbers. Individual comparisons between
the sites and years are given for all depths and per depth layer. A Yates
continuity correction was applied to all χ2 tests on 2 × 2 contingency
tables (df = 1)
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Figure 2.6: Historical comparison of the proportional allocation of tu-
ber numbers to the different sediment layers where the depth values
represent the median depth of 100 mm sediment fractions. (a) The Ca-
margue, Lake Peipsi and the Lauwersmeer in 1982 and 2004 set off
against the proportional allocation to the shallowest sediment layer of
the Lauwersmeer in 1980; only tubers up to a depth of 200 mm are
considered so allocation to the second fraction follows from allocation
to the first (100% from 0 - 200 mm). (b) The three locations sampled
in 2004 set of against the proportional depth allocation in the Lauw-
ersmeer in 1982 where tubers up to a depth of 300 mm are accounted
for. Significant differences in proportional allocation are depicted with
asterisks if applicable. *** p < 0.001, ** p < 0.01, * p < 0.05.
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Discussion

We observed a distinct difference in the distribution of tubers across
depth between the three sites with different swan foraging pressures. In
the Camargue, with low foraging pressure, tubers were found in shallow
sediment, whereas in the Lauwersmeer, a site with high foraging pressure,
tubers were mostly found in deep sediment. In addition, the larger allo-
cation of tubers to the shallowest sediment layer in Lake Peipsi compared
to the Lauwersmeer in 2004 was marginally significant. These differences
might point to an intermediate burial pattern at Lake Peipsi, where forag-
ing is irregular due to large differences in the water level between years
(Tavast and Raukas, 2002).

The observed patterns cannot be explained as a direct result of tuber
losses due to consumption by swans since we measured the burial depth
profiles after plant senescence but before swans (if any) visited the sites. In
addition, tuber banks are mostly transient (van Wijk, 1988, 1989) and rare
tubers older than one year were discarded from our analyses. Hence, these
differences are in accordance with the predictions from the optimisation
model (Santamarı́a and Rodrı́guez-Gı́rones, 2002), that tuber burial depth
increases with increasing foraging pressure.

Also, within one site (Lauwersmeer) we found a shift in tuber burial pro-
file in accordance with a development in foraging pressure, for in the histor-
ical comparison, a significant difference exists between tuber burial depth
in 2004 in the Lauwersmeer and burial depth in 1980 and 1982. Although
the tubers were allocated deeper in 1982 than in 1980, the pattern did not
entirely resemble the 2004 situation yet. We therefore suspect herbivory on
belowground propagules to be the most likely factor responsible for deep
allocation of tubers in the Lauwersmeer sediment today. The intermediate
burial depth pattern in the Lauwersmeer in 1982 might point to a gradual
change towards a P. pectinatus population in a ”hidden” state.

We suspect that a changing depth distribution of tubers may be induced
by tuber foraging. However, deep burial can also be an adaptation to drou-
ght. Many wetlands experience temporary droughts resulting in a draw-
down to the sediment surface (e.g. van der Valk and Davis, 1978; Bonis et al.,
1995). In such cases, shallow tubers may run a high risk of drying out while
deeper ones survive (Kantrud, 1990), selecting for deeper burial of tubers.
However, such drawdowns have not been recorded in recent decades at the
sites we studied, although in exceptional years water levels can be close to
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the sediment surface in Lake Peipsi (c.f. Tavast and Raukas, 2002).

Potentially, the differences found in burial depth may also relate to sedi-
ment characteristics (Hangelbroek et al., 2003) such as particle size and com-
paction. If the sediment is the main explanatory trait to tuber burial pat-
terns, it would have involved the 1980 sediments in the Lauwersmeer to be
clayey, comparable to the current Camargue sediments. Compact clay-rich
sediments may indeed be less penetrable to roots (Atwell, 1993), but if clay-
content was the cause of shallow tuber burial in the Lauwersmeer in 1980,
the sediment should have changed in two years time as tubers were found
at greater depth already in 1982. Although possible, we consider such a
drastic change in sediment composition not the likeliest explanation, given
the notion that it must have occurred at the scale of the entire study site (500
m).

Other co-varying factors may have an impact on the distribution of tu-
ber numbers across depth, most notably climate and latitudinal differences
(Santamarı́a et al., 2003), herbivory in summer and nutrient availability. At
present, we cannot discard a role for confounding variables in the observed
change in tuber burial in the Lauwersmeer and the difference between the
three sampled sites. Nevertheless, these do not provide a simple explana-
tion for the contrast in burial pattern in the Lauwersmeer as observed in
the early 1980s as opposed to 2004. Further experimental studies may be
needed to assess the role of possible confounding variables.

But what mechanism may be responsible for the observed changing bu-
rial depth of P. pectinatus tubers? According to Hangelbroek and Santamarı́a
2004, broadly two mechanisms may be accountable for the alteration of tu-
ber bank properties. Firstly, tuber size is affected by maternal, non-genetic
carry-over effects, a type of phenotypic plasticity. Even when a large and a
small tuber are genotypically identical, plants grown under the same con-
ditions and originating from large tubers produce, on average, more above-
ground material (van Vierssen et al., 1994) and larger tubers than plants
from small tubers (Hangelbroek and Santamarı́a, 2004). Since tuber size and
burial depth are linked traits, maternal tuber size might also positively re-
late to tuber burial depth. Depth itself may also carry over; tuber sprouting
depth might directly affect the positioning of rhizomes in summer, in turn
influencing the depth at which newly produced tubers are positioned. Sec-
ondly, both tuber size and the proportional allocation of tubers to sediment
depth were also shown to be genetically heritable traits. Common garden
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experiments revealed not only that genets within P. pectinatus beds have
different genotypic tuber sizes but also that a larger genotypic tuber size
relates to a larger proportion of deeply buried tubers (Hangelbroek et al.,
2003; Hangelbroek, 2004).

The patterns observed in space, with tubers buried deep at the Lauw-
ersmeer, a site visited yearly by Bewick’s swans, shallow burial at a swan-
free site (the Camargue) and a possibly intermediate burial pattern at Lake
Peipsi, which is irregularly visited by swans, suggests that tuber depth
may be an adaptive trait of fennel pondweed. Moreover, historical data
reveal that a deeper positioning of tubers with time parallels continuing
tuber foraging by Bewick’s swans. Also, our data are consistent with the
model prediction that deep burial is an effective escape strategy (Santamarı́a
and Rodrı́guez-Gironés, 2002). In addition, since tuber burial is affected by
genotypic tuber size (Hangelbroek, 2004), and probably by maternal carry-
over effects, selection for deep burial through consumption by swans can
affect the actual burial depth of tubers. We therefore suggest that the allo-
cation of tubers to deeper sediment is an adaptive response to the annual
tuber consumption by Bewick’s swans, representing a rarely described ex-
ample of avoidance by escape in plants.
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Box 1. On phenotypic plasticity of herbivore avoidance in a
clonal aquatic plant

Introduction

In the shallow lake Lauwersmeer in the Netherlands, tubers of fennel
pondweed (Potamogeton pectinatus) were observed to be buried deep (San-
tamarı́a and Rodrı́guez-Gı́rones, 2002, chapter 2.1). Deep burial is costly as
it requires more energy during sprouting in spring than shallow burial. It
was therefore hypothesized to represent an escape mechanism against tuber
predation by Bewick ’s swans in autumn. Thus, in the absence of such tuber
predation one would expect tubers to be buried shallowly. In the previous
chapter we have shown that before swans started visiting the Lauwersmeer
in large numbers in the early 1980s, tubers were buried shallowly. Also we
have shown that tubers were buried less deep in the virtually swan-free
Camargue compared to the Lauwersmeer and in Lake Peipsi where swan
grazing cannot occur every autumn due to fluctuating water levels, the dis-
tribution was more or less intermediate (chapter 2.1).

Although many confounding variables may exist in such a site compar-
ison, the patterns also suggest that not only may deep burial be a possible
escape mechanism against swan predation, but that moreover it may be a
flexible trait, as in the absence of tuber predation a shallow burial pattern
would reflect a more optimal strategy and replace the escape phenotypes.
Fennel pondweed is highly phenotypically plastic (van Wijk, 1988; Idestam-
Almquist and Kautsky, 1995; Pilon and Santamarı́a, 2002), which might en-
able individual genets to adapt to changes in predation pressure. On the
other hand, in fennel pondweed beds genotypic variation may be very high
(Hangelbroek et al., 2002). Differences in tuber traits such as size are at least
partly heritable (Hangelbroek et al., 2003), and tuber size and tuber depth
are correlated (Santamarı́a and Rodrı́guez-Gı́rones, 2002). This raises the
question whether a change in burial depth over time is an example of mi-
croevolution or an inducible defence mechanism.

To get a better idea of the genetic and phenotypic component of tuber
burial depth, we carried out a common garden experiment. Tentative clo-
nal lines were sampled at least 20 m apart at the three localities Camargue,
Lauwersmeer and Peipsi. Plants were grown for one generation under com-
mon garden conditions until new tubers were produced in order to elimi-
nate maternal effects (see Hangelbroek and Santamarı́a, 2004). Their off-
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spring tubers were again grown under common garden conditions in deep
buckets (30 cm). We hypothesized that tuber burial depth and tuber size
would be genetically fixed and that burial depth in common garden would
reflect the pattern observed in the field.

Material and methods

The clonal lines we performed our common garden experment with,
were all obtained at the same sites described in the study on the in situ bu-
rial depth of tubers (Chapter 2.1, Table 2.1). Tubers from Lake Peipsi were
sampled in September 2004 and stored at 4 °C. In early 2006 tubers were
put in coffee cups with sand and osmocote slow release. Newly produced
tubers were harvested on October 23, and 24, 2006. Harvested tubers were
stored at 4 °C for one month to simulate winter stratification. Tubers from
the Lauwersmeer were collected on September 28th, 2006 in the Rilveld at
three points. Tubers were stored at 4 °C. Tubers were collected in the Camar-
gue at the Etang de Vaccarès on October 9th, 2006 and stored in ziplocks at
room temperature and transfered to 4 °C on October 12th, 2006.

Init. Fw (mg) Init. Fw (mg)
Site Clone Gen. 1 ± SD Gen. 2
Camargue A 139 195 ± 85

B 132 326 ± 209
Peipsi A 134 133 ± 37

B 109 159 ± 75
Lauwersmeer A 132 119 ± 15

B 119 193 ± 78

Table 2.4: Fresh weights of the first generation tubers of a clonal line
(Gen.1) planted on November 25th 2006, and the mean weight of the
harvested tubers ± SD (Gen.2) used in the actual tuber burial depth
experiment, planted March 3rd, 2008

All tubers were pre-sprouted on the 25th of November 2006 and planted
on the 30th November in plastic cups with approximately 400 g sand and
0.6 g of osmocoter slow release. On April 25th 2007, selected plants were
transplanted into large pots inside a container (110 × 90 × 50 cm l × b ×h)
outdoors at Loenderveen, the Netherlands (52◦ 12’ 42” N 05◦ 02’ 18” E).
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Tubers were harvested at November 15, 2007. March 3rd 2008, 2nd genera-
tion tubers covering the natural size variation were put in an aquarium 16h
light/ 8 hours dark at ambient temperature. From each locality two tenta-
tive clonal lines were selected, so that in total six clonal lines were included
(Table 2.4). Plants were planted outside on April 8th, in 30 cm deep buckets,
30 cm diameter at Loenderveen. The buckets were filled with river sand and
40 g osmocoter slow release, topped with at least 3 cm river sand without
slow release grains to minimize nutrient leakage to the water. Twelve con-
tainers each had six buckets so that each clonal line was represented once
per container. Containers were filled with water from Lake Loenderveen,
an oligotrophic lake containing dephosphatized water primarily used for
drinking water purposes.

Plants were harvested on November 18th, 2008. Four tubes per bucket,
with diameter 7 cm were probed in the sediment of the buckets. Cores were
sliced in 5 cm segments. Individual tubers were weighed and dried. Dry
biomass was measured per depth layer per bucket. Tuber fresh weights
were multiplied with the dry weight:fresh weight ratio to obtain individual
tuber dry weights. These ratios differed significantly with site of origin but
not with clone (analysis not shown), so these ratios were calculated for each
site of origin separately. The mean depth of tubers was calculated per bucket
and was taken as a response variable in a mixed effect model (following
Pinheiro and Bates, 2000) in which clone was nested in the site of origin,
and container was a random variable. Differences in tuber size were also
assessed in a linear mixed effect model with tuber dry weight as response
variable, site of origin as predictor variable with clone nested in site of origin
and container as a random variable. Tuber depth was taken as covariate and
the interaction between tuber depth and site of origin was also included in
this analysis.

Results and Discussion

For the response variable mean tuber depth, a model containing the ran-
dom variable container did not yield a significantly better fit than a model
without it (L. ratio = 1.55, d.f. = 1, p = 0.21). The variable clone nested in
site was also not significant (F3,40= 1.60, p = 0.20) but site of origin was sig-
nificant (F2,40= 14.80, p < 0.001). The mean depth of tubers was especially
shallow for the clones originating from Lake Peipsi in Estonia (Fig. 2.7). The
production of tuber biomass appeared to differ between clones within sites
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Figure 2.7: Biomass of P. pectinatus tubers across depth (a) as recorded
in the field in 2004, and (b) biomass of P. pectinatus tubers across depth
in the common garden experiment. Error bars denote standard errors.
Grey squares, Camargue; dark grey triangles, Lake Peipsi; black cir-
cles, the Lauwersmeer. In panel b, closed symbols denote clone A and
open symbols clone B.

of origin. Nonetheless, both clonal lines from the Lauwersmeer and one
of the Camargue lines produced a considerable part of their tubers in deep
sediment (Fig. 2.7). The response variable tuber size differed significantly
with sediment depth (F1,1069 = 1050.2, p < 0.001), with site of origin (F2,1069

= 100.1, P < 0.001), and with clone (F3,1069 = 12.1, p < 0.001). The interac-
tion between site of origin and sediment depth (F2,1069 = 3.1, p = 0.045) and
the random factor container (L. ratio = 5.86, d.f. = 1, p = 0.016) were also
significant. Both in the field and in common garden, tuber size was largest
for clones from the Camargue and smallest for clones from Lake Peipsi (Fig.
2.8).

The shallow burial in common garden of clones originating from Lake
Peipsi and the deep burial of tubers from the Camargue is remarkable, since
in the field Camargue tubers were positioned shallow whereas they were
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Figure 2.8: A. The relationship between the size of tubers (g dw) on the
x-axis and their depth in the sediment on the y-axis as recorded in the
field in 2004. B. The relationship between size and depth of tubers in
common garden in 2007. Error bars represent standard errors. A mean
value was calculated if more than three tubers had been encountered
at a given depth. Grey squares, Camargue; dark grey triangles, Lake
Peipsi; black circles, the Lauwersmeer. Biomass values transformed to
their natural logarithm. In panel b, closed symbols denote clone A and
open symbols clone B

relatively deep in Lake Peipsi. Shallow burial in the field in the Camar-
gue coincided with the near-absence of Bewick ’s swans whereas in Lake
Peipsi tubers were irregularly foraged upon by these animals because of
water level fluctuations (Luigujõe et al., 1996, chapter 2.1). However, tuber
size appears to be a trait that is not as phenotypically plastic as the depth
of tubers. Tubers were largest for the clonal lines from the Camargue and
smallest in Lake Peipsi, both in the field and in common garden. Our find-
ings are consistent with a study by Santamarı́a et al. (2003) showing that
tuber size decreases with increasing latitude of origin in a common garden
setting. Tuber size at a given sediment depth may thus be a relatively fixed
trait assuming that tuber size adapts to the prevalent conditions at a given
latitude. Specifically, larger tubers at a given sediment depth are consid-
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ered to be stronger competitors (Rodrı́guez-Gironés et al., 2003) and to be
more tolerant to invertebrate herbivores that forage on young leaves dur-
ing emergence in spring (Elger et al., 2007). Both competitive strength and
the intensity of invertebrate herbivory are thought to increase with decreas-
ing latitude (Pennings et al., 2003; Pennings and Silliman, 2005). Inverte-
brate herbivory and competition may strongly relate to light and temper-
ature regimes and may therefore be relatively homogeneous in space and
time. Therefore the costs of plasticity may not exceed the benefits when the
variation that would make such flexibility adaptive is absent. The need to
exhibit anti-predation (sensu Santamarı́a and Rodrı́guez-Gı́rones, 2002) or
anti-drought (sensu Kantrud, 1990) traits may on the other hand be unpre-
dictable and variable even at small spatial and temporal scales (i.e. water
depth or sediment differences) favouring plasticity over fixicity (e.g. Relyea,
2002).

The proximate causes for aberrant tuber burial patterns in the common
garden study may nonetheless be the experimental setting itself. Whereas
the clones from the Lauwersmeer may have experienced a light and temper-
ature regime similar to that in their natural environment, the growing sea-
son was exceptionally long for the Lake Peipsi clones (see also Santamarı́a
et al., 2003). On the other hand, temperatures may have been relatively low
for the Camargue clones. Also the salinity of the water in the common gar-
den experiment was much lower than the concentrations encountered in the
Camargue. Not in the least place, the sediment we used may have been un-
usual for all tested clones. Also, if tuber burial depth is an adaptive trait
which in some sense can be memorised by tubers, the experimental proto-
col in which all tubers were planted near the sediment surface may disturb
such “memory”. Hence, the local experimental conditions may have in-
duced shifts in tuber allocation. Nevertheless, it is clear that tuber burial
depth is a highly plastic trait and that this may be convenient when variable
drought or tuber predation intensities are encountered.





2.2 Aquatic plant tubers escape swan predation
by deeper burial

Bert Hidding, Bart A. Nolet, Thijs de Boer, Peter P. de Vries and Marcel
Klaassen.

Abstract

Deeper burial of tubers has been suggested as an escape against below-
ground herbivory. We show experimentally that sago pondweed indeed
responds to tuber foraging Bewick ’s swans by adjusting the depth of newly
produced tubers. In a four year experiment, swans in winter and grazing
waterfowl in summer were factorially excluded. Tuber depth was measured
each September before swan arrival. Without tuber predation tuber burial
decreased, with the largest effect in year-round exclosures where tuber den-
sities were highest and sprout competition was intense. Phenotypic plas-
ticity and natural selection can both explain the observed change in tuber
burial depth.
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Short communication

Clams trade food availability for safety from predators by burying
deeper in the sediment (Zaklan and Ydenberg, 1997; de Goeij and Lut-
tikhuizen, 1998). Plants that produce bulbs or tubers may show a similar
response to predation (Saltz and Ward, 2000; Santamarı́a and Rodrı́guez-
Gı́rones, 2002), but experimental evidence is lacking. The clonal sago pond-
weed (Potamogeton pectinatus) forms near- monospecific stands in many
shallow lakes. Its tubers, which are produced in late summer before above-
ground die-off, may bury deeper to reduce the risk of predation by migrat-
ing Bewick ’s swans (Cygnus columbianus bewickii) that arrive in early winter
(Santamarı́a and Rodrı́guez-Gı́rones, 2002). Deep burial requires larger tu-
bers, suggesting a trade-off between predator avoidance and competition.

Hence, if tubers are protected from swan predation, shallower burial
should be adaptive. Observations over decades after pondweed senes-
cence but before swan arrival suggest that tubers in Lake Lauwersmeer,
the Netherlands, buried deeper after Bewick ’s swans discovered the lake’s
resources (chapter 2.1). We hypothesized conversely, that the plants would
respond to the absence of tuber predation by producing shallower tubers,
which are stronger competitors during spring emergence (Santamarı́a and
Rodrı́guez-Gı́rones, 2002). We expected this tuber competition effect to be
magnified without aboveground herbivory in summer, which otherwise
reduces tuber production and thus competition (chapter 2.3).

In September 2003, eight experimental blocks in the lake Lauwersmeer
were each divided into four plots that were randomly assigned to a factorial
combination of two exclosure treatments (Fig. 2.9A). The winter exclosure
(w) consisted of mesh wire at the sediment surface from September until
March preventing tuber predation by Bewick ’s swans, yet allowing above-
ground herbivory in summer by other waterfowl species. The summer ex-
closure (s) consisted of a fenced cage from March until September allowing
tuber predation but preventing aboveground grazing. A year-round exclo-
sure (w+s) received both treatments and a control (c) none, allowing all her-
bivory. The experiment was run for four years. Each year in September
before swan arrival, twelve cores of 35 cm per plot were sliced to segments,
each five cm thick. Tubers were enumerated per plot per depth layer, dried
at 60◦ C for 72 hrs, and weighed. Tubers were sampled again in March to
estimate consumption (60 % ± 6 % SE in c, n=4; 71 % ± 3 % SE in s, n=3).

Tuber depth and biomass in all treatments at the start of the experiment
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is indicative of year-round exposure to herbivores (Fig. 2.9B). Tuber depth
became shallower when swans were excluded (w), while tubers were shal-
lowest when herbivores were excluded yearround (w+s) (Fig. 2.9B). Total
tuber biomass was highest in the summer treatment (Fig. 2.9C, chapter 2.3),
reflecting the absence of herbivory during the preceding summer. The mean
tuber depth was shallower in the winter treatment (P<0.001, Fig. 2.9D), and
decreased over time, as both “year” (P<0.001) and the interaction with win-
ter (P<0.01) were significant. Tubers were also shallower in the summer
treatment (P<0.001), but the change over years was not significant (year ×
summer interaction, P=0.13).

Hence, we show that tubers buried shallower over time in the absence
of Bewick ’s swans, mostly so in the year-round exclosures. Apparently,
without aboveground herbivory, competition in summer must have been
intense, selecting strongly for shallow competitive tubers. As both genotype
sorting and phenotypic plasticity determine tuber bank traits (Hangelbroek
and Santamarı́a, 2004), both mechanisms may have contributed to our re-
sults. We thus demonstrate that vascular plants may not only physically
escape herbivory, but that they can be flexible in response to changing her-
bivore pressure.

Supporting Material

Study site

Our study site was a branch of the shallow lake Lauwersmeer in the
Netherlands (2100 ha, 53◦ 22’ N, 06◦ 13’ E), a former bay of the Wadden
Sea that turned fresh after its embankment in 1969. At the time the experi-
ment started, Potamogeton pectinatus dominated the macrophyte community
along the Lauwersmeer shoreline including the study site.

Bewick’s swans forage on tubers of sago pondweed (Nolet et al., 2001)
at the Lauwersmeer while migrating in autumn. The total time spent here
is mostly limited to 2-4 weeks. In the autumns from 2003 to 2006, 4000,
5500, 2800 and 1200 swan-days (swan days = the sum of daily swan counts)
were recorded at our study site respectively (Nolet et al., 2006b, Gyimesi
and Nolet, unpublished).
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Figure 2.9: (A) Representative experimental block in summer. (B) Tu-
ber mass across depth at the start of the experiment. (C) Tuber mass
across depth in the final year of the experiment. (D) Mean depth of the
number of tubers for each treatment through time. Error bars indicate
means ± SEM (n=8). For B and C means and SEM back-transformed
from 2√ transformed data.

Experimental design and sampling

In early October 2003, prior to the arrival of Bewick’s swans, eight 12 ×
12 m blocks were established in the Lauwersmeer. Blocks were divided in
four 6 × 6 m plots, each receiving one of four treatments: a summer exclo-
sure (s), a winter exclosure (w), a combination of both treatments (w + s),
and a year-round open control plot (c). Treatments were randomly assigned
to plots within blocks. For the summer exclosure a 6 × 6 m cage was made,
constructed of wooden poles and mesh wire (mesh size 5 cm), and topped
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with bird netting. The winter exclosure consisted of mesh wire placed on the
sediment surface, as cages would have been vulnerable to ice and storms in
winter. Each year the cages were erected mid-March before tuber sprouting
and removed late September after senescence of aboveground biomass. The
mesh wire was put in place immediately after cage removal and maintained
until mid-March of the next calendar year. The experiment was terminated
after sampling in September 2007.

Sampling was done inside an area of 4.5 × 4.5 m within the 6 × 6 m
treatment plots. The biomass, number and depth of sago pondweed tubers
was assessed both at the end of September and in March by collecting 12
sediment cores with a 7 cm diameter and a depth of 35 cm evenly spaced
inside each treatment plot. Cores were sliced in 5 cm segments starting from
the top and sieved in the field at mesh size 3 mm. Tubers were pooled per
depth segment per plot, enumerated, dried at 60◦ for 72 hrs, and weighed.

factor df F p
summer 1,137 21.21 <0.001***
winter 1,137 40.77 <0.001***
year 4,137 8.39 <0.001***
s ×w 1,137 3.23 0.075
s × y 4,137 1.79 0.134
w × y 4,137 3.78 0.006**

∆df L.ratio p
Block 1 1.44 0.231

Table 2.5: ANOVA result of linear mixed effect model on mean depth
of tuber number. Significance of the variable block was assessed using
a likelihood ratio test on one degree of freedom. * p < 0.05, ** p < 0.01,
*** p < 0.001.

Statistical analysis

Mean tuber depth was the mean depth of all tubers per plot. The effect
of the exclosure treatments was assessed in a linear mixed effect model us-
ing the nlme package (Pinheiro and Bates, 2000) in R (R Development Core
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Team, 2008). A Levene’s test checking for the homogeneity of variances with
data grouped per year and treatment turned out non-significant (P=0.15).
Block was a random factor within which fixed factors summer treatment,
winter treatment and year were crossed. Significance of “block” was de-
termined using a likelihood-ratio test on a model including block and one
without block (Table 2.5). Analysis of variance was then applied to a model
including block as random factor. The three-way interaction was omitted as
it was non-significant.

c w s w+s
September 24.4 ± 6.3 27.7 ± 3.6 58.9 ± 5.6 67.3 ± 3.6
March 8.2 ± 1.9 25.9 ± 1.6 13.4 ± 0.5 42.9 ± 2.4

Table 2.6: Tuber biomass (g dry weight m−2 ± SE) before (September;
n=4 years) and after tuber foraging Bewick’s swans (March; n=3 years)
by Bewick’s swans in control plots (c), winter exclosed plots (w), sum-
mer exclosed plots (s) and year-round exclosures (w+s).

Supplementary Results

Tuber predation by swans in plots open to herbivores in summer (c) was
estimated at 60 % ± 6 % SE (n=4) and at 71 % ± 3 % SE (n=3) for plots
closed to herbivores in summer (s) assuming that the percentage mortality
due to decay of tubers over the winter was the same as observed in the
winter closed plots (w) (Table 2.6). The winter treatment caused a significant
decrease in tuber burial depth. “Year” and the interaction between “year”
and the winter treatment was also significant (Table 2.5).
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2.3 Compensatory growth in an aquatic plant me-
diates exploitative competition between sea-
sonally tied herbivores

Bert Hidding, Bart A. Nolet, Thijs de Boer, Peter P. de Vries and Marcel
Klaassen. Ecology (2009) 90:1891-1899

Abstract

The degree to which vertebrate herbivores exploitatively compete for
the same food plant may depend on the level of compensatory plant gro-
wth. Such compensation is higher when there is reduced density depen-
dent competition in plants after herbivore damage. Whether there is a re-
lief from competition, may largely be determined by the life history stage
of plants under herbivory. Such stage specific compensation may apply to
seasonal herbivory on the clonal aquatic plant sago pondweed (Potamoge-
ton pectinatus L.). It winters in sediments of shallow lakes as tubers that
are foraged upon by Bewick’s swans (Cygnus columbianus bewickii Yarrell),
whereas aboveground biomass in summer is mostly consumed by ducks,
coots and mute swans. Here, tuber predation may be compensated due to
diminished negative density dependence in the consecutive growth season.
However, we expected lower compensation to summer herbivory by wa-
terfowl and fish as density of aboveground biomass in summer is closely
related to photosynthetic carbon fixation. In a factorial exclosure study we
simultaneously investigated (1) the effect of summer herbivory on above-
ground biomass and autumn tuber biomass, and (2) the effect of tuber pre-
dation in autumn on aboveground biomass and tuber biomass a year later.
Summer herbivory strongly influenced belowground tuber biomass in au-
tumn, limiting food availability to Bewick’s swans. In contrast, tuber pre-
dation in autumn by Bewick’s swans had a limited and variable effect on
P. pectinatus biomass in the following growth season. Whereas a relief from
negative density dependence largely eliminates effects of belowground her-
bivory by swans, aboveground herbivory in summer limits both above- and
belowground plant biomass. Hence, there was an asymmetry in exploita-
tive competition, with herbivores in summer reducing food availability for
belowground herbivores in autumn, but not the other way around.
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Introduction

It is a well-established notion that many plant species are able to tolerate
substantial levels of herbivore damage without enduring a proportional loss
of fitness (Rosenthal and Kotanen, 1994). The degree of tolerance observed
is known as compensation (Strauss and Agrawal, 1999), ranging from un-
dercompensation in case herbivore damage is not fully overcome (see Bel-
sky, 1986), to overcompensation (Cargill and Jefferies, 1984; McNaughton,
1985; Paige and Whitham, 1987) when plants even increase fitness param-
eters compared to undamaged controls. The consequence of compensation
may be that competition between herbivore species may diminish, even to
the extent that herbivores facilitate one another (McNaughton, 1976; Arse-
nault and Owen-Smith, 2002).

The level of herbivore tolerance in plants is far from fixed. It criti-
cally depends on factors such as the availability of resources (Maschinski
and Whitham, 1989; Häsler et al., 2008), the type of tissue consumed (In-
ouye, 1982; Hjältén et al., 1993) and timing of herbivory (Maschinski and
Whitham, 1989; Boege, 2005; Barton, 2008). Apart from intrinsic ontogenetic
changes in tolerance, the intensity of competition in plants may also vary
over time. In fact, density - biomass relationships (Yoda et al., 1963; Harper
and White, 1974) indicate that herbivores may reduce competition when
there is strong negative density dependence. Such herbivore-induced relief
may even cause overcompensation when density dependence is sequential
(sensu Åström et al., 1996), as in the case of seasonality (i.e. Kot and Schaf-
fer, 1984; Kokko and Lindström, 1998; Jonzén et al., 2002; Ratikainen et al.,
2008). Sequential density dependence is a periodic change in the strength
of population regulation in which alterations in population density at one
particular life history stage affect production in the following stage. Timing
of herbivory may determine to what extent plants experience density de-
pendent mortality and hence compensation. The degree of compensation
in turn affects future resource availability to herbivores.

Differential compensation through sequential density dependence may
be ubiquitous in seasonal ecosystems where herbivory often is episodic.
However, to our knowledge, the consequences of sequential density de-
pendence from the perspective of the herbivore community have thus far
received little scrutiny. Sequential density dependence was suggested to
be a driver of compensation for the aquatic plant sago pondweed Potamo-
geton pectinatus L. (Jonzén et al., 2002; Ratikainen et al., 2008) that domi-
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nates the submersed vegetation in many temperate eutrophic lakes (van
Wijk, 1988). Its belowground tubers may experience heavy predation by
migrating swans at stop-over sites (Beekman et al., 1991; Nolet et al., 2001;
LaMontagne et al., 2003). Nevertheless, this tuber predation is unlikely to
directly cause the death of individual genets, which may be spread over
considerable distance within a lake (Hangelbroek et al., 2002). In contrast,
at the shallow lake Lauwersmeer in the Netherlands, moderate tuber pre-
dation by Bewick’s swans (Cygnus columbianus bewickii Yarrell) in autumn
was overcompensated, returning a slightly higher yield of tubers the fol-
lowing year than low predation (Nolet, 2004). Higher mortality due to tuber
predation may lead to decreased self-thinning during the consecutive gro-
wth phase (Jonzén et al., 2002). If indeed autumn tuber predation does not
have a negative effect on aboveground biomass in the following summer,
Bewick’s swans do not compete with herbivores that utilize aboveground
biomass of the same P. pectinatus - dominated macrophyte stands in sum-
mer.

These summer herbivores, most notably ducks, coots and mute swans
forage on the aboveground tissues of sago pondweed (Anderson and Low,
1976; van Wijk, 1988; Søndergaard et al., 1996). Also, omnivorous fish may
consume significant amounts of the plants (Prejs, 1984; Körner and Dug-
dale, 2003; Hilt, 2006). On the one hand, plants may compensate for grazing
on stems and leaves to some extent as self-shading within the vegetation is
accordingly reduced (Strauss and Agrawal, 1999). On the other hand, con-
sumption of aboveground tissues may directly hamper the plant’s photo-
synthetic potential. Moreover, the removal of aquatic macrophyte shoots in
a shallow lake may increase negative effects on the remaining plants. Aqua-
tic plants can function as ecosystem engineers (Bouma et al., 2005) as they
facilitate plant growth by decreasing wave action and increasing sedimenta-
tion. This positive feedback acts in the opposite direction as well, as vegeta-
tion loss may increase the remaining plant covers exposure to wave action.
Hence, a reduction in plant cover due to herbivory may lead to a larger im-
pact of wave action and reduce plant cover even further (Jupp and Spence,
1977; Schutten et al., 2005).

In this paper we investigate the mutual effects of aboveground herbivory
in summer and belowground herbivory by Bewick’s swans in autumn. We
conducted a factorial exclosure study separating aboveground from below-
ground herbivory. We measured aboveground biomass at three intervals in
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summer and belowground biomass outside the growing season before the
arrival of migratory Bewick’s swans as well as after their departure. We hy-
pothesized that P. pectinatus would largely compensate for tuber predation
by Bewick’s swans over the growing season due to a release from negative
density dependence effective in spring. On the other hand, we expected
that foraging on aboveground biomass in summer by coots, ducks, mute
swans and large fish would inhibit plants from compensating for the losses
by limiting the amount of carbon fixed and stored in tubers.

Methods

Study system and site

Exclosure experiments were carried out in the Babbelaar, a branch of the
shallow lake Lauwersmeer in the Netherlands (2100 ha, 53◦ 22’ N, 06◦ 13’ E,
see Fig. 1.3 on page 13). The lake is eutrophic to hypertrophic with a mean
concentration of total nitrogen (N) 3.4 mg l−1 and total phosphorus (P) 0.28
mg l−1 (mean of monthly measurements from October 2003 to October 2007
covering the experimental period; data provided by the water board No-
orderzijlvest). The Lauwersmeer is a former bay of the Wadden Sea that
turned into a freshwater lake after its embankment in 1969. From the early
seventies onward the lake became gradually colonized by sago pondweed
(Potamogeton pectinatus L.). At the time the reported study started, sago
pondweed could be found along the whole Lauwersmeer shoreline. The
species dominates the vegetation composition of the Babbelaar, where two
other submersed macrophyte species are present: subordinate lesser pond-
weed (Potamogeton pusillus L.) and rare shoots of horned pondweed (Zan-
nichellia palustris L.) (Chapter 3.1, page 75).

Since the mid-seventies high numbers of Bewick’s swans annually visit
the lake on their autumn migration (Prop and van Eerden, 1981). The birds
usually arrive in the Lauwersmeer area in October and forage on the tubers
of sago pondweed (Beekman et al., 1991; Nolet et al., 2001). The total time
spent on tuber foraging in the Lauwersmeer is typically short, as after 2-4
weeks of massive swan presence numbers quickly drop as a fixed giving-
up density of pondweed tubers is then attained (Nolet et al., 2002, 2006c).
In the autumns (2003-2006) preceding aboveground sampling in summer,
4000, 5500, 2800 and 1200 swan-days (swan days = the sum of daily swan
counts) were recorded in the Babbelaar respectively (Nolet et al., 2006a, A.
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Figure 2.10: Relevant bird counts in the Lauwersmeer (one per month)
for Bewick’s swans in October and for ducks, coots and mute swans
(Cygnus olor Gmelin) in the summer season. Counts once a month
lack precision in the case of Bewick’s swans, since their presence only
stretches for a few weeks. The category “Ducks & coots” comprises
coots (Fulica atra L.), mallards (Anas platyrhynchos L.), gadwalls (Anas
strepera L.) and green-winged teals (Anas crecca L.). Mute swans are
indicated separately as their weight differs by more than an order of
magnitude. Data Staatsbosbeheer.

Gyimesi et al. unpublished data) (see also Fig. 2.10). Aside from mortality
through predation by swans, there is winter mortality of tubers of around
15 % (Santamarı́a and Rodrı́guez-Gı́rones, 2002).

In summer, the macrophyte beds in the Lauwersmeer are exploited ma-
inly by coots (Fulica atra L.), mallards (Anas platyrhynchos L.), gadwalls (Anas
strepera L.), green-winged teals (Anas crecca L.) and mute swans (Cygnus olor
Gmelin). During the study period, each year numbers of ducks and coots
increased from May to August in a similar way (Fig. 2.10). From around
1200 coots and ducks in May numbers steadily increased to ± 17 000 in Au-
gust. Mute swan numbers were more stable over these months, fluctuating
between 400 1100 individuals. Data on the fish community had been col-
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lected in 2000 (Kroes and Riemersma, 2001). Bream (Abramis brama L.) was
the most abundant fish in biomass but this species is not herbivorous. Roach
(Rutilus rutilus L.) and carp (Cyprinus carpio (L.)) were the most abundant
facultative herbivores. The density of roach was estimated at 22 kg ha−1.
Carp was estimated at 58 kg ha−1 while rudd (Scardinius erythrophthalmus
(L.)) density was low at 1.5 kg ha−1 (Kroes and Riemersma, 2001).

Experimental design

In early October 2003, prior to the arrival of Bewick’s swans, eight 12 ×
12 m blocks were established in the Babbelaar. We established two sets of
four blocks that were 180 m apart. Within each set of blocks the distance
between the centers of the blocks was 40 m. Blocks were divided in four 6
× 6m plots, each receiving one of four treatments: a summer exclosure (s)
preventing the consumption of aboveground parts by birds and large fish,
a winter exclosure (w) protecting against tuber digging waterfowl, a com-
bination of both treatments (w + s), and a control plot (c), which was open
year-round. Treatments were randomly assigned to the four plots within a
block. For the summer exclosure a 6x6 m cage was made, constructed of
wooden poles and mesh wire (mesh size 5 cm), and topped with bird net-
ting. The cages had no measurable effect on the exploitation of the open
plots by birds in summer: a comparison between tuber biomasses from a
nearby transect and control plot revealed a similar relation before and after
exclosure establishment (37 % less biomass in 2003 and 36 % (± 18 SD) less
biomass in 2004-2007 in the control plot than in the transect). The winter
exclosure consisted of mesh wire placed on the sediment surface and was
kept in place with short bamboo sticks. Each year the cages were erected
mid-March before tuber sprouting and removed at the end of September
after senescence of aboveground material. The mesh wire was put in place
immediately after cage removal and maintained until mid-March of the fol-
lowing calendar year. At the time of the first establishment of the plots sed-
iment cores were obtained to assess sediment particle size. The cores were
sliced into segments with a length of 50 mm. On the second and the fifth
segment (50-100 mm and 200-250 mm sediment depth respectively) granu-
lometric Malvern analyses were performed to obtain a measure of sediment
particle sizes. The blocks 1 - 4 had a slightly deeper water depth and were
slightly more clayey than blocks 5 - 8 (Table 2.7).
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Block Coordinates Water depth1 Sediment silt2

nr. N E cm ± sd % ± sd
1 53◦ 20.551’ 06◦ 13.551’ 62 ± 2 2.5 ± 4.7
2 ,, .535’ ,, .576’ 60 ± 1 2.1 ± 1.6
3 ,, .519’ ,, .601’ 58 ± 2 4.2 ± 5.2
4 ,, .503’ ,, .626’ 59 ± 4 2.3 ± 1.4
5 ,, .431’ ,, .774’ 44 ± 1 1.5 ± 0.3
6 ,, .415’ ,, .768’ 42 ± 1 1.2 ± 0.4
7 ,, .398’ ,, .793’ 38 ± 1 1.6 ± 1.2
8 ,, .385’ ,, .812’ 35 ± 2 0.8 ± 0.4

Table 2.7: General characteristics of the experimental blocks in the
Lauwersmeer 1. Water depth in cm relative to target water level in
the Lauwersmeer (93 cm below Amsterdam Ordnance Datum). Value
based on four measurements taken on March 22nd, 2005, one from ev-
ery corner of the block. 2. Percentage silt (particle size< 62.5 µm) from
four cores, one from every plot, and two sediment depths, 5-10 cm and
20-25 cm comprising n=8 in total. Samples were taken at the start of
the experiment (October 2003).

Sampling

All sampling was done inside an area of 4.5 × 4.5 m within the 6 × 6
m treatment plots in order to minimize edge effects. This area in its turn
was divided in 36 squares of 0.75 × 0.75 m. Aboveground material was
sampled three times per growth season starting mid-June with five week
intervals. At each of these occasions three of the 36 squares were sampled.
As nine samples were gathered each year, each sampling square was visited
once and only once during the four year experimental period. Assignment
of sampling squares to sampling occasions was done randomly under the
conditions that (a) on every sampling occasion one sample was gathered
from each of two adjacent rows of sampling squares (rows 1-2, 3-4, and 5-6)
and (b) no two bordering sampling squares were simultaneously assigned.
Material was sampled by placing a core with a 50 cm diameter over the veg-
etation. Plants were then harvested by hand at the sediment surface. Some
samples were sorted to species level for other purposes, but all samples
were dried at 60°C for 72 hrs and subsequently weighed. The biomass and
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number of sago pondweed tubers was assessed both at the end of Septem-
ber and in March by collecting 12 sediment cores with a 7 cm diameter and
a depth of 35 cm evenly spaced inside each treatment plot. The cores were
sieved in the field at mesh size 3 mm. Tubers were pooled for each plot,
dried at 60°C for 72 hrs, and weighed.

Statistical analysis

The effect of exclosure treatments on total aboveground biomass was
assessed in a linear mixed effect model using the nlme package (Pinheiro
and Bates, 2000) in R (R Development Core Team, 2008). Biomass data were
cube root transformed to normalize the data. A Levene’s test checked for
the homogeneity of variances with data grouped for year, month, block and
treatment, yielding non-significant p-values in all cases. Winter treatment,
summer treatment and year were fixed factors. The factor month of sam-
pling was nested within year. Block was a random factor within which
summer treatment, winter treatment and year were crossed. Significance
of block was determined by elimination and comparison of the goodness of
fit. A likelihood-ratio test with one degree of freedom (α = 0.05) was per-
formed to decide if including block returned a better fit, as is appropriate
for hierarchically nested models (Hilborn and Mangel, 1997; Maindonald
and Braun, 2003). We estimated the number of relevant interactions by fit-
ting the data with the mixed effect model including a three-way interaction,
a model with two-way interactions and a model without interactions us-
ing maximum likelihood (ML) estimation. Analysis of variance was then
applied to a model including block as random factor and the relevant inter-
action level using a REML estimation method.

The effect of herbivory on tuber biomass in September and March, per
capita survival over the winter and per capita production over the summer
were assessed using again linear mixed effect models in R. We define per
capita survival as the number of tubers sampled in March divided by the
number of tubers in September the autumn before. Tuber production we
define as the number of tubers encountered in September divided by tuber
number in March of the preceding spring. Data were transformed by taking
either the natural logarithm or the square root to meet normality assump-
tions. Homogeneity of variances was checked using Levene’s test with data
grouped for treatment and year. For the analysis on tuber mass in March
and per capita survival over the winter, 2004 was excluded since no sum-
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Figure 2.11: Aboveground dry biomass of all aquatic vegetation (mean
± SE) as obtained at five-week intervals from June to August from
three cores per plot with diameter 50 cm (based on back-transformed
cube-root-transformed data, dry mass g/m2) for each year and each
treatment separately. The four treatments were: a summer exclosure
(S) preventing the consumption of aboveground parts by birds and
large fish, a winter exclosure (W) protecting against tuber-digging wa-
terfowl, a combination of both treatments (W+S), and a control plot
(C), which was open year-round. Numbers at the x-axis denote month
of sampling.

mer treatment had been applied at that time yet. Block was included as a
random factor within which summer treatment, winter treatment, year and
the relevant level of interactions between these were nested. Significance of
the factor block was assessed in the same way as described for aboveground
biomass.

Results

The summer exclosures had a strong positive effect on aboveground
plant biomass with treatments s and w + s containing much more above-
ground biomass than treatments c and w (P < 0.001, Fig. 2.11, Table 2.8).
Plant biomass was different among years (P < 0.001), and the strength of
the summer treatment effect also varied with year (significant summer ×
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Figure 2.12: Biomass of tubers (back-transformed, dry mass g m−2;
mean ± SE) in September of 2004, 2005, 2006, and 2007, consecutively
in the four treatments. In each plot 12 cores with diameter 7 cm were
probed at least 35 cm in the sediment, sieved over 3 mm, and dried.
For an explanation of treatment abbreviations, see Fig. 2.11.

year interaction, P < 0.001). In contrast, we found no effect of the winter
exclosures on plant biomass independent of the factor year (P = 0.958). An
interaction between year and winter treatment was found indicating that
Bewick’s swan foraging in autumn did have an effect on aboveground bio-
mass the next year but that this effect was positive or negative depending
on year-to-year variation (P = 0.031). Summer treatment effects also varied
with year (significant summer × year interaction, P < 0.001). In the absence
of summer herbivores, Bewick’s swan herbivory caused a lag in vegetation
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Factor df F P
winter 1,1124 0.003 0.9575
summer 1,1124 1709.473 <0.001
year 3,1124 50.718 <0.001
winter × summer 1,1124 1.656 0.1985
winter × year 3,1124 2.965 0.0312
summer × year 3,1124 74.003 <0.001
month (year) 8,1124 79.795 <0.001

∆df L. ratio P
Block 1 0.243 0.6219

Table 2.8: ANOVA results of the effects of the exclosure treatments on
cube root transformed dry weight aboveground biomass.

development with reduced biomass in June from 2005 to 2007 in the sum-
mer only (s) treatments compared to the w + s treatment. The advanced
peak biomass in the w + s treatment may thus be a result of high tuber den-
sities in spring due to absence of both summer and winter herbivores the
year before (Fig. 2.11).

The biomass of tubers in September was affected negatively both by her-
bivory in summer (P < 0.001) and herbivory in winter (P = 0.009) (Fig. 2.12,
Table 2.9). The effect of Bewick’s swans (i.e., winter herbivory) was, how-
ever, smaller than that of summer herbivory. The interaction between the
summer treatment and year was significant (P = 0.005). Although the inter-
action between winter treatment and year was only marginally significant
(P = 0.059), both the direction and magnitude of the Bewick’s swan effect ap-
peared to depend on the factor year. Block was significant with lower tuber
biomass in the shallower, sandier, plots (L. ratio = 14.21, P < 0.001, data not
shown). Tuber biomass in March, after the visit of Bewick’s swans and the
winter season was lower in the control (c) and summer (s) treatment than
in the winter exclosed plots (w and w + s) (P < 0.001, Fig. 2.13). A signif-
icant effect of the summer treatment could still be observed in March (P <

0.001). The factor year was not significant and exhibited reduced variability
compared to the September data (P = 0.164). When evaluating a model with
two-way interactions, one that was not favored by a likelihood ratio test, the
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Figure 2.13: Tuber biomass in March (back-transformed, dry mass g
m−2) pooled over the years 2005-2007. In each plot 12 cores with di-
ameter 7 cm were probed at least 35 cm in the sediment, sieved over 3
mm, and dried. For an explanation of treatment abbreviations, see Fig.
2.11.

interaction between summer and winter was marginally significant (F1,79 =
2.94, P = 0.090, Fig. 2.13).

Both summer treatment and winter treatment had a significant effect on
the per capita survival of tubers (Table 2.9), where the effect of the summer
treatment was negative (P < 0.001) and that of the winter treatment was
positive (P < 0.001) relative to the control (Fig. 2.14a). The per capita sur-
vival of tubers over the winter was hence lowest inside summer exclosures
where initial tuber densities had been high indicating that Bewick’s swans
forage most intensively at these plots. Per capita survival was lower in the
control plots (c) than in the winter exclosed plots (w), due to consumption
by swans. There was a significant interaction between year and winter treat-
ment (P = 0.018), possibly due to variable tuber densities in autumn, which
leads to variation in the fraction of tubers consumed by swans. The per
capita production of tubers showed a pattern more or less opposite to sur-
vival, with all treatment main effects and year significant (P < 0.001, Table
2.9, Fig. 2.14b). Production was highest inside the summer exclosed plots
(s) and lowest in the winter exclosed plots (w) (Fig. 2.14b).
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Tuber biomass Tuber biomass
dw September dw March
df F P df F P

Factor
summer 1, 108 210.66 <0.001 1, 84 22.92 <0.001
winter 1, 108 7.15 0.009 1, 84 155.72 <0.001
year 3, 108 8.81 <0.001 2, 84 1.84 0.164
s ×w 1, 108 0.04 0.841
s × y 3, 108 4.58 0.005
w × y 3, 108 2.56 0.059

∆df L ratio P ∆df L ratio P
block 1 14.21 <0.001 1 9.44 0.002

Survival Production
ind−1 (ln) ind−1

df F P df F P
Factor
summer 1, 79 27.88 <0.001 1, 105 55.37 <0.001
winter 1, 79 97.48 <0.001 1, 105 66.77 <0.001
year 2, 79 1.92 0.153 3, 105 15.9 <0.001
s ×w 1, 79 2.41 0.124 1, 105 1.29 0.257
s × y 2, 79 0.27 0.762 3, 105 4.52 0.005
w × y 2, 79 4.24 0.018 3, 105 0.03 0.993
s ×w × y 3, 105 2.43 0.069

∆df L ratio P ∆df L ratio P
block 1 1.71 0.279 1 4.16 0.041

Table 2.9: ANOVA results for tuber dry weight biomass in Septem-
ber and March and for per capita tuber survival (n March/ n Septem-
ber, previous year) and per capita tuber production (n September/ n
March, same year). Note: Tuber biomass was square-root transformed.
Survival and production were log-transformed. Significant P-values at
α = 0.05 are indicated in bold.

Discussion

The consumption of aboveground tissues by summer herbivores had
tremendous effect on aboveground biomass of macrophytes in summer and
the subsequent tuber bank in autumn in the Lauwersmeer. In autumn, Be-



64 Population responses to herbivory

0.0

0.2

0.4

0.6

0.8

1.0
Survival

c w s w + s

T
u
b
e
rs

 i
n
d

-1

A

0

2

4

6

8
Production

B

c w s w + s

Figure 2.14: A. Per capita survival of tubers over the winter for the
different treatments, back-transformed from log-transformed data (n
March/n previous September). Error bars denote standard errors with
n = 3 winter seasons. B. Per capita production of tubers from March
to September, back-transformed from log-transformed data (n Septem-
ber/n March). Error bars denote standard errors with n = 4 summer
seasons. For an explanation of treatment abbreviations, see Fig. 2.11.

wick’s swans strongly reduced tuber densities in winter-open plots, but in
contrast, their impact on aboveground vegetation the following year was
trivial. In some years, peak aboveground biomass appeared even higher
inside the winter-open plots than in winter closed plots, especially so in the
summer exclosed plots (s vs. w + s). Although the effect of Bewick’s swan
herbivory on tuber biomass the year after was small, it varied marginally
significantly with years. Apparently, the success of plant growth over the
summer season determines whether the effect of tuber predation tends
towards positive (overcompensation) or negative (undercompensation).
The disparity between compensatory responses to summer and winter
herbivory confirms results from theoretical studies on sequential density
dependence (Åström et al., 1996; Jonzén et al., 2002).

Strong compensation of pondweed to tuber herbivory as found in the
Lauwersmeer (Nolet, 2004, this study) is not uncommon, as comparable
results were obtained for tuber predation by swans in ponds in the Cana-
dian Rockies (LaMontagne et al., 2003) and in a different macrophyte species
in North Carolina (Sponberg and Lodge, 2005). Apparently, without graz-
ing, higher tuber densities in spring result in retarded growth during the
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growing season in plant ramets through negative density dependence. In
the reference situation of our study, vegetation in summer nonetheless ap-
pears to be top-down controlled, limited by aboveground herbivory rather
than by resource limitation or tuber foraging. In effect, summer herbivores
limit the availability of tubers to Bewick’s swans here representing a case
of exploitative competition between seasonally tied herbivores. A reason
is that consumption of green plant material by birds and fish implies the
disappearance of the photosynthetic machinery. In addition, the removal
of aboveground material increases wave exposure and thus mechanic stress
to the remaining vegetation (Bouma et al., 2005). Also, P. pectinatus might
succumb to competition from less consumed heterospecifics that may gain
a foothold in the thinned pondweed beds (chapter 3.1). And, if ducks and
coots target the upper plant parts, which seems likely as diving is costly
(de Leeuw, 1996), the remaining plant tissues will face reduced light and
reduced availability of carbon from the atmosphere (Portielje and Lijklema,
1995). Interestingly, the combination of the notion that tolerance levels dif-
fer through sequential density dependencies and that activities of differ-
ent herbivore species are restricted to separate seasons leads to contrasting
competitive effects of herbivore species on one another. While herbivores of
aboveground biomass in summer limit the availability of tubers to Bewick’s
swans, the latter have no major consistent impact on food availability to her-
bivores in summer, despite heavy exploitation by both summer and winter
herbivore assemblages.

The factor year strongly influenced plant growth and tuber production,
but mostly so in the control plots. Notably so, the 2007 data reveal very low
biomass in summer outside the summer exclosures (w, c). On the one hand,
larger numbers of mute swans inhabited the lake in spring than the years
before (Fig. 2.10), especially early in the growth season, but also unusu-
ally stormy conditions had occurred at the end of June and the beginning
of July, in between the first and the second round of vegetation sampling.
This circumstance may explain to some extent the low vegetation cover in
2007 outside compared to inside the exclosures. Fencing might limit wave
action, but also dense vegetation itself decreases the vulnerability to waves
(cf. Bouma et al., 2005). However, a comparison of aboveground biomass in
plots fully exposed to prevailing winds, versus summer open plots shielded
from these winds by adjacent summer cages revealed no significant differ-
ence (analysis not shown) in vegetation cover in July 2007. Also, we con-
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sistently observed a sharp transition in aboveground biomass at the cage
fences, suggesting a small wind effect. The role of mute swans in reducing
sago pondweed cover may hence be an important subject of further study.

Mute swans, ducks and coots, present on the lake in large numbers
throughout the growing season, are probably mostly responsible for the
drastic reduction of aboveground biomass, but fish may play a role since
large fishes were excluded as well by our cages. Of those herbivores carp
was the most abundant in terms of fish biomass (Kroes and Riemersma
2001). Although carp has a low preference for P. pectinatus (Miller and
Provenza, 2007), it might negatively affect plant density when P. pectina-
tus is dominant (Miller and Crowl, 2006). In addition, fish might play an
important indirect role. Many species of fish are known to be mollusciv-
orous. Snails, consuming mostly periphyton may benefit aquatic plants as
they are freed from competitors. Hence, the absence of large fish in the sum-
mer exclosures may promote macrophytes through the presence of snails
(Brönmark et al., 1992; Jones et al., 2002).

Through grazing and possibly indirect interactions, waterfowl and fish
in summer thus compete with Bewick’s swans in winter. Previous studies
from disparate plant herbivore systems found similar asymmetries in the ef-
fect of exploitation of one herbivore on the other. Exploitative competition
was suggested for hippopotamus (Hippopotamus amphibius L.) in Ugandan
Queen Elizabeth Park, where it consumes large amounts of grass at night,
therewith inhibiting exploitation of the same grasslands by day-feeders like
buffalo (Syncerus caffer Sparrman) (Lock, 1972). Similarly, Fox (1996) re-
ported brent geese (Branta bernicla (L.)) foraging on seagrass (Zostera spp.)
shoots and rhizomes at low tide to be possibly inhibitory to wigeons (Anas
penelope L.) that feed on aboveground shoots of seagrass at high tide. In
yet another system that can only be appreciated with a microscope, herbiv-
orous mites (Calacarus flagelliseta Fletchmann) and fungi (Oidium caricae F.
Noack) were observed to compete for the same epidermal cells of papaya
(Carica papaya L.) leaves, largely separated in time (Fournier et al. 2006).
Whereas mites had a negative competitive effect on the fungi, mite densities
were not reduced through fungal infestation of the leaves. These examples
describe interspecific asymmetric competition where one herbivore species
has a strong negative effect on forage availability to the other through ex-
ploitative competition, but not obviously so the other way around. How-
ever, the mentioned studies refer to wholly different temporal time-scales
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than our study. Hence, the mechanisms behind asymmetric exploitative
competition in these systems are unlikely to hinge on density dependent
compensation as it does for herbivory on sago pondweed.

In conclusion, migratory Bewick’s swans may strongly reduce tuber bio-
mass in the shallow lake Lauwersmeer while this heavy exploitation has no
straightforward negative effect on aboveground biomass in the following
summer. This observation indicates that sago pondweed is highly tolerant
of tuber foraging. The relief from negative density dependence allows the
plant to compensate through heightened per capita growth. Herbivory in
summer by waterfowl, and possibly fish, however does have a negative ef-
fect on aboveground biomass and the subsequent tuber bank in autumn.
Compensatory growth in this stage is limited possibly due to the loss of
productive photosynthetic material, the increased susceptibility to wave ex-
posure and a lower availability of inorganic carbon. From the consumer
viewpoint, in summer, herbivores exert a strong negative effect on the avail-
ability of tubers to Bewick’s swans through exploitative competition. On the
other hand, Bewick’s swans seem mostly harmless to the food availability
of fish and waterfowl inhabiting the Lauwersmeer in summer. Hence, se-
quential density dependence in a plant population may strongly influence
the strength and symmetry of exploitative competition between seasonally
tied herbivores.
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Box 2. Self-thinning in dormant tubers of fennel pondweed
(Potamogeton pectinatus)

We observed in our exclosure study that tuber biomass was greatly re-
duced through foraging by Bewick’s swans. In addition, we concluded from
tuber densities in September and in in March in plots closed to swans that
mortality of tubers had nonetheless occurred in winter. This notion is con-
sistent with data from Klaassen and Nolet (2008) who observed tuber mor-
tality in the Lauwersmeer between November and March after Bewick ’s
swans had left.

Santamarı́a and Rodrı́guez-Gı́rones (2002) reported that in the Lauw-
ersmeer 15 % of tubers disappear over the winter season. The exact cause of
this self-thinning in winter is however unknown. Possibly, some pathogen
is prevalent in pondweed tubers, but we do not have a clue about its iden-
tity or life-history. Interestingly, it appears that self-thinning in winter is
a density dependent process comparable to Yoda’s self thinning line for
growing plants (Yoda et al., 1963). When we compare tuber densities in
plots closed to Bewick’s swans in winter, a smaller proportion of tubers
seems to have survived the winter in plots with high September tuber den-
sities. Apparently, higher tuber densities allow our hypothetical pathogen
to spread more vigorously through the population, which would otherwise
be inhibited by low densities caused by swan tuber predation or herbivory
on aboveground parts in summer.

However, estimating the effect of density on winter mortality is not
as straightforward as it seems. Survival is calculated as tuber biomass in
March divided by tuber biomass in September the year before. Hence,
although we may observe a clear negative relationship between Septem-
ber density and survival, part of the relation must be caused by so called
spurious correlations (Klaassen and Nolet, 2008). These correlations are an
artefact of establishing a relationship between two non-independent quan-
tities. The samples that we took from the plots are an estimation of the true
density of tubers plus the effect of sampling error. If the sample gives us an
overestimation of tuber biomass, then the next sample taken from the same
plot is likely to give a lower estimate even in the absence of any change in
tuber biomass. Similarly, an underestimation of biomass in the first sam-
pling round is likely to cause overestimation of survival at the following
sampling round. We should therefore correct for spurious correlations in
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order to estimate relations between two sampling rounds.

Methods

We estimated the effect of tuber density on mortality by relating survival,
the proportion of tubers remaining after winter in plots closed to swan for-
aging, to autumn density. In order to obtain normally distributed response
variables the variable survival was log-transformed.

We simulated data points based on the assumption that survival was a
proportion of the autumn density, namely the backtransformed mean log
survival, as log survival followed a normal distribution. The 64 biomass
data points found in plots over four years were taken and for each of these
data points 100 new data points were simulated with a normal distribution
around the observed biomass (note: we did this for√ transformed biomass,
again chosen because it followed a normal distribution). A second sequence
of simulated data points was made by generating again 100 data points
around the mean survival, which was estimated at 77.5 %. The standard
deviation chosen was calculated from a comparison of a density estimation
based on “exhaustive” sampling (162 cores with 10 cm diameter covering
6.3 % of plot area) from each out of eight plots (from two blocks) and 8 data
points based on the regular sampling procedure (12 cores with a diameter
of 7 cm. 0.23 % of plot area) performed shortly before exhaustive sampling.
The sums of squares was calculated for the difference between the estimates
from the two sampling methods. Instead of finding the least squares as one
would do in a regression, we thus calculated sums of squares based on the
hypothesis y=x, as both estimates should find the same value in the absence
of sampling error. We assumed that exhaustive sampling yielded the true
tuber density. As this is not true, the standard deviation we hence obtained
was likely to be a slight overestimation of sampling error. This may lead to
a slight overestimation of the spurious correlation and is therefore a conser-
vative assumption if our aim is to find support for a scenario with density
dependent tuber mortality in winter. The standard deviation thus used was
0.189 for √ transformed data-points implying a proportional increase of er-
ror with higher biomass. The simulation was run 12 times.
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Figure 2.15: Simulated tuber survival over the winter based on the as-
sumption of proportional survival at 77.5 %. Simulations were based
on 6400 data points but the graph for purpose of clarity only displays
960 data points (15 simulated data points, grey circles, per true data
point) and true data, 64 black squares, giving the reduction of tuber
density over winter. Grey dashed line represents the spurious corre-
lation. The black line gives the correlation found in the field. The ob-
served relationship still significantly deviates from the spurious corre-
lation

Results and Discussion

Mean slope of the spurious correlation was -4.47 × 10−3 ± 0.05 × 10−3

SE (n = 12 simulations). The slope for the real data points was -11.4 × 10−3

± 1.8 × 10−3. After correction for spurious correlations the slope for the
relationship between autumn tuber biomass and survival was -6.8× 10−3 ±
1.8 × 10−3 SE. This coincides with a t-value of -3.7 at 1 degree of freedom
and P < 0.001.

Hence, the proportion of tubers surviving the winter decreases with in-
creasing tuber density, so self-thinning in dormant tubers is a density de-
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pendent process. Not unlike Bewick ’s swans that react to local differences
in tuber density, so does the hypothetical pathogen. Indeed, Klaassen and
Nolet (2008) already observed that mortality in winter increased the spatial
pattern in pondweed tuber densities, suggesting that such mortality occurs
patchily, and that the pathogen is likely dispersal limited in lake sediments.
We thus propose that high densities of tubers enable the pathogen to spread
to nearby tubers. Its existence is however solely supported by deductive
reasoning. The pathogen could be a bacterium or a fungus, but also nema-
todes have been observed to feed on the roots of Potamogeton (Zettler and
Freeman, 1972). We would welcome the identification of this pathogen by
any student.

Figure 2.16: Bird exclosure preventing herbivory in summer on a
gloomy day in March at the Lauwersmeer right after establishment.
Domesticated herbivores are present in the background, yet they do
not seem to forage on aquatic plants here





Chapter 3

Community responses to
herbivory

Figure 3.1: Thijs places a metal core on the aquatic plant vegetation at
an experimental block in the Matsalu Bay in Estonia. Plant material
was hence collected from a round surface with 50 cm diameter





3.1 Above and below ground vertebrate herbivory
may each favour a different subordinate spe-
cies in an aquatic plant community

Bert Hidding, Bart A. Nolet, Thijs de Boer, Peter P. de Vries and Marcel
Klaassen. Oecologia, in press

Abstract

At least two distinct trade-offs are thought to facilitate higher diversity
in productive plant communities under herbivory. Higher investment in
defence and enhanced colonization potential may both correlate with de-
creased competitive ability in plants. Herbivory may thus promote coex-
istence of plant species exhibiting divergent life-history strategies. How
different seasonally-tied herbivore assemblages simultaneously affect plant
community composition and diversity is, however, largely unknown. Two
contrasting types of herbivory can be distinguished in the aquatic vegeta-
tion of the shallow lake Lauwersmeer. In summer, predominantly above-
ground tissues are eaten, whereas in winter, waterfowl forage on below-
ground plant propagules. In a four-year exclosure study we experimen-
tally separated aboveground herbivory by waterfowl and large fish in sum-
mer from belowground herbivory by Bewick’s swans in winter. We mea-
sured the individual and combined effects of both herbivory periods on the
composition of the three-species aquatic plant community. Herbivory effect
sizes varied considerably from year to year. In two years herbivore exclu-
sion in summer reinforced dominance of Potamogeton pectinatus with a con-
comitant decrease in Potamogeton pusillus, whereas no strong, unequivocal
effect was observed in the other two years. Winter exclusion, on the other
hand, had a negative effect on Zannichellia palustris, but the effect size dif-
fered considerably between years. We suggest that its colonization abilities
may have enabled this species to be more abundant after reduction of P. pect-
inatus tuber densities by swans. Evenness decreased due to herbivore exclu-
sion in summer. We conclude that seasonally-tied above- and belowground
herbivory may each stimulate different components of a macrophyte com-
munity as they each favoured a different subordinate plant species.



76 Community responses to herbivory

Introduction

The effect of herbivores on plant community diversity can go one of
two ways. Generalist herbivores have been associated with decreased plant
diversity in settings characterised by low productivity, where few species
are tolerant or resistant to consumption (Olff and Ritchie, 1998; Proulx and
Mazumder, 1998; Bakker et al., 2006). In contrast, herbivory has been found
to positively affect diversity in productive grassland systems (Summer-
hayes, 1941; Noy-Meir et al., 1989; Bakker et al., 2006), but also in disparate
marine habitats such as the rocky intertidal (Lubchenco, 1978).

Herbivore-mediated increases in plant diversity have been explained in
terms of two trade-offs. Firstly, a trade-off may exist between plant defence
and competitive ability (Lubchenco, 1978; Gleeson and Wilson, 1986), allow-
ing both defensive and more palatable competitive species to coexist under
herbivory. A second trade-off that may promote diversity is a shift in the
balance between colonization and mortality (Olff and Ritchie, 1998). This
trade-off may come into effect when herbivory results in open patches. A
negative correlation between a plants ability to compete for resources and
its capacity to colonize these open patches may allow a great number of
species to coexist (Tilman, 1994).

Few studies have addressed the formation of bare patches by herbivores
explicitly; however, it seems that their formation depends, at least in part,
on the identity of the herbivore (Olff and Ritchie, 1998; Bakker et al., 2006).
In grassland systems, rabbits (Bakker and Olff, 2003), prairie dogs (Coppock
et al., 1983), picas (Bagchi et al., 2006) and bisons (Collins and Barber, 1985)
were allreported to promote species diversity through the creation of bare
patches. Collins and Barber 1985 also suspected additive diversity effects
of grazing and bare patch formation through bison wallowing. For such
animals however, grazing and wallowing are unavoidably entangled.

Freshwater wetlands provide an excellent opportunity to investigate
the separate effects of bare patch formation and aboveground grazing.
Many of these systems in temperate climates experience foraging on above-
ground biomass by waterfowl (Jupp and Spence, 1977; Lauridsen et al.,
1993; Søndergaard et al., 1996; van Donk and Otte, 1996) and fish (Prejs,
1984; van Donk and Otte, 1996) during the warmer months. In winter
however, after die-off of the aboveground plant parts, tubers and roots
of aquatic plants are consumed by migratory waterfowl (Anderson and
Low, 1976; Beekman et al., 1991; Nolet et al., 2001; Sponberg and Lodge,
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2005). These birds, most notably swans and canvasbacks, may effectively
deplete entire patches, as propagules and therewith individual ramets are
consumed. This results in a mosaic of patches varying widely in the den-
sity of tubers remaining (Klaassen and Nolet, 2008). Conversely, grazing in
summer frequently results in stem breakage (Schutten et al., 2005), leaving
individual plants damaged, but alive. These different modes of herbivory
may each affect the suitability of species traits along different trade-offs,
potentially resulting in additive effects in terms of species composition.

To date, the effects of vertebrate herbivory on community composition
in aquatic systems have focused on waterfowl herbivory on aboveground
tissues. These studies report a reduction in the seemingly most palatable
macrophyte species in control plots relative to exclosure plots, and no effect
or an increase of less preferred species inside the exclosures (van Donk and
Otte, 1996; Santamarı́a, 2002; Rodrı́guez-Villafañe et al., 2007; van de Ha-
terd and ter Heerdt, 2007). In contrast, community composition effects of
belowground herbivory in shallow lakes have seldom been studied (but see
LaMontagne et al., 2003), although remarkable and counterintuitive effects
of Bewick’s swans foraging on fennel pondweed (Potamogeton pectinatus)
tubers were found in Swedish Lake Krankesjön (Sandsten and Klaassen,
2008). While the P. pectinatus tubers were most eaten by swans, compet-
ing perfoliate pondweed (Potamogeton perfoliatus) was virtually wiped out
by the sediment disturbances caused by the swans. As a result, the rela-
tionship between Bewick’s swans and fennel pondweed represents a case
of ecological mutualism (Sandsten and Klaassen, 2008).

The influence of belowground herbivory by Bewick’s swans may be such
that antagonistic coevolution has led to ecological mutualism (de Mazan-
court et al., 2001). On the other hand, as herbivory on belowground propag-
ules results in bare patches, good colonizers may profit at the expense of
dispersal-limited dominant resource competitors, resulting in an increase
in plant diversity. In parallel, herbivory by waterfowl and fish on above-
ground tissues of aquatic macrophytes may compare to the positive diver-
sity effect of herbivores as observed in grasslands and rocky intertidal com-
munities, i.e. to the disadvantage of the palatable, productive species.

In a four year exclosure study, we combined exclusion of aboveground
herbivores in summer (ducks, coots, mute swans and large fish) and below-
ground foraging by Bewick’s swans in winter in a full factorial design. We
thereby simultaneously considered the possible changes that both above-
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ground and belowground herbivory may have on the species composition
and evenness of a macrophyte community over multiple years. We consid-
ered the evenness component of diversity since changes in species number
are trivial in this species poor community. We tested the following hypothe-
ses: (i a) Bewick’s swans facilitated growth of their food source fennel pond-
weed by damaging and burying turions and seeds of competitors (ecolog-
ical mutualism), or alternatively, (i b) foraging Bewick’s swans promoted
community evenness by alleviating interspecific competition through local
removal of P. pectinatus tubers, which created opportunities for colonizers;
(ii) selective foraging of mute swans, coots and ducks on the competitively
dominant macrophyte species in summer facilitated subordinates and hence
endorsed evenness.

Materials and Methods

Experimental site

Exclosure experiments were carried out in the Babbelaar, a branch of
the shallow lake Lauwersmeer, the Netherlands, that is closed to the pub-
lic ( 2100 ha, 53◦ 22’ N, 06◦13’ E, see also Fig. 1.3 on page 13). The lake is
eutrophic to hypertrophic with a mean concentration of total nitrogen (N)
3.4 mg l−1 and total phosphorus (P) 0.28 mg l−1 (mean of monthly measure-
ments from October 2003 to October 2007 covering the experimental period;
data provided by the water board Noorderzijlvest).

The Lauwersmeer is a former bay of the Wadden Sea that turned into a
freshwater lake after its embankment in 1969. The water level of the lake is
strictly managed by means of sluice drainage correcting towards target level
(-93 cm relative to Amsterdam ordnance datum). From the early seventies
onward the lake was gradually colonised by fennel pondweed (Potamoge-
ton pectinatus L.). At the time the reported study started, fennel pondweed
could be found along the whole Lauwersmeer shoreline. In the Babbelaar
P. pectinatus dominates, yet it is likely to be more dispersal limited than the
two other submersed macrophyte species that were present, as it propagates
mostly by means of subterranean tubers positioned at relatively short dis-
tance from the maternal plant. Lesser pondweed (Potamogeton pusillus L.)
propagates mostly through aboveground formed turions (Barrat-Segretain
and Bornette, 2000) whereas horned pondweed (Zannichellia palustris L.) re-
produces mainly through seeds (van Vierssen, 1982).
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Figure 3.2: Bird counts in the Lauwersmeer in the summer season
in the Netherlands (one per month) for (a) ducks and coots compris-
ing the species coot (Fulica atra L.), gadwall (Anas strepera L.), mallard
(Anas platyrhynchos L.), and common teal (Anas crecca L.). and (b) for
Mute Swans (Cygnus olor Gmelin) which are indicated separately as
their mass differs by more than an order of magnitude. Data from
Staatsbosbeheer (State Forestry Service), The Netherlands.

Since the mid-seventies high numbers of Bewick’s swans annually visit
the lake on their autumn migration (Prop and van Eerden, 1981). The birds
usually arrive in the Lauwersmeer area in October and forage on the tu-
bers of fennel pondweed (Beekman et al., 1991; Nolet et al., 2001). The total
time spent on tuber foraging in the Lauwersmeer is typically short, numbers
quickly drop after 2-4 weeks of massive swan presence as a fixed giving up
density of pondweed tubers is attained (Nolet et al., 2006b). In the autumns
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(2003-2006) preceding aboveground sampling in summer 4000, 5500, 2800
and 1200 swan-days (= the sum of daily swan counts) were recorded in the
Babbelaar respectively (Nolet et al., 2006b, A. Gyimesi and B. A. Nolet, un-
published).

In summer the macrophyte beds in the Lauwersmeer were exploited ma-
inly by coot (Fulica atra L.), mallard (Anas platyrhynchos L.), gadwall (Anas
strepera L.), common teal (Anas crecca L.) and mute swan (Cygnus olor Gme-
lin). In summer, birds were counted on a monthly basis covering the whole
Lauwersmeer (data Staatsbosbeheer, State forestry service). Bird numbers
increased from May to August in a similar way in each year of the study.
Numbers steadily increased from around 1200 coots and ducks in May to ±
17 000 in August (Fig. 3.2). Mute swan numbers were more stable over these
months, fluctuating between 400 - 1100 individuals. Fish community data
had been collected in 2000 (Kroes and Riemersma, 2001). Bream (Abramis
brama L.) was the most abundant fish in biomass but this species is not her-
bivorous. Roach (Rutilus rutilus L.) and carp (Cyprinus carpio (L.)) were the
most abundant facultative herbivores. The density of roach was estimated
at 22 kg ha−1. Carp was estimated at 58 kg ha−1 while rudd (Scardinius ery-
throphthalmus (L.)) density was low at 1.5 kg ha−1 (Kroes and Riemersma,
2001).

Experimental design

In early October 2003, prior to the arrival of Bewick’s swans, eight 12 ×
12 m exclosure blocks were established in the Babbelaar (Fig. 3.3). Exclo-
sure blocks were divided in four 6 × 6 m plots, each receiving one of four
treatments: a summer exclosure (s) preventing the consumption of above-
ground parts by birds, a winter exclosure preventing tuber-digging water-
fowl from disrupting the sediment (w), a year-round exclosure, which was
a combination of both treatments (s + w) and a control plot (c), which was
open year-round (Fig. 3.3). Treatments were randomly assigned to the four
plots within a block. For the summer treatment a 6 × 6 m cage was made,
constructed of wooden poles and mesh wire (mesh size 5 cm). The cages
were topped with bird netting. Each year, the cages were erected in March
and removed at the end of September. As cages in winter would possibly be
vulnerable to forces exerted by ice, the winter treatment instead consisted of
mesh wire placed on the sediment surface. The mesh wire was kept in place
with short bamboo sticks from late September until March. We established
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two sets of four blocks, which were 180 m apart. Within each set of blocks
the distance between the centres of the blocks was 40 m. A slight gradient
in water depth existed with decreasing water depth from block 1 (62± 2 cm
SD relative to target level) to block 8 (35 ± 2 cm SD; see also chapter 2.3).

6 m

1.5 m

12 m

12 m
S

W

C S + W

Figure 2

Figure 3.3: A representative experimental block as established in the
Lauwersmeer. The two different treatments were separated in time.
The summer treatment, functional from March until September, is de-
picted in light grey. The winter treatment, applied from September
until March, is given in dark grey. Clockwise starting from the up-
per left plot are given: a control plot (c), a year-round exclosure (s +
w), a winter exclosure (w) and a summer exclosure (s). b. A repre-
sentative plot in which the sampling squares are drawn. A stratified
random sampling scheme was imposed where on each sampling occa-
sion one aboveground vegetation sample was taken from each of three
indicated grey rectangles (see text)

Sampling

All sampling was done inside an area of 4.5 × 4.5 m within the 6 × 6m
treatment plots in order to minimize edge effects. This area in turn was
divided in 36 squares of 75 × 75 cm. Aboveground material to be sorted
to species level was sampled in mid June and five weeks later, in mid July.
At each of these occasions one of the 36 squares was sampled. Assignment
of sampling squares to sampling occasions was done at random, with the
restriction that each sampling square was visited only once. Material was
sampled by placing a core with a 50 cm diameter over the vegetation. Plants
were then harvested by hand at the sediment surface and sorted to species
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level in the laboratory. The samples were dried at 60°C for 72 hrs and sub-
sequently weighed. The density of fennel pondweed tubers was assessed
both at the end of September and in March by collecting 12 sediment cores
with a 7 cm diameter and a depth of 35 cm more or less evenly spaced inside
each treatment plot. The cores were sieved in the field at mesh size 3 mm.
Tubers were pooled for each plot, dried, and weighed.

Statistical analysis

The effect of exclosure treatments and covariates on species above-
ground biomass, species proportions and evenness was assessed in a linear
mixed effect model using the nlme package in R (Pinheiro and Bates, 2000).
Biomass data were normalised using a cube root transformation whereas
species proportions were arcsine transformed. Evenness was estimated us-
ing the (untransformed) Shannon evenness index H’/ln(S) (Shannon and
Weaver, 1963; Pielou, 1966). In the experimental design winter treatment,
summer treatment and year were fixed factors. The factor month of sam-
pling was nested within year. This was done since sampling dates among
years may correspond to different stages in the plants phenology, making
months unique representatives of a given year. Secondly, months repre-
sent repetitive measurements at a different scale than years. Block was a
random factor within which summer exclusion, winter exclusion and year
were crossed. As the two covariates block depth and sediment silt content
were not independent (simple regression F1,30=7.95, p<0.01) with sandier
sediment in the shallower blocks, a composite abiotic parameter was calcu-
lated using a reduced major axis regression. Three different models were
constructed containing the three different covariates and their interactions
with the fixed categorical factors. The covariates were either water depth,
sediment silt content or a composite abiotic variable.

The log-likelihood of the different models was calculated under fixed
degrees of freedom and the model with the highest log-likelihood was cho-
sen for further analysis, in effect including a single covariate. The number
of relevant interactions was estimated by fitting the data with a full model,
one with three-way interactions, a model with two-way interactions and a
model without interactions using maximum likelihood (ML) estimation. A
likelihood ratio test at α = 0.05 was used to decide whether including higher
interaction levels returned a better fit, as is appropriate for hierarchically
nested models (Hilborn and Mangel, 1997). ANOVAs were then applied to
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the selected model including block as random factor using a REML estima-
tion method. After determination of the interaction levels the significance of
the random factor block was determined using a likelihood ratio test com-
paring the fit of the models with block as random factor and models without
the variable block. Significance threshold α was Bonferroni adjusted for the
F-tests by dividing 0.05 by 3, the number of species simultaneously studied
(new α = 0.017).

Results

Model selection yielded the best fit for models including water depth as
covariate rather than sediment silt content or a composite abiotic parame-
ter. This was true for all response variables. Also, in all cases only two-way
interactions were significant according to likelihood ratio tests on interac-
tion levels. The predictor variable year was always highly significant (Table
3.1) indicating variability among years for aboveground plant biomass of
the three considered species (Fig. 3.4). In addition, the three plant spe-
cies responded differently within years resulting in variable proportional
differences between species (Fig. 3.5). However, this yearly variation was
not independent of the summer treatment in any of the cases. All response
variables revealed a significant or marginally significant year × summer
treatment interaction. Water depth significantly affected biomass and pro-
portions of all species except in the case of P. pectinatus biomass. Block was
not significant in any of the cases. Also the factor month was significant for
all response variables except P. pectinatus proportions.

Aboveground biomass of P. pectinatus increased as a result of the sum-
mer treatment (s, w + s) (Table 3.1, Fig. 3.4) and the increase varied over
the years (significant summer × year interaction). Biomass of P. pectinatus
inside and outside summer treatment plots differed roughly by one order of
magnitude. No significant block effect was observed for this species (Table
3.1, Fig. 3.5). The proportion of P. pectinatus in the community was higher
in the summer exclosed plots in 2005 and 2006 (s, w + s) than in the sum-
mer open plots (c, w). While this effect was much more subtle or absent
in 2004 and 2007 (Fig. 3.6), there was still an overall significant summer
treatment effect and summer × year interaction. In contrast, exclusion of
belowground herbivory by swans in winter (w, w + s) did not result in any
significant effect on P. pectinatus plant biomass and only a marginally sig-
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nificant effect on the proportion of P. pectinatus (Table 3.1). Consumption of
fennel pondweed tubers by swans had been considerable nonetheless, with
an average reduction of tuber biomass from September to March of 75% in-
side summer exclosures (s), 66% in control plots (c) against 12% in winter
exclosures (w) and 34% in year-round exclosures (s + w) (c.f. chapter 2.3).

Potamogeton pusillus reacted differently to the summer treatment de-
pending on whether the absolute or relative scale was considered. Above-
ground biomass was highest in the summer exclosed plots (s) whereas in
all the other treatments no pronounced effect was visible (Fig. 3.4). Hence,
in addition to a significant summer exclusion effect, the interaction between
the summer and winter treatments was marginally significant (Table 3.1).
P. pusillus biomass reached higher densities in the shallower blocks (blocks
5-8). The interactions between water depth and the summer treatment and
between year and water depth were also significant (Table 3.1, Fig. 3.6). The
fraction of P. pusillus, however, decreased as an effect of the summer treat-
ment (s, s + w) since the increase in P. pectinatus biomass was significantly
more pronounced here. For the P. pusillus proportion, the summer × year
interaction was significant whereas the winter treatment (w, s + w) was not.
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Figure 3.4: The effect of the treatments on the aboveground biomass
(g m−2 dry mass) of the three species with the two sampling months
pooled. Years are grouped per treatment. Error bars denote standard
errors based on mean squares of the residuals from a mixed effect
model (winter, summer and year as fixed factors and plot as random
factor, n = 8 blocks) fitted to cube root transformed species biomass
data. For an explanation of treatment abbreviations, see Fig. 3.3. Note
different y-axes.
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Figure 3.5: Biomass of the three aquatic plant species in each treatment
across blocks in June and July pooled over years. Error bars represent
standard errors (n=4 years). Water depth decreases from left to right.
For an explanation of treatment abbreviations, see Fig. 3.3
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Zannichellia palustris was a rare occurrence throughout the experimental
period, with a mean of around 0.15 g m−2 DW in control plots (c). A strong
effect of water depth was observed for this species, both in terms of biomass
and proportion of the total (Table 3.1; Fig 3.6), with outliers of about 5 g
m−2 DW in the shallower blocks 5 to 8. Also, interactions between summer
treatment and water depth and summer treatment and year were significant
for plant biomass (Table 3.1), whereas only the latter was significant for the
species proportion. We found no significant effect of the summer treatment
(s, s + w) on Z. palustris biomass (Table 3.1), independent of year or water
depth. Summer treatment had an effect on the Z. palustris proportion in
the species pool, which is due to the increase of the other species. Winter
treatment (w, s + w) had a negative impact both on biomass and proportion
of Z. palustris (Table 3.1, Fig. 3.4c). Z. palustris showed a significant response
to the factor month but no consistent seasonal pattern was observed for this
species.

The Shannon evenness index reacted negatively to exclusion of summer
herbivory but showed no significant response to the winter treatment (Table
3.1). The interaction between year and summer treatment was marginally
significant. In our case, differences in species number were negligible such
that the evenness index (J) was qualitatively similar to the Shannon diver-
sity index (H; J= H/ ln(S)). In addition, H followed more or less the pattern
detected in the two Potamogeton species. Evenness between P. pusillus and P.
pectinatus was higher in the summer open plots (c, w) than in the exclosures.
Because of the tiny Z. palustris fraction in the community, the Shannon index
was barely reflective of changes due to treatment in this species.

Discussion

We found a strong positive effect of summer herbivore exclusion on bio-
mass of Potamogeton pectinatus and a reinforcement of its dominance in the
macrophyte community in 2005 and 2006. In 2004 and 2007, the biomass of
P. pectinatus was positively affected by exclusion of summer herbivores but
dominated the species composition in all treatments. Potamogeton pusillus
reached higher biomass inside summer exclosures (s) but decreased in rela-
tive terms, mostly so in 2005 and 2006. Vertebrate herbivory in summer thus
enhanced evenness at our study site in two out of four years by reducing
the dominant plant species. In winter exclosed plots (w, w + s), Zannichellia
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Figure 3.6: The effect of the exclosure treatments on species composi-
tion. Mean proportion of the biomass of each species calculated from
pooled arcsine transformed data. The light grey area represents the
proportion of P. pectinatus. The dark grey area stands for P. pusillus
and the white area for Z. palustris. Error bars denoting 95% confidence
intervals are given for P. pectinatus and P. pusillus in their representa-
tive colour, P. pectinatus error bars to the left and P. pusillus error bars
to the right of each treatment. Codes for the treatments as in fig. 3.3.

palustris reached both lower biomass and relative contribution to the macro-
phyte community, mostly so in 2004 and 2005, whereas the summer treat-
ment only showed significant interactions with year and depth. Our data
thus indicate that two functionally different and seasonally separated her-
bivore assemblages may each favour different subordinate macrophyte spe-
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cies, dependent upon year-to-year variation in growth of the separate spe-
cies. Interactions between the summer treatment and year were observed
for all species and the Shannon evenness index. In addition, an interaction
between winter treatment and year was found for Z. palustris. Apparently,
the effect of herbivores on species composition of macrophyte communities
may vary strongly among years.

Interestingly, although herbivory exerts a strong top-down effect on
the aquatic vegetation of the Lauwersmeer, we found no evidence for the
idea that herbivores keep plant communities in an earlier succesional stage,
which would progress in the absence of herbivores. Although such obser-
vations are ubiquitous in some systems (e.g. van Wijnen et al., 1999; Handa
et al., 2002; Kuijper and Bakker, 2005), in the aquatic plant community of
the Lauwersmeer species composition appears to be reset every year.

The observed annual variability in biomass and species composition
may be internally driven by density dependence in the propagule bank
(Jonzén et al., 2002). However, this is not likely to be the case for fennel
pondweed, since swans leave tuber densities at a relatively fixed threshold
density below which foraging elsewhere becomes more profitable (Nolet
et al., 2006b). There was also a limited degree of variability in summer
herbivory, apart from an unusually high number of mute swans in May
2007. Alternatively, interannual differences may depend on variables such
as differences in the effectiveness of winter stratification (van Wijk, 1989),
herbivory by snails in early spring (Elger et al., 2007) or competition be-
tween macrophytes and periphyton (Phillips et al., 1978). Although typical
studies of vertebrate herbivory on aquatic macrophytes cover a single grow-
ing season (e.g. Santamarı́a, 2002; Sandsten et al., 2005; Rodrı́guez-Villafañe
et al., 2007), quantitative predictions based on such studies may be problem-
atic. Results obtained from exclosure studies in one year are not necessarily
representative for all years, as interannual variation in recruitment suc-
cess between species should be taken into account, also in the absence of
successional patterns as in our study.

P. pectinatus is extensively foraged upon both in autumn on tubers by
Bewick’s swans and in summer on aboveground parts by waterfowl (An-
derson and Low, 1976; Santamarı́a, 2002; Hilt, 2006, this study) and pos-
sibly large fish, such as carp. Despite considerable reduction of tubers by
Bewick’s swans in winter, the effect on fennel pondweed biomass the next
summer was limited. In the summer treatment plots (s, s + w) however,
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strong growth of fennel pondweed reduced the proportional presence of
P. pusillus when abundant in control plots (2005 and 2006). At present we
do not know whether fennel pondweed is in fact a preferred food source
over P. pusillus, but there are indications that this is not the case. In feed-
ing trials quantifying the palatability of a range of aquatic plants using the
pond snail Lymnaea stagnalis (L.) as a generalist herbivore, Elger et al. (2004)
found no significant difference in palatability between P. pusillus and P. pec-
tinatus. However, since P. pusillus distributes aboveground biomass more
evenly across the water column, it may benefit from avian herbivores tar-
geting only upper plant parts, which are more likely P. pectinatus. An addi-
tional advantage may then be the increased light availability just below the
water surface. The proportional decrease of P. pusillus inside our exclosures
may thus have resulted from the strong competitive abilities of P. pectina-
tus. In absolute terms there was an increase of P. pectinatus inside summer
exclosures indicating that it may nonetheless be consumed by herbivores in
summer.

In the case of Z. palustris, higher densities were found in the shallower
blocks (5-8). Interestingly, Z. palustris appears to perform better when
exposed to Bewick’s swans in winter, although the effect varies strongly
among years. However, the plant might benefit from the grubbing activities
of swans in autumn. This bioturbation may bring buried seeds from a pre-
vious more productive Z. palustris year to the sediment surface, which can
enhance recruitment. Although this is a tempting explanation, survival of
Zannichellia spp. seeds over multiple years is thought to be limited (Bonis
and Lepart, 1994). A more likely explanation relates to the difference in
colonization abilities. Unlike the two Potamogeton species, Zannichellia spp.
produces many viable seeds (van Vierssen, 1982), which require only a short
period of favourable conditions to germinate (Bonis et al., 1995). The seeds
may easily be transported with water currents resulting in good coloniza-
tion ability. Swans dig pits when foraging and are very efficient in reducing
tuber densities within these pits (Klaassen and Nolet, 2008). Through this
sediment disturbance swans create bare patches that are largely free from
competing fennel pondweed early in the growth season, allowing the an-
nual Z. palustris to colonize. Mass effects (sensu Shmida and Wilson, 1985)
might then be responsible for higher densities later in the season.

Although effects were highly variable over the years, vertebrate her-
bivory may enhance evenness at our study site by reducing the dominant



92 Community responses to herbivory

plant species through summer grazing, hence promoting the relative contri-
bution of P. pusillus to the community. In addition, subordinate Z. palustris
may benefit from tuber predation in winter because the competition col-
onization trade-off under these circumstances may be to the advantage of
colonizers. These positive herbivore effects appear conditional upon re-
cruitment success of the subordinate species. The factors that are crucial
to this recruitment effect remain largely unknown and pose an interesting
subject of further study.

Our results are therefore partly in line with the positive effect of ver-
tebrate herbivores on plant diversity in productive (eutrophic) grasslands
(Olff and Ritchie, 1998). Moreover, we suggest that above- and below-
ground herbivory may each favour different constituents of diversity in this
system. It is questionable however, whether positive diversity or evenness
effects of herbivores apply to aquatic vegetation in general, since aquatic
plants may experience profound competition from functionally and tax-
onomically dissimilar organisms; namely periphyton and phytoplankton.
Avian herbivores may have an unfavourable impact on the vegetation under
such conditions, possibly resulting in phytoplankton dominance (Scheffer
et al., 1993a). In eutrophic shallow systems (< 80 cm depth) such as the
Lauwersmeer, macrophytes may on the other hand be fairly resistant to
competition with algae, as these macrophytes often exhibit more or less
floating canopies. Thus, depending on variability in recruitment success,
above- and belowground avian herbivory may each facilitate different sub-
ordinate macrophyte species.
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3.2 Above and below ground herbivory induce
small changes in macrophyte community com-
position in a Baltic estuary

Bert Hidding, Elisabeth S. Bakker, Frida Keuper, Thijs de Boer, Peter P.
de Vries and Bart A. Nolet

Abstract

Vertebrate herbivory may have contrasting effects on aquatic vegetation.
Timing of grazing may determine to what extent plants are able to compen-
sate for losses. Therefore, herbivore species that graze in different seasons
may affect submerged vegetation differently. This was the case in the Lauw-
ersmeer (The Netherlands), a shallow lake dominated by Potamogeton pect-
inatus revealing high compensation to tuber predation by swans in winter
yet strong biomass reduction by other herbivores in summer. Other im-
portant traits determining herbivore resistance may be plant species com-
position and trophic status of the water body. Species differ in palatability
and herbivore tolerance. This tolerance may in turn depend on the pres-
ence of competing phytoplankton, relating to trophic status. Here we study
the separate and combined effects of both belowground herbivory in spring
and grazing in summer on aboveground biomass and community composi-
tion in a shallow Baltic estuary dominated by charophytes. Both spring and
summer herbivory had no effect on total plant biomass, but induced small
changes in species composition. P. pectinatus was more abundant in plots
that were closed to spring and summer herbivores, whereas Najas marina
was more abundant in grazed plots. Chara spp. biomass was not affected by
herbivory. Probably belowground propagules of both Chara and P. pectina-
tus were consumed by swans but Chara grazing in summer may have been
low. In line with other studies in Chara dominated lakes, Chara may com-
pensate to herbivory outside the growing season while vertebrate herbivory
in summer may be low and compensated due to the high light availability.
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Introduction

Vertebrate herbivory may have contrasting effects on aquatic vegetation.
Some authors reported a strong negative impact of herbivory by fish and
waterfowl on total biomass of macrophytes (e.g. Lauridsen et al., 1993; Hilt,
2006, , chapter 2.3), while others reported negligible effects (e.g. Kiørboe,
1980; Perrow et al., 1997; Marklund et al., 2002). In addition to reducing
macrophyte biomass, herbivores may affect the community composition
of aquatic vegetation (e.g. van Donk and Otte, 1996; Santamarı́a, 2002;
Rodrı́guez-Villafañe et al., 2007, , chapter 3.1). However, why herbivore
effects on biomass and community composition of submerged macrophytes
vary so much among studies is still largely unknown.

One important variable may be the trophic state of the water body (c.f.
Weisner et al., 1997; Sandsten et al., 2005). Trophic state influences species
composition (Vestergaard and Sand-Jensen, 2000), which in turn is an im-
portant determinant of the palatability of the vegetation (Elger et al., 2004).
In addition, the extent to which plants may experience competition from
periphyton and phytoplankton is expected to increase under eutrophication
(Phillips et al., 1978; Hough et al., 1989), and this competition may hamper
compensatory growth after herbivory. The density of macrophytes may be
another important variable, since herbivore activity has larger relative ef-
fects at lower total plant biomass. It was thus suggested that aquatic plants
in the establishment phase are especially vulnerable to herbivory (Laurid-
sen et al., 1993; Marklund et al., 2002; but see Perrow et al., 1997). Likewise,
plant density relates to phenology, so the timing of herbivory may be crucial:
herbivory early in the growth season may have larger effects than herbivory
later on.

The effect of the timing of herbivory, which may depend on the iden-
tity of the herbivore, on plant biomass and composition remains mostly
untested. The degree to which plants compensate for herbivory may de-
pend on the type of tissue consumed and when it is consumed. For instance,
in an exclosure experiment Hidding et al. (Chapter 2.3) showed that tubers
of fennel pondweed Potamogeton pectinatus L. were massively consumed by
Bewick ’s swans (Cygnus columbianus bewickii Yarrell) in the eutrophic lake
Lauwersmeer in winter. Nonetheless, plants compensated largely to winter
herbivory as tuber biomass a year later did not differ consistently between
Bewick’s swan exclosures and control plots. In contrast, summer herbivory
by fish and waterfowl (ducks, coots and mute swans) greatly reduced both
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1

M a t s a l u   B a y

5 km

200 m

Figure 3.7: Position of the blocks in Matsalu bay and its location in
Estonia

plant biomass and consecutive tuber densities in autumn. Thus, summer
herbivory resulted in a strong reduction of biomass. Also species composi-
tion was affected differently by these different types of herbivory as distur-
bance by belowground herbivory left empty colonisable patches in spring
(see Klaassen and Nolet, 2008) which may benefit species with high col-
onization potential whereas aboveground herbivory did less so (Chapter
3.1).

The contrasting effects of herbivory in winter vs. summer were first
shown for the lake Lauwersmeer (Chapter 2.3). However, migratory Be-
wick’s swans may forage on belowground resources in shallow wetlands
with a vastly different macrophyte species composition along their flyway.
Would the contrasting effect of belowground herbivory during migration,
and summer grazing on aboveground plant biomass by other herbivores be
the same at these sites? Here, we test whether above- and belowground
herbivory have different effects on plant biomass and species composition
in a shallow Baltic estuary. In Estonian Matsalu Bay, thousands of Bewick’s
swans and whooper swans (Cygnus cygnus) may forage on charophytes and
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pondweeds simultaneously in spring, where they use the bay as a stopover
site on their way to the breeding grounds (Rees and Bowler, 1991; Nolet
et al., 2007). In summer, thousands of dabbling and diving ducks go through
moult in the bay. Matsalu bay differs from the Lauwersmeer as it is meso-
to oligotrophic with high water transparency and submerged vegetation is
dominated by charophytes. We built exclosures with four treatments: ex-
cluding belowground herbivory in spring by Bewick’s swans, excluding
summer grazing on aboveground plant material, excluding both spring and
summer herbivory and an adjacent control where all grazers had access. We
measured belowground tuber (Potamogeton pectinatus) and bulbil (Chara sp.)
biomass and aboveground biomass for all species during one year. We com-
pare our results with the Lauwersmeer as well as other Chara dominated
wetlands.

Methods

Study site

Matsalu Bay (Fig. 3.7) is a brackish estuary (size 67 km2) in Western Esto-
nia with a salinity gradient increasing from 0.5 to 7.5 psu from East to West,
a total phosphorus concentration of 0.3 - 2.8 µmol l−1 and total nitrogen
concentration of 8 - 37 µmol l−1 (Kotta et al., 2008). Its main tributary is the
Kasari river. The submersed vegetation cover in the bay is dense at values
between 50 to 250 g m−2 dry weight (Kotta et al., 2008) and is dominated by
charophytes (most notably Chara aspera) with Najas marina and Potamogeton
pectinatus as common subordinate macrophytes. Fluctuations in water level
and salinity in the bay are determined by wind and rainfall.

After ice break-up in spring, Bewick’s swans (Cygnus columbianus be-
wickii) and Whooper swans (Cygnus cygnus) visit the Bay in large numbers
in April and May (2000-6500 and 1200-5700 repectively; data from 1997 to
2000, Mägi, personal communication). The animals feed on bulbils of Chara
spp. (Rees and Bowler, 1991; Luigujõe et al., 1996; Nolet et al., 2007) and pos-
sibly the tubers of fennel pondweed P. pectinatus. Also in April and May, nu-
merous omnivorous tufted duck (Aythya ferina; 19000-25000) and Northern
pintail (Anas acuta; 5500-9000), which feed mostly on macrophyte propag-
ules, stop over at the Matsalu Bay. In summer, herbivorous waterfowl breed
in the reed beds. The most abundant of these are mallard (Anas platyrhyn-
chos; 1200-3000), coot (Fulica atra; 1700-6500), Eurasian wigeon (Anas pene-
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lope; 3000-10000) and Northern Pintail (700-2200) (Mägi, 2008, , Mägi per-
sonal communication).

Rudd (Scardinius erythrophthalmus) and Roach (Rutilus rutilus) are the
most abundant facultatively herbivorous fish species in the bay (cf. Vetemaa
et al., 2006) but their exact density is unclear from available literature. At
temperatures below 16°C herbivory by these animals is insignificant (Prejs,
1984).

Experimental Design

Four experimental blocks were established in a shallow part (± 60 cm
water depth) of Matsalu Bay (Fig. 3.7) in September 2004, and were, ex-
cept for the sampling scheme, identical to the ones described for the Lauw-
ersmeer (chapter 2.3). The blocks were divided in four 6.0 × 6.0 m plots,
each receiving one of four treatments: a spring exclosure (sp) protecting
against belowground foraging waterfowl, a summer exclosure (su) prevent-
ing the consumption of macrophytes by birds and large fish during the
growing season, a combination of both treatments (su + sp), and a control
plot (c), which was open to grazers year-round. Treatments were randomly
assigned to the four plots within a block. For the spring exclosure, mesh
wire was put in place immediately after ice thaw on April 15th 2005 and
maintained until May 2nd, 2005 when the spring treatment was terminated
and the summer exclosure treatment was applied. For the summer exclo-
sure a 6 × 6 m cage was made, constructed of wooden poles and mesh wire
(mesh size 5 cm), and topped with bird netting. Sampling was limited to a
4.5 × 4.5 m square inside the plots to minimize edge effects

The biomass of fennel pondweed tubers was assessed (1) in early
September 2004, (2) before application of the spring exclosure treatment
on April 15th, (3) after spring treatment termination on May 2nd and (4)
after termination of the summer treatment on September 13th. At these
dates we collected 12 sediment cores with a 7 cm diameter and a depth of
35 cm evenly spaced inside each treatment plot. The cores were sieved in
the field at mesh size 3 mm. Tubers were pooled for each plot, dried at
60°C for 72 hrs, and weighed. At the same sampling rounds, from each plot
four evenly spaced cores of 25 cm length with 5 cm diameter were collected
and sliced in 5 cm segments, which were sieved over mesh size 0.2 mm to
quantify the density of Chara bulbils. From pilot samples we observed that
99% of bulbils were located in the upper 15 cm of the sediment. We there-
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fore counted bulbils in samples down to 15 cm and dried twelve haphazard
bulbil samples at 60°C for 72 hrs to establish a relationship between bulbil
mass and number.

Within the 4.5 × 4.5 m sampling area we designated 36 75 × 75 cm
sampling squares before sampling aboveground material in summer. Three
sampling squares were chosen randomly under the conditions that (a) one
sample was gathered from each of two adjacent rows of sampling squares
(rows 1-2, 3-4, and 5-6) and (b) no two bordering sampling squares were
simultaneously assigned. Aboveground plant material was collected from
July 26th until July 28th 2005. Material was sampled by placing a core with
a 50 cm diameter over the vegetation. Plants were then harvested by hand
at the sediment surface, and sorted to species level except for Chara spp.
which was sorted to genus level. All plant material was dried at 60°C for 72
hrs.

Waterfowl counts

In parallel with the spring exclosure treatment four photocamera’s were
placed on 2.5 m high tripods aimed at the experimental blocks. Each camera
made a single photo each day at at a fixed time (9 am, 12 pm, 3 pm and 6
pm respectively). Waterfowl counts during the summer months were only
available from 1997-2000 (See paragraph “Study Site”).

Statistics

The effect of exclosure treatments on biomass of the three most abun-
dant species, total aboveground biomass and the Shannon diversity index
(H’ Shannon and Weaver, 1963) was assessed in a linear mixed effect model
using the nlme package (Pinheiro and Bates, 2000) in R (R Development
Core Team, 2008). Biomass data were transformed to normalize the data if
necessary. A Levene’s test checked for the homogeneity of variances with
data grouped for block and treatment yielding non-significant p-values in
all cases. Spring treatment and summer treatment were fixed factors. In
the analysis of Chara spp. and P. pectinatus , propagule density (bulbils or
tubers respectively) was included as a covariate. Block was a random factor
within which summer treatment, spring treatment and propagule density
were crossed. The effect of spring and summer herbivory on the density of
tubers was assessed using a linear mixed effect model on tuber density data
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from September 2004, April, May and September 2005, where time, summer
treatment and winter treatment were fixed factors and block a random fac-
tor. For the effect of swan foraging on Chara bulbil density the factor spring
treatment and time were fixed factors and block and plot were random fac-
tors.
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Figure 3.8: Mean daily count of Bewick ’s swans and whooper swans
at the exclosure site (solid line, y-axis to the right) and the total area
covered by the photographs (dashed line, y-axis at the left).

For the above described analyses significance of “block” was determined
by elimination and comparison of the goodness of fit. A likelihood - ratio
test with one degree of freedom (α = 0.05) was performed to decide if in-
cluding block returned a better fit, as is appropriate for hierarchically nested
models (Hilborn and Mangel, 1997; Maindonald and Braun, 2003). For the
analyses of aboveground biomass, we estimated the number of relevant in-
teractions by fitting the data with the mixed effect model including a model
with all fixed effects interactions and progressively less interactions using
maximum likelihood (ML) estimation. Analysis of variance was then ap-
plied to a model including block as random factor and the relevant inter-
action level using a REML estimation method. Analyses on tuber biomass
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and bulbil counts were performed including all interactions between fixed

variables, as here we were specifically interested in the interaction between

treatment and time, reduction vs. no reduction of propagules.

Results

In our experimental blocks Chara spp. (mostly Chara aspera) was the

dominant plant species. Najas marina and Potamogeton pectinatus were en-

countered in most samples but at a lower density. Other species that were

occasionally found were Myriophyllum spicatum, Chara tomentosa, Zannichel-

lia palustris, Potamogeton pusillus and Potamogeton perfoliatus. These species

were too rare to be analysed separately. Swan numbers in the larger exclo-

sure area peaked in the third week of April at a mean daily number of 80,

based on the tripod photographs (Fig. 3.8). Swan numbers quickly declined

towards the end of April. The mean daily number of swans at the exclo-

sure site was more stable up to two animals. The effect of herbivory on total

plant biomass in our experimental blocks was not significant. For the sep-

arate species P. pectinatus showed increased biomass due to both the spring

and the summer treatment whereas Najas was significantly more abundant

in control plots (Table 3.2 and Fig. 3.9).

Mean bulbil weight was 1.2× 10−4g. ± 0.2× 10−4 SD (n=12 samples) and

the density of bulbil dry mass was 17.0 g m−2 dw ± 10.6 SD, averaged over

time and treatment. We found no significant effect of the spring exclosure

treatment on square-root transformed Chara bulbil density (F1,10 = 0.058, p =

0.815), the time before and after swan visits (F1,2 = 0.099 p = 0.782), or the in-

teraction between time and exclosure treatment (F1,10 = 0.64, p = 0.444). The

tuber density observed was in all sampling months 5.7 g dw m−2 ± 5.5 SD.

The effect of the treatments, time or the interactions between these factors

on fennel pondweed tuber biomass in September 2005 was not significant,

but block was (Table 3.3) indicating some degree of heterogeneity in fennel

pondweed presence.
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Discussion

We found little effect of either belowground herbivory by swans or
aboveground herbivory by other waterfowl on total aboveground macro-
phyte biomass in Matsalu Bay. Chara aspera, which dominated the macro-
phyte community, was apparently able to sustain large numbers of both
whooper swans and Bewick ’s swans without undergoing a drastic biomass
reduction. On the other hand, we did observe subtle changes in the com-
munity composition of the submerged vegetation. P. pectinatus exhibited
reduced biomass in the control plots in the summer of 2005, probably as a
result of herbivory. Najas marina was more abundant in control plots than in
plots closed to avian herbivores, indicating that it might indirectly benefit
from herbivory.

Variable df F p
Su.ex 1,45 1.13 0.294
Sp.ex 1,45 0.71 0.404
Time 3,45 1.70 0.181
Su.ex × Sp.ex 1,45 1.03 0.316
Su.ex × Time 3,45 0.59 0.621
Sp.ex × Time 3,45 1.43 0.248
Su.ex × Sp.ex × Time 3,45 1.92 0.139

∆df L. ratio p
Block 1 8.85 0.003

Table 3.3: ANOVA results for the effect of the summer and spring
treatment on tuber biomass from September 2004 until September 2005
with sampling rounds in April and May 2005.

Chara aspera thrived in the bay and reached high biomass in the study
area in summer. Apparently the high densities of migratory swans in
spring did not cause depletion of propagule resources down to a level at
which propagule limitation occured. Also, excluding waterfowl from late
spring until the peak of summer had no measurable effect on Chara bio-
mass, suggesting low herbivore pressure on the Chara meadows. This is in
line with exclosure studies in other Chara dominated systems such as Lake
Veluwe (van den Berg et al., 2001) and Lake Botshol (Rip et al., 2006), both
in the Netherlands. Nevertheless, foraging by waterfowl on Chara bulbils
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Figure 3.9: Aboveground dry weight biomass of A. Chara spp., B. P.
pectinatus, C. Najas marina and D. total aboveground biomass of macro-
phytes at the experimental site late July, 2005. c denominates the con-
trol plot, sp the spring exclosure, su the summer exclosure and sp+su is
a combination of both. Means are back-transformed from square-root
tranformed data in A and B and from fourth-root transformed data in
C. Error bars represent standard errors.

may lead to substantial reductions of propagules in the sediment, but since
most herbivory takes place outside the growing season, the losses may be
easily compensated due to the high densities of both bulbils and spores
(Schmieder et al., 2006; van den Berg et al., 2001).

Interestingly, although total macrophyte biomass was hardly affected by
vertebrate herbivory, fennel pondweed was found in higher densities in
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bird exclosed plots (sp+su). The densities of tubers at this site were well
below the foraging threshold observed at another important stop-over site
for swans, the Lauwersmeer (Nolet et al., 2006a). Nonetheless, tubers may
have been consumed due to the presence of another food source, the bul-
bils of Chara. Without this alternative food source, foraging on tubers alone
would not be profitable enough to the swans in terms of net energy gain.
The existence of both food types thus represents a typical case of appar-
ent competition (sensu Holt, 1977) between the two plant species. Such
mechanism was also proposed for the Dutch Lake Veluwe; here charophy-
tes replaced pondweeds when the foraging pressure by Bewick’s swans and
other waterfowl was high (Noordhuis et al., 2002). In the Matsalu bay, the
consumption of fennel pondweed tubers and sprouts may be reflected in
the difference in biomass in summer observed between open and closed
plots. As we observed both a significant effect of the summer exclosure
and the spring exclosure, aboveground biomass of P. pectinatus may also be
consumed in the Matsalu Bay. P. pectinatus might in fact be more palatable
to most vertebrate herbivores than charophytes, in agreement with results
from feeding trials using mallards (Ahmad et al., unpublished data).

We found no significant difference in biomass of tubers before and after
foraging or in relation to the treatments. This is likely due to the large sam-
pling error related to the small surface area sampled in combination with the
low overall density of pondweed tubers (0.2 % of the plot area was sampled
for tubers vs. 2.9 % in the case of aboveground biomass). In the shallow lake
Lauwersmeer in the Netherlands, a large degree of compensation of fennel
pondweed to tuber predation by swans was observed (Jonzén et al., 2002;
Nolet, 2004, , chapter 2.3). However, in the Lauwersmeer, tuber densities
were much higher and plant growth was not limited by propagule density,
whereas in the Matsalu Bay tuber densities were much lower, leaving the
attainable biomass in part limited by the availability of propagules. Hence,
whereas the timing of herbivory largely governs compensatory growth in
the fennel pondweed dominated Lauwersmeer, compensation may be low
in general in the Matsalu bay, where the same species is less abundant.

A third species, Najas marina performed better in open plots than plots
closed to summer herbivory. This is remarkable given the notion that it is a
highly palatable species (c.f. Elger et al., 2004), assuming that palatability is a
general trait, applying both to pond snails Lymnaea stagnalis as employed in
Elger ’s study (2004), and vertebrates. However, Najas is an annual species
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whose seeds sprout better on softened-up sediments (Handley and Davy,
2002); conditions that may well result from grubbing activities of birds and
large fish. So herbivory may at the same time promote and inhibit a species
through direct and trait-mediated (indirect) effects. Hence, herbivory may
affect community composition in the Matsalu Bay through consumption as
well as its side effects. Comparable non-consumptive effects of swan forag-
ing were observed in other shallow wetlands (Sandsten and Klaassen, 2008,
, chapter 3.1). The better performance of N. marina in control plots and the
marginally significant decrease of biomass inside exclosures could alterna-
tively be the result of shading, but this is mostly relevant at the edges of the
cages, which we did not sample. It may also relate to a decrease in water
flow as the fences got infested with filamentous algae.

The general lack of an effect of both herbivory periods on total above-
ground biomass may relate to the favourable nutrient and light conditions
in this estuary. When viewed from an alternative equilibrium perspec-
tive (e.g. Scheffer et al., 1993b), the Matsalu Bay may well reside in a self-
stabilising vegetated state and may therefore be not so much affected by
herbivory. The high light supply allows for regrowth of the dominant cha-
rophytes after herbivory, and this process may be corroborated by the low
nutrient concentrations above Chara meadows inhibiting growth of compet-
ing epiphytes and phytoplankton (Kufel and Kufel, 2002). These conditions
do not apply to the eutrophic and turbid lake Lauwersmeer where the pos-
sibly more palatable P. pectinatus dominated. Here, grazing on stems and
leaves of P. pectinatus greatly reduced access to light during regrowth, when
it faces competition with phytoplankton and epiphytic algae (chapter 2.3).

In conclusion, at the time of our experiment the Matsalu Bay appeared
relatively resistant to herbivory, both to belowground herbivory by swans
outside the growing season and to aboveground herbivory by other water-
fowl in summer. Belowground herbivory in spring was probably largely
compensated for by the dominant species (Chara spp.). Summer herbivory
by waterfowl and fish on the other hand was likely to be slight or other-
wise compensated. Although macrophyte vegetation on the whole may be
relatively unaffected, the observed small changes in community composi-
tion may well be caused directly through selective foraging of herbivores on
more palatable species and indirectly through grubbing activities of swans
(Fig. 3.10) and foraging on aboveground parts by other bird species.
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Figure 3.10: View on the experimental blocks in Matsalu Bay during
cage construction at a time of low water level on May 2nd, 2005. On
the foreground shallow pits resulting from recent foraging activities
of Whooper swans and Bewick’s swans that must have occured at a
higher water level are visible.



3.3 How a bottom-dweller beats the canopy: inhi-
bition of an aquatic weed Potamogeton pecti-
natus by charophytes

Bert Hidding, Robert J. (Bob) Brederveld and Bart A. Nolet. Submitted.

Abstract

Bottom dwelling charophytes have been observed to replace canopy for-
ming pondweeds in the course of a few years time in shallow lakes. Compe-
tition for bicarbonate (HCO−

3 ) may explain a shift in vegetation dominance
from canopy forming pondweeds to bottom dwelling charophytes in de-
eutrophied lakes but inhibitory effects of Chara spp. on pondweeds have
not been shown experimentally. We tested whether charophytes may nega-
tively affect the growth of fennel pondweed (Potamogeton pectinatus) in the
absence of competition for P or N in outdoor mesocosms. In a laboratory we
studied whether Chara may negatively affect P. pectinatus growth with light
and bicarbonate in ample supply. In the mesocosm experiment high charo-
phyte densities had an initial negative effect on P. pectinatus with concurrent
lower bicarbonate levels. However, later on in summer bicarbonate levels
converged to an overall low among treatments. By the end of August, P. pec-
tinatus grown at high Chara densities had achieved higher biomass than the
P. pectinatus pots grown in monoculture, indicating that over time intraspe-
cific competition had become more limiting than inhibition by Chara. In the
laboratory study Chara inhibited growth of P. pectinatus particularly under a
combination of high light and high bicarbonate concentrations, suggesting
that Chara’s ability to act as a general nutrient sink may inhibit P. pectina-
tus under such conditions. We thus show that Chara growth may reduce
bicarbonate levels possibly affecting P. pectinatus growth. Since in the field
bicarbonate reached low levels for a longer period, our estimate of growth
inhibition may be conservative. However, given the notion that inhibition
was also recorded under ample bicarbonate supply, colimitation due to the
ability of Chara to act as nutrient sink may contribute to P. pectinatus decline
under Chara recovery in shallow lakes.
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Introduction

Observations in a number of temperate shallow lakes revealed that fen-
nel pondweed (Potamogeton pectinatus L.), a pseudo-annual aquatic angio-
sperm exhibiting a floating canopy, can get almost entirely replaced by bot-
tom dwelling macroalgae (Chara spp.) in the course of a few years (Blindow,
1992b; Coops and Doef, 1996; van den Berg et al., 2001). This is remarkable
given the notion that the fennel pondweed canopy is the first to intercept
the incoming light. Moreover, laboratory studies revealed that P. pectina-
tus sprouts at lower temperatures (van den Berg et al., 1998), thus earlier
in spring than Chara, which should give P. pectinatus a clear advantage in
the competition for light. Nonetheless, upon de-eutrophication, charophy-
tes have replaced pondweeds, raising the question what mechanisms are
involved in this displacement.

The reverse process whereby pondweeds replace charophytes in shal-
low lakes is relatively well understood (Chambers and Kalff, 1985; Blindow,
1992a). Increased eutrophication leads to an increase of phytoplankton in
the water column (Blindow, 1992a; Hargeby et al., 2007; Sand-Jensen et al.,
2008), shading the charophyte cover at the sediment surface, leading to its
decline. This process triggers a positive feedback loop as declining cha-
rophytes compromise their own ability to act as nutrient traps (Kufel and
Kufel, 2002) making nutrients in turn available to phytoplankton. In such
situation many angiosperms successfully persist at relatively shallow depth
as they may have leaves close to or at the water surface where they receive
abundant light, which further contributes to the low light climate at the sed-
iment surface.

The process nonetheless has been documented to be reversible, with cha-
rophytes again gaining a foothold among pondweed vegetation in a number
of shallow lakes (Hargeby et al., 1994; Coops and Doef, 1996; Sand-Jensen
et al., 2008). The shift from a system characterised by Potamogeton pectinatus,
phytoplankton and turbid water to clear water with abundant charophyte
vegetation has been regarded as a case of regime shift between two alter-
native stable states (van Nes et al., 2003). Hence, not only nutrient levels
determine whether a lake is vegetated or not. Both a vegetated clear wa-
ter state and phytoplankton dominance have self-stabilising properties at
a given range of phosphorus levels (Scheffer, 1998). Although such self-
reinforcement may explain how two vastly different ecosystem states can
occur at a single nutrient level and sometimes even co-exist within the same
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water body (Scheffer et al., 1994), such theory does not explain by what
mechanism charophytes can outcompete Potamogeton species.

Van den Berg and colleagues (2002) suggested that charophytes can out-
compete pondweed on the basis of dissolved inorganic carbon (DIC) deple-
tion. In a phase of transition in Lake Veluwe, van den Berg et al. (2002) ob-
served much lower bicarbonate concentrations above Chara patches than in
fennel pondweed stands. Secondly, in a laboratory experiment they showed
fennel pondweed growth to be more negatively affected by low bicarbon-
ate concentrations than Chara growth. Chara is considered to have a higher
affinity for bicarbonate than fennel pondweed. Both Chara and P. pectinatus
exclusively depend on the water column for their inorganic carbon sup-
ply. Although fennel pondweed is able to use both CO2 and bicarbonate, it
only uses bicarbonate as a carbon source at high productivity and concur-
rent high pH, since dissolved CO2 is virtually absent under these circum-
stances. The role of light is important, since charophytes would use more
bicarbonate at higher light intensities. Madsen and Sand-Jensen (1994) in-
deed reported interactive effects of light and bicarbonate on aquatic plant
growth. However, to our knowledge, inhibitory effects of charophytes on
angiosperms have not been shown experimentally.

Although a role for bicarbonate is plausible, the plants may as well com-
pete for other macro-nutrients such as phosphorus or nitrogen. In Polish
Lake Łuknajno N and P have been observed to occur in lower concentra-
tions above charophyte vegetation than outside (Królikowska, 1997). Sev-
eral factors may explain the nutrient depletion above charophyte vegeta-
tion; Charophyte biomass often by far exceeds that of angiosperm vegeta-
tion. Due to intense photosynthesis at high pH, P is immobilized as it co-
precipitates with calcite (Otsuki and Wetzel, 1972). Also, charophytes may
decay much slower than angiosperms and hence retain much of their nutri-
ents throughout winter (Kufel and Kufel, 2002). Hence the nutrient content
of lake water is expected to decline with the colonization of Chara. Although
Chara is thought to utilize mostly water column nutrients this is not exclu-
sively so, as Chara may translocate nutrients from rhizoids to aboveground
parts (Box, 1986; Vermeer et al., 2003). Pondweeds are thought to rely on the
sediment for most of their nutrients (Huebert and Gorham, 1983), but not
exclusively so (Barko et al., 1991). Hence, since charophytes and pondweeds
both exploit nutrient resources in the sediment and the water column, com-
petition for N or P may importantly contribute to disappearance of pond-
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weed canopies upon Chara colonization.
If nonetheless bicarbonate competition is crucial, P. pectinatus experience

negative effects of Chara growth when nitrogen and phosphorus are in am-
ple supply. This should especially be the case under high light and low
bicarbonate conditions, considering that bicarbonate demands increase un-
der high light. In a mesocosm experiment we tested the hypothesis that
Chara negatively affects growth of fennel pondweed through water column
competition. Our experimental design was a replacement series consisting
of pots with either P. pectinatus or Chara inside outdoor mesocosms. We
monitored growth of both P. pectinatus and Chara. If sediment nutrient com-
petition is more important than HCO−

3 , Chara would inhibit P. pectinatus also
in ample supply of bicarbonate. Therefore, in a laboratory experiment we
tested the possible inhibition of Chara on P. pectinatus under variable light
and bicarbonate supply.

Methods

mesocosm study

The mesocosm experiment was performed in containers, 90 cm wide,
110 cm long and 50 cm deep. Each contained 20 pots with a 20 cm diameter
at the upper side. There were five different treatments and of each treat-
ment four replicates, resulting in 20 mesocosms. The treatments were mono-
cultures of P. pectinatus and Chara and mix-cultures (75%:25%, 50%:50%,
25%:75% P. pectinatus :Chara), henceforward designated by the initial Chara
percentage. Mesocosms were randomized within blocks, every block con-
taining one replicate of each treatment. Chara bulbils and spores had been
collected at Lake Wolderwijd, the Netherlands. The Chara samples we ob-
tained consisted mostly of Chara globularis and Chara aspera. These were
planted in pots containing a 1:3 (dry weight) commercial potting clay and
river sand mix, and allowed to grow for one year.

In April 2007 the pots were hapazardly mixed and placed in the contain-
ers with dephosphatized freshwater from a lake owned by the Amsterdam
drinking water facility ”Waternet”. Initial Chara biomass was estimated by
harvesting the aboveground biomass inside 2 cores with diameter 5 cm for
all pots with Chara on April 19th. For the focals the material was dried at 60
°C for 72 hrs. and weighed, and initial biomass per pot was calculated from
these values. For the non-focal pots plant material was discarded. On April
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Figure 3.11: Schematic representation of a mesocosm used in a replace-
ment series. The mesocosm contains 50 % Chara spp. (white) pots and
50 % P. pectinatus (grey) pots. Focal pots which were used for biomass
estimations through time and final biomass at harvest are indicated
with an F. Focals were located at the same location within the meso-
cosm for each treatment. In the 25 % Chara treatment, all non-focals
were P. pectinatus whereas in the 75 % treatment all non-focals were
Chara. In the mono-cultures only 5 of the pots of the considered spe-
cies were assigned as focals.

20th, the pots with pondweed tubers were added (three tubers per pot, two
of size 56 mg fw (± 22 mg SD), one of size 0.137 mg fw (± 29 mg SD) total-
ing 249 mg fw (± 42 mg SD )). 6 g. osmocoter slow release was added to
the sediment consisting of river sand. To minimize nutrient release from the
sediment, pots were covered with a 2 cm layer of river sand without osmo-
cote. Pots were placed in the containers in a regular pattern to decrease the
contribution of local within mesocosm variation in abiotic conditions. Five
focal pots were assigned for both Chara and P. pectinatus at fixed positions
(see Fig. 3.11).

Alkalinity, which is a close descriptor of the bicarbonate concentration,
was measured for each container by titration with 0.05 M HCl at two week
intervals. HCO−

3 concentration was calculated according to Stumm and
Morgan (1996) from alkalinity. Bicarbonate concentration of the water was
high (3.5 meq at the start). Initial concentrations of nitrate, phosphate and
ammonium in the water were provided by the drinking water company



112 Community responses to herbivory

“Waternet”. Consecutively, measurements were done monthly starting at
the beginning of June when P. pectinatus plants started to obtain substantial
biomass, untill the end of the experiment late August. Before analysis, wa-
ter samples were filtered using Whatmanr GF/F filters with mesh size 0.7
µm. Estimates of aboveground biomass were started at the same time. For
these estimates, percentage cover in the focal pots was assessed by two ob-
servers independently. In addition, the length of three haphazardly chosen
plant shoots was measured. A biomass estimate was obtained by multiply-
ing the average length as obtained from three shoots with the percentage
cover. The percentage cover was first corrected by summing all percentages
per observer and then multiplying estimates of observer 1 with the sum of
observer 2 divided by the sum of observer 1 to give equal weight to the
estimates, equation (3.1).

E1 corrected =

∑
E2∑
E1

E1 (3.1)

In order to give meaning to these estimates in terms of biomass, the last
biomass estimates obtained one day before harvest were plotted against true
dry weight aboveground biomass at harvest. A regression line was calcu-
lated with the intercept set at zero.

All focal pots were harvested August 29 and 30. All aboveground bio-
mass was collected for P. pectinatus and Chara. All belowground biomass
was collected for P. pectinatus. In the case of Chara, three cores with diame-
ter 2.6 cm were taken from the pots. Sediment was sieved and bulbils were
counted. 24 samples of Chara bulbils were dried at 60 °C for 72 hrs and
weighed to establish mean bulbil weight. The mean weight per bulbil was
0.16 mg, R2=0.89. Belowground mass of P. pectinatus was separated in root
biomass and tuber biomass.

Laboratory experiment

48 cylindrical perspex tubes (diameter: 10.4 cm, height: 50 cm) were
filled with 700 g dw 1:3 clay river sand mixture topped with 0.5 cm washed
sand. 30 presprouted Chara bulbils were added and tubes were filled to
5 cm below the edge with water obtained from mesotrophic Lake Maars-
seveen in the Netherlands (52◦ 08’ 43” N, 5◦ 05’ 00” E) on February 5th 2007.
Plants were allowed to grow in a climate room at a light regime of 18h light
and 6h darkness, 20 °C : 12 °C). After ten weeks, on April 16th, half of the
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tubes was randomly harvested to produce the 0 % Chara treatment. From
the harvested replicates, the Chara density in the remaining tubes was esti-
mated at 115 mg DW ± 64 SD aboveground Chara. Two P. pectinatus tubers
were added (total biomass 409 mg FW ± 47 SD) to all tubes. A full facto-
rial design was implemented with in addition to Chara presence or absence
two bicarbonate treatments and two light treatments, resulting in 8 different
treatments and 6 replicates per treatment. The two bicarbonate levels used
were 0.5 and 3 mM, which were achieved by adjusting Maarsseveen water
either by adding NaHCO3 or 1.0 M HCl, after measurement of the bicarbon-
ate concentration by titration. The two different light regimes were applied
by covering tubes with shade netting resulting in a low light treatment of
41 ± 3.4 mmol s−1 m−2 and a high light treatment 325 ± 21 mmol s−1 m−2

(100%). All P. pectinatus biomass was harvested on June 18th, divided in an
aboveground and belowground fraction and dried at 60 °C for 72 hrs.

Statistical analyses

In the mesocosm experiment the effect of the Chara treatments on total
dry biomass, aboveground dry biomass, tuber biomass and tuber fraction
was assessed using linear mixed effect models (Pinheiro and Bates, 2000)
in R (R Development Core Team, 2008), both for Chara pot density and for
Chara final biomass. Response variables were transformed to their square
root, log or arcsine (Anscombe transformation, see Zar (1998)) to meet nor-
mality assumptions. Levene’s tests were applied to check for homogeneity
of variances in which data were grouped per mesocosm. In the analysis test-
ing the effect of pot density, treatment was taken as a fixed variable. Block
was not included in the analysis as it would lead to over-parameterization of
the model, but “mesocosm” was included as a random variable. The signifi-
cance of the factor mesocosm was tested by elimination from the model and
a comparison of the model fit using a likelihood ratio test (see Pinheiro and
Bates, 2000). In a second analysis Chara biomass was estimated as the mean
biomass per Chara pot multiplied by the number of pots. This value was
then included as a covariate in a linear mixed effect model with mesocosm
as random factor. The significance of the variable mesocosm was calculated
again using likelihood ratio statistics.

The biomass estimates as obtained through the growing season were
square-root transformed to meet normality assumptions. A Levene’s test
checked for homogeneity of variances. In linear mixed effect models linear,
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quadratic and cubic time and treatment terms were fitted to the data with

mesocosm and pot as random factors. Pot was nested in mesocosm. Signif-

icance of the random variables was assessed by elimination and compari-

son of the goodness of fit using likelihood ratio tests. A similar procedure

was performed for the ordered fixed variables time and treatment. Here,

quadratic and cubic terms and their interactions with the other fixed vari-

able were dropped from the model and the goodness of fit was compared

using likelihood ratio statistics.

The laboratory experiment was analysed as a full factorial design nested

in blocks using linear mixed effect models in R. The fixed categorical factors

Chara, light and bicarbonate concentration were thus crossed and P. pectina-

tus total dry weight (untransformed) and shoot root ratio (log-transformed)

were response variables. Levene’s tests were employed to determine whe-

ther variances were homogeneous.

Variable Slope Mesocosm

Value±SD T p L.ratio p

Chara pots

Total mass (√) 1.026±0.291 3.53 0.005** 6.383 0.012*

Aboveground mass (√) 0.965±0.258 3.74 0.003** 4.799 0.029*

Tuber mass (√) 0.387±0.152 2.54 0.027* 10.354 0.001**

Tuber fraction (arcsin
√) -0.060±0.021 -2.87 0.015* 5.609 0.018*

Chara biomass

Total mass (√) 0.006±0.006 0.87 0.400 18.38 <0.001***

Aboveground mass (√) 0.007±0.006 1.29 0.217 15.36 <0.001***

Tuber mass (√) 0.001±0.003 0.40 0.696 18.09 <0.001***

Tuber fraction (arcsin
√) -0.006±0.003 -2.18 0.046* 27.48 <0.001***

Table 3.4: Linear mixed effect model results on P. pectinatus biomass

variables for the fixed continuous variable Chara pot density, where

block and container were included as random variables and B, the ef-

fect of final Chara biomass on P. pectinatus biomass variables using sim-

ple regression analyis; Here P. pectinatus biomass was summed over

the focal pots per container. Chara biomass was estimated based om

the focal pot biomass of Chara. * p < 0.05, ** p < 0.01, *** p < 0.001.



Bottom dweller beating the canopy? 115

Figure 3.12: Plant density in g m−2 in the focal 5 pots of a) Chara spp.
and b) P. pectinatus at the end of the experiment. Black part of the bars
represents bulbils and tubers respectively. Dark grey in the P. pectina-
tus graph indicates root biomass. Light grey represents aboveground
biomass for both Chara and P. pectinatus respectively. Error bars denote
standard errors of total biomass based on containers as units. All data
were square root transformed and then backtransformed.

Results

Mesocosm study

The Chara pot density had a positive effect on the total biomass, above-
ground biomass and tuber biomass of P. pectinatus at time of harvest (Table
3.4, Fig. 3.12). The same P. pectinatus biomass variables showed no signifi-
cant relationship with the actual Chara biomass (Table 3.4). The tuber frac-
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Factor Value SD df t-value p-value

Intercept 24.28 4.17 234 5.82 <0.001***

Treatment 1.04 1.52 11 0.68 0.510

Time L -13.10 2.23 234 -5.87 <0.001***

Time Q -13.56 ,, 234 -6.08 <0.001***

Time C 12.89 ,, 234 5.79 <0.001***

Treatment×Time L 7.78 0.81 234 9.56 <0.001***

Treatment×Time Q 1.96 0.81 234 2.41 0.017*

Treatment×Time C -3.15 0.81 234 -3.86 <0.001***

Random factor ∆df L. ratio p-value

Mesocosm 1 82.83 <0.001***

Pot 1 50.46 <0.001***

Table 3.5: model parameter estimates and their significance for the

covariates treatment and time treatment for square-root transformed

aboveground biomass estimates of P. pectinatus. * p < 0.05, ** p < 0.01,

*** p < 0.001.

tion of total biomass related negatively to both Chara pot density and Chara

total biomass. Chara itself on the other hand exhibited lower biomass with

increasing initial density of Chara (Fig. 3.12). The proportion of tubers of the

total biomass in P. pectinatus however related negatively to the proportion

of Chara in the mesocosm, in contrast to tuber biomass itself. The random

variable mesocosm was significant in all cases.

The regression of the visual estimates of final aboveground biomass on

the actual harvested biomass was performed with the intercept set at zero,

resulting in an R2 = 0.80 for the P. pectinatus estimates and R2 = 0.59 forChara.

A t-test on the regression with intercept showed the intercept being non-

significant in the case of P. pectinatus (T = 0.195, p = 0.846), but significant

for Chara (T = 2.52, p = 0.014).

For the estimates of aboveground biomass of P. pectinatus time was sig-

nificant as an ordered factor (LRT∆df=8 = 118.07, p<0.001) but treatment

was not (LRT∆df=8 = 8.19, p=0.41). The main effect of time was significant,

including quadratic and cubic terms (Table 3.5). The interaction between

treatment and time was highly significant for both linear and higher order

terms, indicating a different growth pattern among treatments (Fig. 3.13),

with an earlier peak biomass at low initial Chara densities and thus a late
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Figure 3.13: (a) The Difference between the bicarbonate concentration
of the water column between the Chara 0 % and Chara 75 % treatment
depicted to aid interpretation of P. pectinatus aboveground density es-
timates given in (b), based on focal pots of P. pectinatus at the differ-
ent Chara pot fractions. Harvested aboveground dry mass (g m−2) for
each treatment is depicted at the right as the data points that are not
connected by lines. (c) Estimates of aboveground biomass for the fo-
cal Chara pots at the different Chara densities; Harvested aboveground
biomass is indicated at the right. Symbols are according to legend of
panel (b). Note the differences in y-axes.

peak biomass at high initial Chara densities.
The ammonium concentration dropped from 0.7 mg l−1 to values close

to the detection limit of 0.1 mg l−1 (Fig. 3.14a). In the P. pectinatus monocul-
ture the decrease was slower. Nitrate concentrations increased in the treat-
ments with an intermediate to high P. pectinatus initial density (Fig. 3.14b).
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Phosphate concentrations remained low throughout the experiment for all
treatments (Fig. 3.14c). The bicarbonate concentration was high at the start
of the experiment but started to drop after week 1 (Fig. 3.14d). In the treat-
ment with 75 % Chara the bicarbonate concentration was the lowest in the
first month of the experiment whereas in the P. pectinatus monoculture bi-
carbonate levels were highest (See also Fig. 3.13a).

Figure 3.14: Change in the concentration of nutrients in the water col-
umn of the experimental mesocosms from the replacement series with
Chara and P. pectinatus for a NH+

4 , b NO−
3 , c PO3−

4 and d HCO−
3 . Solid

black line: 0 % Chara; dashed black: 25 % Chara; Solid dark grey: 50
% Chara; dashed dark grey: 75 % Chara; solid light grey: 100 % Chara.
Dashed horizontal lines indicate the sensitivity threshold for the mea-
surements.



Bottom dweller beating the canopy? 119

Laboratory study

In the laboratory experiment, biomass of P. pectinatus was significantly

affected by Chara, bicarbonate and light but also all two-way interactions

were marginally significant (Table 3.6, Fig. 3.15). Chara affected P. pectina-

tus biomass negatively whereas light and alkalinity had a positive effect on

P. pectinatus biomass. Highest biomass was observed when both light and

bicarbonate concentrations were high and Chara was absent. Light had a

strong negative effect on the shoot to root ratio but Chara also affected P.

pectinatus biomass negatively. A strong three-way interaction was visible

between light, Chara and bicarbonate, with highest shoot to root ratio under

low light and high HCO−
3
and absent Chara. In a two-way anova on Chara

biomass no significant effect of light, bicarbonate or the interaction between

the two was observed (analysis not shown) but potentially the Chara bio-

mass reached lowest biomass at low light and low bicarbonate concentra-

tions.

Total biomass Shoot-root ratio

df F p F p

Alkalinity 1,38 5.18 0.029* 1.92 0.173

Light 1,38 9.11 0.005** 124.29 <0.001***

Chara 1,38 6.62 0.014* 8.53 0.006**

Alkalinity × light 1,38 3.27 0.079 . 0.12 0.732

Alkalinity × Chara 1,38 3.85 0.057 . 2.01 0.164

Chara × Light 1,38 3.81 0.058 . 1.18 0.285

Alkalinity × light × Chara 1,38 1.71 0.199 13.39 <0.001***

Table 3.6: ANOVA results effects of the predictor variables in the mi-

crocosm experiment . p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3.15: a. Bicarbonate concentrations at three times during the
experiment before adjustment towards target level, indicated with
dashed boxes. b. Total P. pectinatus biomass in the experiment at har-
vest after two months. c. Shoot to root ratio of the total P. pectinatus
biomass. LL indicates low light and HL high light
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Discussion

In the mesocosm experiment Potamogeton pectinatus initially exhibited
reduced growth at higher initial densities of Chara compared to monocul-
ture conditions. This coincides with a lower concentration of bicarbonate
in the presence of Chara. This result is in agreement with the hypothesis
that bicarbonate competition with Chara may limit the growth of P. pecti-
natus. However, the final total biomass as well as the tuber biomass was
larger for P. pectinatus growing at high Chara pot densities, indicating that,
in the end, P. pectinatus growth was more limited by intra-specific competi-
tion than by competition with Chara. Moreover, the actual Chara biomass at
harvest showed no significant relationship with P. pectinatus final biomass
whereas the fraction of the Chara pots as a treatment did show a signifi-
cant positive effect on P. pectinatus biomass. Since a higher fraction of Chara
pots naturally coincides with a lower fraction of P. pectinatus pots intraspe-
cific competition probably limited P. pectinatus. A possible explanation for
the lack of growth inhibition by Chara at harvest is that from mid-June on-
ward, less than two months after the start of the mesocosm study, no sig-
nificant difference could be observed in bicarbonate concentrations among
treatments. We also noted that the water surface area occupied per pot was
much higher for P. pectinatus grown at low intraspecific densities, which
may facilitate access to atmospheric carbon. Since all P. pectinatus pots had
an equal supply of N, P and K from the sediment, atmospheric carbon may
have importantly limited growth in our experiment. In the laboratory ex-
periment we observed that Chara inhibited growth under high light, high
bicarbonate conditions, so bicarbonate need not be the only limiting sub-
stratum; competition for other nutrients may be important too.

In the mesocosm study, bicarbonate concentrations were higher in
monoculture in the first 50 days of the experiment, which is a likely ex-
planation for the initial advanced growth of P. pectinatus in monoculture. In
the Dutch Lake Veluwe where charophytes replaced pondweeds over the
course of a decade (van den Berg et al., 2001), a difference in bicarbonate
concentration existed much longer than in the mesocosm experiment. Here,
above Chara substantially lower bicarbonate and CO2 concentrations were
measured from the end of May until the end of August (van den Berg et al.,
1998). Hence, under natural conditions, Chara may have a much stronger
effect on P. pectinatus growth through bicarbonate competition.

However, the notion that P. pectinatus produced highest biomass at high
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densities of Chara in the mesocosm experiment suggests that there may be
other variables important in the displacement of P. pectinatus from lakes
upon de-eutrophication. In the laboratory experiment inhibition by Chara
took place even under ample supply of bicarbonate and high light. In a
natural situation the plants may not only compete for inorganic carbon but
also for other nutrients, notably phosphorus and nitrogen. As mentioned
before, a temporal shift in limitation may occur when plants reach the water
surface, which decreases their dependence on water column DIC as carbon
is increasingly taken up from the atmosphere (Portielje and Lijklema, 1995).
Secondly, co-limitation may occur when a plant requires an above limiting
supply of one resource to increase the affinity for another (e.g. Schade et al.,
2005). Also the wide array of secondary chemicals produced by charophy-
tes, believed to interfere with planktonic algae (e.g. Mulderij et al., 2003),
might affect angiosperm growth, although the success of fennel pondweed
plants cultured together with Chara in the mesocosm experiment does not
support this scenario.

Chara reached its maximum biomass at its lowest intraspecific density:
when P. pectinatus density was at 75 % of the pots, Chara had the highest bio-
mass per pot. Apparently, intra-specific competition was strong for Chara,
given the low biomass in the monocultures. In addition, fennel pondweed
may release nutrients from its leaves especially when senescent. Lastly, nu-
trients may have leaked from the sediment, available for uptake by Chara.
This leakage from plants and sediments would explain the increase in NO2−

3

over the course of the experiment especially in the P. pectinatus monocul-
tures. It might also explain the high biomass of Chara at higher P. pectinatus
densities. The initial growth of Chara in monoculture was not only low, also
initial bicarbonate concentrations were higher than in any other treatment.
Such nutrient leakage however cannot explain the initial stunted growth
of fennel pondweed at high Chara densities as most nutrients are taken up
from the sediment and each pot has the same amount of fertilizer, suggest-
ing a role for bicarbonate.

In shallow lakes, other variables than direct competition may be impor-
tant in the shift from pondweed towards Chara dominance. Several studies
have shown that both P. pectinatus and Chara can be extensively foraged
upon by herbivorous waterfowl (Rees and Bowler, 1991; Noordhuis et al.,
2002; Schmieder et al., 2006). Herbivory in summer may be especially detri-
mental to pondweeds, as thinned pondweed beds may be more vulnerable
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to wave action (i.e. Bouma et al., 2005) and grazing on the canopy may re-
duce the access of plants to inorganic carbon from the atmosphere (Portielje
and Lijklema, 1995). Fennel pondweed tuber densities can be drastically
lowered through foraging by Bewick ’s swans in early winter (Beekman
et al., 1991; Nolet et al., 2001). Chara may also face consumption especially
in autumn and winter (Noordhuis et al., 2002; Schmieder et al., 2006), but
the enormous densities of small spores and bulbils enable Chara to develop
dense meadows again during the growing season (van den Berg et al., 2001;
Schmieder et al., 2006). Secondly, the presence of Chara bulbils may in fact
cause apparent competition (sensu Holt, 1977) between Chara and P. pectina-
tus. The presence of an alternative food source, in this case Chara may lower
the densities of P. pectinatus tubers at which tuber foraging is still profitable
to waterfowl (Noordhuis et al., 2002).

In conclusion, the experiment showed that Chara can lower the bicarbon-
ate concentration in the water column, and low concentrations of bicarbon-
ate may in turn affect growth of P. pectinatus. Hence, when circumstances
allow for growth of Chara, P. pectinatus may experience a negative impact of
it, as could be initially observed in the mesocosm experiment. Nonetheless,
P. pectinatus has the ability to overcome the negative effect of bicarbonate
competition. When the plants reach the water surface their dependence on
dissolved inorganic carbon diminishes as the plants increasingly use atmo-
spheric sources of CO2. We have shown in a laboratory experiment that
even under ample supply of bicarbonate and light P. pectinatus growth may
be inhibited by Chara. In this laboratory experiment as well as in the field,
Chara and P. pectinatus potentially competed for phosphorus and nitrogen
whereas in the mesocosm study, P. pectinatus had its private N and P sup-
ply. Since Chara not only reduces carbon concentrations but also phospho-
rus and nitrogen, the general ability of Chara to act as an effective sink for
all macro-nutrients may strongly inhibit growth of pondweeds.
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Chapter 4

General synthesis and summary

Figure 4.1: The Bewick’s swan - De Kleine Zwaan (photo: Maga-chan,
licence: cc-by-sa)
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4.1 General synthesis

Herbivores and plant populations

The potential role of herbivores in shaping plant communities is undis-
puted in many ecosystems ranging from grasslands (e.g. Olff and Ritchie,
1998) to phytoplankton communities (e.g. Sarnelle, 1993). However, in
aquatic vegetation, effects are still debated. I hope to have contributed to
this domain of study showing that effects can be substantial at various ag-
gregation levels spanning from within individual responses to, potentially,
changes in ecosystems. However, the outcome of biotic interactions may
strongly depend on context (Hay et al., 2004). For example, if plants selected
by herbivores grow among serious interspecific competitors, herbivory may
be more damaging than when the same plants dominate the community.
Plants growing under favourable circumstances may on the other hand be
very tolerant to herbivory. But even if biomass and species composition
are relatively unaffected, plants may show avoidance strategies in their
interaction with herbivores.

In chapter 2.1 I report on fascinating historical data that had been col-
lected in the shallow lake Lauwersmeer in the Netherlands by Beekman
and colleagues (1991) in the early 1980s showing that tubers of the pseudo-
annual plant fennel pondweed Potamogeton pectinatus buried shallowly in
the sediment at that time. Back then, Bewick ’s swans (Cygnus columbianus
bewickii) had only very recently discovered the abundant stocks of tubers
that had become available after the artificial lake was colonised by fen-
nel pondweed beds upon its embankment in 1969. The animals preferen-
tially feed on aquatic plant propagules in autumn on their migration. Two
decades after Beekman and others collected samples, tubers were observed
to be buried much deeper (Chapter 2.1). Besides herbivore avoidance, deep
tuber burial has been suggested as a means to avoid desiccation during
droughts (Kantrud, 1990). But deeper burial is costly, as deep tubers are nec-
essarily larger to enable them to grow to the sediment surface under dark
and anoxic conditions. One would therefore expect deep burial only to ex-
ist when such tubers have a higher survival chance than shallow tubers. As
shown in chapter 2.1, these costs of deeper burial would be too high in the
Camargue in the South of France. At the investigated site in the Camargue,
Bewick ’s swans did not forage on fennel pondweed tubers and droughts
had not caused drawdown to the sediment surface in recent times. This
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Figure 4.2: Tuber biomass across sediment depth in the Lauwersmeer
exclosures in September 2003 and 2004. Error bars denote standard
errors. C = control plots, s = summer exclosures, w = winter exclosures
and w + s = yearround exclosures; see also Fig. 2.9 on page 48.

circumstance might explain why tubers are thus buried relatively shallow
compared to the Lauwersmeer, which experiences high numbers of Bewick
’s swans on an annual basis (Nolet et al., 2006b).

Nonetheless, many other variables are different between the Camargue
and the Lauwersmeer. The climate, the sediment composition and the salin-
ity are different. In chapter 2.1 I describe the results from a common gar-
den experiment. Clonal lines from the Lauwersmeer, the Camargue and
Lake Peipsi in Estonia were propagated in aquaria and their offspring were
planted in a different common garden setting in deep pots inside large con-
tainers. Camargue tubers buried deeper than in the field whereas Lake
Peipsi tubers exhibited shallower burial. Comparable to the field situation,
tuber size increased with depth for all clonal lines, and tubers at a given
depth exhibited the same size hierarchy as in the field; Camargue tubers
were largest and Lake Peipsi tubers were smallest. The considerable devia-
tions in tuber burial depth observed in common garden, both in the direc-
tion of deeper burial (Camargue tubers) and shallower burial (Lake Peipsi)
suggest that this trait may be largely phenotypically plastic.

Data from an exclosure experiment in the Lauwersmeer confirm our ini-
tial hypothesis that tuber burial serves as an escape mechanism against tu-
ber foraging waterfowl and that the depth at which newly produced tubers
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are positioned is influenced by past presence or absence of tuber predators
(Chapter 2.2). The data also suggest phenotypic plasticity to be an impor-
tant determinant of tuber burial depth. In this experiment we factorially
excluded belowground herbivory in winter by Bewick ’s swans and above-
ground herbivory by other waterfowl in summer. We applied mesh wire
to the sediment surface in winter in year-round and winter exclosures to
protect tubers from foraging by Bewick ’s swans. The experiment was run
for four years. Already one year after the experiment had started tubers
were found markedly shallower in year-round protected plots than tubers
in control plots (Fig. 4.2 and Fig. 2.9 on page 48). The explanation why
the effect was strongest in the year-round exclosure may be that the incen-
tive to an optimal burial depth is higher when also aboveground herbivory
is excluded. Exclusion of summer herbivory results in more aboveground
biomass and thus more intense competition between plant ramets1. At high
tuber densities in spring, self thinning is bound to happen and an optimal
depth allocation of tubers will likely pay off. Although, of course, genetic
variation may play a role in the shift from deep towards shallow burial (i.e.
natural selection), it is somewhat hard to imagine that adapted genotypes
were immediately present in sufficient densities to cause a shift in the bu-
rial pattern in one year time. It is therefore likely that phenotypic plasticity
plays an important role and that a shift in burial depth hints at an inducible
defence. This suggestion is further supported by the observation (reported
in box 1) that burial depth can be a highly plastic trait

We hence provide a rare example of avoidance by escape in a vascular
plant. Defence through structural traits such as spines or chemical defence
compounds (i.e. phenolics or alkaloids) are far more known and proba-
bly more widespread. But perhaps the idea that chemical defence is more
common is also a result of the force of habit in science. Researchers may
in fact have a tendency to think of chemicals in the very first place as a
means for plants to cope with herbivores. It is less common to think of
structural morphological defence mechanisms, perhaps because their func-
tion may be confounded with others such as minimising water loss in the
case of leaf toughness (sclerophylly) (Hanley et al., 2007). But even com-
pared to the structural defences avoidance by escape is a true terra incog-
nita to plant ecology. Some interesting examples of herbivore avoidance by

1I define a ramet as the assemblage of plant parts that are physically connected via
stolons or otherwise



130 General synthesis and summary

escape (sensu Belsky et al., 1993) have nevertheless been described. Bulbs
of desert lilies (Pancratium sickenbergeri) were found to be buried deeper in
areas of the Negev desert where dorcas gazelles feed on both above- and
belowground plant parts than in areas without these herbivores (Saltz and
Ward, 2000). In North America, the ducking “behaviour” of goldenrod (Sol-
idago altissima) stems reduced attacks on flowers by galling insects (Wise
and Abrahamson, 2008). Also the costly meristem tissues of grasses may be
well hidden to browsing ungulate herbivores (McNaughton, 1979), suggest-
ing grasses to have evolved an escape morphology. The latter example is of
a more “hard wired” (non-plastic) kind, as the same grass species are un-
likely to expose their meristem tissues after herbivore absence on an ecolog-
ical time-scale. Aside from a few interesting examples, herbivore avoidance
by escape is understudied. In addition, belowground herbivory, although a
hot topic in invertebrate studies (see for review van der Putten et al., 2009),
has largely been ignored in studies of vertebrate herbivory. I therefore won-
der whether escape strategies such as the one described in this thesis occur
in disparate systems such as the geophytes eaten by naked mole rats (Het-
erocephalus glaber), which may dwell belowground in high densities locally
in East-Africa, where they feed almost exclusively on tubers (Ciszek, 1999).
Also, the diet of wild boar (Sus scrofa) may consist largely of belowground
plant parts (e.g. Giménez-Anaya et al., 2008), so again, may animal grub-
bing have led to the evolution of escape behaviour in plant roots and tubers
in these systems?

Perhaps the problem with belowground herbivory effects on plants is
that it may go unnoticed. Not only do Bewick ’s swans and naked mole
rats forage below murky water surfaces or compacted soils, their influence
on aboveground biomass, at least for swans, may be trivial. Despite the
adaptive change in tuber allocation by P. pectinatus in response to changes
in swan predation pressure, the population level effect of belowground her-
bivory is rather limited (chapter 2.3). Although a large part of the tubers is
consumed by Bewick ’s swans each year (Table 2.6, page 50), there is no ob-
vious negative impact of winter herbivory on aboveground plant biomass in
the summer following herbivory, except for a delay in peak biomass. There
is an apparent contrast between on the one hand the observed escape strat-
egy in response to tuber predation, and the small effect of tuber predation
on pondweed beds on the other hand. Why would a plant exhibit a costly
escape strategy when there is no need? There is a simple answer to this
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which is natural selection. In clonal plants natural selection is thought to
act not on ramets but on genets, a colony of genetically identical ramets.
Although the population size is roughly unaffected by Bewick’ s swan her-
bivory, the relative fitness of individuals is enhanced when more offspring
tubers survive swan visits. The surviving tubers then experience less com-
petition from neighbours during early growth and thus less self-thinning.
In addition, the chance of falling victim to parasites may also be lower for
tubers upon thinning by swans (Chapter 2.3). Hence, escape through deeper
burial is adaptive given the overproduction of propagules, both in case it is
inducible and in case it is a genetically fixed strategy.

Irrespective of the exact mechanism behind the escape strategy, deeper
burial might increase the resistance of the plant population. Beekman and
colleagues (1991) estimated the density of tubers in the Lauwersmeer at 7.2 g
m−2 ± 3.4 CI after the Bewick ’s swans had left in November 1980. This den-
sity is known as the giving-up-density (or GUD, sensu Brown, 1988). In the
process of feeding, tuber availability diminishes and foraging becomes less
profitable until the animals “give up” on tuber feeding. Nolet et al. (2006b)
estimated the giving up density in a nearby branch of the Lauwersmeer
at 13.3 g m−2 ± 3.3 CI in between 1995 and 2005. The difference between
the Beekman and Nolet data may be due to site characteristics (Nolet et al.,
2001) or differences in the sampling strategy, but since tubers were found in
much shallower sediment in 1980, the higher GUD more recently may also
be the result of a larger fraction of tubers being unavailable to foragers. The
tuber density in autumn that maximizes tuber densities a year later may
vary between 8 and 24 g m−2 dry weight and depends among other things
on conditions in the winter and summer in between (Nolet, 2004). There-
fore, deeper burial might contribute to the resistance of pondweed beds to
tuber predation since below a certain tuber density plants can no longer
compensate for the losses.

In our study however (chapter 2.3), peak aboveground biomass was
even higher in swan visited plots in 2004 and 2006, although tuber den-
sity before the next swan visit did not differ significantly between winter
open and winter closed plots. Plant biomass in summer is therefore not
in the first place limited by the density of propagules in the Lauwersmeer.
Herbivory on aboveground material in summer contrastingly had a strong
negative impact on aboveground biomass. Waterfowl and possibly fish feed
on it and the effect is large due to the photosynthetic capacity being directly
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destroyed. As a result, summer herbivores negatively influence food avail-
ability to Bewick ’s swans whereas exploitative competition the other way
around is trivial. This contrast illustrates the importance of density depen-
dence across life history stages (Ratikainen et al., 2008). A low density of
tubers suffices to fill up canopy space and higher densities will lead to self-
thinning, but the full canopy is needed to maximize autumn tuber densities.
In this respect tubers are comparable to seeds; for instance, in an invasive
annual thistle in California it was shown that invertebrate seed predators
had no measurable impact on plant densities despite a considerable reduc-
tion of seed densities (Garren and Strauss, 2009).

Figure 4.3: Sampling aboveground biomass in the experimental blocks
in the Lauwersmeer on a warm day in July 2006

Herbivores and plant communities

Notwithstanding the lack of large effects of tuber predation on plant bio-
mass in summer in the Lauwersmeer, we did observe some subtle swan ef-
fects. Peak biomass occurred somewhat later in plots that had been open
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to Bewick ’s swans. Higher tuber densities thus resulted in an earlier peak
and possibly senescence started earlier. But also subtle effects of below-
ground herbivory could be observed in community composition (Chap-
ter 3.1). Aquatic plant communities are in general very species-poor com-
pared to most other types of plant communities. The reason for this spe-
cies poverty is an intriguing question in it self, and to date a satisfying
explanation why this is the case is lacking. Besides the dominant P. pecti-
natus only two other submerged aquatic plant species have been recorded
at our study site: lesser pondweed (Potamogeton pusillus) and horned pond-
weed (Zannichellia palustris). In the Lauwersmeer Zannichellia palustris was
somewhat more common in plots that had been visited by swans. We think
that a trade off between competition and colonization (sensu Tilman, 1994;
Lehman and Tilman, 1997) may be responsible for higher densities of Z.
palustris, under tuber predation. Z. palustris is an annual plant producing
many seeds. Patches that have been depleted by Bewick ’s swans are largely
free from competitors in spring, hence enabling recruitment of lesser com-
petitors with a high local dispersal potential. Z. palustris is however still rare
and does not impact strongly on evenness or diversity of the plant commu-
nity (Chapter 3.1). Summer herbivores, most notably mute swans (Cygnus
olor), coots (Fulica atra) and various duck species strongly reduced biomass
of P. pectinatus. In addition, this herbivore assemblage increased evenness in
the plant community, as Potamogeton pusillus increased relative to P. pectina-
tus inside summer exclosures in some years. However, a larger contribution
of P. pusillus depended upon the recruitment success of this species, which
varied annually, likely depending on weather conditions. P. pectinatus may
be preferentially fed upon by waterfowl, which would explain the relative
increase of P. pusillus in the community. This raises the question whether P.
pusillus is better defended against herbivory or that architectural traits such
as canopy shape decrease its vulnerability to foragers.

It is thus clear that herbivore effects on aquatic plants in the Lauw-
ersmeer are far more striking in terms of plant biomass than changes to
plant species composition. The Lauwersmeer is highly eutrophic, receiving
primarily run-off from agricultural lands located in the North of the Nether-
lands. The lake is turbid and exhibits high phytoplankton densities limiting
secchi-depth2 to about 50 cm. This explains in part the macrophyte species
composition; only species that have most of their photosynthetic tissues

2Secchi-depth refers to the deepest water depth at which a white disk is still visible
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close to or at the water surface may thrive. P. pectinatus is in this respect
highly adapted as in turbid water it has a dense, “brushy” appearance near
the water surface (van Wijk, 1988). But what effect may avian herbivores
have on aquatic systems with transparent water and a different macrophyte
community?

In the Matsalu Bay, an estuary at the Baltic Sea in Estonia, the water is
very transparent and the macrophyte community is dominated by charo-
phytes, mainly Chara aspera. On their return to the Russian tundra Bewick
’s swans forage in massive numbers in the Matsalu Bay in spring. They
may both feed on fennel pondweed tubers here and Chara aspera bulbils.
The latter food source is far more important in this system where P. pecti-
natus is rather rare and patchy. As we were again interested in the effect of
herbivore timing on plant biomass and species composition we established
exclosures in the Matsalu Bay that were similar to the Lauwersmeer cages
(Chapter 3.2). In 2005, after ice breakup mesh wire was put in place and
after swan departure in May, cages were erected to assess the impact of her-
bivores in summer. Both belowground herbivory in spring and herbivory
in summer had very limited effect on plant biomass or community com-
position. Nonetheless, both Bewick ’s swans and mute swans had foraged
on bulbils in the bay, although the exclosure site may not have been ex-
ploited intensively. In addition, the capacity of Chara to produce innumer-
able spores and bulbils may allow these macroalgae to compensate com-
pletely to spring herbivory, consistent with studies in other Chara domi-
nated systems (van den Berg et al., 2001; Rip et al., 2006; Schmieder et al.,
2006).

Fennel pondweed may have experienced negative effects of swan for-
aging in spring as well as herbivory later in summer, as P. pectinatus was
most abundant in plots protected from spring and summer herbivores. In-
terestingly, tuber densities were much lower in the Matsalu Bay than in the
Lauwersmeer, probably lower than the density at which full replacement
would occur. In the Baltic Sea in Sweden, the macrophyte community was
comparably dominated by Chara spp. and also here a negative impact of tu-
ber predation on aboveground biomass in summer was reported (Idestam-
Almquist, 1998). Tuber predation by swans may thus be fully compensated
as in the Lauwersmeer, resulting in a commensalistic relationship, or under-
compensated as in the Baltic studies (Chapter 3.2, Idestam-Almquist, 1998).
Alternatively, from Lake Krankesjön in Southern Sweden, it was suggested



General synthesis 135

that tuber predation by Bewick ’s swans may eliminate competing perfoliate
pondweed (Sandsten and Klaassen, 2008), so in this setting, swans may even
facilitate P. pectinatus, which would result in ecological mutualism. Hence,
the intricate relationship between fennel pondweed and Bewick ’s swans
may vary from antagonism to mutualism, and depends in part on the iden-
tity of competitive plant species (c.f. van Baalen and Jansen, 2001; Hay et al.,
2004).

It is precisely the notion that the interaction between the same herbivore
and plant may be either mutualistic or antagonistic depending on context,
that we wanted to know how a competitive plant species may pose an extra
stress on an otherwise fully compensating plant species. In the case where P.
pectinatus co-occurs with charopytes, two mechanisms are worth mention-
ing. First, when both Chara bulbils and P. pectinatus tubers are present in
lake sediments, tubers may be eaten down to a much lower density in the
presence of Chara bulbils than in their absence. The aggregate food density
is still high making foraging worthwhile, whereas the tuber density falls be-
low a density at which full compensation is still possible. This is a case of
apparent competition as described by Holt in which two prey species “com-
pete” via a common predator (Holt, 1977). This might explain the positive
effect of plot protection on P. pectinatus biomass in summer despite low tu-
ber densities in our Matsalu Bay exclosures.

The second mechanism may be one of direct competition between cha-
rophytes and P. pectinatus where the outcome of competition depends on
the initial propagule densities in spring. Initial densities may in turn be
regulated by bird herbivory. Chara is thought to be a superior competitor
for the important resource bicarbonate (HCO−

3 ). Diffusion of CO2 is 10,000
times slower in water than in air, and is therefore often not present in high
enough concentrations to saturate photosynthesis. Many aquatic macro-
phytes including the two species studied here have evolved the ability to
use HCO−

3 for their photosynthesis (Arens, 1933; Prins and Elzenga, 1989).
Whereas Chara may be a more efficient HCO−

3 user, P. pectinatus may be a
superior competitor for light, as it is the first to intercept the light when
the pondweed canopy reaches above the bottom dwelling Chara meadows
(van den Berg et al., 2002). In competition experiments, we separated com-
petition for bicarbonate from competition for other nutrients by growing
macrophytes in their own pots inside containers (Chapter 3.3, Fig. 4.4).
We found an initial inhibition by high Chara densities on P. pectinatus gro-
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Figure 4.4: Representative container in the competition experiment
(Chapter 3.3) containing 50 % Chara pots and 50 % P. pectinatus pots.
Chara developed much more biomass as the sediment surface is not
visible in the Chara pots, whereas P. pectinatus shoots are barely visible.
Picture taken on June 15th, 56 days after the start of the expeiment.

wth and a concomitant decrease in the HCO−
3 concentration suggesting that

competition for it may indeed be important. But later in the growth season
P. pectinatus developed more biomass at high Chara densities than in mono-
culture, suggesting that canopy space and possibly access to atmospheric
carbon sources may have limited P. pectinatus in high intraspecific density.
Lab experiments suggested that the Chara inhibited P. pectinatus on the basis
of nutrient competition, since P. pectinatus growth was also slowed down
under high light and high bicarbonate availability. In the field, Chara veg-
etation may absorb not only bicarbonate but also phosphate and nitrogen,
leaving low concentrations in the water column and the sediment (Kufel
and Kufel, 2002). It appears that upon de-eutrophication charophytes have
a competitive advantage under better light conditions. Irrespective of the
exact mechanism, the decrease of the nutrient content of water and sedi-
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ment through charophyte colonization may slow growth of pondweeds. It
implies that herbivory either on tubers or aboveground biomass may not
be easily compensated. Although Chara colonization and disappearance of
P. pectinatus need not directly relate bird herbivory, preferential feeding on
pondweeds may enhance Chara colonization, representing a regime shift
from turbid water and P. pectinatus dominance towards transparent water
and Chara dominance.

Conclusions and the road ahead

I hope to have shown in this thesis that avian herbivores may affect
aquatic plants at different aggregation levels. At the level of individuals,
belowground herbivory may induce a change in tuber allocation to sedi-
ment depth. On the population level, summer herbivory exerted strong
effects on P. pectinatus biomass whereas belowground tuber predation was
largely compensated during growth. Bird herbivory may also invoke chan-
ges to species composition of aquatic vegetation, as trade-offs may allow
superior colonizers and possibly better defended species to increase in pro-
portion in the community. Perhaps avian herbivores may even speed up
the shift from a turbid to a transparent state by preferentially feeding on
pondweeds, creating a favourable light climate for charophytes. An in-
teresting remaining question is whether processes at one aggregation level
may in fact have effects on other aggregation levels. For instance, does the
plastic response of fennel pondweed to tuber predation increase the resis-
tance of fennel pondweed to changes that would otherwise occur at the level
of the community? Another tantalizing remaining question is the role of
compensation. Strong vegetation reduction by herbivores might be typical
for eutrophic systems, as under these circumstances macrophytes may be
both more palatable and more vulnerable to competition from periphyton
and phytoplankton (Dingemans and Bakker, unpublished; Bakker and No-
let, unpublished). In systems dominated by charophytes, which are mostly
less eutrophic than pondweed systems, reduction of biomass by herbivores
is often absent. Nonetheless, animals evidently feed on these plants (No-
ordhuis et al., 2002). In order to separate compensation and consumption,
clipping experiments under natural conditions may prove valuable. A ques-
tion following from this may be whether there is change in the palatability
of regrown charophytes. Newly produced biomass may be more palatable,
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comparable to McNaughton ’s grazing lawns (McNaughton, 1976). More
generally, to elaborate on our understanding of herbivory on aquatic plants,
we should establish a theory explaining why and when herbivores affect
aquatic plant vegetation. In the coming decade we will see to what extent
factors such as herbivore timing and eutrophication of wetland systems af-
fect macrophyte consumption and compensation.

Figure 4.5: Hurray! Tuber digger gold was found in Camargue’s mud
(Photo: Olivier Duriez)
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4.2 Summary

Tolerance and avoidance are the two contrasting strategies that plants
may adopt to cope with herbivores. Tolerance traits define the degree to
which communities remain unaffected by herbivory. Trade-offs between
herbivore avoidance and competition and between competition and colo-
nization ability may shape population traits and communities under her-
bivory.

In this thesis I present comparative and experimental studies on popula-
tions and communities of aquatic plants and how they deal with herbivory
by waterfowl. At the population level I show that the degree of compen-
sation to herbivory by the clonal plant fennel pondweed (Potamogeton pecti-
natus) strongly depends on the seasonal timing of herbivory. Herbivory on
aboveground biomass in summer reduces plant biomass and tuber produc-
tion severely whereas predation on tubers in winter by migrating Bewick ’s
swans (Cygnus columbianus bewickii) is largely compensated for. Despite this
high tolerance to winter herbivory, fennel pondweed may exhibit a flexible
avoidance strategy towards tuber predation by burying tubers deeper in the
sediment under tuber predation. Since deeper burial is costly, pondweed
trades competitive strength for safety from herbivores. I present support
for this idea from a comparison of tuber burial patterns between wetlands
varying in predation pressure and from historical data collected at a site
where predation pressure changed dramatically. In addition, I present data
from an exclosure experiment showing that tubers bury shallower in a few
years time when swans are excluded.

The extent to which species can adjust to changes in herbivore pres-
sure is constrained by the limits of phenotypic plasticity and microevolu-
tion. Therefore, at the community level, trade-offs may allow coexistence
of different strategies thus stimulating functional diversity when herbivory
is heterogeneous in space and time. Specifically, I present results suggest-
ing that herbivory on freshwater macrophytes promotes species with a high
colonization potential. In addition, herbivores may influence interspecific
competition, when the abundance of one plant species affects resource avail-
ability to others, possibly leading to profound changes in aquatic plant com-
munities. I show from mesocosm studies that this may be the case in the
competition between pondweeds and charophytes.
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Nederlandse samenvatting

Dit proefschrift gaat over hoe waterplanten reageren op begrazing
door watervogels zoals kleine zwanen in de winter en knobbelzwanen,
meerkoeten en wilde eenden in de zomer. In hoofdstuk 2 (pagina 17)
draait het daarbij om wat planten kunnen doen om ondanks vraat toch te
kunnen gedijen in ondiepe meren. Tolerantie en vermijding zijn de twee
contrasterende strategieën waar planten gebruik van kunnen maken om
herbivoren het hoofd te bieden. Tolerantie bepaalt de mate waarin plan-
ten onaangetast blijven door herbivorie. Tolerantie betekent dat planten
kunnen compenseren door verloren materiaal snel te vervangen door mid-
del van hergroei. Vermijding houdt in dat planten mechanismen hebben
om herbivorie te voorkómen. Een voorbeeld kan zijn het aanmaken van
antivraatstoffen of stekels. Ook kunnen planten de belangrijkste delen
“verstoppen”.

Op het populatieniveau toon ik aan dat de mate van tolerantie voor her-
bivorie door schedefonteinkruid (Potamogeton pectinatus) sterk afhangt van
de seizoenstiming van herbivorie. Herbivorie op bovengrondse biomassa
in de zomer vermindert plantenbiomassa en de productie van overwin-
teringsknolletjes drastisch terwijl predatie op knolletjes in de winter door
kleine zwanen grotendeels wordt gecompenseerd. Ondanks deze hoge tol-
erantie voor winterbegrazing, blijkt schedefonteinkruid flexibel predatie te
kunnen vermijden door knollen dieper in het sediment te plaatsen in aan-
wezigheid van zwanen. Diepe knolletjes brengen met zich mee dat ze groter
moeten zijn om over langere afstand door het sediment te kunnen groeien
alvorens de plant toegang krijgt tot licht.

Aangezien diepere plaatsing van knolletjes kostbaar is, bestaat er een
trade-off tussen de mate van herbivoorontwijking en het concurrerend ver-
mogen. “Trade-off” valt te vertalen als “afweging”. Planten maken namelijk
een afweging tussen aan de ene kant verdediging tegen planteneters en aan
de andere kant het vermogen om te kunnen concurreren met andere plan-
ten. Diep geplaatste knolletjes ondervinden een verlaagd predatierisico
maar leggen het in het voorjaar makkelijk af tegen ondiepe knolletjes,
mochten deze er zijn. Met andere woorden, concurrerend vermogen wordt
afgewogen tegen veiligheid. De diepte waarop schedefonteinkruid zijn
knolletjes plaatst kan afhangen van de intensiteit van begrazing.

Sterke aanwijzingen dat fonteinkruid inderdaad de diepte van knol-
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letjesvorming kan aanpassen bleek uit een veldexperiment in het Lauw-
ersmeer waarbij we in proefvlakken gaas op de bodem plaatsten voordat
kleine zwanen op hun najaarstrek het gebied bezochten. Hierdoor werd
kleine zwanen het voedsel zoeken lokaal belemmerd. Elk najaar voor de
aankomst van de zwanen maten we de diepte van de knolletjes in het sedi-
ment (Figuur 2.1 op pagina 17). Na verloop van tijd werd de diepte van de
in de zomer geproduceerde knollen geringer, terwijl de knolletjes in open
controlevakken nog altijd diep werden aangemaakt (Figuur 2.9 op pagina
48). Tolerantie en vermijding hoeven elkaar dus niet uit te sluiten; hoewel
de fonteinkruidpopulatie in het Lauwersmeer de kleine zwanen met gemak
kan verdragen, doen individuele planten er beter aan hun knolletjes te
verstoppen omdat ze concurreren met soortgenoten.

De mate waarin soorten zich kunnen aanpassen aan veranderende be-
grazingsdruk wordt beperkt door de grenzen van de variatie die binnen
een soort bestaat. Zulke variatie kan zowel binnen genetische individuen
bestaan wanneer planten zich aanpassen aan veranderende omstandighe-
den (fenotypische plasticiteit) als tussen verschillende genotypes die meer
of minder aangepast zijn aan herbivorie. Op het niveau van de plantenge-
meenschap kunnen afwegingen van verschillende strategieën coëxistentie
bevorderen wanneer herbivorie heterogeen is in ruimte en tijd. Planten-
soorten met een hoog kolonisatievermogen kunnen gebruik maken van de
ruimte die ontstaat terwijl sterke concurrenten op niet bezochte plekken
kunnen blijven gedijen.

Herbivorie kan ook invloed hebben op de concurrentiepositie van
plantensoorten. Laagblijvende kranswieren kunnen onder een dichte fon-
teinkruidvegetatie nauwelijks groeien omdat het zo op de bodem te donker
blijft. Als herbivore vogels her en der gaten maken in de vegetatie kunnen
kranswieren mogelijk wel gedijen. Kranswieren zijn uitstekende kolonis-
ten omdat ze ontelbare sporen aanmaken. Doordat daarnaast kranswieren,
als ze maar genoeg licht krijgen, zeer efficient allerlei voedingsstoffen op-
nemen kunnen ze het de fonteinkruiden plots wèl lastig maken. Omdat
zo de concurrentiepositie van de fonteinkruiden verslechtert kunnen kran-
swieren verder oprukken. In competitie-experimenten laat ik zien dat kran-
swieren inderdaad tijdelijk een geremde groei kunnen veroozaken onder
fonteinkruiden. Watervogels kunnen dus indirect mogelijk grote effecten
heben op ondergedoken vegetatie in ondiepe meren.
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Figure 4.6: Evidence in support of my suspicion that Olivier had a
hidden agenda on our tuber digger trip to the Camargue in southern
France. This wetland in the Rhône delta is famous for its bird life
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Dankwoord

Rest mij nog slechts het danken van alle mensen die betrokken zijn ge-
weest bij de totstandkoming van dit proefschrift. Velen van u lezen vooral
deze zinnen en daarom zal ik vanaf hier serieus aandacht schenken aan mijn
woorden. De laatste fase van het promotietraject had einzelgängerige trek-
jes waarbij ik mezelf dikwijls opsloot gezellig samen met een computermon-
itor en pruttelpotje-espresso. Op dat soort momenten vergeet je bijna wat
eraan voorafging.

Allereerst wil ik Bart bedanken die bij alle aspecten van mijn promotie-
onderzoek nauw betrokken is geweest. Zonder hem was dit boekje er niet.
Bart maakte eigenlijk altijd tijd voor me. Hij luisterde en kwam met goede
suggesties ter verbeteringen van proefopzetten. In het veld was hij er ook
vaak bij. Echte PDI’ers raken namelijk verslaafd aan de steekbuis, haar on-
wil in de rauwe klei en de zwavellucht van zuurstofloze modder, welke de
beloning vormt voor de ware tubersteker. Maar ook met de rode pen was
Bart snel en accuraat om mijn schrijfsels van commentaar te voorzien. Uit-
eraard wil ik Marcel bedanken, baas van de ploeg en een tubersteker met
een hoog buffelgehalte. Marcel is een snelle denker met mooie ideëen. Mar-
cel’s commentaar op mijn manuscripten was vaak complementair aan dat
van Bart. Waar Bart vooral naar de inhoud keek, lette Marcel meer op de
presentatie. Heel veel dank hiervoor en veel succes in Australië!

De assistentie bij ons in de groep is altijd van een puike kwaliteit ge-
weest. Thijs en Peter vormden daarbij een geoliede machine met een hoge
verwerkingssnelheid van modder, waterplantenmateriaal en tubers. In de
woorden van Peter zijn beide mannen evident met de steekbuis geboren.
Ook maakten Thijs en Peter het veldwerk ontspannen met hun schier onon-
derbroken reeks grappen en tuberstekerschlagers. Ik denk hierbij aan de
liederen “Kom aan boord en hijs de zeilen” en “Malle ballenkoord”. De laat-
ste is een homage aan de losbandige avonturen van een essentieel meettouw
met drijvertjes (Fig. 4.7). Ik wil ook Koos noemen hier, die tijdens veldwerk-
sessies bergen werk verzette, niet alleen als begenadigd tubersteker maar
ook in zijn vele rollen als kok, schipper, mechanicien, relativist, zanger van
neuriedeuntjes en de bedenker van koosnaampjes.

Op kantoor wil ik mijn kamergenoten danken. Raymond, Frederike en
Casper, dank voor het aanhoren van mijn geouwehoer. Dank ook voor alle
suggesties die wellicht soms ongemerkt een grote invloed konden hebben
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Figure 4.7: Jelle, die ik dank voor zijn veldhulp, en Peter. De heren
staan in droogpak in de ondiepe delen van het Peipsimeer bij Kallaste,
Estland. Om hun nek het roemruchte malle ballenkoord

op mijn werk. Raymond gaf mij een stopwatch cadeau die nog altijd in
Nieuwersluis aan de muur prijkt ten teken van het feit dat een promotieplek
eindig is. Frederike deelde met mij de kamer voor een jaar. Ik vond het jam-
mer toen je vertrok, maar ik begreep je keuze heel goed. Casper, paranimf,
ik heb een fijne tijd met je gehad. Dank voor je verhalen, suggesties en inspi-
ratie bij het knutselen met programmaatjes als “R”. Ik wil ook buurvrouw
Liesbeth bedanken voor het delen van haar waardevolle ervaring en ken-
nis. In korte tijd ontwikkelde ze zich tot een waterplantenvrouw. Haar
commentaar op mijn stukken was soms hard maar altijd heel waardevol.

Ook heb ik goeie hulp gehad van een aantal studenten. Frida was mijn
eerste student. Ze legde me het vuur aan de schenen, hield me scherp en
was een doorpakker. Ik heb een mooie tijd met je gehad, zowel tijdens als na
jouw stage. Daarna kwam Bas, die zich succesvol bezig hield met de meer
theoretische aspecten van zwanenbegrazing. Dank voor je mooie analyses
binnen en buiten de biologie. Bob was ook al zo’n sterke gemotiveerde stu-
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dent. Zoals je ziet vormt jouw werk een krachtige bijdrage voor een van de
hoofdstukken uit dit proefschrift. Als laatste kwam Renée. Ik vond ’t leuk
met je te werken. Het was vervelend dat je zo veel tegenslagen tegenkwam
tijdens je stage. Ik hoop dat het je in de voorlichtingsbranche meer voor
de wind gaat. Er waren ook studenten die een klein proefje kwamen doen
tijdens het vak aquatische ecologie. Ook zij hebben bijgedragen aan een
beter begrip van de eigenaardigheden van waterplanten. Ik wil Kelly, Vic-
tor, Jasper, Renée, Marisa, Richard, Andries en Jos hartelijk danken.

Eigenlijk heeft iedere rechtschapen PDI’er wel op een of andere wi-
jze bijgedragen aan dit proefschrift. Abel, dank voor je nimmer aflatende
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P. Nõges, E. Pihu, H. Starast, T. Timm, and T. Virro. 1996. General de-
scription of Lake Peipsi-Pihkva. Hydrobiologia, 338:1–9.

Nolet, B. A. 2004. Overcompensation and grazing optimisation in a swan-
pondweed system? Freshwater Biology, 49:1391–1399.

Nolet, B. A., R. M. Bevan, M. Klaassen, O. Langevoord, and Y. G. J. T. Van der
Heijden. 2002. Habitat switching by Bewick’s swans: maximization of
average long-term energy gain? Journal of Animal Ecology, 71:979–993.

Nolet, B. A., T. de Boer, and P. P. de Vries. 2007. Habitat quality estimated
from head-dipping time in trampling swans. Israel journal of ecology &
evolution, 53:317–328.

Nolet, B. A., V. N. Fuld, and M. E. C. van Rijswijk. 2006a. Foraging costs and
accessibility as determinants of giving-up densities in a swan-pondweed
system. Oikos, 112:353–362.

Nolet, B. A., A. Gyimesi, and R. H. G. Klaassen. 2006b. Prediction of bird-
day carrying capacity on a staging site: a test of depletion models. Journal
of Animal Ecology, 75:1285–1292.

Nolet, B. A., R. H. G. Klaassen, and W. M. Mooij. 2006c. The use of a flexible
patch leaving rule under exploitative competition: a field test with swans.
Oikos, 112:342–352.



BIBLIOGRAPHY 157

Nolet, B. A., O. Langevoord, R. M. Bevan, K. R. Engelaar, M. Klaassen,
R. J. W. Mulder, and S. van Dijk. 2001. Spatial variation in tuber depletion
by swans explained by differences in net intake rates. Ecology, 82:1655–
1667.

Noordhuis, R., D. T. van der Molen, and M. S. van den Berg. 2002. Response
of herbivorous water-birds to the return of Chara in Lake Veluwemeer, the
Netherlands. Aquatic Botany, 72:349–367.

Noy-Meir, I., M. Gutman, and Y. Kaplan. 1989. Responses of mediterranean
grassland plants to grazing and protection. Journal of Ecology, 77:290–
310.

Olff, H. and M. E. Ritchie. 1998. Effects of herbivores on grassland plant
diversity. Trends in Ecology and Evolution, 13:261–265.

Otsuki, A. and R. G. Wetzel. 1972. Coprecipitation of phosphate with car-
bonates in a marl lake. Limnology and Oceanography, 17:763–767.

Owen, M. and C. J. Cadbury. 1975. The ecology and mortality of swans at
the Ouse Washes, England. Wildfowl, 26:31–42.

Paige, K. N. and T. G. Whitham. 1987. Overcompensation in response to
mammalian herbivory: the advantage of being eaten. American Natural-
ist, 129:407–416.

Pavia, H. and G. B. Toth. 2000. Inducible chemical resistance to herbivory in
the brown seaweed Ascophyllum nodosum. Ecology, 81:3212–3225.

Pennings, S., E. Selig, L. Houser, and M. Bertness. 2003. Geographic varia-
tion in positive and negative interactions among salt marsh plants. Ecol-
ogy, 84:1527–1538.

Pennings, S. and B. Silliman. 2005. Linking biogeography and commu-
nity ecology: Latitudinal variation in plant-herbivore interaction strength.
Ecology, 86:2310–2319.

Perrow, M. R., J. H. Schutten, J. R. Howes, T. Holzer, F. J. Madgwick, and
A. J. D. Jowitt. 1997. Interactions between coot (Fulica atra) and submerged
macrophytes: the role of birds in the restoration process. Hydrobiologia,
342:241–255.



158 BIBLIOGRAPHY

Phillips, G. L., D. Eminson, and B. Moss. 1978. Mechanism to account for
macrophyte decline in progressively eutrophicated freshwaters. Aquatic
Botany, 4:103–126.

Pielou, E. C. 1966. Shannons formula as a measure of specific diversity - its
use and misuse. American Naturalist, 100:463–&.

Pilon, J. and L. Santamarı́a. 2002. Clonal variation in morphological and
physiological responses to irradiance and photoperiod for the aquatic an-
giosperm Potamogeton pectinatus. Journal of Ecology, 90:859–870. Article.

Pinheiro, J. C. and D. M. Bates. 2000. Mixed-Effects Models in S and S-PLUS.
Statistics and Computing, Springer Verlag, New York.

Pollis, G. A. 1999. Why are parts of the world green? Multiple factors control
productivity and the distribution of biomass. Oikos, 86:3–15.

Portielje, R. and L. Lijklema. 1995. Carbon dioxide fluxes across the air-
water interface and its impact on carbon availability in aquatic systems.
Limnology and Oceanography, 40:690–699.

Pot, R. 1981. Ondergedoken waterplanten in het Lauwersmeer. Masters
thesis, Rijksuniversiteit Groningen.

Prejs, A. 1984. Herbivory by temperate freshwater fishes and its conse-
quences. Environmental Biology of Fishes, 10:281–296.

Prins, H. B. A. and J. T. M. Elzenga. 1989. Bicarbonate utilization - function
and mechanism. Aquatic Botany, 34:59–83.

Prittinen, K., J. Pusenius, J. Tahvanainen, M. Rousi, J. Heinonen, and
H. Roininen. 2006. Herbivory modifies the genetic structure of birch pop-
ulations. Oikos, 114:465–470.

Prop, J. and M. R. van Eerden. 1981. Het voorkomen van trekvogels in het
Lauwerszeegebied vanaf de afsluiting in 1969 tot en met 1978. Limosa,
54:1–16.

Proulx, M. and A. Mazumder. 1998. Reversal of grazing impact on plant
species richness in nutrient-poor vs. nutrient-rich ecosystems. Ecology,
79:2581–2592.



BIBLIOGRAPHY 159

R Development Core Team. 2008. R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. ISBN 3-900051-07-0.

Ratikainen, I., J. A. Gill, T. G. Gunnarsson, W. J. Sutherland, and H. Kokko.
2008. When density dependence is not instantaneous: theoretical devel-
opments and management implications. Ecology Letters, 11:184–198.

Rees, E., J. Bowler, and J. Beekman. 1997. Cygnus columbianus Bewick’s swan
and whistling swan. In Birds of the Western Palearctic Update, pages 63–
74. Oxford University Press.

Rees, E. C. and J. M. Bowler. 1991. Feeding activities of Bewick’s swans Cyg-
nus columbianus bewickii at a migratory site in the Estonian SSR. Wildfowl
Supplement, 1:249–255.

Relyea, R. A. 2002. Costs of phenotypic plasticity. American Naturalist,
159:272–282.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution, 43:223–225.

Rip, W. J., N. Rawee, and A. de Jong. 2006. Alternation between clear, high-
vegetation and turbid, low-vegetation states in a shallow lake: the role of
birds. Aquatic Botany, 85:184–190.

Rodrı́guez-Gironés, M. A., H. Sandsten, and L. Santamarı́a. 2003. Asymmet-
ric competition and the evolution of propagule size. Journal of Ecology,
91:554–562.
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