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Mucilage reduces leaf herbivory in Schreber’s watershield,
Brasenia schreberi J.F. Gmel. (Cabombaceae)
K.A. Thompson, D.M. Sora, K.S. Cross, J.M. St. Germain, and K. Cottenie

Abstract: Insect herbivores negatively affect plants by consuming biomass that could otherwise be used for growth or repro-
duction. To reduce their impact, plants have evolved a wide range of antiherbivore defenses. Schreber’s watershield (Brasenia
schreberi J.F. Gmel.; Cabombaceae) is a freshwater, aquatic plant that produces a thick mucilage on the underside of leaves and
all underwater organs. The mucilage has been proposed as a mechanism of defense against herbivory, but this hypothesis is
untested. We conducted a comparative study to determine whether the quantity of mucilage on the underside of leaves is
associated with herbivore damage on the leaves. We found that leaves with the thickest mucilage layer were the least damaged.
To determine whether mucilage is directly responsible for defense against herbivores, we conducted a manipulative study where
we removed the mucilage from the abaxial surface of leaves. We found that demucilated leaves experienced higher amounts of
herbivore damage than leaves with their mucilage left intact. We conclude that the mucilage produced by B. schreberi functions
to reduce herbivory on leaves, although its association with underwater herbivores and its specific antiherbivore properties
remain unknown.

Key words: Brasenia schreberi, water shield, mucilage, herbivory, herbivore defense, Algonquin Park.

Résumé : Les insectes herbivores affectent négativement les plantes en consommant une biomasse qui pourrait, autrement, être
utilisée aux fins de croissance ou de reproduction. Afin de réduire leur impact, les plantes ont développé au cours de l’évolution
un large spectre de défenses contre les herbivores. La brasénie de Schreber (Brasenia schreberi J.F. Gmel.; Cabombaceae) est une
plante aquatique d’eau douce qui produit un mucilage épais à l’envers de ses feuilles et sur tous les organes submergés. On
propose que le mucilage constitue un mécanisme de défense contre les herbivores, mais cette hypothèse n’a pas été vérifiée.
Nous avons réalisé une étude comparative afin de déterminer si la quantité de mucilage à l’envers des feuilles est associée au
dommage causé aux feuilles par les herbivores. Nous avons trouvé que les feuilles comportant la couche de mucilage la plus
épaisse étaient les moins endommagées. Afin de déterminer si le mucilage est directement responsable de la défense contre les
herbivores, nous avons réalisé des manipulations au cours desquelles le mucilage a été enlevé des surfaces abaxiales des feuilles.
Nous avons trouvé que les feuilles dépourvues de mucilage présentaient davantage de dommages causés par les herbivores que
les feuilles dont le mucilage était resté intact. Nous concluons que le mucilage produit par B. schreberi agit pour réduire le nombre
d’herbivores sur les feuilles, même si son association avec les herbivores sous l’eau et ses propriétés spécifiques contre les
herbivores restent inconnues. [Traduit par la Rédaction]

Mots-clés : Brasenia schreberi, brasénie de Schreber, mucilage, défense contre les herbivores, Parc Algonquin.

Introduction
Herbivory, or the consumption of plant tissue, is a major force

in driving plant evolution (Benson et al. 1975; Kessler and Baldwin
2001). By consuming plant biomass, which could otherwise be
used for growth or reproduction, herbivores negatively influence
a plant’s fitness (Marquis 1984; Mothershead and Marquis 2000),
and individual plants that effectively reduce damage caused
by herbivores can realize a fitness increase over conspecifics
(Agrawal 1999). Selection for herbivore defenses has resulted in a
wide range of defense strategies evolving independently through-
out the evolutionary history of plants (Benson et al. 1975; Sagers
and Coley 1995; Pellmyr 2003).

Schreber’s watershield (Brasenia schreberi J.F. Gmel.; Cabom-
baceae) is a perennial, freshwater aquatic plant that produces a
thick mucilage on the underside of floating leaves and all under-
water organs (Schrenk 1888; Elakovich and Wooten 1987). Several
biologists have proposed that this mucilage is a mechanism of
constitutive herbivore defense (Schrenk 1888; Conard 1905; Keddy

2010). The mucilage may also serve to protect young buds from
abrasion, to prevent water from penetrating embryonic tissues
(Conard 1905), or to prevent the accumulation of algae on leaves
(Schrenk 1888). The mucilage, which is produced constitutively by
secretory trichomes embedded in the lower epidermis (Kaul 1976),
is largely composed of a complex polysaccharide (Kakuta and
Misaki 1979) that can account for 40% of the total dry biomass of
an individual plant (Misaki and Smith 1962). The mucilage is abun-
dant on young leaves and becomes less abundant as leaves age
(Schrenk 1888).

In nature, B. schreberi is highly damaged by leaf herbivores that
consume leaves from the adaxial surface (Kaul 1976); in pene-
trating the leaf tissue, the herbivores could interact with the
associated mucilage (Marx 1957). The mucilage may reduce the
performance of insects that interact with it by interfering with
their mouthparts, by bloating the insects and reducing their feed-
ing potential, or via some alternative physical or chemical mech-
anism. Mucilage is likely quite costly to produce; if mucilage
significantly reduces herbivory on leaves, then protected leaves
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could acquire more energy through photosynthesis compared
with unprotected leaves. If the amount of energy gained by pro-
tected leaves through reducing herbivory was greater than the
cost of producing the mucilage layer, then selection could act in
favour of continued mucilage production.

There has been no attempt in the literature to test whether the
mucilage of B. schreberi is a mechanism of defense against herbi-
vores. Here, we conduct two studies to test this hypothesis. In a
comparative study, we correlate herbivore damage with the quan-
tity of mucilage on the abaxial surface of leaves. In a manipulative
study, we remove mucilage from the underside of leaves and com-
pare rates of damage on demucilated leaves to leaves with their
mucilage left intact. If mucilage is a defense mechanism against
herbivory, we predict that leaves with little or no mucilage will
experience higher rates of damage than leaves with high amounts
of mucilage.

Materials and methods

Study site and sampling period
Fieldwork was conducted at the Wildlife Research Station (WRS),

Algonquin Provincial Park, Ontario, Canada (UTM: 17T 0693238
5051716). Two lakes with large populations of B. schreberi were
sampled: Lake Sasajewun, a small humic lake, and Lake Broad-
wing, a small and shallow swamp. The most abundant herbivores
on B. schreberi during our sampling period from 22 to 29 August
2013 at the WRS were members of the leaf beetle genus Donacia
Fabricius, 1775 and the water-lily leaf beetle (Galerucella nymphaeae
(Linnaeus, 1758)) (Chrysomelidae: Coleoptera); snout moth larvae
(Pyralidae) were present as well but were less common. Imagoes of
Donacia spp. chew holes through leaves and consequent mucilage
and oviposit on the abaxial surface immediately surrounding the
hole (Marx 1957); G. nymphaeae imagoes produce a similar her-
bivory pattern but oviposit on the adaxial surface (Fig. 1A) (Cronin
et al. 1999). Larvae of G. nymphaeae were observed skeletonizing
leaves on which they were present (Fig. 1B), while snout moth
larvae remove a large section of leaf tissue that they use to con-
struct a protective domicile (Fig. 1C) (Dorn et al. 2001).

Comparative study
We conducted a comparative study to determine if mucilage

quantity was correlated with rates of herbivore damage. We col-
lected 70 leaves that were similar in size from a small and envi-
ronmentally homogenous area on Lake Sasajewun. We sampled
from one area only to ensure that all leaves had experienced
similar exposure to herbivores. Leaves were assigned to one of
three mucilage categories by a single researcher: (1) low—mucilage
on the abaxial surface was thin enough that all minor leaf veins
could be felt; (2) moderate—minor veins could not be felt through
the mucilage, but major veins could still be felt when the abaxial
surface was massaged gently; (3) high—no venation could be felt
through the mucilage. We used categories because the mucilage
has a soupy consistency that is difficult to measure accurately
with calipers. The leaves were placed against a brightly coloured
background and the adaxial surface of each leaf was photo-
graphed.

Herbivore damage was quantified using ImageJ software
(Abràmoff et al. 2004). A scale was set for each photograph by
tracing an object of known length. To determine the leaf surface
area before herbivory, we traced the leaf margin and measured
the area within; if herbivores had chewed away the leaf margin
and it could not be traced directly, we were able to extrapolate
where the margin might have been because the leaves have a regular
elliptical shape. Herbivore damage patterns varied (Figs. 1A–1C) and
we defined herbivore damage as any area within the leaf margin
where the bright background could be seen. Typically, herbivores
removed both leaf tissue and associated mucilage. On some
leaves, however, the background colour was visible if herbivores

removed the leaf tissue but not the associated mucilage; we as-
sumed that herbivores would have interacted with the mucilage
in both cases. A small amount of leaves had topical damage that
did not pass through the leaf tissue, but we did not measure this
type of damage because the herbivores did not interact with the
mucilage. All damaged areas were traced and measured; this mea-
surement of herbivore damage was our response variable.

Manipulative study
We conducted a manipulative study to determine if mucilage

removal causes leaves to experience elevated rates of herbivory.
Groups of three undamaged leaves within a 35 cm radius of
each other were located, and each was randomly assigned to
one of three treatment categories: (1) demucilated—all muci-
lage on the abaxial surface of the leaf was removed using a
scalpel; (2) scored—the abaxial surface of the leaf was scored
three times using a scalpel and gently massaged using a blunt
probe, with care being taken to not remove any mucilage. This
treatment was included as a sham control to rule out the effects of

Fig. 1. Leaves of Schreber’s watershield (Brasenia schreberi) with
herbivory patterns consistent with those of common insect
herbivores at Algonquin Park. (A) Imagoes of the leaf beetle Donacia
spp. and the water-lily leaf beetle (Galerucella nymphaeae) (Coleoptera:
Chrysomelidae) produce sporadically distributed wounds that are
typically within the leaf margin. (B) Larvae of G. nymphaeae produce
continuous wounds. (C) Larvae of several aquatic moth species
(Lepidoptera: Pyralidae) remove a large section of leaf tissue to
construct a protective domicile—the herbivore is visible in the
photograph, which appears in colour on the Web.
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handling as being responsible for increased herbivore damage on
demucilated leaves; (3) control—the mucilage on the abaxial sur-
face of the leaf was not manipulated. Each group of three leaves
constituted one experimental block. Ninety-six experimental
blocks—79 on Lake Sasajewun and 17 on Lake Broadwing—were
sampled among six sample sites on Lake Sasajewun and two sam-
ple sites on Lake Broadwing. All sample sites contained between
10 and 16 blocks, with the exception of the second site on Lake
Broadwing where only 1 block could be sampled because there
were few undamaged leaves. Blocks were spaced at least 5 m apart
and each treatment occurred once in every block. We sampled
two lakes in the manipulative study because we did not require all
experimental units to have experienced similar herbivore den-
sity.

To account for any variation in herbivore damage because of
environmental differences among blocks, we measured several
potential covariates. These covariates were distance from the cen-
ter of each block to shore, water depth, and leaf density in a 35 cm
radius surrounding the block. Four days after treatments were
applied, leaves were harvested and photographed. We determined
that a 4-day period between treatment application and harvesting
was long enough for leaves to experience herbivory, while mini-
mizing the risk of leaves being lost. Images were processed as in
the comparative study. If one or more leaves within a block were
absent at the time of collection, or in a state where they could not
be reached by herbivores (e.g., submerged), then that entire block
was excluded from the analysis.

Statistical analysis
Statistical analyses were performed using R version 3.0.1 (R Core

Team 2013). Standard one-way analysis of variance (ANOVA) was
used to analyze the comparative study. A linear mixed-effects
model (nlme package; Pinheiro et al. 2013), with treatment and
distance as fixed effects and lake, sample site, and block as nested
random effects, was used to analyze the manipulative study. Dis-
tance was included in the model because it was the only measured
covariate that had a significant effect on rates of herbivore dam-
age (all others p > 0.1). Post-hoc Tukey’s honestly significant dif-
ference tests (Tukey’s HSD) were used to compare group means in
both studies (multcomp package; Hothorn et al. 2008). We used a
¼-power transformation (x0.25) to normalize herbivore damage in
both studies; this transformation was used because of a high in-
cidence of leaves that experienced no herbivory and thus could
not be log-transformed. Results were the same when either the
percentage of the leaf surface eaten by herbivores or the total
magnitude of leaf surface area (cm2) eaten by herbivores was used
as the response variable; results are shown for the magnitude of
leaf surface area eaten by herbivores only.

Results

Comparative study
In our comparative study, the quantity of mucilage on leaves

was negatively correlated with amounts of herbivore damage.
One-way ANOVA revealed a significant difference between muci-
lage categories (F[2,67] = 4.69, p = 0.0123; Fig. 2A). Leaves in the low
mucilage category (n = 13) had a mean of 1.30 cm2 leaf tissue area
eaten by herbivores, while leaves in the moderate (n = 29) and high
(n = 28) mucilage categories had means of 0.305 and 0.277 cm2,
respectively. Fewer leaves were in the low mucilage category be-
cause leaves with low amounts of mucilage were much less com-
mon at the study site than leaves with moderate or high amounts;
damage on leaves in this category was highly variable because of
this low sample size, combined with some leaves experiencing no
damage while others were very heavily damaged. Leaves in the
low mucilage category were more damaged than leaves in the
high mucilage category (Tukey’s HSD, p = 0.010). There was no
difference in herbivore damage between leaves in the low and

moderate mucilage categories (Tukey’s HSD, p = 0.202), or be-
tween leaves in the moderate and high categories (Tukey’s HSD,
p = 0.230). Leaves with higher surface area were more damaged
(F[1,68] = 4.687, p = 0.025), but mean surface area did not differ
between mucilage categories (F[2,67] = 2.433, p = 0.095).

Manipulative study
In our manipulative study, we found that leaves with their mu-

cilage removed were more damaged over the 4-day sampling pe-
riod than leaves with their mucilage left intact. Of 288 leaves
sampled (n = 96 for each treatment), 193 experienced some dam-
age over the sampling period. Of 96 sampled blocks, 10 had leaves
that were missing or not accessible to herbivores at the time of
collection and were excluded from the analysis. Demucilated
leaves had a mean of 0.418 cm2 total leaf area eaten by herbivores,
while control and scored leaves had means of 0.203 and 0.153 cm2,
respectively. The linear mixed-effects model revealed that treat-
ment had a significant effect on herbivore damage (F[2,169] = 8.98,

Fig. 2. Boxplots depicting herbivore damage (cm2) on leaves of
Schreber’s watershield (Brasenia schreberi) in the (A) low (n = 13),
moderate (n = 29), and high (n = 28) mucilage categories in the
comparative study and on leaves in the (B) demucilated (n = 72),
scored (n = 72), and control (n = 72) treatments in the manipulative
study. Herbivore damage was subject to a ¼-power transformation
(x0.25). Boxes represent the interquartile range and bars represent
the upper and lower 25% quartiles. Outliers are depicted above and
below the associated whiskers. The mean values of groups with
different lowercase letters above are significantly different
(p < 0.05).
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p < 0.001; Fig. 2B). This difference was significant between scored
and demucilated leaves (Tukey’s HSD, p < 0.001), and between
control and demucilated leaves (Tukey’s HSD, p = 0.003), with
demucilated leaves experiencing nearly three times as much dam-
age as scored leaves and twice as much damage as control leaves.
There was no difference in herbivore damage between scored and
control leaves (Tukey’s HSD, p = 0.805). The amount of damage on
leaves increased slightly with distance from shore (F[1,169] = 11.1,
r2 = 0.024, p = 0.011); water depth, leaf density, treatment date, and
total leaf surface area did not influence rates of herbivory, and
herbivory did not vary across lakes. Random effects described
approximately 14% of the variation in herbivore damage (lake—
SD = 1.54 × 10−5, 1.73 × 10−7 %; site—SD = 4.92 × 10−6, 1.75 × 10−8 %;
block—SD = 0.139, 13.7%). Demucilated leaves did not noticeably
regenerate their mucilage over the 4-day sampling period and leaf
flotation did not appear to be affected by mucilage removal.

Discussion
Our results support the hypothesis that the mucilage of B. schreberi

is a defense against herbivores. We found a negative correlation
between mucilage quantity and amount of damage on leaves, and
that leaves with their mucilage removed experienced more dam-
age than leaves with their mucilage layer left intact. In our com-
parative study, the lack of a significant difference between leaves
in the moderate and low, as well as moderate and high, mucilage
categories may be because of our small sample sizes (all catego-
ries, n < 30) paired with the lack of precision inherent in our
assignment of leaves to categories. Alternatively, the mucilage
may function as a threshold trait, where the presence of mucilage
only offers an effective defense above a certain thickness (Krebs
and Loeschcke 1997). In our manipulative study, the difference
between scored and demucilated leaves indicates that our han-
dling of the leaves during the mucilage removal process did not
affect rates of herbivory. Also, the lack of difference between
scored and control leaves indicates that the presence of mucilage
is responsible for elevated defense against herbivores. We found a
positive correlation between distance to shore and herbivore
damage on leaves in our manipulative study. Aquatic insects are
often subject to predation from terrestrial predators when they
occur near shore, which can reduce herbivory experienced by
leaves close to shore (Henschel et al. 2001); an increase in herbi-
vore density with distance from shore may be responsible for our
observed trend.

Our studies had several limitations. First, leaves in our manip-
ulative study only had 4 days to experience herbivory, resulting in
many leaves with low amounts of damage or none at all. Leaves of
B. schreberi remain on the surface for approximately 25 days (Kunii
and Aramaki 1992), and the low amount of herbivory observed in
our manipulative study was likely because it only captured a short
period of the total leaf lifespan. This is supported by the observa-
tion that the leaves in our study appeared to have very little dam-
age compared with most other leaves of B. schreberi at the study
site. Leaves in the low mucilage category in our comparative study
had a mean herbivore damage that was three times higher than
that of demucilated leaves in our manipulative study. Allowing
the study to run for a longer time would likely have increased the
amount of herbivore damage on leaves to more biologically sig-
nificant levels. In addition, we conducted our study in late August
and temperatures at the study site were as low as 3 °C; these low
temperatures may have reduced herbivore activity, resulting in
the low levels of damage in our studies. Kaul (1976) surveyed
24 genera of aquatic plants and found that the leaves of B. schreberi
were the most heavily damaged by herbivores, providing support
for our hypothesis that herbivore activity on B. schreberi may have
been reduced during our study period. Despite the brevity and
incidence of cold temperatures, however, we were still able to
demonstrate that a loss of mucilage increases rates of herbivore

damage. Second, our definition of herbivory was subjective. There
was a moderate amount of herbivore damage that did not go
through the entire leaf; this type of damage did not reveal the
bright background beneath the leaf and was not accounted for by
our analysis. Finally, since we could not control for leaf age in our
comparative study, the results may reflect leaf age as much as
mucilage thickness. The leaves in our manipulative study, how-
ever, were all undamaged before treatments were applied and as
a result were likely similar in age.

We conclude that the mucilage produced by B. schreberi func-
tions to reduce leaf herbivory. Several plants produce mucilage,
but information about how it may function are scarce in the lit-
erature (Gregory and Baas 1989). Woodard et al. (2012) found that
mucilage is an induced herbivore defense in prickly pear (genus
Opuntia P. Mill.; Cactaceae), but our study is the first to empirically
demonstrate that mucilage can reduce herbivore damage on the
leaves of an aquatic plant. Although our studies focused on leaf
damage from surface herbivores, mucilage occurs in high abun-
dance on all underwater organs (Schrenk 1888). The lubricating
properties of the mucilage (Li et al. 2012) may prevent underwater
herbivores from gripping onto underwater organs to feed (Schrenk
1888). It may also prevent eggs that are laid on the abaxial leaf
surface by herbivores like Donacia spp. (Cronin et al. 1999) from
adhering. We recommend that future studies explore the relation-
ship between mucilage and underwater herbivory or oviposition.
In addition, the chemical and physical properties of the mucilage
that work to defend against herbivores require further investiga-
tion.
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