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Abstract Herbivores have strong impacts on marine
and terrestrial plant communities, but their impact is
less well studied in benthic freshwater systems. For
example, North American beavers (Castor canadensip
eat both woody and non-woody plants and focus
almost exclusively on the latter in summer months, yet
their impacts on non-woody plants are generally attrib-
uted to ecosystem engineering rather than herbivory.
Here, we excluded beavers from areas of two beaver
wetlands for over 2 years and demonstrated that bea-
ver herbivory reduced aquatic plant biomass by 60%,
plant litter by 75%, and dramatically shifted plant spe-
cies composition. The perennial forb lizardes tail
(Saururus cernuu$ comprised less than 5% of plant
biomass in areas open to beaver grazing but greater
than 50% of plant biomass in beaver exclusions. This
shift was likely due to direct herbivory, as beavers pref-
erentially consumed lizardes tail over other plants in a
Veld feeding assay. Beaver herbivory also reduced the
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abundance of the invasive aquatic plantMyriophyllum
aquaticum by nearly 90%, consistent with recent evi-
dence that native generalist herbivores provide biotic
resistance against exotic plant invasions. Beaver her-
bivory also had indirect €Vects on plant interactions in
this community. The palatable plant lizardes tail was
3times more frequent and 10 times more abundant
inside woolgrass Scirpus cyperinug tussocks than in
spatially paired locations lacking tussocks. When the
protective foliage of the woolgrass was removed with-
out exclusion cages, beavers consumed nearly half of
the lizardes tail leaves within 2 weeks. In contrast, leaf
abundance increased by 73...93% in the treatments
retaining woolgrass or protected by a cage. Thus, wool-
grass tussocks were as\ective as cages at excluding
beaver foraging and provided lizardes tail plants an
associational refuge from beaver herbivory. These
results suggest that beaver herbivory has strong direct
and indirect impacts on populations and communities
of herbaceous aquatic plants and extends the conse-
guences of beaver activities beyond ecosystem engi-
neering.

Keywords Herbivory - Associational defense -
Ponds - Wetlands - Litter

Introduction

Herbivory has been intensively studied in terrestrial
and marine ecosystems, and ecologists have long
appreciated the diverse impacts that herbivores have
on plant community structure and ecosystem function
(John et al. 1992 Rosenthal and Berenbaum1992. By
selectively consuming palatable plants and avoiding
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low preference plants, herbivores commonly reduce
plant standing stock, directly and indirectly alter com-
munity composition, and ultimately influence detrital
accumulation, geochemical cycling, and other ecosys-
tem processes (Lubchenco and Gaines 1981; Huntly
1991; Hay and Kicklighter 2001, 2002). The effects of
herbivory on freshwater plant communities, however,
have been largely ignored until more recently (Lodge
etal. 1998).

Vertebrate herbivores in particular often have
strong impacts on marine and terrestrial plant commu-
nities (Crawley 1989; Hay and Steinberg 1992), but
their roles in freshwater communities generally have
been overlooked, perhaps in part because of historical
depletion by European settlers. For example, after
being nearly extirpated by European colonists, North
American beavers (Castor canadensis) are now thriv-
ing over much of their historical range and fundamen-
tally modifying hydrologic regimes (Naiman etal.
1988), plant and animal communities (Martinsen et al.
1998; Wright et al. 2002, 2003; Pollock et al. 2003), and
elemental cycling (Naiman etal. 1994). Beavers are
best known as ecosystem engineers (sensu Jones et al.
1994) with the propensity to alter landscapes by felling
trees, constructing dams, and digging canals (Muller-
Schwarze and Sun 2003). Beavers, however, eat both
woody and non-woody plants, often spending the
majority of their time foraging for herbaceous plants,
particularly in the summer (Tevis 1950; Jenkins 1980;
Svendsen 1980; Doucet and Fryxell 1993). Despite
these well-known foraging patterns, beaver impacts on
herbaceous aquatic plant communities are generally
attributed to the indirect effects of ecosystem engineer-
ing, including changes in water depth, sediment com-
position, and flood plain geomorphology (Naiman
etal. 1988; Ray et al. 2001; Wright et al. 2002, 2003).
Few studies have experimentally examined the direct
effects of herbivory by this common and widespread
aquatic herbivore.

Although beavers could directly influence aquatic
plant communities by selectively foraging on palatable
plants, plant neighborhoods composed of different spe-
cies are likely to generate different preference hierar-
chies and ultimately influence patterns of impact
(Atsatt and O’Dowd 1976; Milchunas and Noy-Meir
2002). Moderately acceptable plants may be ignored
until more palatable neighbors have been selectively
removed (Atsatt and O’Dowd 1976), whereas high
preference plants may gain refuges from herbivory by
associating with less palatable plants that physically or
chemically deter herbivores (Tahvanainen and Root
1972; Hay 1986). Beavers, for example, are known to
successively remove palatable trees from wetlands

until only the least palatable species remain (Barnes
and Mallik 2001), whereas many freshwater wetlands
are dominated by tussock-forming sedges and rushes
that can harbor diverse floral communities (e.g., Ervin
and Wetzel 2002), a pattern that has been hypothesized
to result from sedge tussocks providing an associa-
tional defense and protecting palatable plants from
vertebrate herbivores (Levine 2000). Thus, plant com-
munity composition may modify the effects of beaver
herbivory for particular species at different spatial
scales. Furthermore, selective feeding by beavers is
also particularly important for contemporary patterns
of wetland plant community structure as the wide-
spread invasion of aquatic habitats by non-native
plants (Galatowitsch et al. 1999) is generally thought to
reflect herbivore feeding preferences for native over
exotic plants (Keane and Crawley 2002), though exper-
imental evidence is equivocal or even opposite to this
pattern (Parker and Hay 2005; Parker et al. 2006a).

Here, we used a series of field experiments to ask
whether beaver herbivory affected: (1) the standing
stock and species composition of wetland plants and
associated plant litter in two beaver wetlands, (2) the
abundance of an invasive exotic plant, and (3) associa-
tional patterns of herbivory among co-occurring plant
species. We also used a field feeding assay to determine
if patterns of field impact reflected beaver feeding pref-
erences among different plant species.

Materials and methods
Site description

Fieldwork was conducted in three beaver wetlands
located in the Chattahoochee River National Recrea-
tion Area (CRNRA) near Atlanta, Georgia, USA.
Beavers were common along the river despite its loca-
tion within a metropolitan area of roughly 5,000,000
humans, though human disturbances (maintaining utility
easements, hiking, bicycling, dogs, etc.) occasionally dis-
turbed areas and caused beavers to move among wet-
lands or to avoid use of specific areas within a wetland.
The Johnson Ferry wetland (33° 54.7' N, 84° 24.3" W) is
approximately 5 km north of the Gumby Swamp wet-
land (33° 54.6" N, 84° 27.0" W), which is approximately
1 km north of the Cochran Shoals wetland (33° 54.3" N,
84° 26.8' W). All three wetlands are in separate water-
sheds draining into the northern bank of the Chatta-
hoochee River. Beaver activity at all three wetlands
was conspicuous at the outset of the experiment,
including active lodge and dam building, uprooted
macrophytes, torn and chewed woody vegetation,
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