
Flow–Animal	  Interac1ons	  in	  salt	  
marshes	  

Brian	  Silliman	  
Duke	  University	  



Organisms	   Flow	  



Organisms	   Flow	  

Outline	  
	  
1.	  Flow	  impacts	  on	  rocky	  shores	  
	  
2.	  Flow	  Varia1on	  in	  marshes:	  
	  
3.	  Flow	  Impacts	  on	  marsh	  animals:	  
	  
	  -‐	  Resource	  Availability	  and	  Growth	  
	  
	  -‐	  Larval	  Recruitment	  
	  
	  -‐	  Compe11on	  
	  
	  -‐	  Preda1on	  
	  
	  -‐	  Community	  Development	  
	  
	  -‐	  Ecosystem	  Func1on	  
	  
	  
	  
	  
	  
	  
	  
	  



Maine	  Rocky	  Shores	  
•  Mussel	  Beds	  and	  Seaweed	  Canopies	  as	  Alternate	  Stable	  States	  

	  
	   	  	  



Maine	  Tidal	  Rivers	  



Alterna1ve	  Hypotheses	  
•  Mussel	  Beds	  and	  Seaweed	  Canopies	  as	  Flow	  and	  Consumer	  

driven	  systems	  

	  
	   	  	  



Methods	  



Results	  

December 2002 3439ALTERNATE COMMUNITY STABLE STATES?

FIG. 3. Mean (�1 SE) percent cover of sessile space holders at the eight mussel bed and eight Ascophyllum canopy sites
used for the experiments. For all analyses on sessile species, the ANOVA revealed that only habitat type was significant,
with no significant habitat type, or habitat type � tidal elevation interaction: barnacles (F1, 220 � 29.95, P � 0.0001), mussels
(F1, 220 � 1006.94, P � 0.0001); Ascophyllum (F1, 220 � 4942.34, P � 0.0001). No significant effects were detected for percent
cover of bare space (P � 0.34 in all cases). Understory sampling at the Ascophyllum canopy sites revealed that tidal elevation
was significant for both the percent cover of barnacles (F1, 126 � 10.41, P � 0.0016) and bare space (F1, 126 � 7.39, P �
0.008).

FIG. 4. Mean (�1 SE) chalk block dissolution data from
the eight mussel bed and eight Ascophyllum canopy sites used
for our examination of disturbance-generated bare space re-
covery on the Damariscotta River. Percent loss of chalk block
mass was significantly greater at the high-flow sites (ANOVA,
F1,58 � 57.42, P � 0.0001). Blocks were deployed for four
days; N � 4 blocks/site.

species with a one-way ANOVA that considered clear-
ing size as a fixed effect. Community composition data
were analyzed with a two-way ANOVA that treated
site type and tidal elevation as fixed effects. Understory
data obtained at the Ascophyllum sites were analyzed
with a one-way ANOVA that treated tidal elevation as
a fixed effect. We analyzed the dissolution data with a
one-way ANOVA that treated habitat type as a fixed
effect. Barnacle recruitment data were analyzed with a
two-way, repeated-measures ANOVA. Site type and
clearing size were treated as fixed effects, and sampling
year was considered a random, repeated effect. All sta-
tistical analyses were conducted with JMP software
(Version 3.2.2, SAS Institute, Cary, North Carolina,
USA). Any post hoc comparisons were performed us-
ing the linear contrast feature of JMP.

RESULTS
Quantification of study site characteristics

The abundance and distribution survey of sessile
space-holding organisms illustrates the dramatic dif-
ferences in the benthic communities among the study
sites (Fig. 3). At Ascophyllum canopy sites, the As-
cophyllum canopy covered �95% of the shoreline at
both high and low tidal heights. The brown seaweed,
Fucus spp., and unoccupied bare space accounted for
the remaining space at the Ascophyllum canopy sites.
The understory at Ascophyllum canopy sites was large-
ly unoccupied bare space (Fig. 3). Over 80% of the
rock surfaces under the canopy was bare, with 9.7%
and 18% barnacle (Semibalanus balanoides) cover in
the high and low canopy understory, respectively. In

sharp contrast to the large amount of bare space in the
Ascophyllum canopy understory, bare space was ex-
tremely uncommon and not detected in our sampling
at the mussel bed sites. At the mussel bed sites, at both
high and low tidal heights, mussels occupied �80% of
the available primary surface space with the rest of the
space occupied by Fucus and barnacles.
Water movement over the study sites, measured by

the dissolution of dental chalk blocks (Fig. 4) was over
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•  Contrary	  Evidence:	  Highly	  Determinis1c	  
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FIG. 8. Representative examples of the effect of removing consumers on bare patch recovery: (A) a dense Fucus canopy
developing on otherwise bare rock in a 3-m2 clearing at an Ascophyllum site; (B) a consumer exclusion cage at a mussel bed
site full of mussel recruits.

FIG. 9. Mean (�1 SE) percent cover of understory or-
ganisms in consumer exclusion cages at the Ascophyllum can-
opy sites in September 2001, after three years of recovery.
ANOVA revealed that for mussels (F2,20 � 1.27, P � 0.302),
barnacles (F2,20 � 0.29, P � 0.749), and bare space (F2,20 �
1.67, P � 0.214) there was no significant effect of clearing
size on percent cover. In contrast, there was a significant effect
of clearing size on understory Ascophyllum percent cover
(F2,20 � 4.98, P � 0.018). Post hoc linear contrasts revealed
that percent cover of Ascophyllum was significantly greater
in canopy vs. 1-m clearings (P � 0.007) and canopy vs. 3-
m clearings (P � 0.026). There was no significant difference
in Ascophyllum percent cover between 1-m and 3-m clearings
(P � 0.54).

tively influenced the trajectory or outcome of patch
recovery. We suspect that the lack of pronounced re-
cruitment patterns with patch size is likely due to the
intense predation pressure of small barnacles and all
other small animals at our study sites by highly mobile
crabs (Leonard et al. 1999b). In more wave-exposed
intertidal habitats where mobile consumers such as
crabs are less abundant (Menge 1976) and less-suc-
cessful consumers (Weissburg and Zimmer-Faust
1993), slow moving consumers such as snails are lim-
ited from foraging on open surfaces away from refuges
due to physical stress (Menge 1978). In these systems
this can lead to recruitment grazing halos around large
bare patches and conspicuous differences in the cover
of sessile organisms with patch size (Menge 1978, Pe-
traitis and Dudgeon 1999).
The strength of consumer control in the recovery of

our bare patches was striking. At mussel bed sites,
mussel recruitment was seen in the first year of the
experiment, but only when predators were excluded.
By the end of the second year, mussel cover was �80%
in all caged plots, and by the third year of the exper-
iment a dense bed of mussels was found in every caged
quadrat at mussel bed sites, independent of disturbance
size treatment. When predators were present in control
and cage control quadrats, mussels only began to ap-
pear (�10% cover) after three years of recovery. This
high degree of consumer control was also seen at the
Ascophyllum canopy sites. At these sites, even after
three years, �90% of the uncaged quadrats were bare
rock. By the end of the second year, however, algal
cover was 100% in all clearing types when consumers
were removed. Recovery of the algal canopy, however,
was highly dependent on disturbance treatment. In both
the 9-m2 and 1-m2 clearings, when consumers were
excluded, Fucus cover of the substrate reached close
to 100% by the end of the second year of the experi-
ment. In contrast, in caged quadrats under unmanipu-
lated Ascophyllum canopies, Ascophyllum recruitment

was intense, and by the end of the second year of the
experiment Ascophyllum cover was �50%, with the
remaining space occupied by Fucus. This is consistent
with work showing that Ascophyllum dispersal is large-
ly limited to immediately under adult plants (Vadas et
al. 1990, Dudgeon and Petraitis 2001). In three years
of monitoring the mussel bed site clearings, we have
not seen a single Ascophyllum recruit, which is also
consistent with the low dispersal potential of Asco-
phyllum.
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FIG. 5. Mean (�1 SE) barnacle (Semibalanus balanoides) recruitment in unmanipulated control plots, 1-m clearings, and
3-m clearings at the mussel bed and Ascophyllum canopy sites during the three years of this study. Data were taken in May
of each year in uncaged plots. Results of repeated-measures ANOVA revealed that barnacle recruitment was significantly
greater at mussel bed vs. Ascophyllum sites (F1,36 � 617.56, P � 0.0001). In addition, a trend indicating a clearing-size effect
on barnacle recruitment was detected (F2,36 � 2.94, P � 0.066). No habitat type � clearing type interaction was detected
(F2,36 � 1.91, P � 0.162). For interactions with sampling time, only the time � habitat interaction was significant (Wilks’
� � 0.76, F2,35 � 5.63, P � 0.008). Thus, while barnacle recruitment was always greater at mussel bed vs. Ascophyllum
canopy sites, the magnitude of this difference varied among years.

four times higher at the mussel bed sites than at the
Ascophyllum canopy sites. In four days the blocks at the
mussel bed site lost 15.5 � 1.2 g, while the blocks from
the Ascophyllum canopy sites lost only 3.9 � 0.67 g.
Barnacle settlement showed strong variation among

site types and some interannual variation (Fig. 5), but
no significant variation among disturbance treatments
or any significant interactions. Barnacle recruitment
was four times higher at the mussel bed sites than at
the Ascophyllum canopy sites. Other recruitment pat-
terns that were expected, like higher barnacle recruit-
ment in large clearings than in small clearings and un-
manipulated plots due to grazing hallos (Petraitis and
Dudgeon 1999), were not apparent in the data. We sus-
pect that this was largely due to the intense predation
pressure of small barnacles at our study sites by highly
mobile crabs (Leonard et al. 1999b). There was a mar-
ginally significant patch size effect, but this was very
small relative to habitat type effects.
Predation assays at the study sites showed that crab

predation was two times greater at the Ascophyllum
canopy sites than at the mussel bed sites (ANOVA,
F1,14 � 9.03, P� 0.0094). At Ascophyllum canopy sites,
77.5 � 9.59% of the tethered mussels were consumed
by crabs in a single tidal cycle, while at the mussel
bed sites 31.5 � 11.93% of the tethered mussels were
eaten. Clearly, predation by crabs, however, is high at
both mussel bed and Ascophyllum canopy sites.

Recovery of experimental bare patches
Results of the patch recovery experiment have been

striking (Figs. 6 and 7, Table 1). Without excluding
consumers, very little recovery of the plots to their
initial condition has occurred in three years. At sites
initially dominated by either an Ascophyllum canopy
or mussel beds, control quadrats in large and small

clearings and unmanipulated habitats have been colo-
nized almost exclusively by barnacles. After three
years, surfaces in control and cage control quadrats
with consumers present were covered with only bar-
nacles and bare space, with no conspicuous signs of
recovery to their original condition. Removing con-
sumers, however, had a dramatic affect on recovery.
At mussel bed sites, in the absence of consumers, mus-
sels rapidly recolonized plots in all disturbance treat-
ments. By the end of the second field season, consumer
exclusion cages at mussel bed sites were nearly all
stainless steel mesh ‘‘baskets of mussel recruits.’’ By
the third year all caged quadrats at mussel bed sites,
regardless of clearing size, were entirely dominated by
dense mussel cover (Fig. 6).
Removing consumers had equally dramatic effects

at Ascophyllum canopy sites (Fig. 7). At these sites,
removing consumers lead to rapid recolonization of
brown seaweeds, but the species identity of the algal
recruits varied markedly among treatments. In both
large and small canopy removal areas, after two field
seasons removing consumers lead to cages entirely car-
peted with Fucus recruits. As with the cages at the
mussel bed sites, there was nothing subtle about this
result, caged substrate in clearings in Ascophyllum can-
opies rapidly became dense Fucus monocultures in a
habitat where Fucus was otherwise not common (Fig.
8). Cages placed in undisturbed Ascophyllum canopies,
however, responded very differently. Excluding con-
sumers under the Ascophyllum canopy lead to dramatic
Ascophyllum recruitment. After two field seasons, As-
cophyllum recruits dominated grazer-free habitats un-
der the canopy, in spite of earlier reports that Asco-
phyllum is a weak recruiter (Vadas et al. 1990).
Closer examination of the recruitment of juvenile

fucoids and mussels into uncaged control quadrats was
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FIG. 10. Conceptual model of the deterministic generation and maintenance of Ascophyllum canopy–mussel bed alternate
community states on Gulf of Maine rocky shores. At low-flow sites, intense consumer pressure by snails and crabs leads to
habitats dominated by an unpalatable seaweed canopy, whereas at high-flow sites, low consumer pressure and high recruit
supply lead to mussel bed habitats. Positive feedbacks in each community type lead to its expansion and persistence. If
stochastically determined alternate stable states occur in this system, they are predicted to occur at intermediate-flow sites
where consumer control and the predictability of larval recruitment are relaxed.

these consumer-free habitats and displace the Asco-
phyllum recruits.

Consumer-mediated alternate community states

Our results suggest that instead of representing al-
ternate stable states mediated by stochastic events,
mussel beds and Ascophyllum beds in Gulf of Maine
rocky intertidal habitats are deterministic community
types under the control of consumers and larval deliv-
ery (Fig. 10). Consumer-controlled alternate commu-
nity states differ fundamentally from alternate com-
munity stable states, since community stable states are
stochastically determined, whereas consumer mediated
alternate community states are maintained by consum-
ers (Connell and Sousa 1983). We suggest that mussel
beds and Ascophyllum canopies on tidal rivers in the
Gulf of Maine are best characterized as consumer-me-
diated alternate community states. In habitats with high
water movement, consumer control of intertidal com-
munities is reduced because consumer mobility (Menge
1978) and the ability to locate prey due to the dilution
of chemical signals (Weissburg and Zimmer-Faust
1993) are severely limited. This leads to low consumer
effectiveness and impact. At the same time, high water
movement, by increasing larval and nutrient fluxes
(Gaines and Bertness 1993), increases the recruitment
and growth of benthic organisms (Sanford et al. 1994,
Leonard et al. 1998), leading to high population den-
sities of benthic space holders. As a consequence of

low consumer pressure and high recruitment, mussel
beds dominate these habitats.
In habitats with little water movement, intense con-

sumer pressure by snails and crabs leads to most of the
primary rock substrate remaining bare, with the dom-
inant feature of the habitat being a monospecific canopy
of the unpalatable, long-lived seaweed, Ascophyllum.
Ascophyllum dominates these habitats because it is rel-
atively immune to consumer damage as an adult, and
since once established it can live for over a decade
(Steneck and Dethier 1994). The relatively low density
of adult plants (�50 individuals/m2) in a typical As-
cophyllum canopy, coupled with enormous localized
reproductive output (Dudgeon and Petraitis 2001),
means that even in the face of massive recruit mortality,
the survival of just a few recruits in consumer refuge
microhabitats annually could continuously replace the
canopy. When we excluded grazers under the canopy
we commonly saw 20–50 Ascophyllum recruits per
square centimeter. Since these recruits were only vis-
ible when they exceeded one centimeter in height, this
is likely a serious underestimate of initial recruit numbers.
Nonetheless, this translates to a conservative estimate of
potentially 200 000–500 000 recruits·m�2·yr�1. Less than
0.001% of these potential recruits would have to survive
annually to entirely replace the canopy. Cracks, crev-
ices, and biotic structures like the edges of holdfasts
and barnacles are likely refuges for fucoid recruits.

Conceptual	  model	  of	  Flow-‐driven,	  consumer	  control	  
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(Silliman) and collaborators, however,
revealed that this snail actually grazes
live cordgrass and, in the process, exerts
strong control on marsh-plant growth.
In areas of high snail density, extensive
grazing scars—longitudinal grooves
made by the snails—exist on cordgrass
blades. At low densities, fewer than 50
snails per square meter, Littoraria grazes
primarily on fungus that lives on dead

marsh grass. At moderate to high den-
sities, 50 to 1,500 individuals per square
meter, snails cultivate crops of nutri-
tious fungi directly on the surface of live
cordgrass leaves. The grazing scars on
live cordgrass get infected by marsh
fungi, whose spores are ubiquitous
across the marsh surface. Snails further
enhance fungal crop growth in grazing
scars by depositing nitrogen-rich fecal

pellets and actively graze these fungus-
infected wounds for nutrition. The com-
bination of fungal infection and snail
grazing kills the scarred leaves, and can
completely kill cordgrass—all of the
material both above and below ground. 

Two of us (Silliman and Bertness),
excluded snails from high-marsh areas
on Sapelo Island, and that experiment
created an order of magnitude in-
crease in cordgrass production, show-
ing that snails naturally suppress this
grass. The impact of snails proved
even more dramatic in the tall, pro-
ductive grass on the seaward border
of the marsh. When we added moder-
ate densities of snails there—where
snails are typically absent—they en-
tirely destroyed the cordgrass in fewer
than eight months. In other words,
snails converted one of the most pro-
ductive ecosystems on the planet to a
barren mudflat. 

Typically, other consumers keep
snails away from the seaward border
of marshes. Juvenile snails live in the
leaf furrows on productive, tall cord-
grass on the seaward border of these
marshes, but crabs, fish and turtles eat
the young snails once they grow too
large to fit in the furrows. As a result,
few mature snails survive on the pro-
ductive cordgrass at the marsh edge.
At higher marsh elevations, snails in-
crease in number because the dense
wall of cordgrass blocks large preda-
tors, such as blue crabs.

A Blue Forecast
These results suggest that a so-called
trophic cascade produces the highly
productive marshes of Georgia and the
Carolinas. That is, crabs and other
predators eat the snails that eat the
fungus that infects the cordgrass,
which makes up much of these salt
marshes. Without snail predators, in-
creasing snail densities could decimate
these marshes. Ecologists long consid-
ered trophic cascades important in
structuring subtidal kelp-bed commu-
nities and temperate-lake plankton
communities, but not vascular-plant
communities.

Sea otters of the Eastern Pacific kelp
communities make up a well-known
example of a trophic cascade. The sea
otters keep populations of sea urchins
in check, preventing them from sup-
pressing kelp production. When fur
traders harvested sea otters to near ex-
tinction for their pelts at the end of the
19th century, sea urchin populations
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Figure 8. Trophic cascade controls marshes along the coast of the southeastern United States.
Typically (top), young snails live in the leaf furls of cordgrass near the water. As the smaller
snails mature and get bigger—too big to live in the leaf furls—they either move inland or risk
being eaten by blue crabs and other marsh predators. This balance creates a productive marsh.
If the crab population decreases (bottom), either from overfishing or disease, increased snail
populations have the potential to consume nearly all of the cordgrass. As this and other exam-
ples in this article reveal, salt marshes all along the Atlantic coast face a hazardous future.
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The global biodiversity crisis impairs the valuable bene!ts ecosys-
tems provide humans. These nature-generated bene!ts are de-
!ned by a multitude of different ecosystem functions that operate
simultaneously. Although several studies have simulated species
loss in communities and tracked the response of single functions
such as productivity or nutrient cycling, these studies have in-
volved relatively similar taxa, and seldom are strikingly different
functions examined. With the exception of highly managed
ecosystems such as agricultural !elds, rarely are we interested in
only one function being performed well. Instead, we rely on
ecosystems to deliver several different functions at the same time.
Here, we experimentally investigated the extinction impacts of
dominant consumers in a salt marsh. These consumers are re-
markably phylogenetically diverse, spanning two kingdoms (i.e.,
Animalia and Fungi). Our !eld studies reveal that a diverse
consumer assemblage signi!cantly enhances simultaneous func-
tioning of disparate ecosystem processes (i.e., productivity, de-
composition, and in!ltration). Extreme functional and phylogenetic
differences among consumers underlie this relationship. Each
marsh consumer affected at least one different ecosystem function,
and each individual function was affected by more than two
consumers. The implications of these !ndings are profound: If we
want ecosystems to performmany different functions well, it is not
just number of species that matter. Rather, the presence of species
representing markedly different ecologies and biology is also
essential to maximizing multiple functions. Moreover, this work
emphasizes the need to incorporate both microcomponents and
macrocomponents of food webs to accurately predict biodiversity
declines on integrated-ecosystem functioning.

multifunctionalityQ:7

Biodiversity loss decreases the ef!ciency of ecosystem func-
tions and reduces the magnitude and quality of services

natural ecosystems provide (1–8). When measuring functions
individually, experimental investigations indicate that having a
diverse species assemblage can maximize certain processes (2).
Despite these signi!cant results, focusing on single functions is
an unrealistic estimate of the effects of the global biodiversity
crisis because most natural habitats are valued for performing
many functions and services (9). The few studies that have in-
vestigated how species loss affects the simultaneous performance
of multiple functions (i.e., multifunctionality) suggest that many
species are required to maintain high levels of multifunctionality
(5, 10–14). These studies, however, are often highly arti!cial
relative to the real world. Study designs include only plants or
microbes, occur in microcosms or mesocosms, or measure highly
related functions. Thus, the hypothesis that more diverse species
assemblages lead to increased function of disparate processes
remains experimentally untested in a natural setting that simu-
lates changes in the dominant species most vulnerable to ex-
tinction (i.e., consumers; ref. 15).
Consumers, such as grazers and apex predators, play important

roles in most natural communities (e.g., kelps, seagrasses, coral
reefs, tropical and temperate forests, grasslands, salt marshes, rocky
shores, oyster reefs), regulating both key processes and habitat
structure (16–20). From many studies, we know that differences in

consumer composition (i.e., species richness, species identity) can
affect performance of single ecosystem functions, including primary
and secondary production, decomposition, and consumption rate
across trophic levels (2). Although some studies have taken
important steps to better re"ect real-world scenarios (21) (e.g.,
studying species extinctions rather than additions; ref. 22), all studies
have been limited in taxonomic scope, focusing on either macrobial
or microbial organisms. Because micro and macro consumers can
regulate a wide range of ecosystem functions and commonly interact
in nature (e.g., through facilitation, competition, parasitism), in-
vestigating the individual and interactive effects of phylogenetically
variable assemblages of dominant consumers on ecosystem function
is key to understanding realistic impacts of the continued increase in
species extinctions (23, 24).
In this study, we examine the relationship between consumer

variety and overall ecosystem functioning in a Southeastern US salt
marsh dominated by the cordgrass Spartina alterni!ora (hereafter
Spartina). In an 8-mo !eld experiment, we manipulated the occur-
rences of the three most abundant salt marsh consumers: the snail
Litoraria irrorata, the crab Sesarma reticulatum, and fungi (including
Mycosphaerella sp. and Phaeospheria spartinicola) that can consume
both live and dead plant material (25, 26), and measured effects on
three separate ecosystem functions for which coastal wetlands are
highly valued. To assess the importance of an intact consumer as-
semblage in maintaining marsh ecosystem functions simultaneously,
we quanti!ed the average rate of decomposition, net primary pro-
duction, and in!ltration (13, 14, 27) and assessed whether these
functions exceeded a performance threshold (11, 12) across differ-
ent combinations of salt marsh consumers.

Signi!cance Q:6

Human society values ecosystems in their ability to perform
multiple services simultaneously, but widespread extinctions
of important species threaten the ecosystem functions that
drive these services. Many studies describing this effect have
been unrealistic, involving relatively similar taxa and rarely
examining strikingly different functions. Here, we performed
a !eld experiment simulating the loss of dominant salt marsh
consumers from two different kingdoms. Our results indicate
that, if species are phylogenetically and functionally distinct,
each additional loss of a strongly interacting species can have
profound consequences because each loss impacts a different
function. If we are to manage ecosystems and understand the
consequences of species loss, we should pay attention to
functional diversity of species and multifunctionality of
ecosystem processes.
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Conclusions	  

•  Flow	  varia1on	  exists	  in	  marshes	  but	  is	  subtle	  
	  
•  Flow	  can	  impact	  animals	  from	  individual	  to	  
community	  levels.	  

•  Flow	  therefore	  for	  can	  modulate	  powerful	  trophic	  
interac1ons	  that	  control	  ecosystem	  structure	  and	  
func1on	  

	  
•  Flow	  can	  impact	  marsh	  development	  	  


