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The problem

Quantifying primary productivity and understanding
the factors that control plant growth are primary goals
of ecosystem ecology. Although some methods have
been very successful in providing accurate measure-
ments of plant growth and elucidating the importance
of both physical and biological factors in regulating
primary production (e.g. terrestrial systems: Smith
1996; marine communities: Bertness et al. 2001), many
techniques are still hampered by methodological biases
that greatly affect productivity estimates and overall
experimental results. For example, a recent review of
tropical seagrass systems suggests that past experiments
investigating seagrass productivity may have been com-
promised because they did not control for the con-
founding effects of grazing (i.e. monitoring and/or
excluding fish and invertebrate grazers — Valentine and
Heck 1999). The authors argue that the probable conse-
quences of not accounting for herbivore effects are: (1)
inaccurate estimates of both net and gross primary
production and (2) an intellectual bias concerning the
relative roles of bottom-up (i.e. nutrients and nutrient
regulating factors) and top-down (e.g. herbivory) forces
in controlling seagrass growth. In this paper, we argue
that these conclusions also apply broadly to salt
marshes along the East Coast of both North and South
America. Specifically, we suggest that past studies of
plant productivity in Western Atlantic marshes, by not
accounting for the confounding effects of grazing (i.e.
excluding herbivorous crabs and snails), are likely to
have significantly underestimated plant growth and
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overestimated the relative importance of bottom-up
factors in regulating marsh primary production. We
contend that current methods of measuring marsh grass
growth must be amended to include grazer exclusions
in carefully controlled field experiments. Only then will
we be able to obtain accurate measurements of marsh
plant productivity and assess the relative importance of
top-down effects in controlling marsh grass growth.

The importance of marsh primary
productivity to ecological studies

Ecosystem science and modeling were in large part
born out of research conducted in North American salt
marshes during the 1950’s, 60’s and 70’s (Odum and
Smalley 1959, Wiegert and Evans 1967, Wiegert and
Owen 1971, Wetzel 1975, Wiegert 1975). Models of
energy flow within the salt marsh/estuarine food-web
(Teal 1962, Odum and de la Cruz 1967) have formed
the intellectual framework for modeling trophic interac-
tions in many marine communities dominated by
macrophytes (e.g. mangroves — Odum and Heald 1975;
seagrasses — Ogden 1980; and kelp forests — Dunton
and Schell 1987). In addition, salt marsh trophic mod-
els have been widely cited in reviews of food-web
theory (Pomeroy and Albert 1988, Polis and Winemiller
1996), and in text-books as examples of methods for
ecosystem analyses (Valiela 1995, Smith 1996, Bertness
et al. 2001). Because the central goal of these marsh-
based food-web models is tracing carbon flow through
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trophic levels (Hopkinson and Day 1977), measuring
marsh primary productivity correctly has long been
fundamental to their predictive success and overall
applicability to other natural communities. In addition,
a keystone element of marsh ecosystem models is that
they minimize the role of grazers in affecting primary
productivity (Mitsch and Gosselink 1993).

Marsh-grazer dogma

Salt marshes are among the most productive in the
world, with annual rates of primary productivity as
high as that in coral reefs and tropical rain forests (e.g.
up to 3900 g dry wt C/m?/yr — Mitsch and Gosselink
1993). Over the past 40 years, most marsh research has
been devoted to obtaining accurate estimates of pri-
mary productivity (Lomnicki et al. 1967, Singh et al.
1984, Dai and Wiegert 1996) and understanding the
factors that influence the success of the dominant
grasses in the community, Spartina spp. (Weinstein and
Kreeger 2001). Due to strong tidal influences, most
investigations of the controls of Spartina growth have
emphasized the primacy of edaphic conditions (Valiela
and Teal 1974, Mendelssohn et al. 1981, King et al.
1982, Bradley and Morris 1990, 1991). Early salt marsh
studies that did investigate top-down controls con-
cluded that plant-herbivore interactions were of little
consequence to both energy transfer and regulation of
plant productivity (Smalley 1959, 1960, Teal 1962,
Marples 1966). Recent studies have challenged this
conclusion by demonstrating direct consumption of
Spartina plants by a variety of herbivores (e.g. geese:
Smith and Odum 1981; horses: Furbish and Albano
1994; nutria: Taylor and Grace 1995; insects: Dachler
and Strong 1995). Nonetheless, the relative importance
of these grazers is diminished because their individual
effects are often restricted to small spatial scales (10’s of
m? — Pennings and Bertness 2001). Thus, an over-
whelming consensus remains that bottom-up effects are
the primary determinants of marsh grass productivity
(Mendelssohn and Morris 2001).

Counter evidence

Recent work in salt marshes in both the United States
(Silliman 1999, Silliman and Zieman 2001, Silliman and
Bertness 2002) and Argentina (Bortolus and Iribarne
1999, Bortolus 2001) has challenged current marsh
dogma and demonstrated that grazing by abundant
invertebrates is also important in regulating marsh
plant production. In both instances, the most abundant
and widespread grazer in each system, long classified as
a detritivore, was shown to routinely graze live Spartina
and in the process exert strong control over plant
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growth. For example, in an experiment examining the
relative impacts of nitrogen (N) enrichment and peri-
winkle grazing on Spartina alterniflora (salt marsh cord-
grass) growth in a Virginia (USA) salt marsh, snail
removal (density =48 snails/m?) from unfertilized
stands of cordgrass increased aboveground biomass by
49%, whereas in N addition plots, snail removal in-
creased cordgrass growth by 86% (Silliman and Zieman
2001). By the end of this experiment, the marsh canopy
in snail addition treatments (144 snails/m?) was almost
completely destroyed, regardless of nitrogen level, and
standing crop was reduced by nearly 85% in compari-
son to ungrazed treatments. Below ground plant re-
serves were also negatively affected by L. irrorata, as
snail grazing reduced rhizome biomass by ~ 25% (Silli-
man 1999). Additional exclusion experiments in
marshes in both Georgia (n = 16 marshes) and Virginia
(n =4 marshes) showed that removal of snails from the
marsh canopy at commonly occurring high densities
(400800 snails/m?) results in a striking 400—700%
increase in end-of-season standing crop (Silliman 1999,
Silliman and Bertness 2002).

In Argentinean marshes, removal of the most abun-
dant grapsid crab, Chasmagnathus granulata, which
commonly occurs at densities between 60 and 100 ind./
m?, yielded similar results, as cordgrass standing crop
increased by nearly 350% (Bortolus and Iribarne 1999).
Additional experiments showed that: (1) grazing by
grapsid crabs at relatively low densities ( ~ 16 ind./m?)
can reduce Spartina standing crop by up to 87% in less
than a month (Bortolus 2001), and (2) crabs prefer to
consume soft, young parts of the plant (i.e. young
leaves and shoots; Bortolus and Iribarne 1999) over
both older leaves and Spartina detritus.

Both the marsh periwinkle, Littoraria irrorata, and
the burrowing crab, C. granulata, are locally abundant
and widespread over their natural distribution range
and thus, like bottom-up effects, may commonly exert
control over cordgrass productivity across large geo-
graphic areas (Table 1). In the United States, L. irro-
rata is found in abundance (50—800 ind./m?) in marshes
on the mid-Atlantic, Southeast and Gulf coasts and, in
certain areas, can reach densities up to 2,000 ind/m?>
(Table 1). C. granulata is equally abundant in marshes
from Brazil to Argentina, where its natural range spans
nearly 45 latitudinal degrees of coastline (Boschi et al.
1992). In these coastal environments, burrowing crabs
routinely reach densities of 60 ind./m?, but often occur
at densities an order of magnitude greater (Spivak et al.
1994, Bortolus and Iribarne 1999, Bortolus et al. 1999).
Importantly, large-scale marsh surveys in both North
(from Maryland to Georgia; n = 32 marshes — Table 1;
Silliman 1999; Silliman and Zieman 2001) and South
(from Buenos Aires to Trelew; n =16 marshes — A.
Bortolus unpubl.) America reveal that grazing by snails
and crabs on live Spartina is, like their densities, wide-
spread and locally intense.
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Table 1. Reported densities of L. irrorata and
intensity where available. Data are means.

C. granulata in Western Atlantic salt marshes, and corresponding grazing

Species Site Grazer density Grazing intensity Reference
(ind./m?) (cm radulation/stem)

L. irrorata: Hog Island, Virginia 48 9.2 Silliman and Zieman 2001
Racoon Island, Virginia 158 19.9 Silliman and Zieman 2001
Cobb Island, Virginia 88 11.9 B. R. Silliman, pers. obs.
Tar landing, North Carolina 194 22.3 Silliman and Zieman 2001
North Carolina >100 Stiven and Kuenzler 1979
Sapelo Island, Georgia 3342 234.5 B. R. Silliman, pers. obs.
Sapelo Island, Georgia 348 33.7 B. R. Silliman, pers. obs.
Sapelo Island, Georgia 605 44.5 Silliman and Bertness 2002
Sapelo Island, Georgia 700 Pomeroy and Wiegert 1981
Tybee Island, Georgia 243 25.4 B. R. Silliman, pers. obs.
Florida 300 Warren 1985
Alabama 145 West and Williams 1985
Texas >100 Vaughn and Fisher 1982
Louisiana 323 41.6 B. R. Silliman, pers. obs.

(% leaves grazed/m?)

C. granulata: El Cangrejito, Argentina >100 >95 Bortolus and Iribarne 1999
Boca Marsh, Argentina 61 >95 Bortolus 2001
CELPA Marsh, Argentina >125 >95 Bortolus 2001
Bahia Blanca, Argentina 25 A. Bortolus, pers. obs.
Brazil 60 >90 Cesar Costa, pers. com.

Consequences of snail and crab grazing to
past studies of Spartina growth

Previous studies which measured cordgrass productivity
and/or investigated the role of physico-chemical factors
in controlling Spartina spp. growth within the natural
range of L. irrorata and C. granulata have not excluded
snails or crabs from experimental areas (e.g. North
America: Smalley 1959, Hopkinson et al. 1980, Morris
and Haskin 1990; Dai and Wiegert 1996, 1997; South
America: Lana et al. 1991, Perazzolo and Pineiro 1991,
Panitz 1992, Bonnet et al. 1994, Nasca et al. 2001).
Although these studies rarely mention whether periwin-
kles or grapsid crabs were present at the experimental
site, the likelihood is high, since a primary focus was
investigating cordgrass productivity in the short and
intermediate Spartina zones, the areas where snails and
herbivorous crabs are most abundant (snails: Pomeroy
and Wiegert 1981; crabs: Bortolus 2001). A recent

survey of periwinkle abundance and grazing intensity in
southeast marshes provides even stronger support for
this contention (Table 2). At 8 former sites of S.
alterniflora growth studies, we found L. irrorata abun-
dance and grazing intensity to be comparable to or
much greater than that in recent caging experiments,
where snail radular activity reduced plant growth by up
to 85% (Silliman and Zieman 2001). Given the large
effect that L. irrorata and C. granulata can have on the
growth of Spartina, and that these grazers were likely
present and grazing at past growth experiments at
moderate to high densities (Table 1 and 2), we argue
that the potential productivity of Spartina spp. has been
greatly underestimated. Additionally, because many
studies in North America have investigated the role of
physical factors in maintaining height-form S. al-
terniflora by comparing edaphic conditions in high-
marsh habitats, where plants are short and snails

Table 2. Present day snail density and grazing intensity at former sites of studies investigating S. alterniflora growth and/or
height-form differentiation. Data were collected using the survey method of Silliman and Zieman (2001). Data are means.

Site Snail Density Snail density Grazing intensity Study Reference

in tall zone in short zone in short zone focus

(ind./m?) (ind./m?) (radualtions/stem)
Virginia 4 231 21.3 b Walsh 1998
Virginia 2 287 39.8 b Osgood and Zieman 1993
Virginia 5 85 9.8 b Osgood and Zieman 1993
North Carolina 3 183 19.8 b Mendelssohn 1979
North Carolina 0 74 13.9 a Broome et al. 1975
South Carolina 65 10.5 a Morris and Haskin 1990
Georgia 1 348 359 b Dai and Wiegert 1996
Georgia 378 26.3 b Gallagher 1975
Georgia 458 443 a Chalmers 1979

a = measuring short-form cordgrass growth; b = comparing growth between short- and tall-form Spartina alterniflora.
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Table 3. Effects of nitrogen fertilization on S. alterniflora standing crop in mid-Atlantic and Southeast salt marshes, and present
day snail density and grazing intensity at respective study sites. Data are means.

Site Fertilizer ~ Control Fertilized Standing crop Snail density Radulations Reference
(gNm=2 (gm~2 (gm~2 increase (%) (ind./m?) (x cm/stem)
yr=h) yr=h) yrTh
Virginia 43 221 1340 505 0 0 Silliman and Zieman 2001
43 155 726 368 48 9.5 Silliman and Zieman 2001
43 51 147 188 144 18.2 Silliman and Zieman 2001
North Carolina 112 348 948 172 183 19.8 Mendelssohn 1979
North Carolina 67 450 1800 300 74 13.9 Broome et al. 1975
Georgia 112 404 892 121 348 359 Dai and Wiegert 1996
Georgia 20 471 803 70 378 26.3 Gallagher 1975
Georgia 100 396 650 64 258 243 Chalmers 1979
Louisiana 20 1666 1916 15 NA NA Patrick and Delaune 1977

abundant, with those in creek—bank habitats, where
plants are tall and snails virtually absent (Pomeroy and
Wiegert 1981, Mitsch and Gosselink 1993) the role of
abiotic stressors (e.g. porewater salinity and sulfides) in
suppressing cordgrass growth has been overestimated
(Table 2). Essentially, the negative effects of snail graz-
ing have been inaccurately included in the estimated
effects of physical stressors in suppressing cordgrass
production. Importantly, this conclusion does not sug-
gest that short-form S. alterniflora is short solely be-
cause of snail grazing; rather that both abiotic and
biotic factors play significant roles in its maintenance.

The results of snail grazing experiments in North
America also show that the potential yield response of
S. alterniflora to N enrichment has been underestimated
because of the grazing effects of the marsh periwinkle
(Silliman and Zieman 2001). The magnitude of S. al-
terniflora yield response to N enrichment in Silliman
and Zieman’s study is, to our knowledge, the highest in
the literature (Table 3). In treatments without snails, N
fertilization increased end-of-experiment standing crop
by 505%. The next highest yield response in the litera-
ture was reported by Broome et al. (1975) — 300%. In
neither Broome et al.’s (1975) study, nor in any other of
the fertilization studies, was L. irrorata excluded from
experimental stands of S. alterniflora (Table 3). Our
survey shows that at 5 of these former study sites, the
abundance of L. irrorata presently ranges from 70—500
snails/m? and that the intensity of grazing corresponds
to these densities (Table 3). Given the large, negative
effect that low densities of L. irrorata can have on
the nitrogen-S. alterniflora interaction (Silliman and
Zieman 2001 — see Table 3), it is highly probable that
the yield response of S. alterniflora to N enrichment has
been greatly underestimated.

Conclusions

Primary productivity in salt marshes has been studied
for decades, yet the role of unobtrusive mesograzers
(crabs and snails) in mediating productivity was only
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appreciated when these grazers were experimentally
manipulated. By employing grazer-exclusion cages, our
recent field experiments demonstrate that one of the
most productive systems in the world is much more
productive than currently envisioned. In addition, the
finding that these previously discounted mesograzers
can elicit strong control of marsh plant productivity
suggests that other small herbivores in salt marshes
(e.g. grasshoppers and leaf hoppers) may also be exert-
ing similar, yet undetected, control over plant produc-
tion. We contend that herbivore exclusions need to be
included in all future investigations of marsh grass
growth where grazers (invertebrates and vertebrates)
are present (almost all marshes). Without employing
such measures, we will not be able to obtain accurate
measurements of marsh plant growth or effectively
compare primary productivity between marshes, as
grazer densities vary considerably from marsh to
marsh. Moreover, this methodological addition will
improve: (1) estimates of marsh plant yield response to
N eutrophication, (2) the overall accuracy of energy
transfers in marsh-based food-web models, and (3) our
current understanding of the relative importance of
bottom-up and top-down processes in controlling plant
productivity in salt marsh communities.
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