Ecology. 73(2), 1992, pp. 681-690
© 1992 by the Ecological Society of America

SALT MARSH PLANT ZONATION: THE RELATIVE IMPORTANCE OF

COMPETITION AND PHYSICAL FACTORS!
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Department of Biological Sciences and the Marine Science Institute,
University of California, Santa Barbara, California 93106 USA

Abstract. In Carpinteria Salt Marsh, Salicornia virginica (pickleweed) grows at lower
marsh elevations than does Arthrocnemum subterminalis (Parish’s glasswort). Standing
biomass of both species was greatest immediately adjacent to their abrupt border, suggesting
that conditions for plant growth were best here. We utilized field experiments, in which
growth rates of naturally occurring and transplanted individuals of both species were
measured in four marsh zones, to investigate the role of edaphic factors and competition
in maintaining this zonation pattern.

The frequency of flooding, and hence soil waterlogging, was greatest at lower marsh
elevations, whereas salinity was highest at higher marsh elevations. Consequently, it was
not clear, a priori, which part of the marsh had the most severe physical conditions. In
our field experiments, both Salicornia and Arthrocnemum grew better in the two middle
marsh zones (high Salicornia zone and Arthrocnemum zone) than in either the low marsh
(low Salicornia zone), where flooding was frequent and soils were waterlogged, or the high
marsh (transition zone), where soil salinity was extremely high during much of the year
and plant water potentials very low. However, Salicornia appeared better able to tolerate
flooding, and so persisted in the low Salicornia zone, whereas Arthrocnemum appeared
better able to tolerate high salinities, and so persisted in the transition zone. Interspecific
competition was most important in the relatively benign middle marsh zones, where each

species excluded the other from a portion of this prime habitat.
In this marsh, flooding, soil salinity, and competition all interacted to determine plant
zonation patterns, but the relative importance of these factors varied at different elevations.
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INTRODUCTION

Edaphic characteristics of coastal salt marshes gen-
erally exhibit gradients from low to high marsh that
correspond with elevation and the frequency of tidal
inundation (Ponnamperuma 1972, Howes et al. 1981,
King et al. 1982, Armstrong et al. 1985, Ellison et al.
1986, Bertness and Ellison 1987). Marsh vegetation,
however, typically forms distinct and predictable zones
superimposed upon these soil gradients (Chapman
1974, Vince and Snow 1984). Edaphic factors that ex-
hibit such gradients have repeatedly been shown to
affect marsh plant success: productivity of some marsh
plants is strongly influenced by flooding (Mahall and
Park 1976c), nutrient limitation (Valiela et al. 1978),
peat accumulation (Bertness 1988), and salinity (DeJong
1978). Moreover, marsh plant vegetation zones have
been found to correlate with interspecific differences
in tolerance to salinity (Clarke and Hannon 1970, Ma-
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hall and Park 1976b, Cooper 1982, Callaway et al.
1990) and waterlogging (Mahall and Park 1976¢, Coo-
per 1982, Schat 1984). The apparent power of edaphic
factors for explaining vegetation patterns has led to
“general agreement . . . that edaphic rather than biotic
factors are principal in limiting species to any particular
zone in 4 salt marsh” (Cooper 1982, see also Adams
1963, Mahall and Park 1976c¢).

However, experimental manipulations of salt marsh
vegetation in the field have shown that competition
between species can be important in determining nat-
ural patterns of zonation (Metcalfe et al. 1986, Ellison
1987, Bertness 1991a, b). The significance of biotic
factors is also suggested by the fact that boundaries
between marsh vegetation zones are often abrupt,
whereas edaphic factors change gradually across the
marsh. Also, in some cases the correlation between
zonation patterns and edaphic factors is poor (Clarke
and Hannon 1967, 1970, Watkinson 1985). Moreover,
a correlation between physical tolerances and plant
zonation patterns does not necessarily imply a causal
relationship; perturbation experiments are necessary
to demonstrate the purported importance or lack there-
of of physical and biotic factors (Silander and Anto-
novics 1982). Drawing upon generalities developed in
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Fic. 1. Diagrammatic cross-section of the middle marsh,
Carpinteria, California, USA. Marsh zones, seasonal salinity
patterns, and the percent of high tides that flood a zone are
given at the bottom of the figure. Flooding frequencies are
approximate yearly averages from Callaway et al. (1990); data
do not exist for high Salicornia and Arthrocnemum zones.
Arrows indicate the location and elevation above MHHW
(means =+ 1 sp) of experimental quadrats. See Callaway et al.
(1990) for more detail.

the rocky intertidal (Connell 1961), recent studies have
suggested a new paradigm for the zonation of marsh
plants: that upper limits of distributions are set by
competition in relatively low-stress environments, and
that lower limits are set by tolerances to harsh physical
conditions (Snow and Vince 1984, Davy and Smith
1985, Bertness and Ellison 1987, Bertness 1988, 19914,
b). To date, there have been few tests of this hypothesis.

This proposed paradigm may be inadequate for
marshes in mediterranean climates, which are not nec-
essarily characterized by a progression of all physical
factors from “harsh” low in the marsh to “mild” high
in the marsh. For example, flooding, and thus redox
potential, is more severe lower in the marsh (Mac-
Donald 1977), but soil salinity typically increases with
marsh height over the majority of the marsh during
much of the year (Zedler 1982, Callaway et al. 1990).
Consequently, it is not clear, a priori, which part of a
plant’s zone experiences the harshest physical condi-
tions, since this depends upon which of these factors
most greatly influence plant growth under natural con-
ditions in the field.

We used field experiments to investigate the relative
importance of edaphic and biotic factors to the zona-
tion of Salicornia virginica and Arthrocnemum subter-
minale in a mediterranean-climate salt marsh. Our re-
sults indicate that the two species have different
tolerances to tidal inundation and soil salinity, which
are negatively correlated across much of the marsh.
Thus, these physical factors appear to determine the
large-scale spatial patterns of vegetation. However,
competitive interactions appear to determine the lo-
cation of the border, where salinity and flooding are
both moderate, and can be tolerated by both species.
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STUDY SYSTEM

Field research was conducted in Carpinteria Salt
Marsh (34°24' N, 119°31'30” W), located in southern
California, USA. Over half of the 92-ha marsh, in-
cluding our study area, is part of the University of
California Natural Reserve System, and hence is rel-
atively undisturbed. The climate is mediterranean, with
precipitation averaging 425 mm each year between No-
vember and April, and 30 mm each year between May
and October. Mean monthly temperatures range from
14°C in January to 19°C in September (Ferren 1985).
The marsh slope is very gradual, rising <1 m in ele-
vation over a horizontal distance of 230 m inland from
the Mean High High Water (MHHW) intercept (Cal-
laway et al. 1990).

Plants in the marsh are distributed along an eleva-
tional gradient (Fig. 1). The bulk of the marsh, from
several hundred metres seaward to =70 m inland of
MHHW, is dominated by an almost monospecific stand
of the perennial pickleweed Salicornia virginica (the
low Salicornia zone). Scattered Arthrochemum subter-
minale (Parish’s glasswort, also a perennial) are found
in the most landward 1-2 m of the Salicornia zone
(the high Salicornia zone). About 70 m inland from
MHHW Salicornia is abruptly replaced by an almost
monospecific band of Arthrocnemum (the Arthrocne-
mum zone), followed by a bare salt flat, and then a
mixed-species zone dominated by Arthrocnemum and,
during the wet season, by winter annuals (the transition
zone), followed by a grassland zone comprised pre-
dominantly of fully terrestrial vegetation (Callaway et
al. 1990). Occasional Salicornia plants are found scat-
tered throughout the Arthrocnemum zone and the
grassland zone, but are absent from the salt flat and
transition zones, which are the regions with the highest
soil salinity. Arthrocnemum plants decline in size and
apparent vigor the further inland they are from the
Salicornia—Arthrocnemum border (S. C. Pennings and
R. M. Callaway, personal observation). Low rainfall
during the period of this study led to low emergence
and early senescence of winter annuals; consequently,
Arthrocnemum was the only plant that naturally oc-
curred in our transition zone quadrats during our sam-
pling periods (we did not sample during winter months).

Soil salinity increases with elevation from MHHW
to the upper edge of the salt pan. In the transition Zone,
soil is hypersaline in the dry season but low in salinity
during the wet season (Callaway et al. 1990). This sa-
linity regime is typical of southern California salt
marshes, which primarily experience winter rainfall
and are more euryhaline and hypersaline than salt
marshes elsewhere in the United States (Mahall and
Park 19765, Zedler 1982, Callaway et al. 1990).

Salicornia is a shallow-rooted (primarily <15 cm)
perennial succulent that grows primarily between March
and September, and is considered to have a wide tol-
erance to edaphic conditions. it is able to oxygenate



