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INTERSPECIFIC INTERACTIONS AMONG HIGH MARSH
PERENNIALS IN A NEW ENGLAND SALT MARSH!

MARK D. BERTNESS
Graduate Program in Ecology and Evolutionary Biology, Brown University,
Providence, Rhode Island 02912 USA

Abstract. High marsh habitats in New England exhibit conspicuous zonation of vas-
cular plants. Spartina patens and Juncus gerardi dominate the seaward and terrestrial
borders of the high marsh, respectively, whereas Distichlis spicata is common in disturbed
habitats. In this paper I examine the role of interspecific interactions among these marsh
perennials in maintaining marsh plant zonation.

Removal and transplant experiments were performed to examine species interactions
in dense stands. In both types of experiments J. gerardi competitively dominated S. patens
and D. spicata, while S. patens competitively dominated D. spicata. Each of these perennials
showed maximum growth when transplanted into the J. gerardi zone without neighbors.
J. gerardi appears to dominate the terrestrial border of the marsh by competitively excluding
S. patens to lower marsh levels, while D. spicata is competitively restricted to disturbed
habitats by both J. gerardi and S. patens.

Species interactions during the colonization of bare patches were strikingly different
than those found in dense vegetation. Colonization of bare patches by both S. patens and
D. spicata facilitated the colonization of J. gerardi, the competitive dominant in dense
vegetation. Bare patches in the high marsh are typically hypersaline due to increased surface
evaporation in the absence of plant cover. Patch colonization by competitive subordinates,
which are relatively salt tolerant, appears to reduce substrate salinity by passively shading
the substrate and, as a by-product, facilitate the invasion of a superior competitor.

While interspecific competition in dense vegetation dictates the zonation of New En-
gland perennials in the high marsh, secondary succession in this assemblage may commonly
be driven by facilitations. This scenario may not be uncommon among assemblages in
harsh physical environments where plants or sessile animals ameliorate their physical

environment.

Key words: facilitation; halophytes; plant competition; salt marsh ecology; secondary succession;

zonation.

INTRODUCTION

Understanding the processes that generate distri-
bution patterns in natural communities is one of the
primary goals of plant ecology (Harper 1977, Tilman
1988). Recently, a growing number of experimental
studies have provided evidence for the widely held
notion that competitive processes are important de-
terminants of plant community patterns (Putwain and
Harper 1970, Fowler 1981, Grace and Wetzel 1981,
Silander and Antonovics 1982, Keddy 1984, Platt and
Weis 1985, Tilman 1988). Other work, however, has
shown that competitive processes are unimportant in
structuring certain plant assemblages (Fowler 1986),
and that facilitation may be critical in still other plant
assemblages (Niering et al. 1963, Wood and Del Moral
1987). Disturbance (Pickett and White 1985), physi-
ological stress (Bazzaz 1979), and consumer pressure
(Atsatt and O’Dowd 1976, Louda 1982) also clearly
influence plant distribution and may influence the role
of interspecific interactions in plant communities. Un-

! Manuscript received 18 September 1989; revised 5 March
1990; accepted 8 March 1990.

derstanding how these processes interact to generate
pattern in natural communities presents a major chal-
lenge, which is best explored with manipulative field
studies.

Salt marshes are ideal for examining plant com-
munity patterns. Marsh species are typically found in
distinct zones (Chapman 1974), and the physiological
problems faced by marsh plants have been identified.
Soil oxygen levels (Howes et al. 1981, Mendelssohn et
al. 1981), flooding (Gleason 1980), nutrient limitation
(Valiela and Teal 1974), and soil drainage (Mendels-
sohn and Seneca 1980, King et al. 1982) have been
suggested as major determinants of marsh plant suc-
cess, but experimental studies (Silander and Antono-
vics 1982, Snow and Vince 1984, Bertness and Ellison
1987) have repeatedly hinted that biotic interactions
may also be important in structuring these commu-
nities.

The zonation of marsh plants in New England is
striking (Johnson and York 1915, Miller and Egler 1950,
Nixon 1982). Spartina alterniflora dominates low marsh
habitats that are covered daily by tides. The seaward
border of the high marsh is typically dominated by
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Spartina patens, while the terrestrial border is generally
dominated by the rush Juncus gerardi. Distichlis spi-
cata is also found in the high marsh, either in low
abundance mixed with the numerical dominants or in
discrete patches. These species are perennials that gen-
erally colonize free space vegetatively rather than by
seeds (Mooring et al. 1971, Barber 1981). The annual
succulent Salicornia europaea is also common in the
high marsh but is restricted almost exclusively to high
marsh disturbance-generated bare space (Ellison 1987).

Two lines of evidence suggest that interspecific com-
petition plays a major role in dictating the distribution
of species in this community (Bertness and Ellison
1987): (1) the secondary succession of disturbance-gen-
erated bare space, and (2) the performance of marsh
perennial transplants across the tidal gradient. Distur-
bance-generated bare patches are initially colonized by
S. europaea seedlings and D. spicata vegetative runners
in both the S. patens and J. gerardi zones. Within 3—
4 yr, however, these early colonizers are displaced by
the high marsh numerical dominants, suggesting that
S. patens and J. gerardi are the competitive dominants
in their respective habitats (Bertness and Ellison 1987).
Moreover, transplant studies have shown that each of
the high marsh perennials grows best in the absence of
interspecific competition in the J. gerardi zone (Bert-
ness and Ellison 1987), clearly suggesting that physi-
ological tolerances alone are insufficient to explain the
pronounced zonation across New England salt marsh-
es.

In this paper I examine interspecific interactions
among these high marsh perennials to test the hypoth-
esis that competitive relations dictate species distri-
butions across the high marsh habitat. Controlled spe-
cies removals in natural sympatric stands and
transplants into the S. patens and J. gerardi zones with
and without neighbors are used to test the role of in-
terspecific competition in dense vegetation. Interspe-
cific interactions during the colonization of distur-
bance-generated bare patches are also experimentally
quantified. These three approaches together test the
role of interspecific interactions in shaping the high
marsh plant communities of New England. In a com-
panion paper (Bertness 1990) I examine the role of
interspecific interactions in dictating the zonation of
Spartina spp. on the high marsh/low marsh border.

METHODS

All field work was carried out at Rumstick Cove,
Barrington, Rhode Island (Bertness 1984, 1988).

Species removal experiments

Interspecific interactions in natural areas of sym-
patry were examined with reciprocal species removals.
In March 1985, prior to spring emergence, 15 X 15
cm quadrats were marked in high marsh areas sup-
porting Spartina patens/Juncus gerardi mixtures (n =
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30), S. patens/Distichlis spicata mixtures (n = 30), and
J. gerardi/D. spicata mixtures (n = 30). Quadrats in
each mixture were grouped in sets of three separated
by <0.5 m, and 10 sets of quadrats for each species
pair were placed over a 200 m? area. Within each set
of three plots, a control and single-species removal
plots for each of the two species present were randomly
assigned. Every 10-14 d from March through Septem-
ber the aboveground portion of the species targeted for
removal was removed with scissors. In August, the
center of each quadrat (10 X 10 cm) was harvested,
tillers were sorted to species, counted, and measured
(length), and the aboveground biomass of each species
was dried and weighed.

Turf transplant experiments

To further examine competitive relations in dense
stands, transplants were established in March 1986 and
followed for three growing seasons. Large (35 x 35 x
35 cm, length x width x depth) blocks of substrate
were excavated from monospecific stands and implant-
ed in identically sized (35 X 35 x 35 cm) holes in the
S. patens and J. gerardi zones. For D. spicata, blocks
were transplanted either into direct contact with sur-
rounding vegetation (with competition) or into areas
where surrounding vegetation was removed every other
week (without competition) by weeding a 25 cm wide
strip around the perimeter of each transplant (n = 8
per zone per treatment). Manipulated and unmanipu-
lated transplant controls were also followed in the area
where the original D. spicata transplants were obtained.
Eight blocks were excavated and randomly moved
among locations for manipulated controls and eight
areas were simply marked and followed as unmanip-
ulated controls. Similarly, for S. patens and J. gerardi,
manipulated (n = 8) and unmanipulated (n = 8) con-
trols were followed. Finally, S. patens blocks were
transplanted into the J. gerardi zone with (n = 8) and
without (n = 8) surrounding vegetation. J. gerardi blocks
were also transplanted into the S. patens zone with (n
= 8) and without (# = 8) surrounding vegetation.
Transplants were not made into D. spicata back-
grounds since large D. spicata monocultures were not
available at the study site. Intraspecific controls with
cleared borders were not attempted due to the difficulty
of differentiating between transplanted and ambient
vegetation. However, tests of the effect of intraspecific
competition on transplants of these species have found
intraspecific effects to be negligible and not significant
(Bertness 1990).

Transplants were maintained and monitored from
April 1986 to September 1988. In August of each grow-
ing season a separate corner (10 x 10 cm) of each
replicate was harvested, tillers were sorted to species

.and counted, 10-15 random tillers of each species pres-

ent were measured (height), and then the tillers were
dried and weighed. Vegetative colonization into sub-
strates bordering the transplants was also monitored.
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In August 1987 and 1988, the maximum distance that
transplant tillers had invaded surrounding substrate
was measured and transplant tiller density counts were
made in randomly placed 10 x 10 cm quadrats im-
mediately adjacent to the initial transplant borders.

Colonization of artificial bare patches

Interspecific interactions during the secondary suc-
cession of bare space were examined in paired mixtures
of'the high marsh perennials. Bare patches for this work
were generated by foliar application of a short-lived
systemic herbicide (Roundup, Monsanto) 9—12 mo be-
fore the experiment began. The colonization of her-
bicide-generated bare patches did not differ qualita-
tively or quantitatively from the closure of natural bare
patches (Bertness and Ellison 1987) and seedlings
transplanted into herbicide-generated and natural
patches had identical survivorship and growth (M. D.
Bertness, personal observation).

Three types of bare patches were created in June-
July 1985: (1) 30 in mixed J. gerardi/S. patens vege-
tation, (2) 30 in the J. gerardi zone in mixtures of J.
gerardi and D. spicata, and (3) 30 in the S. patens zone
in S. patens/D. spicata mixtures. All patches (0.5 X
0.5 m) were generated by severing rhizome connections
between the patch area and surrounding vegetation (to
a depth of 30 cm), and applying herbicide 3 times at
2-wk intervals. A 50 x 50 cm grid of 100 individual
5 X 5 cm cells was then placed over each patch to
facilitate monitoring spatial patterns of patch recolon-
ization. The following spring all remaining above-
ground vegetation was removed from each patch, and
the patches in each set were randomly divided into
three equal groups. One group was maintained as con-
trols, while the remaining two groups were designated
as removal patches for each of the two species in each
mixture. Every other week for the following three grow-
ing seasons removal patches were maintained by man-
ual weeding. To quantify the abundance of perennials
around the patches, in August of 1986 and 1988, a
100-cm? quadrat was haphazardly placed immediately
outside each patch on three sides, and tillers were iden-
tified to species and counted. Tiller densities did not
differ among years or treatments in each patch set (P
> .25, ANOVA, each case).

Patch recolonization was quantified by annually
monitoring seedlings and invading vegetative tillers.
Monthly (April-July) seedling counts were made in all
of the 0.25-m? patches, and most seedlings were in-
dividually marked. In all 3 yr seedling densities were
extremely low. S. patens and D. spicata seedling den-
sities were <0.1 seedlings/patch in each year and <50%
of these seedlings survived their first growing season.
For J. gerardi, <0.1 seedlings/patch were found in the
S. patens/J. gerardi patches and none of these seedlings
survived, while in the D. spicata/J. gerardi patches J.
gerardi seedling densities were higher but did not affect
patch closure rates. Vegetative growth was responsible
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for >95% of the recolonization of all patches. Vege-
tative invasion of the plots was quantified in August
(1986-1988) by identifying and counting tillers in each
of the 100 cells in each plot. The patch invasion ex-
periment was analyzed with repeated-measurement
MANOVA on cell frequency counts and tiller density
data, followed by corrected ANOVA to test within-
year patterns (SAS 1985).

The only abundant annual at the site, Salicornia
europaea, was left at natural densities in all patches.
S. europaea is rapidly overgrown and competitively
displaced by each of the marsh perennials (Ellison 1987),
and its effect on perennial patch invasion is negligible
(M. D. Bertness, personal observation).

Bare patch edaphic conditions

Edaphic conditions were quantified in all experi-
mental patches and adjacent vegetation. Substrate re-
dox potential and acidity were measured with elec-
trodes inserted directly into the substrate (Howes et al.
1981). Substrate water content was measured by wet
weighing cores (3 x 10 cm, diameter x length), drying
them, and determining percent water content. Pore wa-
ter salinities were determined with a refractometer (= 1
g/kg) on water samples collected with pore water sam-
pling tubes with input ports at a depth of 5 cm (Bertness
and Ellison 1987). Each of these measurements was
made in all experimental patches and adjacent vege-
tation in August 1985.

To test the hypothesis that high salinities in bare
patches limited plant success, marsh perennials were
transplanted into bare patches of different sizes, be-
cause patch salinities increase with increasing patch
size (see Results). Ten 0.25 m2, 0.5 m2, and 1 m? bare
patches were generated in the S. patens and J. gerardi
zones in June 1985 using herbicide. In June of 1986
and 1987, two seedlings or size-standardized tillers of
four locally common marsh perennials were trans-
planted into each of these patches and adjacent undis-
turbed vegetation. S. alterniflora and J. gerardi seed-
lings (<2 wk old) collected near the patches were used
for this work. For S. patens and D. spicata, seedlings
are rare at the study site (Bertness et al. 1987) so iso-
lated tillers were used as transplant material. For both
species, pairs of tillers and a 2 cm length of attached
rhizome were isolated from nearby plants for trans-
plants. All transplants were collected and transplanted
within 1 h, and those that did not appear healthy after
1 wk were discarded and replaced. The following Au-
gust, after 3 mo, all transplants were scored for sur-
vival.

In June 1987, J. gerardi seedlings and S. patens tillers
were also transplanted into the species removal patches
in S. patens/J. gerardi mixtures. Two transplants of
each species were made in each patch, marked, and
scored for survivorship the following August. This ma-
nipulation tested the influence of patch colonization
on transplant survival.



128

S. patens - D. spicata Mixtures

MARK D. BERTNESS

o 1006
E 5
© 7046
o
O 41
Z 30+2
o 3 4
= | 25+3
o 2-
o
§ 11
&
0 -
Controls S. patens D. spicata
Removals Removals
47 S. patens - J. gerardi Mixtures
o
€ 96416
3}
o 3
©
\c\ 5314
2 2 33x3 3614
»
4
.
E
2
m
0-
Controls S. patens J. gerardi
Removals Removals

Ecology, Vol. 72, No. 1

D. spicata - J. gerardi Mixtures

6714 704
4
3714
34 22+3
2 -
14
0 -
Controls D. spicata J. gerardi
Removals Removals
[ s patens
. J. gerardi
D. spicata

Fic. 1. Results of single-season species removal experiments in dense two-species mixtures of the high marsh perennials.
For each mixture 30 plots were followed and equally divided among treatments. All plots were established in March and
harvested the following August. Results are expressed as dry aboveground biomass per 100 cm? (X + 1 sg). Tiller density
data (tillers/100 cm?) are also presented for each species and treatment (X £ 1 SE) above biomass bars.

TabLE 1. Tiller heights from the species removal experiment
in natural two-species mixtures of the high marsh peren-
nials (means + 1 SE).*

Tiller height (cm)

Spartina Juncus Distichlis
Treatment patens gerardi spicata
D. spicata/S. patens mixture
Controls 27.4 £ 04 24.6 = 0.4
S. patens
removed 20.1 £ 0.4
D. spicata
removed 239+ 0.4
D. spicata/J. gerardi mixture
Controls 31.7 £ 04 344 + 0.5
D. spicata
removed 26.5 £ 0.3
J. gerardi
removed 23.7 £ 0.4
S. patens/J. gerardi mixture
Controls 20.9 = 0.3 19.7 £ 0.3
S. patens
removed 16.6 £ 0.2
J. gerardi
removed 17.8 £ 0.3

* All values are based on sample sizes ranging from 80 to
200 random tillers from each mixture. For each species in
each mixture tillers were taller in sympatry than when com-
petitors were removed (P < .05, ANOVA each case).

RESULTS
Species removal experiments

Tiller removals in S. patens/D. spicata mixtures re-
vealed reciprocal competitive effects, but with S. pat-
ens inhibiting D. spicata more than D. spicata inhibited
S. patens (Fig. 1). S. patens removal increased D. spi-
cata biomass by 38% (P < .01, ANOVA) and tiller
density by 20% (P < .05, ANOVA), whereas D. spicata
removal increased S. patens biomass by 19% (P < .05,
ANOVA) and tiller density by 30% (P < .01, ANOVA).
For both species, tillers were taller in sympatry (con-
trols) than in plots where the other species had been
removed (Table 1).

In contrast to the reciprocal competitive effects found
in S. patens/D. spicata mixtures, both S. patens and
D. spicata were negatively affected by J. gerardi, while
J. gerardi was not markedly influenced by sympatry
(Fig. 1). D. spicata aboveground biomass increased by
28% (P < .05, ANOVA) and tiller production increased
by 68% (P < .01, ANOVA) when J. gerardi was re-
moved from sympatric areas. The effect of J. gerardi

.on S. patens was even more pronounced (Fig. 1). J.

gerardiremoval increased S. patens production by 67%
(P < .01, ANOVA) and nearly doubled S. patens tiller
density (P < .01, ANOVA). D. spicata and S. patens
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FiG. 2. Results of turf transplant experiments where monoculture turfs of each of the high marsh perennials were trans-
planted into the Spartina patens and Juncus gerardi zones in direct contact with surrounding vegetation (With Competition)
or with the surrounding vegetation removed from a 25-cm strip around the perimeter of each transplant (Without Competition).
All treatments were replicated 8 times. Results are expressed as dry aboveground biomass per 100 cm? (X + 1 sg). Tiller
density patterns were very similar (M. D. Bertness, personal observation). Transplant controls were turfs removed from original
locations and then transplanted back into the same area. Unmanipulated controls were simply marked areas near where the

transplant material was obtained.

tillers were also taller in sympatry with J. gerardi than
when J. gerardi tillers were removed (Table 1).

Neither the aboveground biomass or tiller produc-
tion of J. gerardi was influenced by the removal of S.
patens or D. spicata in sympatric areas (Fig. 1, P >
.05, ANOVA, each case). The only effect of removal
of sympatric grasses on J. gerardi was on tiller height.
J. gerardi tillers were taller in sympatry than when
competitors were removed (Table 1).

Transplant experiments

Distichlis spicata monocultures transplanted into .S.
patens and J. gerardi monocultures were strongly sup-
pressed by competitors but grew vigorously in the ab-
sence of competitors (Fig. 2). After 3 yr, D. spicata
transplanted into the S. patens zone with neighbors
had 64% less biomass (P < .01, ANOVA) than similar
transplants without neighbors. Moreover, extension of
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Fi. 3. Tiller expansion and density in substrate immediately adjacent to monoculture turfs transplanted into the Juncus
gerardi and S. patens zones in direct contact with vegetation (With Competition) or into a 25-cm cleared border around each
transplant (Without Competition). Tiller movement was assessed by measuring the maximum distance that transplant tillers
had invaded surrounding substrate (X + 1 sg). Tiller density was quantified by counting tillers in 100-cm? frames immediately

adjacent to each transplant (X + 1 SE).

transplanted D. spicata into adjacent substrate was
strongly influenced by neighbors (Fig. 3). After 3 yr,
D. spicata spread vegetatively 4 times as far into cleared
substrate as into surrounding S. patens (P < .001, AN-
OVA) and D. spicata tiller densities adjacent to trans-
plants with cleared borders were nearly 4 times as great
as in transplants bordered by S. patens (P < .001,
ANOVA).

Distichlis spicata transplants into J. gerardi vegeta-
tion were even more strongly suppressed by neighbors
(Fig. 2). After 3 yr, D. spicata transplanted into J. gerar-
di vegetation had less than a third of the biomass (P
< .001, ANOVA) of transplants without immediate J.
gerardi neighbors. In addition, D. spicata vigorously
invaded substrate in the J. gerardi zone without neigh-
bors, but, after 3 yr had not successfully colonized J.
gerardi vegetation (Fig. 3). Without neighbors, growth
of D. spicata transplants was greater in the J. gerardi
zone than in the S. patens zone (Fig. 2).

Spartina patens transplanted into J. gerardi vege-
tation was also severely suppressed (Fig. 2). After 3 yr,
S. patens transplanted into the J. gerardi zone with
neighbors had <10% of the biomass of transplants
without neighbors (P < .001, ANOVA). In contrast,
S. patens transplanted into the J. gerardi zone with
cleared borders were over 30% more productive than
S. patens transplants in the S. patens zone (P < .05,
ANOVA, Fig. 2). S. patens transplanted into the J.
gerardi zone without neighbors also vigorously ex-
panded into the surrounding substrate, while trans-
plants with J. gerardi neighbors did not expand (Fig.
3).

In contrast to the negative effects found when D.
spicata and S. patens were transplanted into foreign
vegetation, J. gerardi thrived when transplanted into
S. patens vegetation (Fig. 2). After 3 yr, J. gerardi trans-
planted into the S. patens zone with and without neigh-
bors had similar biomass (P < .50, ANOVA). More-
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over, J. gerardi also vigorously invaded dense S. patens
vegetation (Fig. 3).

These results provide strong support for the hypoth-
esis that in dense vegetation J. gerardi is competitively
dominant to both S. patens and D. spicata, and that,
of the high marsh perennials, it is the only one capable
of pre-emptive competitive dominance.

Species interactions during secondary succession

Examination of species interactions in the coloni-
zation of bare patches bordered by S. patens/D. spicata
mixtures gave results consistent with the dominance
relationships found in dense vegetation (Fig. 4). Re-
moval of D. spicata from recovering patches signifi-
cantly increased S. patens cover and total tiller density
(P < .001, MANOVA). Neither of these effects varied
statistically among years (P < .10, treatment X year
interaction, MANOVA, both cases), but the data (Fig.
4) suggest a diminished effect of D. spicata on S. patens
over time. Removal of S. patens from patches bordered
by S. patens/D. spicata mixtures (Fig. 4) significantly
increased D. spicata recruitment into patches (fre-
quency and tiller density, P < .01, MANOVA), and
this effect differed between years (treatment X year
interaction, P < .05, MANOVA, both cases). In the
st yr of patch colonization, removal of S. patens tend-
ed (P < .10, ANOVA) to increase D. spicata cover but
did not influence D. spicata tiller density (P > .25,
ANOVA) (Fig. 4). After 3 yr of recovery S. patens
reduced D. spicata cover by nearly 50% (P < .05, AN-
OVA) and tiller densities by >75% (P < .05, ANOVA).

Patches bordered by J. gerardi did not respond as
would be predicted by the competitive relationships
found in dense vegetation. Whereas J. gerardi is com-
petitively dominant to S. patens and D. spicata in dense
vegetation (Figs. 1 and 2), during secondary succession
S. patens and D. spicata facilitated J. gerardi recolon-
ization. In patches bordered by S. patens and J. gerardi,
removal of J. gerardi did not (P > .05, MANOVA)
influence S. patens cover (Fig. 4), but did influence S.
patens tiller density (P < .01, MANOVA), and this
effect varied over time (P < .05, MANOVA interac-
tion). J. gerardi removal did not influence S. patens
tiller density in the 1st yr (P > .25, ANOVA), but by
the 3rd yr, J. gerardi removal had resulted in a 34%
(P < .05, ANOVA) increase in S. patens tiller densities
(Fig. 4). Conversely, S. patens removal dramatically
decreased the cover (P < .01, MANOVA) and tiller
density (P < .01, MANOVA) of J. gerardi (Fig. 4).
After 3 yr, S. patens removal had decreased J. gerardi
cover by 60% and tiller density by 70%.

Similar facilitation effects were found in patches bor-
dered by D. spicata/J. gerardi mixtures (Fig. 4). Re-
moval of J. gerardi significantly influenced the cover
(P < .01, MANOVA) and tiller density (P < .001,
MANOVA) of colonizing D. spicata, and both of these
responses varied over time (treatment X year inter-
action, P < .01, MANOVA). In the 1st and 2nd yr, J.

MARSH PLANT COMPETITION AND FACILITATION 131

gerardi removal did not affect D. spicata cover (P >
.05, ANOVA) or tiller density (P > .05, ANOVA). By
the 3rd yr of patch recovery (Fig. 4), however, colo-
nizing J. gerardi reduced D. spicata cover by by 45%
(P < .05, ANOVA) and tiller density by >70% (P <
.01, ANOVA). Removal of D. spicata influenced the
cover (P < .05, MANOVA) but not the tiller density
(P> .10, MANOVA) of colonizing J. gerardi. Removal
of D. spicata decreased the rate at which J. gerardi
colonized patches (Fig. 4).

These results suggest that the competitive dominant
in dense vegetation is limited from invading bare space
in the absence of its competitors, and that edaphic
conditions, modified by plant cover, may limit J. gerar-
di invasion into bare space.

Bare patch edaphic conditions

Examination of bare patch edaphic conditions re-
vealed no significant differences between bare patches
and adjacent vegetation in substrate redox (P > .25,
ANOVA, for each patch set), pH (P > .50, ANOVA,
for each patch set), or water content (P > .25, ANOVA,
for each patch set). Substrate salinities, however, were
consistently higher in bare patches than in adjacent
vegetated substrate. Elevated salinities in unvegetated
marsh substrate are common (Pethick 1978, Boston
1983). Substrate salinities in the size series of patches
in the S. patens and J. gerardi zones illustrate two
patterns in bare patch salinities at the study site. Sub-
strate salinities increase with increasing patch size (Ta-
ble 2), reflecting increased exposure to direct solar ra-
diation and surface heating as patch size increases. In
addition, while substrate salinities in vegetation de-
crease with marsh elevation (Bertness and Ellison 1987),
bare patch salinities increase with increasing marsh
elevation (Table 2), reflecting that frequent tidal flood-
ing buffers bare patches from evaporative salinity in-
creases.

Among the patches used to examine interspecific
interactions during patch closure, initial substrate sa-
linities (August 1985) were highest in patches bordered
by J. gerardi and S. patens (26 + 2 g/kg, n = 30,
adjacent vegetation 18 + 2 g/kg, n = 30), intermediate
in patches bordered by S. patens and D. spicata (18 +
1 g/kg, n = 48, adjacent vegetation 14 + 2 g/kg, n =
30), and lowest in patches bordered by J. gerardi and
D. spicata (16 = 2 g/kg, n = 30, adjacent vegetation
10 = 2 g/kg, n = 30). In August 1987, after two seasons
of recolonization, salinities were measured to assess
the effects of species removal treatments on patch sa-
linities. In patches bordered by J. gerardiand S. patens,
S. patens removal patches were more saline (25 + 3
g/kg) than either control (19 * 2 g/kg) or J. gerardi
removal (20 + 1 g/kg) patches (P < .01, ANOVA). In
patches bordered by J. gerardi and D. spicata, D. spi-
cata removal patches tended to be more saline (14 +
2 g/kg) than either J. gerardi removal (11 + 2 g/kg) or
control patches (P < .10, ANOVA). In contrast, in
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FiG. 4. Colonization of manipulated bare patches (0.25 m2) in two-species mixtures of the high marsh perennials. For
each mixture 30 plots were equally divided among the three treatments and maintained and monitored for 3 yr. Data are
presented as the number of the 100 5 X 5 cm cells in each plot that contained a given species (X + 1 sg). Tiller densities
(tillers per 100-cm? plot, X + sE) are given above the frequency bars. Data are from September 1986-1988.

patches bordered by S. patens and D. spicata where
interspecific facilitations were not found, salinities were
similar (P > .50, ANOVA) among treatments (16 *
2 g/kg, n = 30). These patterns suggest that since plant
invasion ameliorates hypersaline patch conditions,
patch salinities decline as patches are recolonized. They
also demonstrate interspecific differences in the ame-

lioration of hypersaline patch conditions. S. patens and
D. spicata (but not J. gerardi) both rapidly invade high
marsh bare space and in the process appear to amelio-

-rate patch edaphic conditions.

Seedling and tiller transplants of marsh perennials
into patches of different sizes yielded straightforward
results (Fig. 5). Substrate salinities of the patches (Table
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TaABLE 2. Substrate salinities (g/kg) of the size series of ar-
tificial bare patches and adjacent vegetation in August 1987.
Vegetation salinities were taken 10-25 cm from the borders
of all bare patches. All salinities (X = sg) are from a depth
of 5 cm.
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results strongly suggest that high substrate salinities
limit marsh plant success in hypersaline bare patches.

Transplant survivorship in experimental patches (in
1987) bordered by J. gerardi and S. patens (Fig. 4)
indicated that plant success in recovering patches was

Lafﬁe Mediﬁlm Smﬁll Indense  gignificantly influenced by the presence of vegetative

lﬁtfnf)s (gztg 1:182) (ng ;i) viiggrtla- colonizers.'The surviv‘orship of J. gerardi seefllings and

- 717 s 01 2122 S. patens tillers was higher (P < .05, G test) in control
sz‘:)r:ena patens n7=_1 0 n =‘1(1) n=10 n=30 (J. gerardi 65%, n = 20; S. patens 64%, n = 22) and
Juncus gerardi 3341 25+1 1822 17+2 J. gerardi removal (J. gefardi 55%, n = 20, S. patens
zone n=10 n=10 n=10 n=230 67%, n = 22) plots than in S. patens removal plots (J.

2) increased with patch size. For all four species in both
zones (P < .01, G test), transplant survivorship in-
creased with decreasing patch size and substrate salin-
ity, but then sharply declined in dense vegetation. These

Juncus gerardi Zone
27

gerardi 0%, n = 20, S. patens 10%, n = 21). In contrast
to J. gerardi removal and control plots, S. patens re-
moval plots had low plant frequency (Fig. 4) and nearly
twice as high substrate salinity. These results strongly
suggest that colonization by S. patens facilitated trans-
plant success.
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FiG. 5. Results of seedling and tiller transplants of marsh perennials into three sizes of artificial bare patches (L = large,
1 m?, M = medium, 0.5 m?, S = small, 0.25 m?) and dense vegetation (C=control) in the S. patens and J. gerardi zones.
Substrate salinities of the patches are given in Table 2. Data from 1986 and 1987 were similar and were pooled. Sample sizes
are given above the bars.
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DISCUSSION

Results presented in this paper suggest that the dis-
tinct zonation of high marsh perennial plants across
New England salt marshes is driven strongly by inter-
specific competition, but that interspecific facilitation
may be important in the secondary succession of dis-
turbance-generated bare space.

Interspecific competition and marsh
plant zonation

New England salt marsh plants are typically zoned
in distinct bands correlated with major breaking points
in the degree of tidal flooding across marsh habitats
(Nixon 1982). Spartina alterniflora dominates the low
marsh habitat, but is restricted to the low marsh by
the competitive dominance of Spartina patens on the
seaward border of the high marsh (Bertness 1990).
Conversely, S. patens is incapable of persisting in the
frequently flooded low marsh habitat (Gleason 1980,
Bertness and Ellison 1987, Bertness 1988, 1989).

Plant distributions across the high marsh also appear
to be strongly dictated by interspecific competition.
When competitors were removed, the performance of
each of the high marsh perennials increased with marsh
elevation or decreased exposure to tidal flocding (Fig.
2), suggesting that J. gerardi dominates the most fa-
vorable high marsh habitat. Experiments examining
the competitive abilities of marsh perennials in dense
vegetation (Figs. 1-3) showed strong competitive dom-
inance by J. gerardi. On natural borders J. gerardi lim-
ited the success of other perennials, but was not mark-
edly affected by sympatry. The competitive dominance
of J. gerardi appears to be the product of its early
growing season (Bertness and Ellison 1987). Unlike S.
patens and D. spicata, which emerge from rhizomes in
early May, J. gerardi aboveground growth commences
in late February. Consequently, J. gerardi emerges
without interspecific shading, while emergent D. spi-
cata and S. patens can be severely shaded (by >50%)
by existing J. gerardi tillers. Apparently as a result, J.
gerardi pre-emptively and actively displaces S. patens
and D. spicata from the terrestrial border of the high
marsh. J. gerardi appears to be restricted to the ter-
restrial border of the marsh by increased physical dis-
turbance and flooding on the seaward border of the
high marsh habitat (Bertness and Ellison 1987).

Distichlis spicata is found throughout high marsh
habitats at low densities mixed with the high marsh
dominants and at higher densities in discrete patches
(Miller and Egler 1950). It is more resistant to wrack
burial than other marsh perennials and rapidly invades
disturbance-generated bare space vegetatively, which
leads to its dominance in disturbed high marsh areas
(Bertness and Ellison 1987). D. spicata, however, is
competitively subordinate to both S. patens and J. ge-
rardi (Figs. 1-3), and over time is competitively dis-
placed in low disturbance habitats. The competitive
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dominance of S. patens and J. gerardi over D. spicata
reflects differences in growth morphologies (Bertness
and Ellison 1987). S. patens and J. gerardi have dense
turf morphologies, while D. spicata expands vegeta-
tively on long adventitious runners and never forms
dense turfs. As a result, D. spicata is a rapid vegetative
invader, but loses competitive encounters with per-
ennials with turf morphologies. Similar consequences
of growth morphologies on the competitive ability of
clonal organisms have been documented in other vas-
cular plant (Lovett Doust 1981, Schmid and Harper
1985) and sessile marine invertebrate (Jackson 1985)
assemblages.

Secondary succession of high marsh bare space

While competitive dominance appears to strongly
dictate marsh plant zonation, interspecific interactions
during secondary succession have a distinctly different
character. In New England marshes bare space is com-
monly generated when floating plant debris (wrack) is
deposited by tides, killing underlying vegetation (Rei-
denbaugh and Banta 1980, Hartman et al. 1983). High
marsh bare patches are initially invaded by Salicornia
europaea and D. spicata. S. europaea invades bare
patches by seeds but is rapidly displaced by the veg-
etative colonization of perennials (Bertness and Ellison
1987, Ellison 1987). Sexual recruitment of marsh per-
ennials is limited by flower and seed predation, which
dramatically reduce seed set (Bertness et al. 1987) and
high patch salinities, which limit germination and seed-
ling survivorship (Zedler 1982, S. Shumway, personal
communication). D. spicata invades bare patches with
adventitious runners and often initially dominates re-
covering patches, but is displaced from recovering
patches by S. patens or J. gerardi in 2—4 yr (Bertness
and Ellison 1987). Experimental examination of patch
closure confirms that competitive interactions dictate
the outcome of patch secondary succession, but also
that interspecific facilitation may play an important
role in patch recovery.

While interspecific interactions during the closure of
bare patches bordered by S. patens/D. spicata mixtures
were exclusively competitive, both S. patens and D.
spicata invasion into patches facilitated J. gerardi col-
onization (Fig. 4). The mechanistic basis for the facil-
itation of J. gerardi by its competitive subordinates is
likely a product of the differential abilities of marsh
perennials to invade hypersaline bare space and the
ameliorating effect of vegetation on substrate salinity.
Bare substrate is exposed to direct radiation and heat-
ing producing increased evaporation and elevated sa-
linities in contrast to substrate shaded by dense veg-
etation (Table 2; Pethick 1978, Boston 1983). High soil
salinities are widely known to inhibit vascular plant
success (Chapman 1974).

A number of lines of evidence suggest that hyper-
saline conditions limit the colonization of high marsh
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perennials into bare patches. Tillers and seedlings
transplanted into patches showed decreased survivor-
ship with increasing patch size and salinity (Fig. 5).
This result is most parsimoniously explained as a re-
sponse to high patch salinities. S. patens and D. spicata
tillers transplanted into hypersaline patches reveal se-
vere water stress in contrast to tillers transplanted into
low salinity patches or dense vegetation (S. Shumway,
personal communication). In addition, S. patens tillers
and J. gerardi seedlings transplanted into patches of
similar size but with different salinities and vegetation
cover showed increasing survival with increased veg-
etation cover and decreased salinity. Finally, work in
progress (S. Shumway and M. D. Bertness, personal
observation) has shown that artificially decreasing bare
patch salinities in the J. gerardi zone increases J. gerar-
di seedling abundance by over three orders of magni-
tude.

I hypothesize that the interspecific facilitation of J.
gerardi during secondary succession is the product of
the differential ability of these marsh plants to vege-
tatively invade and ameliorate hypersaline bare space,
and a strong inverse relationship between plant colo-
nization ability and competitive dominance. Available
evidence (Bertness and Ellison 1987) suggests that D.
spicata is the most tolerant and J. gerardi the least
tolerant perennial to stressful physical conditions. S.
patens and D. spicata are able to rapidly invade hy-
persaline bare space vegetatively, and for both of these
perennials, ramets invading hypersaline soils are sup-
ported by water transport from sister ramets in sur-
rounding vegetation that is not under osmotic stress
(S. Shumway, personal communication, also see Salz-
man 1985). In contrast, J. gerardi does not appear to
support water stressed ramets, is severely limited by
hypersaline conditions (Fig. 4), but is capable of vig-
orously invading dense vegetation and competitively
excluding S. patens and D. spicata in benign habitats
(Fig. 3).

If this mechanism for marsh plant facilitation is cor-
rect, interactions during marsh patch secondary suc-
cession may differ markedly under disparate environ-
mental conditions. Substrate salinities of bare patches
vary widely within marshes. Large patches are gener-
ally more saline than small patches, suggesting that the
occurrence of secondary succession facilitation may
increase with patch size. Similarly, local variation in
patch salinities due to differences in tidal flooding, small
scale topographic features, which influence drainage
and annual variation in rainfall, may all influence patch
salinities and potentially the relative importance of
facilitative and competitive interactions in marsh sec-
ondary succession.

Is facilitation rare in natural assemblages?

In contrast to competitive phenomena, facilitation
has received little experimental attention, ostensibly as
a reaction to the uncritical acceptance of facilitation
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mechanisms early in this century and the preoccupa-
tion of ecologists over the last two decades with com-
petitive processes (Connell 1983, Strong et al. 1984).
Historically, facilitation was thought to be important
in secondary succession (Clements et al. 1926, Odum
1969). Little experimental evidence supported this
contention, but whether this reflects a paucity of fa-
cilitation in nature or the conspicuous lack of rigorous
experiments designed to examine them is unclear (Con-
nell and Slatyer 1977). It is clearly true that facilitation
hypotheses have not been given the attention and bias
accorded to competitive mechanisms since field ex-
perimentation has become a common tool in under-
standing the dynamics of natural communities. A num-
ber of recent field studies with sessile invertebrates,
algae, and vascular plants (Menge 1976, Hay 1981,
1986, Taylor and Littler 1982, Turner 1983, Bertness
and Grosholz 1985, Wood and Del Moral 1987, Bert-
ness 1988, Pfister and Hay 1988) have found facili-
tation to be important in physically and biologically
stressful habitats. Critical reassessment of the role of
facilitation in natural assemblages unshackled by neg-
ative bias may find it to be a predictable and pervasive
force in the dynamics of communities in harsh envi-
ronments.
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