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Abstract. The recent expansion of the reed Phragmites australis in western Atlantic
salt marshes has become a conservation concern. Historically, Phragmites was restricted
to the terrestrial border of marshes, but now it aggressively invades lower elevations. To
explore factors influencing this expansion, we examined (1) the effects of physical factors
and competitive interactions on the performance of Phragmites and (2) the role of clonal
integration on the ability of Phragmites to invade low marsh habitats.

We transplanted Phragmites into vegetation along an elevation gradient, with and with-
out neighboring plants. Phragmites died when transplanted to the lowest marsh zone but
survived and expanded in higher marsh zones. This suggests that the low oxygen availability
characteristic of waterlogged soils limits Phragmites growth in the low marsh. Neighboring
vegetation reduced Phragmites growth in all zones, and severing Phragmites rhizomes
invading the low marsh reduced the survivorship and photosynthetic rate of ramets.

These results suggest that Phragmites may invade low marsh habitats by initially es-
tablishing itself in the high marsh and then expanding into lower, less favorable habitats
using clonal integration. This has important implications for understanding the changing
dynamics of New England salt marsh plant communities and developing management strat-

egies for the control of Phragmites.
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INTRODUCTION

Understanding the biotic and abiotic forces that
maintain species borders has long been one of the cen-
tral goals of ecology. In New England, the clonal plants
that dominate salt marshes have striking and charac-
teristic patterns of zonation that follow tidal elevation
and physical gradients (Niering and Warren 1980, Bert-
ness and Ellison 1987, Bertness 1992, 1999). Physical
gradients in salinity (Adam 1995) and oxygen (Howes
et al. 1981, 1986) have long been thought to be re-
sponsible for the plant zonation patterns observed in
marshes. Recently, however, plant species borders in
salt marshes have also been shown to also be influenced
by interspecific competition (Bertness 19914, b, Levine
et al. 1998). In a number of studies the lower eleva-
tional limits of marsh plants have been shown to be
set by abiotic stresses. associated with waterlogged
soils, whereas the high elevational limits have been
shown to be set by interspecific competition (Bertness
19914, b, Levine et al. 1998). Over the last few de-
cades, however, the plant zonation patterns that have
historically characterized New England salt marshes
have begun to be disrupted by the invasion of the com-
mon reed Phragmites australis (Cav.) Trin. ex Steud
(formerly Phragmites communis). Invasive species of-
ten change the species distributions and diversity of
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native species (Mack 1986), and the expansion of
Phragmites in New England marshes is dramatically
changing these habitats (Buck 1995).

The common reed, Phragmites australis (hereafter
referred to by its generic name), has been a natural
component of brackish New England wetlands for at
least 3000 years (Niering and Warren 1977). Histori-
cally, Phragmites was confined to high marsh habitats
with low soil salinities and high soil oxygen levels. In
the .last twenty years, however, Phragmites has been
invading low marsh habitats characterized by higher
soil salinities and anoxic soils (Marks et al. 1994). This
expansion of a large clonally propagating reed into the
low marsh has reduced the distribution and abundance
of native angiosperms (Phillips 1987, Marks et al.
1994, Buck 1995), and may eliminate vital habitat for
fish, birds, and various invertebrates (Buck 1995, Baker
1996). The large impact that Phragmites has on marsh
habitats is due to its influence as an ecosystem engineer
(sensu Jones et al. 1994) or habitat-modifying organ-
ism. While only anecdotally documented (Dreyer and
Niering 1995, Buck 1995), invasion of low marsh hab-
itats by the robust aboveground and belowground
growth of Phragmites appears to enhance sedimenta-
tion by slowing water flow (Orth 1977, Gambi et al.
1990, Irlandi and Peterson 1991), minimize low marsh
sediment erosion, and wick water from marsh sedi-
ments by transpiration and passive evaporation, low-
ering the water table (Amsberry 1997).

The cause of the current expansion of Phragmites in
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western Atlantic marshes has been widely thought to
be anthropogenic modification of marsh habitats (Mook
and van der Toorn 1982, Roman et al. 1984, Phillips
1987, Marks et al. 1994). Human changes such as tidal
restrictions which lower marsh soil salinities, runoff
from lawns and farms which can increase marsh nu-
trient supply, and ditch-digging for mosquito control
which can lower the water table and lead to less anoxic
soils all can create a more favorable environment for
Phragmites (Weisner and Graneli 1989, Marks et al.
1994). Suggestions for the control of Phragmites ex-
pansion based on these causes have included flooding
or increasing the salinity of marshes being invaded by
Phragmites, to make physical conditions too severe for
it to persist (van der Toorn and Mook 1982, Thompson
and Shay 1985, Marks et al. 1994). Studies, however,
have not examined the mechanism by which Phrag-
mites is able to spread into lower intertidal zones.

It is this mechanism that is the focus of the present
study. We hypothesize that clonal integration may play
a crucial role in the success of Phragmites invading
historically unfavorable habitats. We base this hypoth-
esis on our observations that Phragmites always re-
cruits to New England salt marshes on their terrestrial
borders and then, once established, clonally moves to
lower, more physically stressful habitats by vegetative
expansion. We have never seen the reverse colonization
sequence, initial colonization of Phragmites into low
marsh habitats in New England salt marshes by seeds
or rhizome fragments, with the subsequent vegetative
spread to higher elevations. These observations suggest
that clonal integration or the physiological support of
Phragmites ramets invading low marsh habitats may
be necessary for Phragmites to invade low marsh hab-
itats. We suggest that the clonal morphology of Phrag-
mites may give it the ability to colonize habitats it is
unable to invade directly with seeds or rhizome frag-
ments.

Physiological integration among connected ramets
within a clone has been described in many clonal or-
ganisms (Pitelka and Ashmun 1985, Abrahamson et al.
1991, Alpert 1991, Caraco and Kelly 1991). In a num-
ber of species, clonal integration allows clonal organ-
isms to invade physically harsh habitats where they are
unable to establish from seed (Hartnett and Bazazz
1983, Evans and Whitney 1992, Pennings and Calla-
way 1999). Physiological integration has previously
been suggested to be important in the colonization abil-
ity of Phragmites (Hara et al. 1993, Baker 1996), but
the role of clonal integration in the invasion by Phrag-
mites of low marsh habitats has not been experimen-
tally examined.

Our study addresses two simple questions about the
expansion of Phragmites: (1) What is the effect of
physical stresses and interspecific competition on the
survivorship and expansion of Phragmites across New
England marsh tidal gradients? and (2) Does physio-
logical integration of Phragmites allow it to invade
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physically stressful habitats that it may be unable to
invade otherwise?

METHODS
Study species

Phragmites is a clonal reed that grows from perennial
underground rhizomes 0.2-0.5 m belowground. Studies
by Haslam (19694, b, ¢, 1970, 1972) describe the basic
phenology of Phragmites. Phragmites sends up new
ramets every year, although dead ramets remain stand-
ing for 1-2 years (Haslam 1969b). A ramet is defined
as a modular unit of the clone, i.e., a vertical shoot and
associated root that comprise a potentially self-suffi-
cient unit. Phragmites has a phalanx clonal growth
morphology (sensu Lovett-Doust 1981) where clonal
expansion occurs as a dense front of roots, rhizomes
and aboveground tillers. In expanding clones of Phrag-
mites, belowground rhizomes spread horizontally
~1.0-1.5 m every year. Aboveground ramets are gen-
erally 1.5-5.0 m in height, and final height is highly
correlated with emerging bud width (Haslam 1969a).
In New England, buds generally appear in May, with
growth occurring throughout the summer, and flower-
ing occurring mostly in September. Phragmites grows
optimally in fresh and brackish water with salinities of
under 20 parts per thousand (Roman et al. 1984, Hell-
ings and Gallagher 1992).

Study sites

Our experiments were conducted at the Adolf Ro-
tundo Wildlife Sanctuary on the Palmer River, Rehob-
eth, Massachusetts, and at Rumstick Cove, Barrington,
Rhode Island. The Palmer River site is a brackish marsh
typically exposed to ambient water salinities less than
15 parts per thousand (ppt). The Rumstick Cove site
borders Narragansett Bay and is subject to water with
a higher salinity (20-30 ppt). Marshes at both sites
have plant zonation typical of southern New England
salt marshes (see Bertness 1992). At both sites a dense
monoculture of the cordgrass Spartina alternifiora
dominates low marsh habitats that are flooded daily by
tides. The seaward border of the high marsh, the marsh
area not daily flooded by tides, is dominated by dense
clonal stands of the marsh hay, Spartina patens, while
the terrestrial border of the high marsh is dominated
by a dense cover of the black rush, Juncus gerardi.
The Palmer River site also has vegetation characteristic
of less saline marshes. In particular, stands of cattails,
Typha latifolia, one of the clonal plants that dominate
freshwater wetlands in North America, are common at
lower elevations at the Palmer River. Cattail stands are
not found at Rumstick Cove, presumably because of
higher soil salinities. At both sites, large (>100 m?)
clones of Phragmites are common on the terrestrial
border of the marsh, and many of them are currently
expanding into the low marsh.
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Transplant experiment

To test the effects of tidal elevation and interspecific
competition between Phragmites and the dominant
marsh species on Phragmites performance, transplants
of Phragmites were moved into four marsh vegetation
zones. From the seaward edge to the terrestrial border
of the marsh, transplants were moved into the Spartina
alterniflora, Typha latifolia, Spartina patens, and Jun-
cus gerardi zones, respectively. Our transplant exper-
iments were initiated at the Palmer River site in June
1995. As transplant material we used clusters of 2-5
shoots, 30-50 cm tall, expanding from the edge of a
single large, mature clone of Phragmites in the Juncus
zone. All transplants were taken from the same intact
clone to minimize genetic differences among trans-
plants, since there are potential genotypic differences
between clones, even under similar conditions (Daniels
1991). Each transplant unit consisted of a turf plug ~30
cm in diameter and 30—-40 cm deep, containing intact
ramets and rhizomes.

Five blocks of four transplants each were placed in
each zone, for a total of 20 transplants per zone. Two
of each of the four transplants in each block were ran-
domly assigned to neighbor-removal or control treat-
ments. For neighbor-removal treatments, neighboring
plants were clipped with shears to a radius equal to
their height, to reduce shading and aboveground com-
petition. Litter was left on the ground to prevent salt
accumulation in the bare area produced by clipping
(Shumway and Bertness 1992). Neighbor-removal
treatments were maintained by reclipping every other
week throughout the course of the experiment. For the
full-competition controls, neighbors were left unma-
nipulated.

To control for the transplanting procedure itself, two
additional types of plots were established and moni-
tored. Twenty similar patches of 2-5 ramets on the edge
of the Phragmites source clone were located. Half of
these were used to control for the effect of cutting and
moving transplants (“‘cut controls’’). These transplants
were severed from the clone edge as above, removed,
and then replaced. The other half, ‘“‘uncut controls,”
were marked and then left ummanipulated. As with the
neighbor-manipulation transplants among zones, the
cut controls and uncut controls were also laid out in
five blocks of four plots including with- and without-
neighbor treatments.

All transplants were maintained for two years and
censused monthly for ramet densities during the grow-
ing season in 1995 and 1996. To quantify aboveground
expansion, the horizontal distance between the initial
shoots from 1995 and the furthest new shoot produced
in 1996 was measured (hereafter called expansion).

Rhizome-severing experiment

To test the effect of clonal integration among ramets
on the ability of Phragmites to invade low marsh hab-
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itats, we compared the performance of experimentally
severed and unsevered rhizomes invading high and low
marsh habitats. We reasoned that if clonal integration
was critical for the invasion of more waterlogged, low
marsh soils, severing clonal connections should have
a greater adverse influence on ramets invading low
marsh habitats than it would on those invading high
marsh habitats. This experiment was done at both Rum-
stick Cove and Palmer River, in each case on a high
marsh clone that was invading the low marsh.

In early June 1996, at both study sites, 20 Phragmites
runners (rhizomes) invading low and 20 runners in-
vading high marsh habitats were marked on the leading
edges of the clone. Marked runners consisted of a dis-
crete group of 2-4 young ramets clearly expanding
from the mother clone on a single belowground rhi-
zome. We excavated a number of these runners before
selecting the runners we used, until we were convinced
that we could differentiate invading ramets (young ra-
mets expanding out from the established clone) from
older, established ramets. Half of the runners in each
zone were then randomly chosen to be severed with a
knife, isolating invading ramets from their neighbors
in the mother clone.

All marked ramets were censused once before sev-
ering and subsequently censused biweekly for survival
of the originally marked ramets and total number of
ramets produced/replicated until the end of August
1996. Photosynthetic rates (pmol CO,-m~2-s~') of one
randomly chosen ramet/replicate were also measured
four times over the course of the study with a portable
infrared gas analyzer (Analytical Development Com-
pany Limited, model ADC-LCA-2, London, UK). Mea-
surements were made between 1000 and 1400 on sun-
ny, cloudless days. Since photosynthesis rates were vir-
tually identical on all four of the days that we made
these measurements, only data from one day will be
presented. At the end of this experiment we excavated
all experimental runners to insure that our severing had
isolated invading ramets from their clonemates in dense
vegetation.

To quantify edaphic conditions in the rhizome-sev-
ering experiment, soil salinity and redox potential were
measured in the soil adjacent to each experimental ra-
met in both the habitat being invaded (either high or
low marsh) and in the dense vegetation of the mother
clone. These latter measurements were taken 50 cm
into the dense vegetation of the mother clone. Soil
salinity was quantified by removing a 2-cm?® plug,
squeezing pore water through cotton gauze, and mea-
suring salinity with a refractometer (accuracy = 1.0
mg/g). Soil redox potential was measured by removing
a plug of soil (1 cm diameter X 5 cm deep) and inserting
a redox electrode into the hole (Orian Research, Bos-
ton, Massachusetts).

Statistical analyses

For the transplant experiment, unmanipulated con-
trols were initially compared to cut controls using AN-
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OVA to determine any effects of transplantation. Since
all main effects and interactions for tiller densities and
spread were statistically insignificant (P > 0.05), re-
vealing that cutting and transplantation did not influ-
ence the plant variables we were measuring, results of
the transplant experiment were subsequently analyzed
without including controls, using a three-way ANOVA
(zone X competition treatment X block) with nested
effects. One block in the S. alterniflora zone was lost
due to winter ice disturbance and thus was eliminated
from the analysis. For the analyses and figures, plots
with no shoots were scored as zero for spread.

For the rhizome-severing experiment, ramet survi-
vorship and photosynthetic rate data were analyzed
with a three-way (site X severing treatment X zone)
ANOVA. Changes in shoot number data were analyzed
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with a three-way (site X severing treatment X zone)
ANCOVA, with initial shoot number as a covariate.
Four replicates were eliminated from these analyses,
since we discovered after the experiment that the run-
ners had been not completely severed. Salinities and
redox potentials were analyzed by a two-way (site X
zone) ANOVA. All data were transformed as necessary
to meet the assumptions of ANOVA.

REsuLTS
Transplant experiments

Shoot densities of the Phragmites transplants varied
significantly with marsh zone and the presence or ab-
sence of neighbors, but the effect of neighbors on shoot
densities did not vary with marsh zone (Fig. 1, Table
1). Transplant shoot densities were lowest in the low
marsh habitats that are daily flooded by tides. After
two growing seasons, no transplant shoots survived in
the Spartina alterniflora zone when neighbors were
present, and very few survived in the Spartina alter-
niflora zone even when neighbors were removed (Fig.
1). Transplant shoot densities also remained relatively
low in low marsh Typha stands. In contrast to the poor
performance of Phragmites transplanted to low marsh
habitats, the shoot densities of Phragmites transplanted
to high marsh habitats without neighbors increased
markedly (Fig. 1). In both the Spartina patens and Jun-
cus gerardi zones, shoot densities after two growing
seasons were 23 times higher than those in the low
marsh transplants, and removing high marsh neighbors
increased transplant shoot densities by a factor of 2—4.

The horizontal expansion of Phragmites from the
original transplants varied significantly with marsh
zone, with a strong trend for neighbors to inhibit ex-
pansion (Fig. 2, Table 1). The effect of neighbors on
the horizontal expansion of Phragmites shoots did not,
however, vary with marsh zone (Fig. 2, Table 1). The
least horizontal expansion was seen in the low marsh
Spartina alterniflora zone, where expansion was less
than 5 cm. In contrast, in high marsh habitats, hori-
zontal expansion from the original transplant was >30
cm in both the Spartina patens and Juncus gerardi
zones when neighbors where removed.

Rhizome-severing experiments

Severing Phragmites thizomes that were vegetative-
ly spreading from established stands lowered the sur-

TaBLE 1. Three-way ANOVA with nested effects to test the effect of zone and competition
treatment on transplant shoot density and shoot expansion.

Shoot density Expansion
Source of variation df F P df F P
Zone 4, 15 5.16 0.01 4,15 12.34 0.01
Competition 1, 15 13.86 0.01 1, 15 3.76 0.07
Zone X Competition 4, 15 1.19 0.35 4, 15 1.46 0.26
Competition X Block [Zone} 15, 40 0.62 0.84 15, 40 0.69 0.78
Block [Zone] 15, 40 1.37 0.21 15, 40 0.84 0.63




1114
m With neighbors
50- o Without neighbors

€

o

c

.2

[7]

c

[+]

&

w25+

©

(=

3

o

g

3

<

0+ ” L
% 2, % 4 Q. @
& <5 $ (a) 72, (¢
% 3 % % %
> 6,, > \9@ 9&.
% % > % o
<, % (é Q"o«
£ K ”
ic
Zone

FiG. 2. Aboveground horizontal expansion (cm) in the
transplant experiment. Measurements were made from the
initial shoots transplanted in May 1995 to the farthest distance
shoots had moved from the transplants in August 1996. Bars
show means + 1 SE.

vivorship of physiologically isolated ramets, particu-
larly those invading the low marsh (Fig. 3A, Table 2).
Severing effects on ramet survivorship, however, were
much stronger at Rumstick Cove than at Palmer River
(Fig. 3A, Table 2). At Rumstick Cove, severing rhi-
zomes invading the low marsh led to <45% survivor-
ship of isolated ramets, whereas at Palmer River, sev-
ered-ramet survivorship in the low marsh was nearly
80%. At both sites severing rhizomes invading the high
marsh had little effect on the survivorship of isolated
ramets (Fig. 3A).

Severing rhizomes also had strong effects on Phrag-
mites shoot production that differed significantly be-
tween sites and zones (Fig. 3B, Table 2). At Palmer
River, severing increased the shoot production of iso-
lated ramets, particularly ramets invading the high
marsh (Fig. 3B). Increased shoot production of severed
ramets probably reflects allocation of resources into
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shoots rather than rhizomes, once rhizome connections
had been lost. In contrast to Palmer River, at Rumstick
Cove, severing increased the shoot production of rhi-
zomes invading the high marsh, but not in the low
marsh where total shoot numbers declined, reflecting
a net loss of shoots due to shoot mortality.

Severing rhizomes also significantly affected the
photosynthetic rate of severed ramets, particularly
those invading the low marsh (Fig. 3C, Table 2). Sev-
ering lowered the photosynthetic rate of isolated ramets

TABLE 2. Two-way ANOVA for Palmer River and Rumstick Cove testing the effects of zone
and severing on ramet survivorship, shoot number, and photosynthetic rate at the conclusion
of the rhizome-severing experiment in August 1996,

Percentage change in

Survivorship shoot number Photosynthetic rate
Source of
variation df F P df F P df F P
Palmer River
Zone 1, 20 049 0.52 1,20 2.06 0.16 1,20 1946 0.01
Severing 1, 20 0.80 0.38 1,20 7.57 001 1,20 2556 0.01
Zone X Severing 3, 40 0.80 0.38 3,40 198 0.17 3,40 2.18 0.15
Rumstick Cove
Zone 1, 20 7.66 0.01 1,20 0.63 043 1, 20 1.81 0.19
Severing 1,20 13.7 0.01 1,20 0.76 0.39 1,20 1944 0.01
Zone X Severing 3,40 11.1 0.01 3,40 6.44 0.02 3,40 4.55 0.04




August 2000

200 A .

S
E N
5 07 '
5
5 M Paimer River
o [ Rumstick Cove
5 —2004
o
@ T
o 1

—400 -~

40 g
)
=
£ z
> 207
£
©
[<p}
o0- T
Low Marsh High Marsh
F1G. 4. (A) Soil salinity (mg/g) and (B) soil redox po-

tential (mV) in low and high marsh habitats adjacent to sev-
ered and unsevered ramets in the rhizome severing experi-
ment at the Palmer River and Rumstick Cove study sites.
Bars show means = 1 SE.

at both study sites and at both high and low marsh
elevations, but the reduction in photosynthesis of iso-
lated ramets was nearly twice as severe for ramets in-
vading the low marsh as it was for ramets invading the
high marsh (Fig. 3C).

At both sites, the low marsh habitat was character-
ized by highly anoxic (low redox potential) soils, while
the high marsh was characterized by oxidized (high
redox potential) soils (Fig. 4, ANOVA: zone, P <
0.001; site, P < 0.001; zone X site, P < 0.001). Soil
salinities, however, were much higher at Rumstick
Cove than at Palmer River (Fig. 4, ANOVA: zone, P
< 0.001; site, P < 0.001; zone X site, P < 0.001).
Thus, while ramets invading low marsh habitats at both
sites encounter anoxic soils, at Rumstick Cove ramets
invading low marsh habitats encounter anoxic soils that
are much more saline.

DIsCcUsSION

Our results show that the harsh edaphic conditions
typically found at low marsh elevations can potentially
limit the performance and colonization of Phragmites,
but that Phragmites can invade harsh low marsh hab-
itats with the aid of clonal integration where ramets
colonizing physiologically harsh habitats are supported
by ramets in more physically benign habitats. Our re-
sults also show that competition with the dense clonal
vegetation that typically dominates New England salt
marshes limits the clonal spread of Phragmites. These
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results enhance our mechanistic understanding of the
current expansion of Phragmites in New England
marshes and provide insight that may be valuable in
designing Phragmites control strategies.

Transplant experiments

Our transplant experiments demonstrate that, like the
halophytic plants that are found in marsh habitats
(Snow and Vince 1984, Bertness and Ellison 1987,
Bertness 1991q, b, Bertness et al. 1992a), the success
of Phragmites in marshes is limited at low elevations
by physical stress. In New England where the plant
zonation of salt marshes has been intensively studied,
all of the numerically dominant zone-forming plants
have lower intertidal borders that are set by their in-
ability to deal with harsh lower intertidal physical con-
ditions, whereas high intertidal borders are maintained
by competition from competitively superior plants at
higher elevations (Bertness 1999). The physical factor
usually thought to limit plant success at low marsh
elevations is low soil oxygen levels (Howes et al. 1981,
1986), but our results suggest that soil salinity may
interact with waterlogging to limit plants from colo-
nizing the low marsh. Low marsh soils are often sat-
urated with water, and in waterlogged soils, oxygen
depletion by microorganisms and root respiration, and
the low diffusion of oxygen commonly leads to anoxic
soil conditions. Our transplant experiment also showed
that interspecific competition from neighboring plants
can inhibit the growth and expansion of Phragmites
(Figs. 1 and 2).

Rhizome-severing experiment

The failure of the Phragmites transplants to establish
in the Spartina alterniflora zone suggests that the suc-
cess of Phragmites in the low marsh can be limited by
harsh physical conditions found there, and implies that
recruitment of Phragmites to the low marsh by seeds
or clonal fragments may be limited. If this is the case,
how is Phragmites currently invading low marsh hab-
itats in New England? One potential explanation for
the successful colonization of physically harsh low
marsh habitats by Phragmites is vegetative coloniza-
tion aided by clonal integration. The rhizome-severing
experiment examined this possibility.

Results of the rhizome-severing experiment support
the hypothesis that clonal expansion of Phragmites into
low marsh habitats is aided by clonal integration, but
also suggest that the dependency of thizomes invading
low marsh habitats on clonemates in the high marsh
varies among marshes. At Rumstick Cove, where low
marsh soils are both anoxic and highly saline (Fig. 4),
severing rhizomes lowered the survivorship, growth,
and photosynthetic rate of ramets invading the low
marsh (Fig. 3). Moreover, at Rumstick Cove severing
rhizomes differentially affected ramets invading low
and high marsh habitats. Rhizome severing had much
more pronounced effects on ramets invading the low
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gesting that clonal integration is important in support-
ing ramets invading physically harsh habitats, but not
in physically benign habitats. At Palmer River the re-
sults of severing were much less pronounced. Severing
rhizomes did not influence ramet survivorship at the
Palmer River site, and the effects of severing on shoot
production and photosynthesis were not as marked as
at Rumstick Cove. These site differences in the re-
sponse of rhizomes to severing may refiect differences

in physical stresses between the sites. Clonal integra-

tion may be more critical for the invasion of Phraemites
tion may 0€ more Crit Iorine invasion of Faragmiies

into the low marsh at Rumstick Cove than at the Palmer
River because higher soil salinities at Rumstick Cove
make invading the low marsh more difficult. However,
without examining site difference in the relative im-
portance of clonal integration, our data are insufficient
to make about the ability of Phragmites to colonize
Iow marsh habitats.

Implications for marsh conservation

The invasion of Phragmites into low marsh habitats
on the east coast of North America, where it has tra-

ditionally been absent, is a current conservation con-
cern. Phragmites has been a member of New England
marsh communities for thousands of years, but its ex-
pansion from high to low marsh habitats has largely
occurred over the past three decades (Niering and War-
ren 1980). This range expansion is of concern because
it is thought to be due to anthropogenic causes, is re-
sulting in a loss of marsh plant diversity, and is po-
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educing the value of marshes as nursery
grounds for estuarine populations (Phillips 1987,
Marks et al. 1994, Buck 1995, Baker 1996). While our
results do not explain what is driving the current ex-
pansion of the range of Phragmites, they elucidate po-
tential physical constraints on the spread of Phragmites
and suggest that clonal integration and disturbance are
important in the ability of Phragmites to expand into
low marsh habitats.

The ultimate cause of the expansion of Phragmites
is likely due to a variety of human-induced changes in

coastal habitats actine svneroisticallv. rather than a sin-
coastal habitats acting synergistically, rather than a sin

gle proximate cause. Lower soil salinities have been
suggested as a common cause for the spread of Phrag-
mites into salt marsh habitats (Roman et al. 1984). Re-
stricting tidal exchange in salt marshes due to road
construction, and shoreline development that removes
terrestrial vegetation surrounding marshes, increasing
freshwater runoff, can both reduce soil salinities (Nier-
ing and Warren 1977, Dreyer and Niering 1995). Drain-
ing and ditching marshes can also increase Phragmiies
invasion by lowering the water table and limiting the
development of low marsh anoxic soil conditions (Bert-
ness et al. 1992b). Moreover, increased physical dis-
turbances in marshes can also initiate and accelerate
Phragmites expansion. Disturbances by foot traffic and

increased amounts of floating debris (wrack) in estu-
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in high marsh habitats that can enhance the establish-
ment of Phragmites seedlings, and accelerate the veg-
etative spread of Phragmites stands by reducing com-
petition with neighboring vegetation (T. Minchinton
and J. Simpson, unpublished data).

The eutrophication of estuarine habitats (Valiela et
al. 1992, Vitousek et al. 1997) may also be playing an
important role in the current expansion of Phragmites
in New England marshes (T. Minchiaton, unpublished
data). The traditional zonation of marsh plants in New

Encland has been shown to have been driven l'\v com-
ngiand nas oeen snewn com

petition for nutrients, and when nutrients are no longer
limiting, competition for light may become the leading
determinant of marsh plant zonation patterns (Levine

et al. 1998). Since Phragmites is one of the tallest

common marsh plants, it may be a dominant competitor
for light, and its expansion could at least partially be
due to increased levels of nitrogen in New England
estuaries. The recent spread of Phragmites has also
been suggesied to be due to a genetic shift in Noith
American Phragmites that allows it to live at lower
elevations (K. Saltonstall, npr('nnﬂl communication).

While our work does not shed light on which of the
above potential driving forces is contributing the most
to the current spread of Phragmites, it does explain
mechanistically some of the characteristics of Phrag-
mites invasions, and suggests how the spread can best
be controlled. Our results show that Phragmites growth
and survivorship can be strongly suppressed at low
elevations and by dense neighboring vegetation, but

that DL nmitnﬂ

7] ativaly axn lower el-
tnat Paragn

es can vegetatively expand to lower el-
evations with clonal integration supporting the ramets
colonizing physically harsh low marsh elevations.
Thus, invasion of low marsh habitats by Phragmites
may best be envisioned as large clones moving across
shoreline landscapes, utilizing clonal integration to in-
vade harsh habitats unsuitable for sexual recruitment.
Similar scenarios have been suggested when other clon-
al low marsh plants have been introduced to novel
shorelines.

Our results suggest that the best strategy for pre-

ventino the exnansion of Phraomites into low marsh
veniing ne expansion O arggmiles 1nio 10w marsin

habitats is to minimize disturbance to marsh vegetation,
naturally slowing the spread of Phragmites, and to con-
trol clonal development in the high marsh before low
marsh habitats are colonized and modified. In southern
New England, Phragmites often establishes by seed in
the high marsh in disturbed habitats where vegetation
cover has been reduced, and lives innocuously at low
densities for years before rapidly accelerating its
growth and spreading into low marsh habitats (M. D.
Bertness, personal observations). Controlling high
marsh Phragmites establishment by limiting distur-
bances that enhance seedling colomzatlon, and remov-
ing Phragmites that colonize the high marsh before
they reach a large size is often a realistic objective,

and will limit colonization of low marsh habitats due
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to the dependency of Phragmites on clonal integration
to invade to low marsh habitats. This management
strategy can limit the ecosystem engineering by Phrag-
mites that leads to the loss of low marsh habitats and
the estuarine populations they may support (Marks et
al. 1994).
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