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INTRODUCTION  
“Maritime Spartina species define and maintain the shoreline along broad expanses of temperate 
coasts where they are native. The large Spartina species grow lower on the tidal plane than other 
vascular plants; tall, stiff stems reduce waves and currents to precipitate sediments from turbid 
estuarine waters. With the right conditions, roots grow upward through harvested sediments to 
elevate the marsh. This engineering can alter the physical, hydrological, and ecological 
environments of salt marshes and estuaries. Where native, Spartinas are uniformly valued, mostly 
for defining and solidifying the shore. The potential to terrestrialize the shore was the rationale of 
many of the scores of Spartina introductions. In a time of rising sea levels, these plants are valued as 
a barrier to the sea in native areas and in China and Europe where they have been cultivated. In 
contrast, in North America, Australia, Tasmania, and New Zealand, and in some parts of China, 
nonnative Spartinas are seen as a bane both to ecology and to human uses of salt marshes and 
estuaries” (Strong and Ayres 2009). 

 

 

Three conferences on Spartina were held 
during the last two decades to detail current 
understanding of the biological, ecological, and 
political repercussions of invasive Spartina and its 
control. The first international conference on 
invasive Spartina was held in Seattle, Washington, 
USA in 1990 (Mumford et al. 1991). In addition to 
organizers, there were 31 attendees, 17 
presentations, and discussion on outcomes of four 
regional strategy workgroups (all on the Pacific 
coast of the United States). While most of the 
presenters were local to Washington State, 
Spartina researchers also came from the U.S. East 
Coast, the United Kingdom and New Zealand. 
Many questions were posed at the conference. 
Attendees deliberated on potential changes to the 
habitat (sedimentation rates and detrital 
breakdown) and fauna (invertebrates, fish, and 
birds) as a result of invasion, and during and 
following control. As well, questions arose on the 
efficacies of biological, chemical and mechanical 
control methods, and potential constraints on 
method — environmental, political and/or 
economic. It was agreed that models of Spartina 

spread should be developed to understand 
population dynamics that could inform control 
strategies. Attendees recommended these basic 
steps to address invasive Spartina control: identify 
a lead agency, appoint a single person to be a 
“Spartina Czar,” inventory the extent of invasion, 
identify routes of spread, enlist public support, 
evaluate various control methods, and continue 
workgroup discussions. 

The second conference was held in Olympia, 
Washington in 1997 (Patten 1997). There were 
130 attendees from five countries (United States, 
Canada, Australia, New Zealand, and United 
Kingdom) at the 29 presentations. Like the first 
conference, it included presentations on invasive 
Spartina biology, distribution, impacts, and 
control. However, the 1997 conference also had 
presentations addressing the “political ecology of 
Spartina control” (Perkins 1997). Topics of these 
papers included public activities, and risk 
assessment associated with control measures; “the 
hysteria over the cordgrass” (Cohen 1997) and 
“the crisis of civil dialogue” (Markham 1997) 
were noted. New topics at the 1997 conference 
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included the documentation of hybrids between 
S. alterniflora and S. foliosa in San Francisco Bay 
(Daehler and Strong 1997), the use of GIS 
mapping and associated databases to inventory 
and model future spread of Spartina (Harrington 
et al. 1997), the first empirical data on drift of 
Spartina seed (Sayce et al. 1997), increases in 
shorebird populations after Spartina die-back in 
the United Kingdom (Gray et al. 1997), and 
comparisons of benthic invertebrates between 
Spartina stands and mudflat (Luiting et al. 1997). 
Attendees suggested that additional research be 
conducted to develop models of population 
dynamics and genetic shifts, to monitor spread and 
environmental impacts of invasive Spartina, to 
improve mapping and modeling in order to help 
prioritize control and evaluate costs. They also 
proposed carrying out research to quantify 
sediment accretion rates in invaded areas 
compared with non-invaded habitats, to evaluate 
physiological tolerance and vulnerabilities of 
Spartina, assess environmental impacts associated 
with Spartina removal and specific control 
techniques. 

The third international conference on invasive 
Spartina was held in San Francisco, California in 
2004. Hosted by the California State Coastal 
Conservancy and the U.S. Environmental 
Protection Agency, the meeting drew 147 
presenters and attendees from seven countries, 
including China, France, the United States, 
Canada, Australia, New Zealand, and the United 
Kingdom. Fifty-seven oral and poster 
presentations were shared; 40 on science and 17 
on control or management. Of the 11 papers on 
Spartina biology in this volume, half were focused 
on genetics, with Spartina hybridizations being 
the primary context for genetics studies. Thirteen 
papers on distribution and spread of Spartina 
included spatio-temporal analysis using GIS 
techniques, predictions of spread due to 
competition, climate change, evolution, and 
restoration; dynamics of seed set and seedling 
recruitment; and two simulation models describing 
spread. Studies on impacts to the ecosystem 
ranged from increased sedimentation under 
Spartina canopies, to changes in invertebrate 

communities and food webs, to shifts in bird 
communities, populations, and behaviors due to 
the Spartina invasion.  

Of the 17 papers on control and management, 
seven papers were focused on control per se, 
while five detailed the oftentimes complex and 
bureaucracy-laden routes of Spartina control in 
San Francisco Bay, Washington State, Tasmania 
and New Zealand — mostly benefiting from the 
perspective of hindsight. Two papers considered 
the long and hard task that lies ahead to restore 
estuaries that have undergone major increases in 
marsh elevation due to Spartina invasion — what 
Hacker and Dethier (this volume) called the 
“legacy of invasion.”  

A primary reason for hosting the 2004 
Spartina conference in San Francisco was to give 
participants a first-hand look at the invasion, 
through helicopter and “mud-level” field trips — 
with an eye toward assessing the extent of the 
invasion, and determining whether control was, in 
fact, feasible or even necessary. These questions 
were discussed by an expert panel at the end of the 
conference. Overwhelmingly, the panel agreed 
that control was both possible and urgently 
needed. With this unequivocal recommendation, 
the California State Coastal Conservancy 
proceeded to fund and coordinate an aggressive 
regional program to eradicate introduced Spartina 
(including hybrids) from the San Francisco 
Estuary. By fall 2010, the program had 
successfully reduced the area of invasive Spartina 
from more than 800 net acres in 2005, to less than 
100 net acres, a reduction of 90 percent. The 
program is ongoing, with full effective eradication 
expected before 2020.  

The papers that follow in this conference 
proceedings volume detail the advances that have 
been made in our understanding of Spartina 
biology and demography, the profound 
environmental effects that result from these 
invasions worldwide, and suggest the scope of 
unresolved issues.  

 
Debra Ayres 

University of California, Davis  
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CHAPTER ONE

Spartina Biology 





CALIFORNIA CORDGRASS (SPARTINA FOLIOSA), AN ENDEMIC OF SALT MARSH HABITATS 

ALONG THE PACIFIC COAST OF WESTERN NORTH AMERICA

M.C. VASEY

Department of Biology, San Francisco State University, San Francisco, CA 94132; and
Department of Environmental Studies, University of California, Santa Cruz, CA  95064; mvasey@sfsu.edu 

California cordgrass (Spartina foliosa) is an endemic of the California Floristic Province in western 
North America. This paper reviews its historic and contemporary distribution, profiles its habitat 
characteristics including key adaptive traits, and makes the case that S. foliosa should be recognized 
as a foundation species within salt marshes characteristic of the California Floristic Province. This 
information is then considered in the context of introgressive hybridization between S. foliosa and 
the closely related Spartina alterniflora. Clearly, the hybrid between S. foliosa and S. alterniflora is 
progressively spreading genes of S. alterniflora into pure stands of S. foliosa throughout the San 
Francisco Bay estuary. While this raises a concern about the potential “extinction” of S. foliosa as a 
distinct genotype, it is suggested that a greater problem may be the ecological implications of this 
introgression for salt marshes in the San Francisco Bay estuary. Rather than eradication per se, it is 
suggested that focused containment may be the best strategy for minimizing the impact of this 
hybrid on salt marshes in the California Floristic Province of this region. Further, continued adaptive 
management studies that evaluate the impacts of this species on salt marsh restoration are 
recommended. 

INTRODUCTION 

In this review, I will examine what we know about 
California cordgrass and attempt to frame this discussion in 
the context of conservation management challenges that 
invasive Spartina alterniflora pose to the San Francisco Bay 
estuary. The approach will be to discuss what is known of 
the historic and contemporary distribution of Spartina 
foliosa, to focus on the suite of adaptive traits that makes S. 
foliosa such an important component of low marsh habitats 
in west coast estuaries, and to profile S. foliosa as a 
“foundation species” in this environment. I will then 
summarize this information in the context of threats posed 
by hybridization of S. foloiosa with the invasive Spartina 
alterniflora.  

HISTORIC AND CONTEMPORARY DISTRIBUTION OF 
SPARTINA FOLIOSA

MacDonald and Barbour (1974) conducted a survey of 
salt marsh vegetation along the North American Pacific 
coast ranging from Point Barrow, Alaska to Cabo San Lucas, 
Baja California. In general, they found three dominant salt 
marsh vegetation communities over this extensive range: an 
arctic, boreal, and north temperate assemblage is dominated 
by northern grasses such as Deschampsia caespitosa and 
sedge species such as Carex lygnbyei, which ranges from the 
Seward Peninsula down to Drake’s Estero in Marin County; 
a south temperate and subtropical assemblage ranges from 
San Francisco Bay to Laguna San Ignacio in Baja California, 
which is the assemblage occupied by S. foliosa; and south of 
this region, tropical mangrove forests and scrub assemblages 
dominate estuarine tidal wetlands.  

The historic distribution of S. foliosa occurs in this 
intermediate zone, also known as the California Floristic 
Province (Raven and Axelrod 1978). The California Floristic 
Province occurs along a cismontane region from southern 
Oregon down through northern Baja California. It is 
characterized by a Mediterranean-type climate consisting of 
long, hot and dry summers punctuated by short, wet and cold 
winters. The California Floristic Province has recently been 
recognized as one of twenty-five global “biodiversity hot 
spots,” with over 48% of the plant species being endemics 
(Myers et al. 2000; Calsbeek et al. 2003). Spartina foliosa is 
among these endemic species. 

The particular distribution of S. foliosa occurs in two 
major disjunct regions: (1) northern California (San 
Francisco Bay region) and, approximately 565 kilometers 
away, (2) a series of geographically proximal populations 
from Orange County in southern California through south-
central Baja California. The historic northern California 
distribution has been confused by one case of 
misidentification and two other cases of relatively recent 
northern range extensions. The case of misidentification was 
first recognized by P. Faber (personal communication) who 
perceived that the extensive stands of Spartina long 
recognized in Humboldt Bay wetlands were actually 
Spartina densiflora (a caespitose species from South 
America) rather than S. foliosa. Later, Spicher and Josselyn 
(1985) published a confirmation of this observation. 
Barnhart et al. (1992) speculate that S. densiflora may have 
been introduced to Humboldt Bay as long ago as the 1860s 
as part of shingle or dry ballast deposited during the height 
of shipping activities in this formerly bustling port. Spicher 
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and Josselyn (1985) also reported a local population of S. 
foliosa at Bodega Bay; however, this population was almost 
certainly not present when Barbour (1970) and MacDonald 
and Barbour (1974) reported on salt marsh vegetation in 
Bodega Bay wetlands. In the 1990s, a large population of S. 
foliosa was observed colonizing the accreting delta of 
Lagunitas Creek in southern Tomales Bay (Baye 2004, 
personal communication). Howell (1949, 1970) in his flora 
of Marin, however, does not mention this locality for S. 
foliosa nor do any historic herbarium collections suggest that 
either the Bodega Bay or Tomales Bay populations occurred 
prior to the latter part of the twentieth century. MacDonald 
and Barbour (1974) specifically remark upon the absence of 
S. foliosa in Tomales Bay. 

On the other hand, Howell (1949, 1970) and historic 
herbarium collections do confirm that S. foliosa has 
historically been found in Drake’s Estero in southern Point 
Reyes as well as the relatively nearby Bolinas Lagoon in 
Marin County. Other than these two outer coastal estuaries, 
all other historic northern California populations of S. foliosa
are found within the lower portion of the San Francisco Bay 
estuary, ranging from tidal wetlands of South San Francisco 
Bay up through San Pablo Bay and the lower tidal wetlands 
of the Petaluma River, Sonoma Creek, and the Napa River. 
Spartina foliosa continues up into the Carquinez Straights 
but is largely unknown from Suisun Bay. In this eastern 
region, it is apparently constrained by low brackish marsh 
vegetation dominated by Schoenoplectus acutus and 
Schoenoplectus californicus and its distribution is dynamic 
depending on decadal shifts in the salinity gradient in this 
portion of the estuary. It is somewhat remarkable that there 
are no historic or current occurrences of S. foliosa from the 
Golden Gate south along the central California coast to Point 
Conception, including likely tidal wetlands such as Elkhorn 
Slough and Morro Bay. Peter Baye (personal 
communication 2004) suggests that before the construction 
of jetties, these central Californian lagoons were not tidal 
during summers (due to low flows) so it is possible that they 
did not provide suitable habitat.  

 In summary, S. foliosa in northern California was 
historically concentrated within the lower, saline reaches of 
the San Francisco Bay estuary where it was an important 
constituent of the extensive salt marshes that historically 
dominated tidal wetlands in this region. It appears to be 
slowly moving north along the coast and is now present in 
Bodega Bay. Its eastern distribution in the San Francisco 
Bay estuary is dynamic and dependant on long-term shifts of 
the salinity gradient in the Carquinez Straight and lower 
Suisun Bay subregion.  

The second historic center of distribution for S. foliosa 
is relatively well documented by MacDonald and Barbour 
(1974), Trnka and Zedler (2000), and Wiggins (1980). The 
northernmost historic locality is Mugu Lagoon (Orange 
County), considerably south of Point Conception. There is 

then a fairly continuous occurrence of S. foliosa wherever 
conditions are suitable down to the Tijuana Estuary in San 
Diego County (e.g. Anaheim Bay, Bolsa Chica Bay, 
Newport Bay, Santa Margarita River, Los Peñasquitos 
Lagoon, San Elijo Lagoon, San Diegito Lagoon, Mission 
Bay, and San Diego Bay). This distribution continues in a 
relatively consistent fashion along the coast of Baja 
California in Estero de Punta Banda, Bahia de San Quintin, 
Laguna Guerrero Negro, Ojo de Liebre, Laguna San Ignacio, 
and Bahia de la Magdalena. It is of interest that Bahia de la 
Magdalena is at a boundary between tropical and subtropical 
marine ecosystems. It may be that S. foliosa is able to extend 
further south than most California Floristic Province plant 
endemics because it is responding as much to these marine 
influences as to Mediterranean climate influences. South of 
Laguna Guerrero Negro, S. foliosa begins to co-occur with 
mangroves and mangrove-like shrubs such as Rhizophora 
mangle, Laguncularia racemosa, Conocarpus erecta, and 
Avicennia germinans. MacDonald and Barbour (1974) point 
out that these same mangrove associates co-occur with 
smooth cordgrass (S. alterniflora) in marshes near Tabasco 
on the Gulf of Mexico. Thus, the closest geographic distance 
between California cordgrass and smooth cordgrass is at S. 
foliosa’s southern distributional limit. There are only about 
1,200 kilometers separating the Gulf coast of Mexico from 
the Pacific coast of Baja California.  

HABITAT CHARACTERISTICS AND ADAPTIVE TRAITS 

Throughout its entire range, S. foliosa occupies a 
distinctive zone associated with coastal salt marshes. In most 
cases, it is the only vascular plant species present in this 
zone, which roughly corresponds to bay or channel margins 
at or near the mean high tide line (Schoenherr 1995). Every 
day, S. foliosa habitat is inundated by salt water for one to 
several hours. Further, it is exposed to the forces of wave 
action and high velocity channel flows. This combination of 
high salinity, prolonged inundation, and daily hydrological 
disturbance is obviously beyond the tolerance limits for 
other salt marsh vascular plant species. Spartina foliosa is 
able to tolerate these extreme conditions because of a unique 
suite of adaptive traits that include: (1) C4 photosynthesis, a 
physiological drought-adaptive mechanism which means 
that about half as much water is needed for the same amount 
of carbohydrate produced; (2) epidermal salt glands which 
also help to conserve water by reducing salt concentrations 
in cell sap; (3) possession of deep rhizomes (about 15 cm) 
which regenerate new segments each season and create 
extensive, branching mats that penetrate anaerobic sediments 
and anchor shoreline habitat; (4) stems and leaves that are 
composed of aerenchymous tissue that allows oxygen to 
travel from aerial portions of the plant down to the rhizomes 
that are embedded in anaerobic sediments; and (5) stems and 
leaves that are about one meter tall, enabling vegetative 
structures to remain above extreme high tide levels so that 
oxygen can reliably be transported to the roots.  
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These vegetative adaptive traits are also complemented 
by a number of important reproductive adaptations that 
include: (1) wind pollination; (2) asynchronous flowering; 
i.e. protogyny (i.e. females flower first, then males come 
into bloom) which promotes out-crossing yet allows some 
overlap in flowering time so that individuals can partially 
self-fertilize (reproductive insurance); (3) production of 
large numbers of small seeds that can be dispersed by 
flotation (hydrochory); (4) seeds with awns and other 
structures that make them available for attachment to bird 
feathers and potential avian dispersal (Vivian-Smith and 
Stiles 1994); (5) vegetative rhizome fragments that can be 
transported by water to further spread individual genotypes; 
(6) phenology cued into optimal conditions for flowering 
(late summer), seed set (fall) and dispersal during winter 
storm events; and (7) timing of dispersal coinciding with 
fresh conditions in the estuary during winter flooding, such 
that fresh water conditions promote germination and 
establishment. 

The unique suite of vegetative and reproductive 
adaptations of S. foliosa have resulted in its successful 
occupation of an important low marsh niche within west 
coast tidal wetlands found in the California Floristic 
Province (and beyond through south-central Baja 
California). In fact, as I will argue below, S. foliosa could be 
viewed as a “foundation species” i.e. a species that has a 
profound effect on tidal wetland functions such as 
succession, productivity, and habitat structure. These 
functions ultimately facilitate the occupation of such tidal 
wetlands by a myriad of microbial, algal, plant, invertebrate, 
fish, and bird species.  

SPARTINA FOLIOSA AS A FOUNDATION SPECIES 

The concept of a foundation species has been articulated 
by Dayton (1972), Bruno and Bertness (2001), and Bruno et 
al. (2003) in the context of recognizing facilitation as an 
essential element of contemporary ecological theory. Unlike 
keystone species, which are proportionately rare in 
communities and yet exert a disproportionate influence over 
community structure through processes such as predation or 
ecological engineering, foundation species are habitat-
forming dominant species that provide the framework for the 
assembly of an entire community. California cordgrass 
appears to be an excellent example of a foundation species. 

The importance of S. foliosa as an initiator of tidal 
wetland succession in San Francisco Bay tidal wetlands has 
long been appreciated. For example, Howell (1949) makes 
the following comment:  “Pacific (i.e. California) cord grass 
is generally the first plant to appear on tidal flats where it 
frequently establishes broad pure stands. Later it is 
succeeded by Salicornia and a more diversified salt marsh 
association as higher ground is built up around it. In this 
later association Spartina still occurs as a narrow fringe 
along tidal sloughs and also occasionally as a localized 
colony in low areas”. In recently restored tidal wetlands in 

the bay today, such as Carl’s Marsh in Sonoma County or 
Pond 2A in Napa County, this exact pattern has been 
observed. Spartina foliosa is usually the first species to 
colonize barren mud flats by floating seeds and rhizome 
fragments. As clones grow and establish, rhizomatous mats 
trap sediment and facilitate the incremental rise of a marsh 
plain. As elevations become suitable, other vascular plant 
species colonize the emerging marsh plain and eventually 
displace S. foliosa to the accreting edges of the marsh, 
margins of drainage channels, or it persists in low 
depressions in the marsh where duration of inundation 
apparently detracts other marsh plain species from becoming 
established (personal observation).  

Once established, dense low marsh stands of S. foliosa 
provide a key role in marsh productivity. Each year, S. 
foliosa rhizomes put out fresh shoots that rapidly grow into 
tall, mature stems and leaves. A considerable phase of 
carbon fixation then takes place before flowering begins in 
mid summer (June). After fruiting in the fall, stems die back 
and much of the vegetative matter of the stand contributes to 
the detritus base of the wetland food web. Further, stem 
wrack is washed up to the marsh/upland transition zone, 
providing habitat and nutrients for a variety of organisms 
that inhabit this interface. Along with this direct contribution 
to the wetland food web, S. foliosa also provides an 
important indirect contribution because its rhizomatous mass 
provides key habitat for a diverse assemblage of algae, 
including nitrogen-fixing cyanobacteria. Dawson and Foster 
(1982) describe this phenomenon as follows: “The mud 
beneath and between California cord grass is covered with 
various algae, including films of golden-colored, unicellular 
diatoms, the brownish-green Enteromorpha, red 
Polysiphonia, the brownish-green, siphonous Vaucheria, and 
blue-green algae. All of these kinds of algae can be 
important contributors to marsh productivity and, in 
addition, some of the blue-greens can convert nitrogen gas 
into other nitro-nutrients for the algae as well as the 
flowering plants.”  

Stands of S. foliosa also provide habitat structure that is 
important for a number of species that occupy tidal 
wetlands. The relationship between California cordgrass and 
California and light-footed clapper rails (both subspecies of 
Rallus longirostris) is an excellent case in point. Both for 
cover and nesting habitat, California cordgrass is essential 
for the success of this species. Boyer and Zedler (1996) also 
point out that insects occupy stands of S. foliosa and these 
undoubtedly provide food resources for passerine birds (e.g. 
marsh wrens and song sparrows) that live in salt marsh 
habitats.  

Finally, because of its importance as a foundation 
species, particularly in terms of succession, S. foliosa is also 
an essential element for tidal wetland restoration projects. 
Seeds, rhizome fragments, and plugs of S. foliosa can be 
used to revegetate formerly diked wetlands that are restored 
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to tidal action. An interesting example is the restoration of 
Muzzi Marsh in Marin County which, because of an altered 
hydrology, is still dominated by large meadows of California 
cordgrass. One of the goals of this project was to recover 
habitat for California clapper rails and, indeed, this species 
has colonized Muzzi Marsh and now hosts a thriving, 
nesting population (Page and Evens 1987). In San Francisco 
Bay, it is likely that the use of S. foliosa material in marsh 
restoration projects will have to be much more carefully 
controlled because of the possibility that hybrid source 
material may contaminate seed sources. In fact, one of the 
greatest challenges of the invasion of S. alterniflora and its 
introgression with S. foliosa revolves around the desperate 
need and opportunity to restore historic tidal wetlands in 
lower San Francisco Bay in the face of the potential for the 
hybrids to occupy restoration sites and send the successional 
trajectory into a completely unknown realm. 

SUMMARY AND IMPLICATIONS OF  HYBRIDIZATION 

Spartina foliosa has great significance as a foundation 
species, shaping the structure and function of salt marsh 
assemblages within the California Floristic Province. The 
ecological dilemma is that its genetically-compatible sister 
species, S. alterniflora (Baumel et al. 2002), possesses 
similar adaptive traits combined with greater robustness, 
fertility, and ecological amplitude than S. foliosa. 
Fortunately, a majority of the range and individual 
populations of S. foliosa lie in the southern center of its 
distribution from Point Mugu in Orange County through 
Bahia Magdalena in Baja California. Unfortunately, since 
70% of the acreage of salt marsh habitats in California 
occurs in the San Francisco Bay estuary, it is likely that the 
largest extant populations of S. foliosa are at risk due to 
contamination by hybridization. As pointed out by Daehler 
and Strong (1997), Ayres et al. (2003), and Baye (2004), 
given the rapid spread S. foliosa x S. alterniflora hybrids, the 
array of short form and tall form recombinants, the male 
superiority of these hybrids (Antilla et al. 1998, 2000), and 
the greater ecological amplitude of these hybrid genotypes, it 
is probable that within the San Francisco Bay estuary, S. 
foliosa will ultimately be transformed into a new entity that 
combines traits of both S. foliosa and S. alterniflora.  

Just as S. foliosa is a foundation species in San 
Francisco Bay tidal wetlands, and a myriad of species have 
life history traits that are adapted to this species, it is likely 
that the hybrid entity will take its place as a foundation 
species as well, triggering a cascade of responses by species 
whose ecological roles are entwined with S. foliosa. It is also 
likely that some species will benefit from this emergent 
hybrid entity while others will not. These implications are 
currently under investigation, as revealed by several papers 
in this volume. In any case, given the fact that the hybrid can 
spread by wind-born pollen, it is hard to imagine that the 
future demography of S. foliosa in San Francisco Bay will 
not be influenced by S. alterniflora to some degree. The fact 

that hybrids appear to be more successful than pure S. 
alterniflora suggests that S. foliosa is making an important 
contribution to the adaptive success of this entity. In that 
sense, S. foliosa is not so much going “extinct” as it is being 
transformed into a more fertile and ecologically successful 
new organism that combines traits of both species, an 
alternative condition that Arnold (1997) describes in a more 
positive light as “genetic enrichment”.  

In a review of the role of natural hybridization and 
evolution, Arnold (1997) points out that there are both socio-
cultural and scientific underpinnings to the view that all 
hybridization is “completely maladaptive”. Yet, we are 
discovering that hybridization is an important evolutionary 
mechanism. Stebbins (1950, 1957) argued that a high degree 
of genetic variability is required for rapid rates of adaptation 
and speciation. His idea was that genetic recombination from 
hybridization between differently adapted species, rather 
than mutation, is the most likely source of such variation. 
The challenge for hybrid speciation under natural conditions 
is to (1) produce a fit recombinant and (2) keep this 
genotype intact in the face of potential genetic swamping by 
the parents (Arnold 1996, Rieseberg 1997, Turelli et al. 
2001). The hybridization event between S. foliosa and S. 
alterniflora has been mediated by human causes rather than 
shifting climate or some other “natural” event. As a result, 
the more robust but perhaps less locally adapted S. 
alterniflora does not exist in high enough numbers to swamp 
out the hybrid. On the other hand, the far more abundant and 
locally adaptive S. foliosa appears to lack the pollen fertility 
to swamp out the invading hybrids (Antilla et al. 1998). 
What seems to be happening is that S. alterniflora genes are 
introgressing into S. foliosa populations faster than pure S. 
alterniflora individuals are colonizing other parts of the bay 
(Antilla et al. 2000). In that sense, over many generations, if 
pure S. alterniflora can be constrained or even eradicated, it 
is more likely that S. foliosa will assimilate S. alterniflora
genes into its populations than the contrary (i.e. S. 
alterniflora genes are introgressing into pure S. foliosa
populations). Ultimately, fertile recombinant genotypes 
appear to be poised to generate a new evolutionary unit 
within San Francisco Bay whose ultimate fate and impact on 
the ecology of the wetlands of this estuary, and elsewhere, 
are both unknown and potentially beyond our control. 

While it is still possible, one question should be 
addressed that could have legal implications for the potential 
management of this situation. That is, is there any evidence 
that the northern S. foliosa populations are genetically 
distinct from southern populations of this species? If it could 
be established that northern populations represent a distinct 
population segment, then one could make the case that San 
Francisco Bay area S. foliosa should be protected under the 
Endangered Species Act. How that might be done is well 
beyond the scope of this paper, but it might help focus a 
strategy of containment and conservation of S. foliosa that 
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would provide additional leverage to help protect the areas 
of San Francisco Bay salt marshes that are so far not 
impacted by the Spartina hybrid.  

In the long term, it certainly is possible that this hybrid 
evolutionary unit will spread beyond San Francisco Bay. In 
fact, in 2001, a hybrid individual was found in Bolinas 
Lagoon (35 kilometers away), and in 2002, five hybrids 
were found in Drake’s Estero, some 45 kilometers from the 
nearest San Francisco Bay population of hybrid entities 
(Zaremba and McGowan 2004). Hybrids within the bay have 
increased some 317%, particularly in the Central Bay 
(Zaremba and McGowan 2004). Given that the Bay is a 
magnet for migratory shorebirds and waterfowl, and that 
many species are flying south during fall migration, it is hard 
to imagine that the hybrid won’t eventually colonize the 
southern center of distribution for S. foliosa. On the other 
hand, even given dispersal to southern California, it is 
possible that the hybrid will not fare as well as S. foliosa in 
the hotter and drier southern habitats. Nonetheless, it is 
advisable for southern California and Baja California 
wetland managers to remain vigilant to this possibility and to 
act quickly to eliminate hybrids, as was the case in Bolinas 
Lagoon and Drake’s Estero.  

As known by wetland ecologists for decades, S. foliosa
is a vital force in shaping salt marsh communities in San 
Francisco Bay, southern California, and Baja California. The 
introduction of S. alterniflora into San Francisco Bay has 
most likely begun a new chapter in the evolutionary fate of 
S. foliosa, and in so doing, is reorganizing its relationship to 
a host of other tidal wetland species in this region. We need 
to forge a realistic strategy to deal with this unexpected 
development. Massive eradication efforts could have their 
own unexpected consequences, especially if directed 
towards the hybrid. From the perspective of S. foliosa, the 
fact that its genome is being transformed into a new hybrid 
entity is not, in my view, extinction per se, although this 
perspective can certainly be argued and it is not an 
insignificant concern. The more compelling issue, however, 
is how the hybrid will affect future salt marsh and mud flat 
habitats. Given that large-scale wetland restoration projects 
are planned for the South Bay and elsewhere, it might be 
worth taking a pluralistic approach to managing this crisis. 
Design restoration activities to test different approaches, 
from aggressive prevention to passive observation. Give 
these trials enough time to evaluate the ecological impacts of 
wetland restoration projects that are influenced by hybrids. 
To the degree possible, as in the eradication effort at Bolinas 
and Drake’s Estero, aggressively contain hybrid colonists 
wherever they can be caught in time. Like it or not, humans 
are part of nature, and nature is full of surprises. In the long 
term, perhaps the best we can do is manage this complexity 
with respect, active curiosity (including various 
experimental approaches), and perhaps, if not fatalism, at 

least a degree of tolerance and humble appreciation for the 
evolutionary creativity inherent in this remarkable situation.  
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LOCAL AND GEOGRAPHIC VARIATION IN SPARTINA-HERBIVORE INTERACTIONS

S.C. PENNINGS
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Spartina alterniflora is consumed by a variety of herbivores, and the nature of these plant-herbivore 
interactions varies on both local and geographic scales.  The palatability of S. alterniflora to 
herbivores varies within single marshes as a function of elevation.  Tall-form plants, which occur at 
low elevations close to creek banks, are more palatable to herbivores than are short-form plants, 
which occur at middle elevations on the marsh platform.  The proximate causes of this local 
variation in palatability include variation in leaf nitrogen content and chemical defenses.  
Differences in these leaf traits are driven by variation in sediment biogeochemistry across the 
elevational gradient.  The palatability of S. alterniflora to herbivores also varies geographically.  
High-latitude (New England) plants along the Atlantic Coast of the United States are more palatable 
to herbivores than are low-latitude (South Atlantic Bight) plants.  The proximate causes of this 
latitudinal variation in palatability include variation in leaf nitrogen content, toughness, and 
chemical defenses.  Differences in palatability and leaf traits persisted over 5 clonal generations in a 
common-garden greenhouse environment, and thus are probably genetically determined.  A number 
of processes may contribute to driving this variation in leaf traits.  The most likely ultimate causes 
are latitudinal variation in herbivore pressure and latitudinal variation in plant phenology.  
Understanding spatial variation in interactions between herbivores and S. alterniflora within its 
native range may shed insights into how these interactions develop when S. alterniflora is 
introduced to new regions, and may inform biocontrol efforts. 
Keywords: common-garden experiment, elevation, herbivory, latitude, leaf traits, salt marsh, 
Spartina alterniflora 

INTRODUCTION 

Early salt-marsh studies discounted the importance of 
herbivory to salt marsh ecology because herbivores did not 
appear to play a major role in energy flow through the marsh 
food web (Smalley 1960; Teal 1962).  More recent work, 
however, has shown that herbivores can affect the biomass, 
distributions and reproduction of a variety of salt marsh 
plants (Srivastava and Jefferies 1996; Bortolus and Iribarne 
1999; Pennings and Bertness 2001; Silliman and Zieman 
2001; Rand 2003; Silliman and Bortolus 2003; Ho and 
Pennings 2008).  Thus, a general understanding of the 
ecology of salt-marsh plants requires consideration of plant-
herbivore interactions. 

In order to obtain a general understanding of plant-
herbivore interactions, it is necessary to consider spatial 
variation.  Even within the limited confines of salt marsh 
habitats, interactions between plants and herbivores are not 
exactly the same everywhere.  They vary with marsh 
elevation (Silliman and Bertness 2002; Goranson et al. 
2004), local plant community composition (Rand 1999, 
2003, 2004), and latitude (Pennings et al. 2001; Pennings 
and Silliman 2005; Pennings et al. 2007).  Thus, a general 
understanding of plant-herbivore interactions in salt marshes 
must incorporate spatial variation on a variety of scales. 

Here, I address variation in interactions between 
herbivores and Spartina alterniflora at local and geographic 
scales.  At the local scale I focus on the intertidal gradient 
across the marsh.  Along this gradient, soil biogeochemistry 
varies markedly, producing strong variation in plant 
morphology and palatability to herbivores.  At the 
geographic scale I focus on latitudinal variation along the 
Atlantic Coast of the United States.  Latitudinal differences 
in palatability of salt marsh plants to herbivores are striking 
and general across the plant and herbivore community.  
Understanding variation in plant-herbivore interactions at 
both these scales provides a framework for synthesizing 
results of different studies done in different locations, allows 
tests of general ecological theory, and may shed insights into 
ecological processes obtained when Spartina is introduced 
into new geographic regions. 

LOCAL VARIATION 

Spartina alterniflora varies in palatability to herbivores 
within individual marshes because of variation in soil 
biogeochemistry that mediates plant traits.  Salt marsh 
habitats are physically stressful for plants.  Periodic flooding 
of marsh soils leads to high levels of sulfides, low redox 
levels, low levels of oxygen, and low bioavailability of 
nitrogen, a suite of factors that are inimicable to vigorous 
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plant growth (Ponnamperuma 1972; Mendelssohn and 
Morris 2000).  The high salinity of salt marsh soils further 
limits plant growth by reducing soil water potential, 
damaging cellular processes, and interfering with nitrogen 
uptake (Drake 1989; Mendelssohn and Morris 2000). 

Flooding and salinity levels vary across the marsh 
landscape (Pennings and Bertness 2001).  Flooding is least 
at the terrestrial border of the marsh, which is rarely flooded, 
and increases at lower marsh elevations; however, stress 
caused by flooding may be reduced at low elevations 
immediately adjacent to creekbanks, where there is a high 
level of exchange between pore water and the water column 
(Howes et al. 1981; Howes and Goehringer 1994).  Salinity 
levels are low at the terrestrial border, close to those of the 
water column at the creekbank, and may peak in the high 
marsh if conditions favor evaporation of water and 
concentration of salts (Pennings and Bertness 1999).  
Because of this variation in soil biogeochemistry across 
elevation, almost all salt marsh plants exhibit strong spatial 
variation in height and other morphological traits (Richards 
et al. 2005).  For S. alterniflora, which occurs at middle to 
low marsh elevations, plants at middle elevations are short 
(to < 50 cm) and plants at low elevations, especially close to 
creekbanks, are tall (to > 200 cm).  This spatial variation in 
morphology is strongly driven by variation in the abiotic 
environment, although genetic variation among plants also 
affects morphology (Valiela et al. 1978; Anderson and 
Treshow 1980; Gallagher et al. 1988; Proffitt et al. 2003). 

Given strong variation in plant height and morphology 
across the intertidal zone, it is not surprising that palatability 
to herbivores also varies across intertidal gradients.  Low-
marsh plants are more palatable than mid-marsh plants to a 
variety of herbivores, including geese (Buchsbaum et al. 
1984), hemiptera (Denno et al. 1980; Denno et al. 1996), 
grasshoppers (Goranson et al. 2004) and snails (Silliman and 
Bertness 2002). 

The plant traits mediating this variation in palatability 
have not been explicitly examined; however, low- and mid-
marsh plants differ in two important ways that are likely to 
affect palatability to herbivores.  First, low-marsh plants 
have a higher nitrogen content than do plants occurring in 
the mid-marsh (Gallagher et al. 1980;  Bowdish and Stiling 
1998).  Second, the concentration of phenolics (a class of 
chemical compounds that often deter feeding by herbivores) 
is lower in low-marsh plants than in mid-marsh plants 
(Buchsbaum et al. 1984).  Variation in these two traits likely 
explains much of the preference of herbivores for low-marsh 
versus mid-marsh S. alterniflora. 

The palatability of S. alterniflora to herbivores is also 
affected by past herbivory (Denno et al. 2000).  Feeding by 
herbivores may reduce plant nutritional content and/or 
induce defenses against herbivores.  In low-latitude marshes, 
gastropods that damage S. alterniflora are much more 

abundant in the mid marsh than the low marsh (Silliman and 
Bertness 2002).  To the extent that this pattern is general 
among herbivores, herbivore feeding damage in the middle 
marsh zone could reinforce patterns of plant palatability 
created by biogeochemical differences across elevation. 

Variation in palatability to herbivores across marsh 
elevation is not unique to S. alterniflora.  A number of salt 
marsh plants vary in palatability to herbivores as a function 
of marsh elevation and/or salinity (Hemminga and van 
Soelen 1988; Levine et al. 1998; Moon and Stiling 2000; 
Goranson et al. 2004).  Given that the physical stress 
gradients in salt marshes affect both nitrogen availability and 
plant size, it is likely that most salt marsh plants vary in 
nitrogen content and toughness across elevation, and it 
would be surprising if variation in these factors did not 
affect palatability to herbivores.  The details of how physical 
stress mediates plant palatability in salt marshes, however, 
appear to be species-specific, depending on both the plant 
and the herbivore involved, and therefore cannot be reduced 
to a simple generalization that applies across all species 
(Goranson et al. 2004). 

LATITUDINAL VARIATION 

Spartina alterniflora also varies in palatability to 
herbivores across latitude.  Paired feeding preference assays 
comparing S. alterniflora from New England versus the 
South Atlantic Bight found that four species of herbivores 
strongly preferred to eat the high-latitude plants versus the 
low-latitude plants (Pennings et al. 2001).  Results were 
significant in 19 of 21 assays, and did not depend on season, 
year, species of herbivore, or geographic origin of the 
herbivore.  Similar results were obtained for nine other salt 
marsh plant species that were studied, and held true across a 
suite of herbivore taxa, indicating that the preference for 
high- versus low-latitude plants was general across the entire 
plant and herbivore community. 

What plant traits explain the preference for high-latitude 
plants?  A comparison of plant traits suggested that high-
latitude S. alterniflora plants had a higher nitrogen content 
and were less tough than low-latitude plants (Siska et al. 
2002).  In addition, given a choice between polar extracts of 
high- and low-latitude plants, consumers consistently 
preferred to eat the high-latitude extracts, suggesting that 
there were latitudinal differences in polar chemistry.  
(Consumers did not show consistent preferences for non-
polar extracts.)  Phenolics, which are polar compounds, were 
higher in low- versus high-latitude plants.  Thus, this study 
suggested that all three plant traits that were examined—
nitrogen, toughness and secondary chemistry—might make 
high-latitude plants more palatable than low-latitude plants. 

Differences in palatability of S. alterniflora plants 
across latitude appear to be constitutive rather than solely a 
plastic response to the environment.  When S. alterniflora
plants were grown in a common-garden greenhouse 
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environment over five clonal generations and two growing 
seasons, latitudinal differences in palatability, toughness and 
nitrogen content persisted undiminished (Salgado and 
Pennings 2005).  (Palatability of extracts was not examined 
in this study.)  This study did not rule out the possibility that 
S. alterniflora has induced defenses against herbivores, but 
did indicate that plastic responses alone, whether to the 
biotic or abiotic environment, would not be sufficient to 
explain the latitudinal patterns in palatability.  However, 
constitutive differences in defense are strong, and could 
explain part or all of the latitudinal gradient in palatability.  
The conclusion that there is latitudinal variation in genetic 
resistance to herbivory is consistent with other studies 
showing constitutive latitudinal variation in S. alterniflora
traits (Seneca 1974; Seliskar et al. 2002) and genetic 
differentiation of S. alterniflora populations across latitude 
(O'Brien and Freshwater 1999). 

The ultimate factors producing these latitudinal 
differences in plant traits are yet to be determined; however, 
because all ten plant species studied showed similar 
latitudinal differences in palatability (Pennings et al. 2001), 
it is probable that the ultimate explanations lie in general 
ecological and biogeographic processes rather than 
idiosyncratic aspects of Spartina biology.  Because these 
studies were all done at sites exposed to full-strength 
seawater, latitudinal differences in soil edaphic conditions 
were minor compared to the differences that occur across 
elevation within single marshes, and thus probably not 
important.  It is possible that latitudinal differences in 
substrate type (peat at high latitudes; mineral soils at low 
latitudes) might select for differences in plant palatability in 
some way.  The most likely hypotheses, however, are that 
the differences in plant traits are produced by latitudinal 
differences in herbivore pressure or in plant phenology. 

Considerable evidence indicates that herbivore pressure 
on S. alterniflora and other marsh plants is greater at low 
versus high latitudes.  In low-latitude marshes, gastropods 
can strongly suppress growth of S. alterniflora (Silliman and 
Zieman 2001), but gastropods have no effect on S. 
alterniflora growth in high-latitude marshes (Pennings and 
Silliman 2005).  Omnivorous grasshoppers are larger and are 
more likely to eat leaves rather than seeds or arthropods in 
low- versus high-latitude marshes (Pennings and Silliman 
2005; Wason and Pennings 2008).  Grazing damage to S. 
alterniflora from snails and grasshoppers (but not Prokelisia
spp.) is greater in low- versus high-latitude marshes 
(Pennings, unpublished data).  Thus, it is possible that 
greater herbivore pressure at low versus high latitudes could 
select for increased plant defenses at low latitudes, creating a 
geographic difference in plant palatability.  Alternatively, 
the shorter growing season at high latitudes might select for 
leaves that are higher in nitrogen but less tough (Reich and 
Oleksyn 2004; Wright et al. 2004).  Differences in these leaf 

traits driven by phenology would likely affect palatability to 
herbivores even if herbivore pressure did not select for the 
traits. 

CONCLUSIONS 

Spartina alterniflora varies in palatability to herbivores 
at both local and geographic scales.  We have a basic 
understanding of how variation in leaf traits correlates with 
variation in palatability at both spatial scales, but how much 
different leaf traits affect the feeding preferences of different 
herbivores remains to be determined.  Similarly, we have 
some understanding of how variation in soil 
biogeochemistry, herbivore pressure and phenology may be 
the ultimate factors mediating local and geographic variation 
in leaf traits, but much remains to be learned about the 
relative importance of these ultimate factors at different 
spatial scales. 

Given that local and geographic patterns in palatability 
of S. alterniflora exist, these patterns are important for at 
least three reasons.  First, they provide a unifying framework 
to link studies of plant-herbivore interactions done in 
different zones of different marshes.  Although different 
results may be obtained in different studies, much of the 
variation among studies may be reconciled by understanding 
the underlying differences in plant palatability at local and 
geographic scales.  Second, this variation allows tests of 
general theories of plant-herbivore interactions, which posit 
that plant-herbivore interactions will vary predictably with 
physical stress (Goranson et al. 2004; Huberty and Denno 
2004) and latitude (Pennings et al. 2001).  Third, these 
patterns may lend insight into some aspects of introductions 
of S. alterniflora into new geographic locations.  For 
example, plants introduced from relatively high-latitude sites 
are likely to be more vulnerable to herbivores than plants 
introduced from low-latitude sites.  
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The genus Spartina offers several examples of reticulate evolution through interspecific 
hybridization and polyploidy. These processes appear to have critical impact on adaptation and 
invasive abilities. Here we examine how molecular analyses have helped our undertsanding of the 
evolutionary patterns of Spartina, with particular focus on Spartina anglica, which is a well-known 
example of recent and successful polyploid species of hybrid origin that has now colonized several 
continents. Molecular phylogenies have provided new insights on relationships and genomic 
divergence among species. S. anglica is characterised by morphological plasticity and large 
ecological amplitude, contrasting with a weak inter-individual genetic variation in both its native 
(western Europe) and introduced (e.g., Australia) ranges. However, the homeologous sub-genomes 
of S. anglica exhibit consistent epigenetic and expression plasticity, which would represent key 
processes explaining the ecological success of this species. 

INTRODUCTION 

Hybridization and polyploidy are among the most 
prominent evolutionary processes involved in diversification 
and speciation in plants. This is particularly well illustrated 
in the genus Spartina where reticulate events and genome 
duplication (allopolyploidy) have occurred recurrently 
(Ainouche et al. 2004a). Recent hybridization and 
polyploidisation events have resulted in the expansion of 
particularly successful genotypes with notorious ecological 
impacts, and represent excellent opportunities to explore the 
early evolutionary processes that accompany the 
establishment and expansion of a new species.  

In this paper, we will examine how recent molecular 
analyses have helped our understanding of the evolutionary 
patterns in Spartina, with particular focus on Spartina
anglica which is a well-known example of recent and 
successful polyploid species of hybrid origin that has now 
colonized several continents. 

HYBRIDIZATION AND POLYPLOIDY AS MAJOR 
PROCESSES IN THE EVOLUTION OF SPARTINA  

All Spartina species are polyploids; although an 
extensive screening of the chromosome numbers at the 
population level still needs to be performed in various 
species, no diploid species are known in the genus, where 
the main ploidy levels recorded in the existing literature are 
tetraploid (2n = 40), hexaploid (2n = 60, 62) or dodecaploid 
(2n = 10, 122, 14), with a basic chromosome number x = 10 
(Marchant 1963, 1968). Spartina is a member of the tribe 
Chloridoideae of the Grass family and it is composed of 17 
perennial species that are usually salt tolerant and thus 

colonize coastal or inland salt marshes in both the Northern 
and Southern hemispheres. Most of the species originate 
from the New World (Mobberley 1956). Only four taxa are 
native to the Old-world: S. maritima, S. x neyrautii, S. x 
townsendii and S. anglica, the three latter being of recent 
(19th century) hybrid origin.  

Using nuclear (ITS and Waxy) and chloroplast (trnT-
trnL) DNA sequences, Baumel et al. (2002a) have shown 
that the genus has evolved through two well-supported 
lineages. The first lineage comprises the American tetraploid 
species S. patens, S. bakeri, S. cynusoroides, S. gracilis, and 
the endemic S. arundinacea from the South-Atlantic and 
Indian oceans, that appears closely related to the 
southeastern American S. ciliata. The second lineage is 
composed of the hexaploid species including the eastern-
American S. alterniflora, that appears weakly divergent from 
its sister species S. foliosa from California, the Atlantic 
Euro-African S. maritima that is more differentiated at both 
the molecular and morphological levels. The tetraploid S. 
argentinensis is basal to this hexaploid lineage (Baumel et 
al. 2002a). 

Recent and well-documented hybridization events 
involve S. alterniflora that has been introduced in California 
and in western Europe, and it has, in both cases, hybridized 
with native species (Fig. 1). The patterns and outcomes of 
these hybridizations agree with the phylogenetic 
relationships and the molecular divergence found between 
species: fertile introgressant hybrids involving the sister 
parental species S. alterniflora and S. foliosa on one hand, 
and sterile hybrids (S. x neyrautii and S. x townsendii) 
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followed by alloploid speciation (S. anglica), involving 
related, but more divergent parental species (S. alterniflora
and S. maritima) on the other hand. 

In California, S. alterniflora was deliberately introduced 
in the mid-1970s in San Francisco Bay where it now co-
occurs with the native S. foliosa (Daehler and Strong 1997). 
D. Strong and his co-workers have extensively studied the 
ecological and evolutionary consequences of this 
introduction (Ayres and Strong 2010). Hybridization 
between these two outcrossing, wind-pollinated species 
occurs during the overlap of their flowering periods and has 
been shown to occur bi-directionally (Antilla et al. 2000). 
Recurrent backcrosses have resulted in hybrid swarms that 
display most frequently the chloroplast haplotype of S. 
foliosa and up to 90% of the nuclear markers specific to S. 
alterniflora (Ayres et al. 1999; Antilla et al. 2000). These 
hybrids are rapidly spreading, and they are now considered 
as a conservation threat to the native S. foliosa populations.  

Reticulate events recently recorded in California also 
involve S. densiflora that has been introduced from Chile: 

Baumel et al. (2002a) reported an unexpected phylogenetic 
incongruence between different molecular data sets for the 
phylogenetic placement of a S. densiflora sample from 
Humboldt Bay (California), and have consequently 
interpreted this incongruence as possibly resulting from 
hybridization with S. foliosa or S. alterniflora. Although the 
history of S. densiflora in both its native and introduced 
range needs further molecular investigation, the recent 
discovery of hybrids between S. densiflora and S. foliosa in 
the San Francisco Bay (Ayres and Lee 2010) confirms that 
hybridization may take place even between distantly related 
Spartina species. 

In western Europe, S. alterniflora has been accidentally 
introduced by shipping ballast at the end of the 19th century. 
In Southampton Bay (England) hybridization with S. 
maritima resulted in a first generation hybrid S. townsendii, 
that is still growing vegetatively near Hythe. Chromosome 
doubling gave rise to a new fertile allopolyploid species, S. 
anglica that has rapidly expanded in range (Gray and 
Raybould 1997). Spartina anglica and S. x townsendii have 

Fig. 1. Phylogenetic relationships of three Spartina species involved in recent hybridizations. Branch lengths are proportional to the number of nucleo-
tide changes (above the branches) recorded from the analysis of two nuclear (ITS and Waxy) and one chloroplast (trnT-trnL spacer) DNA sequences 
(data from Baumel et al. 2002a). The map displays the natural range of these species and the two arrows indicate the recent introductions of Spartina 
alterniflora. 
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the same chloroplast genome as S. alterniflora, which was 
considered the maternal genome donor when it hybridized 
with S. maritima (Ferris et al. 2001).  

Another sterile hybrid has been described in southwest 
France (Basque region) on the Spanish border and has been 
called S. x neyrautii (Foucault, 1897). As the two hybrids S. 
x neyrautii and S. x townsendii display marked 
morphological differences, they were first considered as 
reciprocal hybrids (Marchant 1977). However, Baumel et al. 
(2003) found that S. x neyrautii also has the same chloroplast 
genome as S. alterniflora, which indicates that hybridization 
occurred in the same direction (with S. maritima as the male 
parent) in England and in southwest France. Both parental 
species (S. maritima and S. alterniflora) have been found 
genetically depauperate in western Europe (Raybould et al. 
1991a; Baumel et al. 2003; Yannic et al. 2004), so the two 
hybrids have inherited similar parental genotypes that may 
be distinguished by a few molecular markers (Baumel et al. 
2003). Moreover, Salmon et al. (2005) have found that these 
two taxa display very similar genetic and epigenetic 
dynamics. 

THE YOUNG INVASIVE S. ANGLICA

The neoallopolyploid S. anglica is a perfect example of 
the fitness that can be immediately gained following 
duplication of a hybrid genome: This species displays larger 
ecological amplitude than its parents; as a pioneer species, it 
is able to colonize a vacant niche further down the shore, 
and to tolerate several hours of immersion under sea water 
(Thompson, 1991). Spartina anglica is characterized by 
higher physiological tolerance to anoxic soil conditions, and 
it is able to enhance the sediment oxygenation (Lee 2003). 
This species now has a worldwide distribution (north-
western Europe, China, Australia, North America), as a 
result of both natural propagation and deliberate 
introductions for land reclamation. This propagation is 
facilitated by high seed production and impressive 
vegetative features such as strong rhizomes, that increase the 
sediment accumulation. The rapid spread of the introduced 
plants has lead to various attempts to control or eradiate the 
species (Hedge et al. 2010; Hacker and Dethier 2010). 
However, after a variable period of rapid expansion, S. 
anglica populations seem to experience “dieback” in older 
colonized sites, which is probably caused by age-related 
decline of vigor or by competition with other species after 
niche elevation (Gray 2010; An et al. 2010).  

Spartina anglica benefits from the reunion of two 
divergent (homeologous) genomes from S. alterniflora and 
S. maritima (Baumel et al. 2002a), therefore it is 
characterized by high levels of intergenomic heterozygosity 
at nuclear loci (Guenegou et al. 1988; Raybould et al. 
1991b). However, contrasting with most other known cases 
of recent alloploid formation that have been explored with 
molecular markers (Soltis et al. 2004; Abbott and Lowe 
2004), S. anglica has undergone a genetic bottleneck as a 

result of either a unique hybridization event, or multiple 
events involving similar parental genotypes (Ainouche et al. 
2004b). The populations of S. anglica display consistent 
morphological variation, particularly in different 
successional stages where pioneer populations have been 
found to exhibit phenotypes with smaller plants and smaller 
inflorescence than in mature populations (Thompson et al. 
1991a). This variation has been found to be caused mainly 
by phenotypic plasticity rather than by genetic 
differentiation (Thompson et al. 1991b, c).  

The British populations appear genetically depauperate 
for allozyme markers (Raybould et al. 1991b). Baumel et al. 
(2001) have explored the populations of Spartina anglica in 
France using RAPD (Random Amplification of Polymorphic 
DNA) and ISSR (InterSimple Sequence Repeat) markers, 
and have found that most populations are composed of the 
same major genotype that is identical to the first generation 
hybrid S. x townsendii. Table 1 summarizes molecular 
investigations that have been conducted in populations from 
both the native range of the species (western Europe) and 
more recently colonized continents (Australia). Most of the 
introduced populations of S. anglica in the world are 
believed to have originated from Pool Harbor, southern 
England (Hubbard 1965). In southern England, S. x 
towsendii has been sampled in Hythe (for comparison with 
S. anglica genotypes), and the populations of S. anglica have 
been sampled in Lymington, the former site where S. anglica
was recorded, Fawley (near Hythe), Keyhaven, Sand Bank, 
and Studland (Pool Harbour). Samples from Ireland (Bull 
Island) were also analyzed. Forty-three out of 45 S. anglica
samples from England and Ireland have the same multilocus 
RAPD genotype (Table 1); only two individuals exhibit 
different genotypes: one individual, sampled in Fawley 
differs from the major genotype by the absence of one 
RAPD marker, whereas two other individuals from 
Lymington are distinguished by the loss of two DNA 
fragments. A few ISSR, IRAP and REMAP markers are 
polymorphic (Table 1), which allowed Baumel et al. (2002b) 
to distinguish 13 genotypes that were encountered at low 
frequency in some populations; these genotypes are very 
similar to the major one, as most of them differ by only one 
(lost) marker.  

The French populations have been sampled in various 
locations of the Atlantic coast (Baumel et al. 2001), 
including Baie des Veys (Normandy) the first colonized site 
in France where S. anglica was recorded in 1906. Most 
individuals sampled in France also belong to the 
predominant genotype. One small population from Kerdruc 
(southern Brittany) was found fixed for two mutations, with 
the absence of one RAPD (Baumel et al. 2001) and one 
ISSR marker (this study). The few slightly different other 
genotypes (Table 1) were found to be randomly distributed, 
and at low frequency, among the other French populations. 
In Saint-Armel (southern Brittany), S. anglica grows 
sympatrically with its parental species S. maritima. 
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Intermediate, morphologically variable individuals may be 
encountered (Guenegou and Levasseur, personal 
communication), but no genetic exchange was found 
between the two species according to cytological, allozyme 
(M.T. Misset and G. Allard, unpublished data) and 
molecular (Baumel et al. 2001) data. 

In Australia, 160 samples were collected in various sites 
from Victoria (Corner Inlet including the mouth of the 
Albert River and Anderson Inlet, Gippsland) and Tasmania 
(Franklin River in Port Sorell Bay, Duck River near 
Smithton, Perkins Bay, Tamar River and Little Swanport 
estuary). In Victoria, various attempts at eradication have 
been performed using the herbicide Fusillade; we have 
sampled non-treated zones and also collected rare surviving 
plants from treated areas. Morphological variation is also 
encountered in the Australian populations where two distinct 
phenotypes (short plants of 10 – 20 cm high on the one hand 
and taller plants measuring up to 30 cm on the other hand) 
were collected in the Albert River (Victoria). In Little 
Swanport, 20 seedlings have been collected in order to 
analyse samples resulting unambiguously from sexual 
reproduction. We found that all the individuals investigated in 
Australia and Tasmania display the same multilocus RAPD or 
ISSR genotype (Table 1), which is identical to the major 
genotype encountered in Europe and to S. x townsendii. 

It appears that populations of S. anglica in both its 
native range and more recently colonized areas are mainly 
composed of the major genotype that is identical to the first 
generation hybrid S. x townsendii. Some variation may be 
encountered, however, that result from a few mutations 
occurring in local populations and corresponding in most 
cases to fragment loss. Ayres and Strong (2001) also noted 

fragment loss in S. anglica. They encountered variation in 
RAPD and ISSR analyses including samples of S. anglica
from England and Australia, and observed variable band-
loss at five S. maritima-specific loci. However, Salmon et al. 
(2005) have reported preferential fragment loss of S. 
alterniflora-specific markers using AFLP (Amplified 
Fragment Length Polymorphism) in both S. x townsendii and 
S. anglica. It should be noted that the estimation of diversity 
may be either underestimated or overestimated according to 
both sampling (number of individuals analysed and number 
of markers examined over the genome) and the technique 
used: We can see (Table 1) that although globally limited, 
more variation can be detected from ISSR and IRAP–
REMAP markers, that target repetitive (Simple Sequence 
Repeats and Retrotransposons), potentially more variable, 
parts of the genome. Moreover, considering that these PCR-
based markers are dominant, variation resulting from 
segregating heterozygous genotypes cannot be ruled out. 
Another potential source of variation is the structural 
dynamic that may affect recently formed allopolyploid 
genomes (Wendel 2000), but in the case of S. anglica, this 
dynamic does not seem to affect the genotype initially 
formed in England to the extent that was reported in the 
literature in other allopolyploid model systems (Baumel et 
al. 2002b; Ainouche et al. 2004b). 

We have recently explored the epigenetic alterations 
that may affect the allopolyploid genome of S. anglica
(Salmon et al. 2005). Epigenetic mechanisms cause 
expression changes that do not result from the modification 
of the DNA sequence, and have been shown to result from 
various, non-exclusive processes including DNA or histone 
methylation, histone acetylation, and chromatin compaction 

Table 1: Inter-individual molecular variation in native and introduced Spartina anglica populations investigated using three multilocus methods: 
RAPD (Random Amplification of Polymorphic DNA, 14 primers), ISSR (Inter Simple Sequence Repeats, 4 primers), IRAP (Inter-
Retrotransposon Amplified Polymorphism, 7 primer pairs), REMAP (Retrotransposon Microsatellite Amplified Polymorphism, 4 primer pairs). 
The mean individual number sampled per population = 10. N= number of samples analyzed per region; pm = polymorphic markers; m=number 
of markers recorded; mg = number of genotypes that differ from the “major” genotype identified by Baumel et al. (2001) and identical to S. x 
townsendii.  

RAPD ISSR IRAP/REMAP 

   N  pm/ m mg/N    N pm/m mg/N    N pm/m mg/N 

          

England & 
Ireland 

  45  3/146 2/45    20  
  40b

0/14 
3/92 

0/20 
4/40 

  
 40b 10/296 9/40 

         

France  
129a 6/146 6/129 

 20 
129a

2/92 
1/14 

2/20 
1/129 

    5 2/296 2/5 

         

Australia   20 0/146 0/20  160 0/21 0/160  - - - 

         

a = data from Baumel et al. (2001); b = data from Baumel et al. (2002b).
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(Liu and Wendel 2003). Epigenetic changes have been found 
associated with phenotypic instability in experimentally re-
synthesized allopolyploids (Comai et al. 2000; Kashkush et 
al. 2002). Using Methylation Sensitive AFLP (MSAP), 
Salmon et al. (2005) have compared the methylation patterns 
of the parental genomes of S. maritima and S. alterniflora, to 
those of the first generation hybrid S. x townsendii and the 
resulting allopolyploid S. anglica. Thirty percent of the 
parental methylation patterns were found altered in the 
hybrid and the allopolyploid, indicating that hybridization, 
rather than genome doubling have triggered most of the 
methylation changes of S. anglica. This high level of 
epigenetic changes might explain the morphological 
plasticity of S. anglica and calls for further investigations of 
the potential regulation of duplicate gene expression.  

In this perspective, transcriptomic changes in the hybrid 
and the allopolyploid have been first analyzed using cDNA 
AFLP in order to examine whether the parental genomes 
have different expression patterns in S. x townsendii and S. 
anglica. RNA was extracted from young leaves collected in 
individual plants cultivated in the greenhouse, in S. maritima
(collected in Guerande and Saint Armel, Brittany France), S. 
alterniflora (collected in Landerneau, Brittany, France), S. x 
towsendii (Hythe, England) and S. anglica (collected in 
Saint Lunaire and Saint Armel, Brittany, France). Inter-
individual or inter-population variation of cDNA AFLP 
patterns was checked for each species and only stable, 
species-specific cDNA fragments were taken into account 
for comparisons. Of the over 234 unambiguous fragments 
scored, 173 were found monomorphic and 61 were 
polymorphic (i.e., present or absent) between the parental 
species. As AFLP markers are dominant, polymorphic 
fragments are expected to be present in the hybrid and the 
allopolyploid if expression of genome additivity is 
respected. Loss of parental fragment is interpreted as a result 
of gene silencing, and appearance of fragments that are 

absent in both parental species is interpreted as novel gene 
expression. This genome-wide screening of duplicate gene 
expression has been previously successfully employed to test 
genome expression plasticity in various allopolyploids 
(Comai et al. 2000; Lee and Chen 2001; Kashkush et al.
2002; Soltis et al. 2004; Adams et al. 2005). About seventy 
percent of the parental fragments are inherited by both the 
hybrid and the allopolyploid (Table 2). Among the 61 
polymorphic fragments, 38 (28 from S. maritima and 10 
from S. alterniflora) were found to be additive in the hybrid 
and the allopolyploid. Seventeen fragments (13 from S. 
maritima and 4 from S. alterniflora) are lost in S. anglica. 
All the fragments present in the hybrid and the allopolyploid 
are already present in one (or both) the parental species. 
When considering both monomorphic and polymorphic 
fragments between the parental species, the allopolyploid 
has lost 37 parental fragments of which 31 were still present 
in the F1 hybrid S. x townsendii and 6 were lost in the hybrid 
and the allopolyploid, which indicates an overall silencing in 
S. anglica of 15.8 % of the examined loci, that occurred 
mostly following genome duplication in the polyploid. 
Although more loci have to be screened in Spartina to verify 
the extent of the changes overall the genome, it appears from 
this first screening that 34.4 % of the loci are silenced in S. 
anglica, when considering only the parental fragments that 
are polymorphic. This represents a consistent amount of 
changes compared to those recorded in other polyploids 
using similar methods. Kashkush et al. (2002) have reported 
about 2% alteration of parental transcripts in experimentally 
re-synthesized allopolyploid wheat. Expression alteration 
has also been found in allopolyploid Arabidopsis (Comai et 
al. 2000; Lee and Chen 2001). Recently, Soltis et al. (2004) 
found about 5% cDNA parental fragment loss and 4 % novel 
expression in the allotetraploid Tragopogon mirus and 
Tragopogon miscellus. Adams et al. (2003) showed 
differential expression patterns between homeologous genes 

Table 2: Comparisons of cDNA AFLP patterns in S. maritima, S. alternilflora, the hybrid S. x townsendii and the allopolyploid S. anglia. The fol-
lowing selective primer combinations have been employed: EcoRI + ACG / MseI + CAA, EcoRI + ACG / MseI + CAC, EcoRI + ACA / MseI + 
CAA EcoRI + ACA / MseI + CAC EcoRI + AAC / MseI + CAA EcoRI + AAC / MseI + CA, EcoRI + AGA / MseI + CAG, EcoRI + AGA / MseI + 
CCA, EcoRI + ACC / MseI + CAA. 

Fragments inher-
ited in the hybrid 
and the allopoly-

ploïd 

Lost fragments in 
the hybrid and 
present in the 
allopolyploid 

Lost fragments in 
the allopolyploid 

only 

Lost fragments in 
the hybrid and the 

allopolyploid 

Monomorphic  fragments 
(173) 127 30 14   2 

S. maritima   28   2 13   4 Polymorphic 
fragments 
(61) S. alteniflora 

  10   0   4   0 

TOTAL 165 (70.5%) 32 (13.7%) 31 (13.2%)   6 (2.5%) 
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in different tissues of allotetraploid cotton (Gossypium), 
suggesting that sub-functionalization was consequent to 
allopolyploid formation. Over 2000 transcripts were 
screened by cDNA AFLP (Adams et al. 2004) and about 5% 
of the duplicated genes were inferred to have been silenced 
or down-regulated in the experimentally re-synthesized 
allotetraploid Gossypium. 

SUMMARY AND CONCLUSIONS 

Allopolyploid species represent two important outcomes 
of hybridization and genome duplication that are critical for 
their evolutionary success: Hybridization leads to the merger 
of two more or less differentiated genomes that have 
previously evolved independently and polyploidization 
entails an immediate duplication and functional redundancy 
at all loci. These events entail various molecular interactions 
and adjustments that have received much attention in the 
recent literature, as they are now considered as the key 
processes that explain the evolutionary success of polyploidy 
in Eucaryotes (reviewed in Liu and Wendel 2003; Osborn et 
al. 2003). Heterosis and dosage effect in duplicated genomes 
are likely to increase the metabolic plasticity of the 
duplicated genes, thereby affecting the fitness of the newly 
formed species (Riddle and Birchler 2003).  

The particularly successful Spartina anglica is 
characterised by morphological plasticity and large 
ecological amplitude, contrasting with a weak inter-
individual genetic variation, but consistent epigenetic and 
expression plasticity of the duplicated homeologous 
genomes. Further investigations and identification of the 
sequences that are affected by epigenetic regulation and 
expression changes should deepen our understanding of the 
ecological success of this young species. Spartina offers 
particular opportunities to learn about the evolutionary and 
ecological consequences of polyploid speciation and 
reticulate evolution at both the short term (in nascent species 
such as S. anglica) and long term (in the parental, older 
polyploid species) of the evolutionary time scale.  
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EVOLUTION OF INVASIVE SPARTINA HYBRIDS IN SAN FRANCISCO BAY
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Rapid evolution in contemporary time occurs when genetically variable individuals face strong selec-
tion pressures. Just such a conjunction is taking place in the intertidal marshes of the San Francisco 
estuary. Three decades ago, exotic smooth cordgrass, Spartina alterniflora, was planted in the Bay 
for erosion control and marsh restoration. The natural structure of the Pacific estuaries leaves broad 
expanses of open mud flats, critical foraging grounds for millions of birds. Fringing the upper mud 
flat margin is the native cordgrass S. foliosa that, due to small stature and sparse growth, is unable 
to colonize the mud flats or modify their geomorphology, unlike the alien congener. Shortly after 
the introduction, the two species hybridized; in the last 20-odd years a broad array of genotypes 
has arisen through reciprocal hybridization and introgression. Our research has found that some 
hybrids are taller, have more rapid rates of lateral expansion, have higher tolerance to salinity, have 
higher rates of self-pollinated seed set, and are better sires on the native species than either parental 
species. We predict that these traits will result in 1) rampant colonization of open mud — both in the 
intertidal and in restoration sites, 2) invasion of the middle elevation Salicornia-dominated saline 
marsh plains, 3) isolated self-compatible plants founding new populations; and 4) hybrid pollen 
siring the lion’s share of seed in surrounding S. foliosa plants in native marshes. Natural selection 
will favor these traits in a positive feedback that will result in an accelerating population growth rate 
of the fittest, most invasive hybrid genotypes. Indirect evidence that evolution has ready occurred 
is our finding of super-exponential growth of hybrid cordgrass cover in the Bay. Effective manage-
ment and prediction of hybrid cordgrass invasion must incorporate a dynamic viewpoint of Spartina
population parameters.
Keywords: Invasive Spartina, hybridization

INTRODUCTION

Spartina alterniflora, smooth cordgrass, native to the 
Atlantic coast was introduced into San Francisco Bay in 
the 1970s. It hybridized with native California cordgrass, S. 
foliosa resulting in an interbreeding swarm of highly geneti-
cally variable plants (Ayres et al. 1999; Anttila et al. 2000). 
One of the chief constraints on evolution is a lack of heritable 
variation in fitness traits. Conversely, high variation in heri-
table fitness-related traits may fuel rapid evolution. Current 
approaches to understand successful plant invasion consider 
both the invader and the invaded system; invasive plants 
possess traits that allow them to invade open niches in vul-
nerable systems. With these concepts in mind, we assessed 
genetic variation in hybrid cordgrass, measured variation in 
physical traits of cordgrass hybrids (S. alterniflora x foliosa)
that would confer invasive ability in the open mud of Pacific 
estuaries and in the high salinity tidal plains dominated by 
pickleweed (Sarcocornia virginica, former name Salicornia), 
and evaluated rate of hybrid spread.

METHODS

Genetic variation. In previous work we documented 
the genetic variability of S. alterniflora x foliosa hybrids 
using nuclear DNA markers and chloroplast DNA sequences 
(Ayres et al. 1999; Anttila et al. 2000).

Phenotypic variation. We focused on several traits that 
we propose confer superior invasion ability. These traits 
were 1) stem height, where tall stems allow plants to survive 
tidal inundation and grow further down the intertidal plain; 
2) rapid lateral expansion that anchors plants in soft mud 
substrates and allows encroachment into the space of other 
cordgrass plants; 3) high seed and pollen production to favor 
colonization of open mud flat habitat and seed siring on other 
plants; and 4) tolerance to salinity and brackish water that 
permits growth in the Sarcocornia  higher marsh (high salin-
ity) and tidal creeks (brackish water).

At Cogswell Marsh, a former salt pond restored to tidal 
action in 1980, we compared variation in vegetative and 
sexual reproduction among established plants (Zaremba 
2001). Seventy-two plants were haphazardly selected from 
a 1998 aerial photograph; their genotypes were determined 
using nuclear DNA analysis (Ayres et al. 1999; Zaremba 
2000). Heights of the three tallest stems (excluding inflores-
cences) in three randomly placed quadrats were measured 
in 1998 and 1999 (results reported for 1998 only). Diameters 
were staked and re-measured in 1998, 1999 and 2000. 
Inflorescences were randomly collected (three per plant) 
and assessed for seed set and pollen viability and quantity 
(see Zaremba 2001 for a full description of methods). In a 
greenhouse at UC Davis, we compared growth of an array of 
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hybrids under three salinity regimes (Pakenham-Walsh et al. 
this volume; Pakenham-Walsh 2003).

Spread rate. We developed physical indicators of hybrid-
ity (tall, wide, red, stems; late flowering) in greenhouse and 
field studies to identify hybrids by sight in the field (Ayres et 
al. 2004). We combined aerial photographs, ground surveys, 
and genetic confirmations to estimate areal cover by hybrid 
cordgrass and S. alterniflora in 2001. We estimated cord-
grass hybrid cover from the original 1976 population, and in 
the 1990s from early studies (Callaway and Josselyn 1992; 
Daehler and Strong 1996) to plot cordgrass cover over time.

RESULTS

Genetic variation. Diverse hybrid nuclear DNA geno-
types were present (Ayres et al. 1999), evidence that wide-
spread crossing has occurred among cordgrass genotypes. 
Using chloroplast sequences, we found that hybridization 
was bi-directional; that is, both S. alterniflora and S. foliosa
have been seed parents to hybrids (Antilla et al. 2000). We 
also determined that S. foliosa has been the dominant seed 
parent of hybrids.

Phenotypic variation. A diverse array of hybrid geno-
types was present in the sampled population at Cogwesll 
Marsh. Nine of the 72 plants were genetically determined 
to be (non-hybrid) parental species; four plants of native S. 
foliosa and five plants of S. alternilfora. (Note: plants in Figs. 
1-3 are arranged according to the magnitude of the trait and 
the order is NOT the same in all graphs.)

Height. Individual plant height varied from < 30 cm to 

>120 cm (Fig. 1). Both S. foliosa and S. alterniflora plants 
ranged from 30 to 70 cm in height. While the tallest 23% of 
the plants were hybrids, most hybrids fell within the height 
range of the parental species, and three plants were shorter 
than the shortest S. foliosa plant.

Lateral spread. Plant areal increase varied from plants 
that shrunk in area after two growing seasons (1998–1999, 
and 1999–2000) to a plant that expanded over 200 m2 (Fig. 2; 
data are presented for 52 plants for which we had a complete 
data set). Plants of the parental species had low to moderate 
growth rates while the fastest growing 30% of plants were 
hybrids. 

Salinity tolerance. We found that under conditions of 
high salinity several hybrids exceeded the growth of both 
parental plants by two to three times, and by as much as six 
times under low salinity conditions (Pakenham-Walsh 2003; 
Pakenham-Walsh, Ayres and Strong in this proceedings 
volume).

Sexual reproduction. Hybrid inflorescences averaged 
over twice as many flowers as those of S. foliosa (460 vs 
200), but hybrid inflorescences varied from fewer than 125 
flowers to inflorescences with over 800 flowers (Fig. 3, Ayres 
et al. 2008). Fertile seed per inflorescence was one and a 
half times higher in hybrids than in S. foliosa, but varied in 
hybrid plants from zero seed set (including a plant with over 
800 flowers per inflorescence) to five times higher seed set 
than the native. We determined from genetic analyses that 
between 50% and 80% of the seeds from the four S. foliosa

Fig. 1. Stem height in 1998 of cordgrass plants (individual plants are on the x-axis) at Cogswell Marsh. Grey arrows are S. foliosa and black arrows are S. 
alterniflora plants (by genetic analyses); the rest are hybrids.
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Fig. 2. Clonal spread in area of individual plants (along the x-axis) at Cogswell Marsh from 1998 to 2000 (complete data was only available for 52 
plants). Grey arrows are S. foliosa and black arrow is S. alterniflora plants (by genetic analyses); the rest are hybrids.

Fig. 3. Sexual reproduction of 48 cordgrass plants at Cogswell Marsh in 1998 (many plants did not flower); individual plants are along the x-axis. 
Each bar is the average number of flowers on an inflorescence; the black portion represents those florets that contained a fertile seed, the open portion 
represents those flowers without a seed. The S. foliosa plants are along the left side, with grey bars; the single S. alterniflora did not flower.
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plants in the marsh were hybrids. The net result was that over 
95% of the seed produced from all 42 plants in our study (ca. 
40 million seeds in 1998) was hybrid.

Hybrid pollen had 3.5 times the viability of S. foliosa
pollen (8.24% vs 2.38% viable grains, respectively), and 
hybrid plants produced twice the number of pollen grains 
as native plants (9.5 million vs. 4.3 million grains per plant) 
(Fig. 4, Ayres et al. 2008). Viable pollen production ranged 
from a single hybrid individual (plant C1-5) that produced 
58% of the total viable pollen to zero. The cumulative effects 
of the scarcity of S. foliosa plants, and differences in pollen 
production and viability resulted in hybrid plants producing 
over 400 times more viable pollen than the native plants.

Spread Rate. Combining the results of our 2000–2001 
cordgrass survey with literature-based estimates of popula-
tions size, we found that spread rates of hybrid and S. alter-

niflora have increased over time (Ayres et al. 2004), from 
10% (during 1973 to 1992) to 40% (from 1993 to 2001) per 
year. This pattern is apparently not typical of S. alterniflora
invasion in general as analyses of spread in Willapa Bay, 
Washington found a constant growth rate of 12% over the 
past 100 years (Civille et al. 2005; Taylor et al. 2004, and in 
this proceeding volume).

DISCUSSION AND CONCLUSIONS

We have shown that hybrids are genetically variable 
due to interbreeding among hybrids and backcrossing to the 
native (Ayres et al. 1999; Anttila et al. 2000). In the present 
study, we demonstrate that hybrids are also phenotypically 
highly variable in features of vegetative and sexual repro-
duction, with a subset of hybrid individuals having superior 
growth and contributing disproportionately to seed and 
pollen production. 

We theorize that the open niche of native marshes, 
intertidal mud flats, and restoration sites provides strong 
selection for vigorous vegetative growth and seed produc-
tion. Hybridization has provided large amounts of genetic 
and phenotypic variation for these traits. We suggest that the 
combination of natural selection and variability in fitness 
traits sets up a scenario of positive feedback whereby strong 
natural selection favors a subset of highly fit hybrids that 
drives growth rate, followed by further selection on hybrid 
plants for invasion ability and enhanced growth rates (Fig. 5). 
The accelerating growth rate we have observed in cordgrass 
populations in San Francisco Bay is indirect evidence that 
this has already occurred.

This outcome contrasts with that in Willapa Bay, where 
S. alterniflora was introduced into the same open niche of 
intertidal mudflat habitat 100 years ago. There is no native 
Spartina at Willapa, and therefore hybridization has not 
occurred. We propose that evolution there has been con-
strained by a relative lack of genetic diversity in the popula-
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Fig. 4. Relative pollen viability and production of S. foliosa and cordgrass hybrids; box-whisker plots show 25th, 50th and 75th per-centiles solid 
lines in the “box”, whiskers are the 5th and 95th percentile; solid circles are at the 2.5 and 95.6 percentile; dotted line is the mean. This figure 
first appeared in Ayres et al. 2008.

Sa n Fra ncis co  vs W illapa  In va sion s

• S . alte rn iflora
• “O pen n iche ”
• 25 Y A
• H ybrid iz ation

• E volutio n fueled by 
genetic va riatio n

• Ac celerating  sprea d

• S .  alte rn iflora
• “ O pen n iche ”
• 1 00 Y A
• N o native  S partina

• E v olution  cons traine d 
b y la ck o f varia tion

• C ons tant sprea d rate

Fig. 5. Comparison of S. alterniflora introductions into 2 Pacific coast USA 
estuaries, San Francisco Bay, CA, and Willapa Bay, WA. We posit that 
spread rates are a function of the amount of genetic variation.
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tion of S. alterniflora), resulting in constant spread rates for 
the last 100 years (Fig. 5).

We conclude that if cordgrass is rapidly evolving  in its 
invasion ability, it will be difficult to precisely predict its 
eventual ecological range or where the tidal marsh system is 
or will be vulnerable.
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INTRODUCTION 

Invasion by hybrid cordgrass (Spartina alterniflora x 
Spartina foliosa) is profoundly altering habitat structure 
within the intertidal zone of San Francisco Bay, California. 
Spartina hybrids exhibit wide ecological tolerance compared 
to native S. foliosa and are invading the naturally 
unvegetated lower intertidal zone. Heterogeneous hybrid 
genotypes exhibit traits of both salinity tolerance and 
competitive vigor, which may enable invasion of higher 
marsh zones historically dominated by the highly salt-
tolerant native pickleweed species Sarcocornia virginica. 
The hybrid cordgrass swarm possesses a high degree of 
genetic variation, with bi-directional introgression due to 
overlapping flowering periods of hybrids and both parental 
species (Ayres et al. 1999; Antilla et al. 2000). Hybridization 
has been shown to play a role in large and rapid adaptive 
evolution (Rieseberg et al. 2003), promoting the ability for 
niche separation between hybrids and parental species 
(Rieseberg et al. 1999). 

Drawing on field observations indicating higher relative 
fitness of hybrid Spartina compared to native S. foliosa in 

the higher marsh zones, we conducted two experiments to 
address the threat of hybrid colonization of Sa. virginica
habitat. A greenhouse experiment investigated salinity 
tolerance of hybrids. A field experiment examined 
competitive suppression of hybrids by Sa. virginica. 

METHODS 

For the greenhouse experiment, clonal fragments of 
eighteen hybrid genotypes were collected from Cogswell 
Marsh, Hayward, California. In addition to the hybrids, one 
S. alterniflora and two S. foliosa genotypes (21 plants total) 
were grown at three salinity levels (10, 25 and 40 ppt) with 
three replications for one growing season in Davis, 
California (Fig. 1). Total dry biomass (roots and above-
ground material) was determined at the end of the season, 
and effects of genotype, salinity and their potential 
interaction determined with statistical analysis. 

The field experiment was conducted at Cogswell Marsh, 
a former salt pond opened to tidal action in 1980. Four plot 
treatments (pure Spartina sp., pure Sa. virginica, clipped Sa. 
virginica and unclipped Sa. virginica; five replicates) were 
set up at each of eight hybrid clone locations and one S. 
foliosa clone (Fig. 2). End-of-season shoot density and 
above-ground biomass were determined for each plot, and 
effects of genotype and plot type were determined with 
statistical analysis. 

Fig. 1., left. 
40 ppt. (left) vs.  
10 ppt. (right) 
in salinity 
experiment. 

Fig. 2., right.
Location of

 nine Spartina
 genotypes at 

Cogswell Marsh. 
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RESULTS 

Hybrid Spartina genotypes exhibited great variability in 
morphological traits, response to salinity stress and 
competitive suppression by Sa. virginica. Salinity reduced 
total biomass of most Spartina genotypes. Several hybrid 
cordgrass genotypes exhibited more robust growth than the 
parental species at both low and high salinity levels (Fig. 3).  

Results of the field experiment indicated that shoot 
density of hybrid cordgrasses was highly sensitive to Sa. 
virginica removal, increasing an average of 105% (range = 
39-211%; Table 1). End-of-season biomass of cordgrass 
genotypes increased an average of 64% in response to Sa. 
virginica removal (range = 2-144%; Table 1). Genotypes in 

Table 1 are listed in order of appearance on Fig. 3. 

CONCLUSIONS 

Certain hybrids (e.g., genotypes 1-5 and 2-8) showed a 
combination of competitive vigor in the field and relatively 
stronger performance in higher salinity conditions, 
exhibiting the potential to successfully expand into higher 
marsh zones. The native S. foliosa has weaker competitive 
abilities and tolerance for salinity. Our results support a 
positive association between hybridization and invasion 
ability. The genetic heterogeneity of Spartina hybrids will 
lead to the evolution of even more invasive hybrid 
populations. 
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Fig. 3. Total biomass of Spartina genotypes at each salinity level, in increasing order of total biomass achieved by each genotype 
(low + medium + high salinities).

Table 1.  Genotype means and percent change between plots with S. virginica "clipped" vs. unclipped, end-of-season shoot density 
and aboveground dry biomass. 

Spartina Shoot Density (#/m2) Dry Biomass (g/m2)
Genotype Unclipped Clipped % Change Unclipped Clipped % Change

2-15 (S. foli) 41 84 104 107 206 93 

1-9 107 235 119* 212 330 56 

2-17 84 117 39 234 243 4 

1-5 67 136 103* 695 1360 96* 

3-13 77 173 126* 277 426 54 

3-1 74 117 59 464 471 2 

1-17 65 104 60 512 1251 144* 

2-8 62 139 124* 501 556 11 

3-8 46 142 211* 159 342 115 
* Significant difference (P < 0.05) 
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Invasive plant species threaten the integrity of natural 
ecosystems and reduce the growth of economic crops 
throughout the world by displacing native plant commu-
nities (Kennedy et al. 2002), establishing monocultures 
and competing with economic species in new habitats 
(Callaway 2002). At the population level, the leading theo-
ries for the successful invasion of plants are their escape 
from the natural enemies that hold them in check, freeing 
them to utilize their full potential for resource competition 
(Keane & Crawley 2002); allelopathic effects, where the 
phytotoxins released by exotic plants damage native species 
(Callaway & Aschehoug 2000; Bais et al. 2003); and the 
occurrence of a suitable niche existing in the new location 
(Sakai et al. 2001). At the molecular level, most researchers 
have reported that high genetic diversity contributes to the 
success of plant invasions (Ellstrand & Schierenbeck 2000; 
Novak & Mack 2001), although reduced genetic variation 
can make invasive species more successful (Tsutsui et al. 
2000). Here we suggest that the different molecular param-
eters are correlated with success or failure of Spartina
invasions in China. 

Historically, no native species of the genus Spartina
existed in China. For the purpose of ecological engineering, 
two Spartina species, S. anglica and S. alterniflora, were 
introduced to China in the last century. However, their fates 
differed. Spartina anglica originated in 1870s in east coastal 
England and is a hybrid between S. maritima as paternal 
species and S. alterniflora as the seed parent (Ferris et al. 

1997). In 1963, 44 individuals (actually ramets) of S. anglica
were produced by seed in China; 21 of them were planted in 
the field and the others were used to produce more offspring, 
three of which had marvelous reproductive capacity (Chung 
1985). From 3 individuals, 9,100,000 clones were produced in 
1966, and were planted in 40 hectares (ha) of costal regions 
in China. Thirteen years later, about 31,600 ha of S. anglica
low marshes were established in coastal China, and 36,000 
ha in 83 counties along coastal China (Fig. 1a) in 1985 (Qin 
& Chung 1992). Its southern limit in China was at 21º27’N 
whereas the southern limit in its native range is located 
between 42ºand 43º N in Europe (Chung 1993). 

The populations of S. anglica in China have generally 
lower height, lower biomass and lower net production (Chung 
1985) than their counterparts in its native range (Chater & 
Jones 1951; Gray & Benham 1991; Hubbard 1969) (Table 1). 
Starting in 1993, S. anglica became shorter in height, and 
lower in biomass and net biomass production. Pronounced 
dieback occurred in Chinese populations of S. anglica like 
the older populations in England (Gray et al. 1991). In 2000, 
S. anglica was found only in six counties (Fig. 1b). In 2002, 
the populations of S. anglica were found only in three coun-
ties, and the total area was less than 50 ha. Plant performance 
continued to be suppressed, e.g., height, biomass and net 
production were reduced; and the suppression still continues. 
Most of the S. anglica populations have been competitively 
replaced by S. alterniflora, Phragmites australis, Typha spp. 
and Scirpus spp. 

VARYING SUCCESS OF SPARTINA SPP. INVASIONS IN CHINA:
GENETIC DIVERSITY OR DIFFERENTIATION?
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Biological invasions are widely envisaged as a component of global change, which not only threaten 
native biodiversity but also cause a considerable economic loss to the invaded areas. However, for 
some species little is known about why they are successful invaders. At the molecular level, many 
researchers have reported that high genetic diversity contributes to the success of plant invasions 
whereas other studies have shown that reduced genetic variation makes invasive species more suc-
cessful. Obviously, these are contradictory explanations. Our studies of Spartina in China show 
that S. alterniflora with higher population differentiation (Fst) was more successful in invading 
coastal China than S. anglica which had low Fst, although the latter species, having fixed hetero-
zygosity, had much higher genetic diversity than the former. Greater number of chromosomes or 
higher genetic diversity (P and H) does not necessarily mean higher adaptability and more success-
ful invasion for exotic species, while higher Fst was associated with higher invading ability in S. 
alterniflora. However, factors other than genetic variation and population genetic structure may be 
more important in determining invasion success.
Keywords: Average heterogeneity, genetic diversity, plant invasion, population differentiation, 
Spartina
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Fig. 1. Distribution of Spartina anglica and Spartina alterniflora in 1985 (a) 
and 2000 (b) along coastal China. Circles represent Spartina anglica and 
stars denote Spartina alterniflora.

Seven multilocus genotypes (G1-G7) were identified 
using RAPD markers for S. anglica in its native Europe 
(Baumel et al. 2001). G1 is the basic type that accounts for 
86% of the samples (Table 1). G2 – G7 are varieties of G1 
and only account for 10% - 0.8% of the total. The study 
showed that S. anglica has low genetic variation due to a 
genetic bottleneck. As an exotic species, S. anglica in China 
has even lower genetic variation with lower percentage of 
polymorphical loci (P), mean coefficient of dissimilarity 
(Gd) and coefficient of population differentiation (Fst) (Table 
1) although AFLP markers can provide higher diversity than 
RAPD markers. Lower variation may indicate that the species 
partially lost some of its variation during the human-aided 
invasions in China, since only small parts of native popula-
tion were collected in the introduction process. 

S. alterniflora is a native species of north Atlantic 
America. In 1979, 60 individuals and hundreds of seeds were 
collected from Florida, Georgia and North Carolina, con-
sisting of three distinct populations that differed in height, 

biomass production and protein (Chung 1985; Qin & Chung 
1992), namely F-type (Florida-type), G-type (Georgia-type) 
and N-type (North Carolina-type). In 1981, about 400 square 
meters (m2) of planted area were established for each popula-
tion, and in 1985 the area expanded to 260 ha with human 
help (Qin & Chung 1992) (Fig. 1a). In 1990, there were 1,300 
ha of S. alterniflora monoculture along coastal China, but 
only G-type remained as the two other types were replaced 
by the G-type through intraspecific competition (Guan et al. 
2003). In 2000, the total area reached 120,000 ha (Guan et al. 
2003) (Fig. 1b).

Unlike S. anglica, the exotic S. alterniflora has high  
reproductive and dispersal capacity, and is competitive; it 
took only 19 years to increase its area from 0.08 ha to 21,300 
ha in Jiangsu Province (Shen & Liu 2002). It excluded almost 
all the other native plants that were originally dominant 
in wetlands, including Phragmites australis, Typha spp., 
Scirpus spp., Suadae spp., and even invaded fishponds and 
young mangrove swamps (Qian & Ma 1995). Many native 
species, including plants, some endangered birds (Ma et 
al. 2003), and molluscs of economic importance in coastal 
China are threatened by S. alterniflora invasions (Qian & 
Ma 1994). Spartina alterniflora is one of nine notorious 
invasive pest plants in China since the species directly causes 
millions of dollars of economic loss per year (Chen 1998). 
Spartina alterniflora is still rapidly replacing the native 
plants, although the Chinese government and scientists are 
doing their best to control or eradiate the species by physical, 
chemical, biological and integrated methods (Lin 1997; Liu 
& Huang 2000).  

S. alterniflora populations in China have similar percent 
of polymorphic loci (P) to native populations (Travis et al. 
2002), but we found that the species in China has much 
higher average heterogeneity (H), coefficient of population 
differentiation (Fst), and much lower mean coefficient of 
dissimilarity (Gd) (Table 2). The introduced S. alterniflora
has accumulated much population genetic differentiation, 

Table 1. Variation of Spartina anglica between native range and China
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and considerably increased its invading capacity into coastal 
China since its arrival in 1979. Rapid and genetic differen-
tiation may aid S. alterniflora in being a successful invasive 
species.

Although S. anglica arrived in China 16 years earlier 
than its seed parent S. alterniflora, the species has much 
lower genetic differentiation in coastal China’s environments 
(Tables 1 and 2). Spartina anglica experienced a genetic 
bottleneck during its formation, which might have contrib-
uted to its dieback in China as in its native Europe (Gray et 
al. 1991; Thompson 1991). 

S. anglica has 120-124 chromosomes while S. alterni-
flora has 62 (Gray & Benham 1991). Spartina anglica should 
have high heterosis and potentially higher adaptability than 
either parental species. Spartina anglica has replaced S. 
maritima in coastal England (Gray et al. 1991). However, S. 
alterniflora has rapidly occupied previous S. anglica habitats 
in China. We suggest that the species with low population dif-
ferentiation (Fst) may be outcompeted by a species with high 
differentiation in changing environments like coastal areas 
of China, where accidental typhoons, irregular tidal cycles 
and human-caused disturbances often happen. Further, a 
greater number of chromosomes or higher genetic diversity 
(P and H) does not guarantee a higher adaptability and more 
successful invasion for exotic species. However, the general-
ity of this finding needs to be tested further in more taxa.

ACKNOWLEDGMENTS 

This study was financially supported by Natural 
Scientific foundation of China (No. 30400054), by NKBRS 
Foundation, China (No. G2000046803) and KSJYXRC 
Foundation, Ministry of Education, China (No. 0208002002). 
We thank to Dr. Chung-Hsin Chung for his valuable sugges-
tions and comments. 

REFERENCES
Bais, H.P., R. Vepachedu, S. Gilroy, R.M. Callaway, and J.M. 

Vivanco. 2003. Allelopathy and exotic plant invasion: from mol-
ecules and genes to species interactions. Science 301:1377-1380.

Baumel, A., M.L. Ainouche, and J.E. Levasseur. 2001. Molecular 
investigations in populations of Spartina anglica C.E. Hubbard 
(Poaceae) invading coastal Brittany (France). Molecular Ecology
10(7):1689-1701.

Callaway, R.M. 2002. The detection of neighbors by plants. Trends 
in Ecology and Evolution 17(3):104-105.

Callaway, R.M. and E.T. Aschehoug. 2000 . Invasive plants versus 
their new and old neighbors: A Mechanism for exotic invasion. 
Science 290:521-523.

Chater, E.H. and J.H. Jones. 1951. New form of Spartina town-
sendii. Nature 168:126-128.

Chen, C.D. 1998. China’s Biodiversity: A Country Study. Environ-
mental Science Press.

Chung, C.H. 1985. Twenty-two years of Spartina anglica in China. 
Journal of Nanjing University, Special Issue.

Chung, C.H. 1993. Thirty years of ecological engineering 
with Spartina plantation in China. Ecological Engineering
2:261-289.

Ellstrand, N.C. and K.A. Schierenbeck. 2000. Hybridization as a 
stimulus for the evolution of invasiveness in plant. Proceedings 
of the National Academy of Sciences of the United States of 
America 97(13):7043-7050.

Ferris C., R. A. King and A.J. Gray. 1997. Molecular evidence for 
the maternal parentage in the hybrid origin of Spartina anglica 
C. E. Hubbard. Molecular Ecology 6:185-187.

Gray, A. J., D.F. Marshall and A.F. Raybould. 1991. A century of 
evolution in Spartina anglica. Advances in Ecological Research
21:1-62. 

Gray, A.J. and P.E.M. Benham 1991. Spartina anglica — a research 
review. HMSO. 

Guan Y.J., S.Q. An, Y.H Liu., et al. 2003. Ecological benefit and 
ecological invasions of Spartina in China. Journal of Nanjing 
Forestry University 27:95-101.

Hedge, P., L. Kriworken, and A. Ritar. 1997. Ecology, impact and 
control of Spartina in Little Swanport, Tasmania. In: Patten, 
K., ed., Proceedings of the Second International Spartina 
Conference, Olymipia, WA. Washington State Univeristy 
Cooperative Extension, pp. 46-47.

Hubbard, J.C.E. 1969 . Light in relation to tidal immersion and the 
growth of Spartina townsendii. Journal of Ecology 57: 795-804.

Kennedy, T.A. et al. 2002. Biodiversity as a barrier to ecological 
invasion. Nature 417:636-638.

Keane, R.M. and M.J. Crawley. 2002. Exotic plant invasions and 
the enemy release hypothesis. Trends in Ecology and Evolution
17:164-170.

Lin, Q.R. 1997. Damage and management of Spartina anglica and 
Spartina alterniflora. Fujian Geography 12(1):16-20.

Liu, J. and J.H. Huang. 2000. Management of Spartina alterniflora.
Bulletin of Oceanography 10:68-72.

Ma, Z.J., B. Li, and K. Jing. 2003. Effects of tidewater on the feed-
ing ecology of hooded crane (Crane monacha) and conservation 
of their wintering habitats at Zhongming Dongtai, China. Eco-
logical Research 18(3):321-329. 

Novak, S.J. and R.N. Mack. 2001. Tracing plant introduction and 
spread: genetic evidence from Bromus tectorun (cheatgrass). 
Bioscience 51(2): 114-122.

Qian, Y.Q. and K.P. Ma. 1994. Bio-techniques, protection and wise 
uses of biodiversity. In: Qian Y.Q. and K.P. Ma, eds. Principles 
and Methods of Biodiversity Studies. China’s Science and 
Technique Press, pp. 217-224.

Qian, Y.Q. and K.P. Ma. 1995. Bio-techniques and bio-safety. 
Journal of Natural Resources 10(4):322-331.

Qin, P. and C.H. Chung. 1992. Utilization of Spartina. Ocean Press, 
pp. 3-20. 

Sakai, A.K., F.W. Allendorf, J.S. Holt, et al. 2001. The population 

Table 2. Genetic variation of Spartina alterniflora in native range and 
China based on AFLP markers. percentage of polymorphical loci (P), het-
erogeneity (H), mean coefficient of dissimilarity (Gd) and coefficient of 
population differentiation (Fst).

i  r i
H d s H d s

0. 0 0 0.11 4 0.2 0.064 0.280 0. 4 0.1 4 0.20 6

 d  r   r  r is  . 2002 .

Proceedings of the Third International Conference on Invasive Spartina Chapter 1: Spartina Biology

- 35 -



biology of invasive species. Annual Review of Ecology and 
Systematics 32:305-332.

Shen, Y.M. and Y.M. Liu. 2002. Remote sensing of distribution 
changes of Spartina alterniflora marshes in coastal Jiangsu. 
Journal of Plant Resources and Environments 11(2):33-38.

Thompson, J.D. 1991. The biology of an invasive plant: what makes 
Spartina anglica so successful? Bioscience 41(6):393-400.

Travis, S.E., C.E. Proffitt, R.C. Lowenfeld, et al. 2002. A compara-
tive assessment of genetic diversity among differently-aged 
populations of Spartina alterniflora on restored versus natural 
wetlands. Restoration Ecology 10(1):37-42.

Tsutsui, N.D., A.V. Suarez, D.A. Holway, et al. 2000. Reduced 
genetic variation and the success of an invasive species. Pro-
ceedings of the National Academy of Sciences of the United 
States of America 97(11):5948-5953.

Chapter 1: Spartina Biology Proceedings of the Third International Conference on Invasive Spartina

- 36 -



SPARTINA DENSIFLORA X FOLIOSA HYBRIDS FOUND IN SAN FRANCISCO BAY 

D.R. Ayres1 and A.K.F. Lee2  

Dept. of Evolution and Ecology, University of California, Davis, One Shields Avenue, Davis, CA 95616 
1drayres@ucdavis.edu;   2alexkinlee@gmail.com 

Keywords: Invasive Spartina, hybridization, polyploidy 

INTRODUCTION 

In the 1970s, Spartina densiflora and S. foliosa were 
planted during the restoration of Creekside Park in Marin 
County to a tidal salt marsh. In 2001 we discovered 
cordgrass plants that spread by rhizomes like S. foliosa, but 
had dense, evergreen stems like S. densiflora. Spartina 
foliosa, California cordgrass, is native to the state. Plants 
grow laterally by rhizomes, creating meadows of sparse, 
evenly-spaced, deciduous stems. The species occupies lower 
tidal environments (above mean sea level to mean high 
water). Spartina densiflora, dense-flowered cordgrass, is 
native to South America. Lack of rhizomes create a bunch-
type grass, with dense, largely evergreen stems. The species 
occupies higher tidal areas than S. foliosa, occurring with 
Sarcocornia viginica. The intermediate appearance of the 
Creekside Park plants suggested that the two species had 
hybridized.  

MOLECULAR AND CYTOLOGICAL DYNAMICS OF S. 
DENSIFLORA X FOLIOSA HYBRIDS   

We developed and used RAPD (Random Amplified 
Polymorphic DNA) nuclear DNA markers specific to either 
S. foliosa or S. densiflora to identify and type hybrids (F1 or 
introgressed). We used species-specific chloroplast DNA 
sequences (Anttila et al. 2000) to determine the maternal 
parent of hybrid plants, as chloroplasts are maternally 

inherited in Spartina (Ferris et al. 1997). Chromosome 
numbers in root tips were counted in the parental species and 
in seven hybrid plants. We estimated genome size in most 
plants using flow cytometry (Grotkopp 2004; Galbraith 
1982), compared the genome sizes with the corresponding 
chromosome counts, and used genome size to rapidly assess 
the ploidy of hybrids (see Ayres et al. 2008 for details). 

We found 35 hybrid plants.  All exhibited a F1 pattern 
of nuclear bands; that is, generally they contained all 13 S. 
densiflora-specific bands and all nine S. foliosa-specific 
bands.  A few plants lacked one or two bands.  Most plants 
(17 out of 20 analyzed) had S. densiflora cpDNA.  Most 
hybrids were intermediate between S. densiflora and S. 
foliosa in chromosome number and genome size (Table 1); 
both chromosome number and genome size are consistent 
with haploid gametes of each parental species (31 from S. 
foliosa + 35 from S. densiflora) uniting to form a F1 hybrid 
with 66 chromosomes.  However, two  plants were triploids, 
with the cp DNA of S. foliosa. Chromosome counts and 
genome size assessments are consistent with a 2n 
contribution by S. foliosa and a 1n contribution by S. 
densiflora, with loss of one and three chromosomes, 
respectively, in the two triploid individuals. Due to 
chromosomal mis-matching, viable gamete formation is 
probably rare in all hybrids. Even so, the presence of triploid 
plants is important as it indicates that several avenues exist 

S. foliosa S. densiflora 2n hybrids 3n hybrids 

Type/number of hybrids       
(RAPDs) 

33 F1 2 F1 

cp DNA Sf Sd 17 Sd: 1 Sf 2 Sf : 0 Sd 

Chromosome number 62 70 65/66 94/96 

Genome size- pg (SD) 4.46 (SD= 0.10) 5.16 (SD = 0.06) 4.83 (SD = 0.06) 7.0 (SD = 0.01) 

Chromosome math 31 (S.f. 1n) + 35 (S.d. 1n) = 66  (S.d x f   2n) 

        Triploid math 62 (S.f. 2n) + 35 (S.d. 1n) - (1 or 3 chromosomes) = 94 or 96 (S.d x f  3n) 

Genome size math {0.5 *4.46 (S.f. 2n)} + {0.5 *5.16 (S.d. 2n)} = 4.81 pg  (S.d x f   2n) 

        Triploid math {1*4.46 (S. f. 2n)} + {0.5 *5.16 (S.d. 2n)} = 7.0 pg  (S.d x f   3n) 

Table 1.  Molecular and cytological dynamics of S. densiflora x foliosa hybrids. 
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which may give rise to a new alloployploid species. Thus, 
this new hybridization possibly offers us a chance to observe 
the origin of a new species. 

ECOLOGY OF S. DENSIFLORA X FOLIOSA HYBRIDS

This is the second Spartina hybridization in the San 
Francisco estuary in the past three decades; the other, 
between S. alterniflora x foliosa, has resulted in a 
backcrossing swarm of invasive hybrids.  Introductions of 
Spartina have resulted in major biological invasions in salt 
marshes around the world.  Two of these invaders are 
hybrids between native and introduced species (S. 
alterniflora x foliosa; S. anglica). Given the history of 
Spartina invasions and hybridizations, we investigated 
whether S. densiflora x foliosa hybrids have the potential to 
spread and invade surrounding marshes in the Bay. This 
would require that hybrids tolerate marsh salinity and tidal 
inundation, and produce viable seed. A greenhouse 
experiment was performed with ten hybrid genotypes to 
assess their salinity tolerance against the parental species (S. 
foliosa – low elevation, low salinity; and S. densiflora –
higher elevation, higher salinity).  Salinity was increased by 
10 parts per thousand per week (ppt/week), and we 
measured several fitness indicators for 10 weeks.  In the 
field, we combined mapping data with elevational 
measurements (using a Trimble Total Station) to determine 
the relative tidal elevations of hybrids, native species, and S. 
densiflora.  We also collected inflorescences from the field 
to measure their reproduction (seed set).  

We found that some hybrids have high salinity tolerance 
based on final aboveground biomass and flower production 
at the end of 10 weeks (Fig. 1). Tolerance to high salinity 
could allow hybrids to grow in higher marsh environments, 
largely occupied by Sarcocornia virginica.  Hybrids had an 

elevational range similar to S. densiflora at Creekside Park.  
Spartina foliosa occupies the lowest range, while the 
dominant Sarcocornia virginica is found in the highest. The 
hybrids occupy the same “middle” range as their S. 
densiflora parent, which suggests that the hybrids might not 
tolerate tidal inundation as well as their S. foliosa parent.  
Finally, hybrids set no seed. 

SUMMARY AND CONCLUSIONS 

We found that the salinity tolerance of some of hybrid 
genotypes exceeded that of both parental species; that 
hybrids occurred higher in the marsh than S. foliosa and 
within a narrower elevation range than either parental 
species; and hybrids were apparently sterile as they 
produced no seed in the field and produced only shriveled 
anthers in the greenhouse experiment. We conclude that 
despite hybrid superiority in salinity tolerance, S. densiflora
x foliosa hybrids will not be invasive due to sterility.  Even 
so, sterility may be overcome if fertile tetraploids or 
hexaploids evolve from hybrid individuals. 
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Fig. 1.  Final aboveground biomass of some plants in greenhouse salinity 
experiment. CS-17 and CS-19 (diploid plants) are some of the transgressive 
hybrids, while CS-15 (triploid plant) has performance comparable to the 
parental species under the same high salinity stress. 
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We propose that fungal endophytes provide a mechanism for the habitat expansion of invasive 
plants including Spartina species. We have determined that Spartina spp. are symbiotic with 
endophytic fungi and have begun to assess the role of fungal endophytes in the invasiveness of these 
plants. Preliminary data indicate that the fungal endophytes in Spartina spp. in Puget Sound are 
native to that region. The role of symbiosis in the invasion of invasive species and the adaptation of 
plants to high stress habitats is discussed. 
Keywords: symbiosis, fungi, lifestyle, plant ecology, fungal ecology, Colletotrichum, Curvularia, 
Spartina

INTRODUCTION 

It is estimated that thousands of plants are introduced 
into non-native habitats every year, however, only a small 
percentage of these plants become invasive. Interestingly, 
invasions may result from intercontinental or 
intracontinental plant movements and may involve either 
vast or very short distances. Several theories have been 
proposed to explain the invasiveness of plants (Daehler 
2003; Callaway and Ridenour 2004). However, none 
adequately explain why plants can achieve high densities in 
new habitats (Daehler, 2003; Silvertown 2004). It does 
appear that invasion is context dependent and may involve a 
number of biotic and abiotic factors (Daehler 2003). 
Although there have been numerous studies on invasive 
plants, few include fungal symbiosis as a component of plant 
biology. Yet, all plants in natural ecosystems are thought to 
be symbiotic with mycorrhizal and/or endophytic fungi. 
These fungi differ in distribution, biology and physiology. 
Mycorrhizal fungi are limited to colonizing roots and grow 
out into the rhizosphere effectively expanding root systems 
by transporting nutrients and water that would otherwise be 
unavaiable to root systems (Read 1999). 

Endophytic fungi reside entirely within plant tissues and 
may occur in specific tissues (roots, crowns, stems, leaves, 
seed coats or seeds) or throughout the plant. Although 
mycorrhizal fungi do not colonize all plants, it is thought 
that all plants are colonized by endophytic fungi. Fungal 
endophytes can be divided into two major groups 
(Rodriguez et al. 2009b): 1) a small number of fastidious 
species that are restricted to a small number of monocot 
hosts (Clay and Schardl 2002) and 2) a large number of 
tractable species with broad host ranges (Stone et al. 2004). 
Both groups of fungal endophytes are known to be important 
to the structure, function, and health of plant communities. 
In fact, without fungal symbioses, plant communities do not 
appear to survive many environmental stresses (Arnold et al. 

2003; Dingle and McGee 2003; Ernst et al., 2003; Redman 
et al. 2002b).  

FUNGAL SYMBIOTIC LIFESTYLES 

Collectively, fungal symbionts express a variety of 
symbiotic lifestyles including mutualism, commensalism, 
and parasitism. These lifestyles are based on positive, 
neutral or negative fitness benefits to the host and symbiont 
(Table 1, Lewis 1985). Mutualistic fungi have been shown to 
increase plant growth and productivity (Marks and Clay 
1996; Varma et al. 1999; Read 1999; Redman et al. 2002a; 
Rodriguez et al. 2009a), and confer tolerance to abiotic and 
biotic stresses including drought, metals, salt, temperature, 
pathogens and herbivores (Bacon and Hill 1996; Bacon 
1993; Read 1999; Carroll 1986; Redman et al. 2001; 
Redman et al. 2002b; Latch 1993; Rodriguez et al. 2008). 
We have demonstrated that endophytic fungi also have the 
ability to switch lifestyles in response to host genotypes and 
that the host range of fungal endophytes is typically greater 
than previously thought (Redman et al. 2001). For example, 
fungi from the genus Colletotrichum are classified as plant 
pathogenic fungi. However, several species have the ability 
to asymptomatically colonize plants not previously known to 
be hosts and express non-pathogenic lifestyles including 
mutualism. When Colletotrichum species express 
mutualistic lifesytles they confer disease resistance against 
fungi that express pathogneic lifestyles in the respective host 
plant. Therefore, one fungal isolate may be a virulent 
pathogen on one host and a disease protecting mutualist on 
another.  

Symbiotically conferred disease resistance is correlated 
with the activation of host defense systems (Redman et al. 
1999). When exposed to virulent pathogens, non-symbiotic 
plants slowly activated defense systems over a four-day 
period and by day five the plants were dead. Symbiotic 
plants activated defense systems within 24 hours of exposure 
to a virulent pathogen and completely terminated pathogen 
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ingress. It appears that when Colletotrichum species are 
expressing non-pathogenic lifestyles they are acting as 
biological triggers allowing plants to recognize virulent 
pathogens more quickly (Rodriguez et al. 2004). The 
effectiveness of an endophyte as a biological trigger appears 
to be a function of currently undefined genetic compatibility 
with the host. 

ADAPTIVE SYMBIOSIS 

Mutualistic fungi are known to confer a variety of 
fitness benefits. However, it is not known if symbiotically 
conferred stress tolerance reflects an adaptive response by 
the host and/or symbiont. We have studied the ecological 
significance of endophytic fungi in plants thriving in 
geothermal soils and found that the symbiosis is responsible 
for the ability of both host and symbiont to survive thermal 
stress (Redman et al. 2002b; Marquez et al. 2007). In over 
200 individuals analyzed, the plant Dichanthelium 
lanuginosum is colonized by one fungal species (Curvularia 
protuberata) that is known to be a pathogen in other plant 
species (Farr et al. 1989). The fungal endophyte colonizes 
roots, crowns, stems, leaves and seed coats but not seeds. 
When seed coats are removed and seeds’ surfaces are 
sterilized it is possible to propagate plants devoid of the 
fungus. This approach allowed us to compare the ability of 
symbiotic and non-symbiotic plants to mitigate the impacts 
of thermal stress. Neither of the symbiotic partners tolerated 
temperatures above 40°C, however, the symbiosis allowed 
both to survive root temperatures up to 70°C. Recently we 
have observed that isolates of C. protuberata from non-
geothermal plants do not confer temperature tolerance 
suggesting that this is an adaptive response by fungi in the 
geothermal habitat (Rodriguez et al. 2008).  

Comparative studies with Colletotrichum and 
Curvularia species support the hypothesis that symbioses 
adapt to habitat stresses (Rodriguez et al. 2008). These fungi 
were assessed for the ability to confer heat tolerance (an 
abiotic stress in geothermal habitats) and disease resistance 
(a biotic stress in agricultural habitats) to host plants. 
Colletotrichum isolates expressing non-pathogenic lifestyles 
conferred disease resistance but not heat tolerance. 
Conversely, Curvularia isolates conferred heat tolerance but 

not disease resistance. This observation suggests that at least 
some of the benefits conferred by mutualistic endophytes 
appear to reflect habitat-specific adaptation.  

Colletotrichum species that express a mutualistic 
lifestyle typically are able to asymptomatically colonize 
genetically divergent plant species (Redman et al. 2001). For 
example, C. magna is a virulent pathogen on cucurbits but is 
a disease protecting mutualist on tomato (Lycopersicon 
esculentum), beans (Phaseolus vulgaris) and strawberry 
(Fragaria ananassa), three genetically divergent species. 
Therefore, it appears that genetically distant plant species 
can gain novel biological function simply by forming 
symbioses with different fungi. This could allow individual 
plant species to make quantum evolutionary leaps and 
expand into new habitats or become dominant members of 
existing communities. 

SYMBIOSIS AS A POTENTIAL MECHANISM OF 
INVASIVENESS 

Based on the broad host range of class 2 fungal 
endophytes, their ability to confer abiotic and biotic stress 
tolerance, and the apparent adaptive nature of symbioses, we 
propose the following hypothesis: The conversion of at least 
some non-native plants into invasive species requires the 
establishment of symbioses with endophytic fungi that 
confer tolerance to abiotic and biotic stresses. These 
symbioses allow invasive species to circumvent the 
ecological factors that keep native species under control and 
plant communities balanced. In order to properly challenge 
this hypothesis (designated the “symbiotic communication 
hypothesis”) several questions must be addressed such as:  
Do non-native species carry non-native endophytes when 
transported? Are the non-native endophytes capable of 
releasing non-native plants from ecological controls? If the 
non-native plants are devoid of endophytes what are the 
dynamics of colonization by native fungi? If an adaptive 
response is required before non-native plants become 
invasive, what are the temporal dynamics of adaptation? 

Another mystery of plant invasions is that there is a time 
lag time between introduction and spread which may be 
more than 100 years (Binggeli 2000). Several hypotheses 
have been proposed to explain invasive lag time but none 
have adequately addressed this phenomenon. We have 
demonstrated that subtle differences in host genotypes are 
sufficient to eliminate symbiotically conferred stress 
tolerance and may result in the expression of pathogenic 
rather than mutualistic lifestyles by endophytic fungi 
(Redman et al. 2001). Therefore, we propose that the lag 
phase commonly observed between introduction and 
invasion may reflect one or more of the following: 

1) Endophytes carried with non-native plants adapt to 
new habitat stresses and confer stress tolerance allowing 
non-native plants to outcompete native plants; 

Table 1. Fitness impacts of Symbiotic Lifestyles 

Lifestyle Fitness Impact 

Host Symbiont

Parasitism - + 

Commensalism 0 + 

Mutualism + + 
- = fitness decreased, + = fitness increased, 
 0 = fitness not affected 
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2) Non-native plants establish symbioses with native 
fungi that communicate more efficiently than with native 
plants; 

3) Non-native plants bring fungi that switch lifestyles 
and are pathogenic on native plants; 

4) Non-native plants alter the rhizosphere such that 
native root pathogens normally present in low abundance 
become abundant and are more virulent on native plants than 
the non-native species. 

To begin testing the symbiotic communication 
hypothesis we have begun to assess the fungal endophytes in 
several native and invasive plant species in Puget Sound and 
native habitats of the invasive species. The list of plant 
species we are analyzing includes Spartina anglica, S. 
alterniflora and S. patens. A minimum of three populations 
for each plant species was analyzed and at least 10 plants/per 
population were sampled. All of the Spartina plants 
analyzed (N=100) contained class 2 endophytes which 
appear to be native fungi based on a biogeographic study 
(Rodriguez et al. in preparation). These endophytes are 
currently being taxonomically defined by sequence analysis 
of nuclear ribosomal DNA and classical morphological 
methods. The host range of the endophytes is also being 
assessed and culture conditions identified for fungal 
conidiation. In addition, we have developed methods to 
germinate Spartina seeds devoid of endophytic fungi and are 
beginning to perform comparative studies to evaluate 
symbiotic and non-symbiotic plants. In 2005-2007 we 
performed greenhouse experiments to understand the 
symbiotic dynamics of Spartina anglica in the presence and 
absence of abiotic stress. These studies indicated that 
Spartina, like native coastal plants, establish associations 
with endophytes that confer salt tolerance Rodriguez et al. 
2008; Rodriguez et al., in preparation). Therefore, we 
surmise that endophytes play an important role in the 
invasion of coastal areas by Spartina species. Studies are 
underway to determine if endophytes contribute to the 
invasion processes in non-coastal habitats that impose 
different degrees of abiotic stress. 
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IS ERGOT A NATURAL COMPONENT OF SPARTINA MARSHES? DISTRIBUTION AND 

ECOLOGICAL HOST RANGE OF SALT MARSH CLAVICEPS PURPUREA

A.J. FISHER

Department of Plant Pathology, University of California, Davis, One Shields Ave., Davis, CA 95616; alijfisher@gmail.com 

This study was undertaken to better characterize the geographic distribution and host range of 
Claviceps purpurea from grass hosts in salt marsh habitats. Claviceps purpurea contains three 
intraspecific groups, each with a habitat association: G1 from terrestrial habitats, G2 from moist 
habitats and G3 from salt marshes. Twenty-six G3 isolates, representing 11 distinct populations 
were characterized based on the presence of an EcoRI restriction site in the 5.8S ribosomal DNA, 
and genetic similarity to isolates representing the other two C. purpurea intraspecific groups (G1 
and G2). Distichlis spicata was identified as the first non-Spartina host to G3 C. purpurea. In 
addition, all isolates originating from Spartina densiflora, S. foliosa, S. alterniflora, and S. anglica
were identified as belonging to G3 based on genetic analysis. Salt marsh Claviceps purpurea can be 
found along the Atlantic and Pacific Coasts of North America, Argentina, Ireland and England. A 
global distribution suggests that salt marsh (G3) C. purpurea is a natural component of Spartina-
dominated salt marsh habitats.  
Keywords: Ergot, Claviceps purpurea, Spartina, host range 

INTRODUCTION 

Claviceps purpurea (Fr.) Tul, the cause of ergot, is a 
well known pathogen of cereal grains and forage. The 
pathogen has a global distribution, and a wide host range 
within the Poaceae. This broad host range has led many 
researchers to seek evidence of taxonomic substructure 
based on morphology (Loveless 1971), alkaloid production 
(Eleuterius and Meyers 1977; Kobel and Sanglier 1978), and 
genetic characteristics (Jungehülsing and Tudzynski 1997).  

In a recent study, Pazoutová et al. (2000) synthesized 
previous research on C. purpurea morphology, alkaloid 
chemistry and genetics, and identified three distinct groups 
within the species. Rather than divisions based on host 
range, the groups were defined by habitat association. The 
largest group, G1, was associated with terrestrial grasses, 
and G2 with grasses in moist environments, whereas G3 was 
found only in salt marsh habitats. Isolates associated with 
G1 and G3 share an EcoRI restriction site in the 5.8S 
ribosomal DNA (rDNA), which G2 isolates lack. The three 
groups can be differentiated by RAPD analysis as well 
(Pazoutová et al. 2000). 

The ecological host range of maritime C. purpurea (G3) 
appears very narrow, compared to G1 and G2. G3 has been 
isolated exclusively from cordgrass species of the genus 
Spartina. Two host species to G3 have been identified, each 
in only one location: common cordgrass, S. anglica, in the 
United Kingdom and smooth cordgrass, S. alterniflora, from 
the state of New Jersey on the Atlantic coast of the United 
States (Pazoutová et al. 2000, 2002b). 

Whereas only two populations of G3 have been 
identified using molecular markers, the host to this 
intraspecific group, Spartina, is a widespread genus 

including both terrestrial and halophytic salt marsh species. 
Most members of the genus, including S. alterniflora, share 
a common native geographic range along the Atlantic Coast 
of North and South America. Introduced populations of S. 
alterniflora have established on the Pacific Coast as well, in 
the San Francisco Bay, California (Daehler and Strong 1994) 
and Willapa Bay, Washington (Stiller and Denton 1995). 
Thus, the geographic range of G3 may be much greater than 
is presently recognized and it is reasonable to think that 
diversity in populations of the pathogen may reflect the 
diversity of the host species. The objectives of this study 
were to assess the geographic distribution and ecological 
host range of G3 C. purpurea. 

MATERIALS AND METHODS 

Isolates included in this study, and their origins, are 
listed in Table 1. Isolates were sterilized and cultured 
according to the methods described in Pazoutová et al. 
(2000). Isolates not collected in the field were obtained as 
pure cultures from S. Pazoutová, including G1 isolates 374 
and 428 (Pazoutová et al. 2000), G2 isolates 236 and 434 
(Pazoutová et al. 2000), G3 isolates 500 and 538 (Pazoutová 
et al. 2002b), and G1 isolates165, 204 and 478. DNA was 
extracted, and RAPD and AFLP markers were developed 
according to the methods described in Pazoutová et al. 
(2000). EcoRI analysis was also performed using the 
methods described in Pazoutová et al. (2000). All 
monomorphic and polymorphic RAPD and AFLP markers 
were scored using a binary system (zero = absent and one = 
present). Percent similarity between isolates was calculated 
by dividing the number of shared markers by the total 
number of markers and multiplying by 100. 
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RESULTS

Distichlis spicata was identified as the first non-
Spartina host to G3 C. purpurea. In addition, all isolates 
originating from Spartina densiflora, S. foliosa, S. 
alterniflora, and S. anglica were identified as belonging to 
G3 based on genetic analysis. G1 and G3 isolates contained 
an EcoRI restriction site within the 5.8S rDNA, while G2 
isolates lacked this site, consistent with distinctions among 
these groups described by Pazoutová et al. (2000). Using 
RAPD and AFLP markers, between-group diversity was 
extraordinarily high with only less than 5 % of markers 
shared by all members of G1, G2 and G3. Within-group 
similarity for G3 isolates was approximately 40%.  

DISCUSSION 

The maritime group of C. purpurea (G3) has been 
distinguished from other intraspecific groups in this species 
by having an EcoRI site in the 5.8S ribosomal DNA, and a 
unique banding pattern based on RAPD analysis of nuclear 
DNA. Based on these characters, and AFLP analysis, the 
field collections examined in this study from Spartina spp. 
and Distichlis spicata are representative of the maritime 
group. The results of this study revealed G3 C. purpurea on 
three new species, S. foliosa, S. densiflora, and D. spicata.  

In addition, this study has identified salt marsh (G3) C. 
purpurea on S. alterniflora where it is invasive: in the San 
Francisco Bay, CA and Willapa Bay, WA. Spartina 
alterniflora was intentionally introduced into the San 
Francisco Bay as seed in the 1970s; S. alterniflora was 
unintentionally introduced to Willapa Bay, Washington over 
a century ago (Stiller and Denton 1995; Civille et al. 2005). 
The impacts of C. purpurea on S. foliosa populations are not 
known but there is evidence that the pathogen can reduce 
seed production in this species (A. Fisher, 2007). In Willapa 
Bay, the impacts of C. purpurea on seed production are not 
known. However, rates of infection are so low, that even if 
the pathogen reduces seed production on individual 
infloresences, C. purpurea is unlikely to be a significant 
factor for S. alterniflora fecundity. 

Spartina anglica, host to maritime C. purpurea on the 
coast of the United Kingdom and now identified as a host in 
Ireland, has a hybrid origin, being derived from native S. 
maritima and introduced S. alterniflora (Raybould et al. 
1991). The first incidence of C. purpurea on S. anglica and 
S. townsendii, the sterile F1 hybrid of S. maritima and S. 
alterniflora, was reported in Ireland in 1975 (Boyle 1976). 
While unsure of its origin, Boyle argued that this and a 
herbarium specimen of C. purpurea on S. anglica collected 
in 1971 were the first definitive reports of C. purpurea on 
salt marsh Spartina spp. in Great Britain and Ireland.  

Distichlis spicata has been previously identified as a 
host to C. purpurea (Sprague 1950), and is currently the 
only known host to G3 outside the genus Spartina. Perhaps 
not surprisingly, Distichlis and Spartina are closely related 
genera, belonging to the same subfamily (Chloridoideae) 

and tribe (Cynodonteae) (Peterson et al. 2001). This suggests 
a phylogenetic correspondence between host and pathogen. 
The range of D. spicata includes the Atlantic Coast of North 
America, the Gulf Coast states, Cuba, and the Pacific Coast 
of North America, from British Columbia south to Mexico, 
and South America (Hitchcock 1971). Distichlis spicata is 
typically found in salt marshes and seashores on moist and 
alkaline soils, and borders some S. alterniflora marshes in 
Willapa Bay, WA.  

In Argentina, G3 C. purpurea was collected from S. 
densiflora. Spartina densiflora is native to the Atlantic and 
Pacific coasts of southern South America (Mobberley 1956). 
Based on alkaloid profile, Samuelson and Gjerstad (1966) 
proposed that C. purpurea from Spartina spp. in coastal 

Table 1. Origin and host plant of C. purpurea isolates. 

aOrigin Host Group 
ID 

Březno, Czech Republic Dactylis glomerata G1 

Altamont, AL, USA F. arundinacea G1 

Lauderdale, AL, USA Festuca 
arundinacea G1 

L’Anse aux meadows, 
Newfoundland, Canada

Leymus mollis G1 

Zubri, Czech Republic Poa pratensis G1 
MacDoel, CA, USA Secale cereale G1 
Aberdeen, ID, USA Secale cereale G1 
Hohenheim, Germany Secale cereale G1 
Phillipsreuth, Germany Dactylis spp. G2
Vlčí Pole u Bousova, 

Czech Republic 
Molinia coerulea G2 

Willapa River, WA, USA Distichlis spicata G3
Palix River, WA, USA S. alterniflora G3 
Dolphin Island, AL, USA S. alterniflora G3 
Point Reyes NS, CA, 

USA 
S. alterniflora G3 

St. Augustine, FL, USA S. alterniflora G3 
Marsh Landing, GA, USA S. alterniflora  G3 
Flax River, NY, USA S. alterniflora G3 
Rhode Island, USA S. alterniflora G3 
Southriver, NJ, USA S. alterniflora G3 

Marchwood, UK S. alterniflora G3 
Dublin, Ireland S. anglica G3 
Argentina Celpa Marsh, 

Argentina 
S. densiflora G3 

Bolinas Lagoon, CA, 
USA 

S. foliosa G3 

Palo Alto, CA, USA S. foliosa G3 
Mountain View, CA, USA S. foliosa G3 
San Mateo, CA, USA S. foliosa G3
Point Reyes NS, CA, 

USA 
S  foliosa G3 
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Argentina was a separate species, C. maritima, or ‘feather 
ergot.’ The host at the time was misidentified as S. maritima 
(Eleuterius and Meyers 1977). Eleuterius and Meyers (1977) 
proposed it was more likely to have been S. alterniflora, 
based on floristic surveys of the region, but since S. 
densiflora is now known to be a host in South America, it 
could be a candidate as well.  

Our results support the recognition of three discrete 
groups within C. purpurea. Results of RAPD and AFLP 
analysis showed high intergroup variability between G1, G2, 
and G3. Using a collection of isolates from a different set of 
hosts, Jungehülsing and Tudzynski (1997) also found high 
intraspecific variability using RAPD markers. In their study, 
parsimony analysis grouped samples from the same host 
species together, suggesting some degree of host specificity. 
More sampling is necessary to reveal the ecological and 
physiological range of G3, though there is evidence that the 
pathogenicity profile of G3, following greenhouse 
inoculations, is not limited to salt marsh species (Pazoutová 
et al. 2002a). Laboratory experiments notwithstanding, our 
results imply a degree of specificity in the ecological range of 
G3. 

Our results confirm the presence of three intraspecific 
groups within C. purpurea and support from both RAPD and 
AFLP profiles strongly suggests widespread geographic 
dispersal of salt marsh C. purpurea throughout the range of 
both native and invasive Spartina species. 
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Sharply-defined ecotones commonly separate species living in high intertidal and low intertidal 
estuarine zones. Low intertidal regions are characterized by anoxic sediments and toxic levels of 
hydrogen sulfide. These conditions exclude high marsh species. In contrast, low marsh species are 
believed to possess physiological adaptations to resist the anoxia and sulfide. However, these 
adaptations are poorly understood. One of the most important characteristics of waterlogged 
sediments is the lack of oxygen. Many wetland plants have been shown to transport atmospheric 
oxygen internally to support respiration in submerged tissues. This ability may allow plant survival 
in low intertidal marsh areas and is often implicated as a factor in determining species zonation in 
estuaries. In this study, oxygen transport and metabolic characteristics related to anoxia tolerance 
and rhizosphere oxidation were investigated in the emergent estuarine species Spartina alterniflora, 
S. anglica, S. densiflora, S. patens, and Distichlis spicata (Poaceae). Plants were grown in 
greenhouse experiments under simulated estuarine conditions. All species showed a strong ability to 
respire anaerobically. The high intertidal marsh species S. densiflora, S. patens, and D. spicata were 
found to have high aerobic respiration rates, low oxygen transport rates, and an apparent high 
sensitivity to sulfide. The low intertidal marsh species S. alterniflora and S. anglica had lower 
aerobic respiration rates, moderate to high oxygen transport rates, and a lower sensitivity to sulfide. 
Spartina anglica appeared to have the greatest ability to transport oxygen and was more resistant to 
mudflat-related stressors compared to the other plants in this study. Evidence is presented that 
aerobic respiration rates and sulfide sensitivity may be important factors for differences in estuarine 
zonation between species. 
Keywords: Distichlis spicata, hypoxia, oxygen transport, respiration, sediment, Spartina, sulfide 

 

INTRODUCTION 

The introduction of four species of Spartina grasses 
(Poaceae) into Washington estuaries has led to many 
devastating ecological and economic impacts. Nearly 8,100 
hectares (ha) of intertidal mudflat in Willapa Bay, 
Washington, USA, has been affected by introduced S. 
alterniflora (Hedge et al. 2003). Similarly, S. anglica was 
introduced in northern Puget Sound, Washington in 1961 to 
presvent shoreline erosion, but quickly spread via tidal 
currents and now affects over 3,300 ha in the Puget Sound 
area (Hacker et al. 2001). Other Spartina introductions into 
Washington estuaries include Spartina densiflora Brong. 
(WSDA news release 11 Jan 2002) and S. patens (Aiton) 
Muhl. (Frenkel 1987). These populations remain small and 
are closely monitored to prevent spread. 

Introduced Spartina flourishes in West Coast estuaries 
because it can occupy an open niche: low intertidal mudflats 
and tidal channels characterized by highly reducing 
conditions (an oxidation reduction potential less than -300 
millivolts [Eh<-300 mV]; Brix and Sorrell 1996). Native 
vegetation cannot colonize these areas. Spartina survives in 
these low intertidal areas because it has a suitable 

physiology to cope with anoxic mudflats and their associated 
toxins (Maricle et al. 2006; Maricle and Lee 2007). In 
contrast, native species like Distichlis spicata (L.) Greene 
are confined to the mid- and upper-intertidal zones (Emmett 
et al. 2000) where sediment redox potentials are 
substantially higher.  

In their native range, Spartina grasses dominate many 
salt marshes (Teal and Teal 1969). North American East 
Coast estuaries are dominated by monotypic stands of 
Spartina alterniflora and S. patens, often divided by a sharp 
elevational ecotone (Bertness 1991). It has also been noted 
that S. anglica can grow lower in the intertidal zone than 
either of its parent species (Thompson 1991). Sharp 
elevational zonation patterns are common in salt marsh 
communities (Adam 2002), suggesting differences in 
ecological amplitude between species that may be due to 
physiological factors interacting with abiotic gradients. 
Plants more tolerant of reducing sediments are able to grow 
lower in the intertidal range, while less tolerant plants are 
restricted to higher intertidal regions (Maricle et al. 2006). 

Grasses of the genus Spartina grow extremely well in 
estuarine sediments that normally do not have sufficient 
oxygen to support other plant species. A key to their success 
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in these environments is thought to be oxygen transport to 
the roots and rhizosphere, facilitated by a system of gas 
spaces (aerenchyma) connecting leaves to root tissues (Teal 
and Kanwisher 1966, Hwang and Morris 1991, Arenovski 
and Howes 1992, Howes and Teal 1994). The presence and 
functioning of aerenchyma is well documented in plants 
tolerant of flooded conditions, and generally results in a 
supply of oxygen for aerobic respiration as well as radial 
oxygen loss to the environment (reviewed by Jackson and 
Armstrong 1999).  

Once oxygen has reached submerged tissues in 
emergent plants like Spartina, it has at least three possible 
fates (Fig. 1). Oxygen can be released into the rhizosphere, 
support mitochondrial respiration, or be used in sulfide 
oxidation processes. The strength of these competing oxygen 
sinks can be important in the ecophysiology of wetland 
plants since it influences how oxygen is budgeted in 
submerged tissues (Sorrell 1999).  

Anoxic estuarine sediments represent a strong external 
oxygen sink and they can overwhelm plant oxygen transport 
processes. Therefore, Spartina grasses also must exhibit a 
strong capability for anaerobic respiration to sustain 
metabolism when oxygen supplies are low. The enzyme 
alcohol dehydrogenase (ADH) catalyzes the final reaction in 
fermentative ethanol synthesis. The ability to respire under 
hypoxic conditions is important for life in waterlogged soils, 
so ADH activity in these plants appears to be an adaptation 
for anoxia tolerance (Crawford 1967).  

To understand the mechanisms conferring success in 
low intertidal zones, aspects of oxygen transport and 
metabolic characteristics related to anoxia tolerance and 
rhizosphere oxidation were investigated in greenhouse 
Spartina plants. The four Spartina species introduced into 

Washington estuaries provide a good system for studying 
estuarine zonation since they represent a range from high 
marsh to low marsh species. The low marsh species Spartina 
alterniflora and S. anglica were studied and compared to the 
high marsh species S. densiflora, S. patens, and the native 
Distichlis spicata.  

Plants are aerobes. Therefore, survival in waterlogged 
soils requires a supply of oxygen to support tissues 
submerged in anoxic sediments (Crawford 1982). However, 
many additional physiological processes can be affected by 
the supply of oxygen to submerged tissues in wetland plants. 
Measures of the mechanisms shown in Fig. 1 may allow one 
to estimate how much oxygen is used in aerobic respiration 
and how strong external oxygen sinks may be. In the present 
study, rates of oxygen transport were measured and 
compared to rates of aerobic respiration. Highly reducing 
mudflat conditions may inhibit aerobic respiration processes 
and induce alternative anaerobic respiration pathways. 
Therefore, rates of aerobic respiration were measured as well 
as activities of the aerobic respiration enzyme cytochrome c 
oxidase and the anaerobic respiration enzyme alcohol 
dehydrogenase. Tolerance of estuarine mudflat conditions 
may also require mechanisms to detoxify hydrogen sulfide, a 
phytotoxin produced under anaerobic conditions. 
Consequently, rates of sulfide oxidation processes were also 
measured in root tissues. The results of this study are 
expected to provide a physiological explanation to help 
define differences between high marsh and low marsh 
functional types and their relationship to estuarine zonation. 

MATERIALS AND METHODS 

Spartina plants were collected from field sites and 
subsequently maintained under greenhouse conditions. 
Spartina alterniflora plants were collected in Willapa Bay, 
Washington and S. anglica was collected from northern 
Puget Sound, Washington. Additionally, S. patens plants 
were obtained from the Gulf Coast of northwest Florida and 
S. densiflora plants were obtained from the Odiel Salt 
Marshes, southwest Spain. The native Distichlis spicata was 
collected in northern Puget Sound, Washington.  

Greenhouse temperatures were 26°C during the day and 
18°C at night. Natural lighting provided a photosynthetic 
photon flux density (PPFD) averaging 200 micromoles 
quanta per square meter per second (200 μmol quanta m-2 
sec-1) during daylight hours with peaks around 1,100 μmol 
quanta m-2 sec-1 on sunny days. Daughter tillers from field-
collected plants were potted individually in a 50/50 
(vol./vol.) sand/potting soil mixture and were watered to 
saturation twice weekly with modified Hoagland nutrient 
solution (Epstein 1972). Freshly potted plants were selected 
for uniformity in size and randomized between flooded and 
drained treatments. At least four replicate plants were grown 
in each treatment. Plants were allowed 60-80 days in their 

 
Fig. 1. Atmospheric oxygen can be transported through wetland plants to 
submerged tissues. Once oxygen reaches the roots (inset), it has several 
possible fates. Measurements of the indicated processes and enzyme 
activities may indicate how oxygen is allocated in the roots of flood-tolerant 
plants. 
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respective treatment (drained or flooded) before testing or 
harvest. All statistical analyses were performed between 
species and treatments with a two-factor (species and 
treatment) analysis of variance (Statview 5; 1998 SAS 
Institute Inc., Cary, NC; α=0.05). 

Individual plants were tested for their ability to transport 
oxygen internally after the method of Maricle and Lee 
(2002). A fiber optic oxygen-sensing probe (FOXY-R probe; 
Ocean Optics Inc., Dunedin, FL) was used to measure 
dissolved oxygen concentrations in sealed flasks containing 
roots of intact plants suspended in water. Flask water 
contained penicillin G and streptomycin sulfate at 1 gram 
per liter (1 g L-1) each and 50 mg L-1 chloramphenicol to 
prevent bacterial respiration. During testing, plants were 
placed under a 250 watt (W) metal halide light (Hydrofarm 
gardening products; Petaluma, CA). At plant level, PPFD 
was about 150 μmol quanta m-2 s-1 and air temperature was 
28˚C. Flask dissolved oxygen concentrations started at 100 
μM (±10 μM) and were measured over a period of 2-3 hours 
to observe consumption or release of oxygen by plants to the 
surrounding medium. 

Parallel measurements of oxygen consumption were 
conducted on plants where aerenchyma transport capabilities 
were blocked. Placing the shoot of the plant in a 100% N2 
atmosphere prevents the entry of oxygen into the 
aerenchyma system (Armstrong 1964, Teal and Kanwisher 
1966). Plants were maintained in the dark during this 
measurement to prevent the release of photosynthetic 
oxygen. Rates of oxygen consumption were compared 
between plants under a 21% O2 atmosphere and a 100% N2 
atmosphere; the difference between the two flux rates equals 
the amount of oxygen transported internally through the 
plant’s aerenchyma system (Lee 2003). Rates of internal 
oxygen transport were standardized to g fresh root weight. 
Oxygen consumption in the dark under 100% N2 represents 
total oxygen demand by the plant and was taken to be the 
dark respiration rate (Maricle and Lee 2007).  

At harvest, root samples were obtained from each plant, 
flash-frozen in liquid nitrogen, and stored at –80°C. 
Cytochrome c oxidase (CytOx) and sulfide oxidase (SOx) 
activities were determined in extracts from root tissue 
samples. Roots were ground in liquid nitrogen and cold 
extraction buffer was added at 2 milliliters per gram (2 mL 
g-1) (Maxwell and Bateman 1967). This mixture was 
homogenized with a mortar and pestle, filtered through 
Miracloth (Calbiochem; San Diego, CA), and centrifuged at 
1,000 g for 20 minutes at 4°C. The supernatant was used in 
CytOx and SOx assays. Alcohol dehydrogenase (ADH) was 
extracted from root tissue samples after John and Greenway 
(1976). Roots were ground in liquid nitrogen, and cold 
extraction buffer was added at 5 mL g-1. The resulting 
mixture was homogenized with a mortar and pestle, filtered 
through Miracloth, and centrifuged at 10,000 g for 10 min at 

4°C. This supernatant was used in ADH assays. All enzyme 
assays were performed spectrophotometrically at 25°C 
(Maricle et al. 2006).  

CytOx activity was determined as the rate of 
cytochrome c oxidation, measured as a decrease in 
absorbance at 550 nanometers (nm) (Smith 1955). Rates of 
CytOx activity were corrected for background rates of 
cytochrome c oxidation, then standardized to g fresh root 
weight. ADH activity was assayed spectrophotometrically in 
the ethanol-forming direction (John and Greenway 1976). 
Enzyme activity was determined as the rate of NADH 
oxidation, measured as a decrease in absorbance at 340 nm. 
Rates of NADH oxidation in the presence of acetaldehyde 
were corrected for background rates of ethanol formation, 
then standardized to g fresh root weight (Maricle et al. 
2006).  

A colorimetric method was developed to measure the 
activity of sulfide oxidation processes. 50 microliter (μL) 
aliquots of extract were added to a series of 1 mL buffer 
solutions of 100 μM Na2S. 40 μL of Cline reagent (Cline 
1969) was added to the solutions after 0, 10, and 20 min to 
determine the amount of sulfide present. Background rates 
of sulfide oxidation were measured by adding 50 μL 
phosphate buffer instead of enzyme extract to a series of 
tubes containing 100 μM Na2S as described above. SOx 
activity was measured as a decrease in sulfide concentration 
over time. Total rates of SOx activity were corrected for 
background rates of spontaneous sulfide oxidation, then 
standardized to g fresh root weight. Rates of nonenzymatic 
sulfide oxidation were determined using 50 μL aliquots of 
boiled enzyme extract. Enzymatic rates of sulfide oxidation 
were calculated from the difference between the rates of 
total sulfide oxidation and nonenzymatic sulfide oxidation 
(Maricle et al. 2006). 

RESULTS AND DISCUSSION 

Soil waterlogging is the most common cause of plant 
oxygen deficiency (Vartapetian and Jackson 1997). Impacts 
of flooding on plant productivity can also have significant 
impacts on commodity crops. Excessive rains in the spring 
of 1993 resulted in a 33% reduction in Midwest crop 
production (Bray et al. 2000). Despite these kinds of 
economic losses, many observers may have overlooked the 
cattails and other wetland plants flourishing in nearby 
flooded ditches. Differences in flooding tolerance have long 
been recognized between plant species, but the specific 
physiology governing the differences has remained largely 
unknown. 

Internal oxygen transport is often regarded to be an 
important factor conferring plant success in waterlogged 
areas, and therefore is thought to be important in estuarine 
zonation (e.g., Gleason and Zieman 1981, Bertness 1991). 
The oxygen transport rates measured in this study exhibited 
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a variability among individuals, with some apparent 
differences between species. The highest rates of transport 
were exhibited by S. anglica, with moderate to low rates in 
all other species (Fig. 2a). Compared to the other species in 
this study, S. anglica showed the greatest ability to transport 
oxygen (analysis of variance [ANOVA], p<0.010). The 
other species had lower rates of oxygen transport. However, 
the high marsh species that are sensitive to hypoxia 
transported oxygen at similar rates compared to the low 
marsh species S. alterniflora. Clearly there are factors, 
possibly physiological, in high marsh species that prevent 
them from surviving in low marsh habitats.  

Spartina anglica was the only species with oxygen 
transport rates greater than zero under lab conditions (Fig. 
2a). Therefore, the superior ability of S. anglica to tolerate 
anoxic sediments may be at least partly due to increased 
rates of internal oxygen transport. However, conditions in 
this study did not completely replicate the highly reducing 
character of estuarine mudflats. A much larger redox 
gradient can exist between plant roots and the rhizosphere 
when plants grow in estuarine sediment compared to roots 
suspended in water. Rates of oxygen transport in the field 
may be substantially larger than those measured in the lab. 
Consequently the relative capabilities of each species are 
resolved in this study, but not the maximum rates possible in 
the field.  

In some cases, low rates of aerobic respiration might be 
related to the ability to tolerate anoxic conditions. Low 
oxygen demand is clearly an advantage when living in low-
oxygen conditions. Aerobic respiration rates differed among 
species in the present study (Fig. 2b), with the high marsh 
species high marsh species D. spicata exhibiting the lowest 
respiration rates compared to all other species (p<0.001).  

The mean cytochrome c oxidase (CytOx) activity for all 
species ranged from 0.033 to 0.241 μmol g-1 min-1 across 
waterlogging treatments (Fig. 3). CytOx catalyzes the 
terminal electron transfer to oxygen in aerobic respiration 
and may therefore serve as an indication of aerobic capacity. 
Root CytOx activities significantly increased in response to 

flooding in the high marsh species S. densiflora, S. patens, 
and D. spicata (ANOVA, p≤0.035) but not the low marsh 
species S. anglica or S. alterniflora (ANOVA, p≥0.142). 
Increased activities of CytOx may allow increased oxygen 
scavenging in oxygen-deficient tissues. The high marsh 
species had significantly higher CytOx activities compared 
to the low marsh species (ANOVA, p<0.001).  

Differences in mitochondrial “dark” respiration rates 
(measured under 100% N2) supported measured CytOx 
activities (Figs. 2-3). Overall rates of oxygen uptake ranged 
from 0.23 μmol g-1 h-1 in the low marsh species S. anglica to 
2.94 μmol g-1 h-1 in the high marsh species D. spicata (Fig. 
2b). Respiration rates were similar to values reported for 
other estuarine and terrestrial plants (Byrd et al. 1992). High 
marsh species had significantly greater CytOx activities than 
low marsh species (Fig. 3). This suggests that while 
differences among marsh species are correlated with habitat 
preference, these species still maintain an aerobic poise to 
metabolism despite potential oxygen limitation.

ADH activities were low in all plants studied, indicating 
metabolism adapted for flooding tolerance (Crawford 1967). 
Many previous studies have established differences in root 
ADH activity between marsh species found in high intertidal 
(less anoxia tolerant) vs. low intertidal (more anoxia 
tolerant) environments. Roots of the high marsh species 
Spartina patens have been shown to increase ADH activity 
following flooding (Burdick and Mendelssohn 1987, Naidoo 
et al. 1992, Pezeshki et al. 1993), while roots of the low 
marsh species S. alterniflora are more resistant to flooding 
and generally do not show increases in ADH activity under 
similar conditions (Naidoo et al. 1992). However, a strong 
rhizosphere oxygen demand can result in high ADH 
activities even in anoxia tolerant low marsh species like S. 
alterniflora that may transport substantial oxygen 
(Mendelssohn et al. 1981). In the present study, mean ADH 
activities ranged from 0.71 to 5.35 μmol g-1 min-1 across 
species and flooding treatments (Fig. 4). Root ADH 

Fig. 3. Cytochrome c oxidase (CytOx) activities (μmol g-1 min-1) of 
Spartina and Distichlis grown under drained and flooded soil treatments. 
Shown is the mean of 8-15 plants ± SE. Species are labeled as in Fig. 2. 

Fig. 2. (a.) Internal oxygen transport rates, and (b.) root respiration rates 
(μmol g-1 h-1) of Spartina and Distichlis grown under flooded soil 
treatments. Shown is the mean of 5-14 plants ± SE. Species are labeled as 
follows: S. alt = Spartina alterniflora, S. ang = S. anglica, S. den = S. 
densiflora, Dist. = Distichlis spicata, S. pat = S. patens. 
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activities in S. anglica were significantly lower than all other 
species (ANOVA, p≤0.046). Flooded soil conditions 
resulted in significantly higher ADH activities in all species 
(ANOVA, p≤0.018) expect the low marsh species S. anglica 
(ANOVA, p=0.564).   

Most plants can survive short term absence of oxygen 
(≤60 min) without cell death. In these cases, normal ATP 
stores are quickly depleted in active cells, and mitochondrial 
swelling is usually observed within minutes (Drew 1997). 
Large reserves of stored carbon can help the cells respire 
anaerobically, but longer absences of oxygen can result in 
cell death. Irreversible damage to mitochondria and cell 
viability generally occurs following 15 hours of anaerobiosis 
(Perata and Alpi 1993). However, a supply of oxygen from 
internal aeration can allow marsh plants like Spartina to 
respire aerobically despite growing in waterlogged 
substrates. The superior oxygen transport abilities of S. 
anglica may have helped to account for its low root ADH 
activities observed in this study. 

The plants studied showed varying degrees of sulfide 
oxidation capacity. Total sulfide oxidation was partitioned 
into enzymatic and nonenzymatic processes. The mean 
enzymatic sulfide oxidase (SOx) activity ranged from 14.4 
to 97.2 nmol g-1 min-1 across species and waterlogging 
treatments (Fig. 5a). Enzymatic SOx activities were highest 
in the high marsh species S. patens and D. spicata and were 
significantly lower in S. densiflora and the low marsh 
species S. alterniflora and S. anglica (ANOVA, p≤0.050). 
This difference may suggest that high marsh species are 
more sensitive to sediment sulfides and thus require greater 
enzymatic protection. Enzymatic SOx activities did not 
change in response to flooding across species (ANOVA, 
p≥0.960).  

Nonbiotic factors such as metal ions can contribute to 
sulfide oxidation (Lee et al. 1999). Such nonenzymatic 
processes were also found to be important in sulfide 
oxidation in the present study. Mean nonenzymatic sulfide 

oxidation rates ranged from 12.6 to 51.1 nmol g-1 min-1 
across species and waterlogging treatments (Fig. 5b). 
Nonenzymatic rates of sulfide oxidation were not different 
between species or flooding treatment (ANOVA, p≥0.141).  

CONCLUSIONS 

The upper regions of salt marshes are characterized by 
oxidized soils, since tidal flooding is rare. However, episodic 
flooding at the highest tides can result in occasional anoxic 
and sulfidic conditions. Therefore, plants from the high 
marsh are not forced to withstand chronic anoxia. The high 
marsh species S. patens, S. densiflora, and Distichlis spicata 
were found to have high aerobic respiration rates and high 
aerobic enzyme activity. This aerobic oxygen demand may 
be too high to allow survival in anoxic low marsh 
conditions, where plants had lower aerobic demand. 
Anaerobic pathways (root ADH activities) increased after 
flooding in all three high marsh species suggesting a high 
sensitivity to soil waterlogging. Internal oxygen transport 
rates were low in these plants since they are adapted to life 
in sediments where soil oxygen is not normally limiting to 
root respiration.  

Additionally, higher SOx activities were found in high 
marsh species compared to low marsh species. These trends 
suggested that high marsh species were more sensitive to 
sulfide and required greater protection of aerobic respiration. 
This idea is consistent with the finding that these species 
exhibited higher activities of CytOx, the site of sulfide 
inhibition of aerobic respiration (Bagarinao 1992). High 
rates of aerobic respiration and apparent sulfide sensitivity 
may substantially account for the exclusion of these species 
from low marsh zones. 

The low zones of salt marshes are characterized by 
frequent tidal flooding. This leads to highly reduced 
sediments, often containing high levels of sulfides. Plants 
inhabiting low marsh regions must be able to tolerate highly 
reducing and sulfidic sediment conditions. Spartina 
alterniflora is the dominant low marsh species in many 
North American East- and Gulf Coast estuaries (Bertness 

Fig. 5. Sulfide oxidase (SOx) activities (nmol g-1 min-1) of Spartina and 
Distichlis grown under drained and flooded soil treatments. Shown are (a.) 
enzymatic and (b.) nonenzymatic rates of sulfide oxidation. The mean of 
4-10 plants are shown ± SE. Species are labeled as in Fig. 2. 

Fig. 4. Alcohol dehydrogenase (ADH) activities (μmol g-1 min-1) of 
Spartina and Distichlis grown under drained and flooded soil treatments. 
Shown is the mean of 7-13 plants ± SE. Species are labeled as in Fig. 2. 
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1991). Spartina anglica can grow lower in the intertidal 
range than S. alterniflora (Frenkel 1987, Sayce and 
Mumford 1990), and therefore any other species in this 
study. Low marsh species exhibited low aerobic respiration 
rates and CytOx activity, which when coupled to high rates 
of internal oxygen transport may pose a significant 
advantage for survival in anoxic sediments. The ability to 
supply oxygen to submerged tissue is crucial to survival in 
the low marsh, as no plant tissue can endure anoxia 
indefinitely (Crawford 1982). Low marsh species must also 
possess an ability to respire anaerobically since demand for 
oxygen from highly reduced sediments may overwhelm 
transport processes. ADH activities measured in Spartina 
roots indicated a well-developed capacity for fermentation. 
However, increases in root ADH were not observed in the 
low marsh species S. anglica. High rates of oxygen transport 
in S. anglica may be adequate to supply oxygen to roots and 
external sinks, as suggested by its low root ADH activities. 
Low marsh species may be more resistant to sulfides when 
compared to high marsh species. Lower aerobic respiration 
rates and lower CytOx activities may relax needs for intense 
sulfide oxidation requirements. Alternatively, higher rates of 
oxygen transport in some low marsh species may help to 
oxidize rhizosphere sulfides, resulting in reduced SOx 
activity. However, the acute toxicity of dissolved sulfides 
around roots still necessitates moderate SOx activities in low 
marsh species.  

The results of this study suggest metabolic characteristics 
related to respiration and sulfide tolerance may affect zonation 
of grasses in estuaries. While internal oxygen transport is 
important for survival in estuarine sediments, this study may 
indicate that zonation within estuaries is dependent on more 
than just oxygen transport. Aerobic respiration rates and 
sensitivity to sediment sulfides may play a large role in 
influencing estuarine zonation as well. 
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EFFECTS OF SALINITY ON PHOTOSYNTHESIS IN C4 ESTUARINE GRASSES
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The effects of salinity on gross and net photosynthesis rates were measured in estuarine C4 grasses. 
Net CO2 fixation was most affected by increasing salinity in Spartina patens and S. alterniflora, 
moderately affected in Distichlis spicata and S. densiflora, and unaffected in S. anglica. Spartina 
anglica exhibited a decrease in internal carbon dioxide (CO2) with increasing salinity, suggesting 
some decrease in stomatal conductance. The results suggest S. anglica has a superior level of salt 
tolerance compared to other species in the study, which could have implications for community 
structure in field sites or for invasive potential of S. anglica. The maximum quantum efficiency of 
CO2 fixation, measured under limiting light, decreased with increasing salinity in S. alterniflora and 
S. patens, indicating an increase in leakage of CO2 from the CO2 pump. While carbon fixation de-
creased under increasing salinity in most species, fluorescence yield data showed there was little ef-
fect on the use of solar energy in photochemistry. This indicates additional sinks are induced under 
salinity for use of photochemically generated energy (e.g., increase in the CO2 pump, photorespira-
tion, or Mehler reaction). Also, in S. patens and D. spicata, which had moderate decreases in photo-
synthesis, non-photochemical quenching (NPQ) mechanisms increased with salinity indicating some 
of the excess light energy was lost as heat. Therefore, excess excitation energy was diverted away 
from the photosynthetic reaction centers to prevent photoinhibition. Variable to maximal fluores-
cence (FV/FM) ratios were not significantly decreased by increasing salinity, suggesting there was no 
damage to photosystem II (PSII) reaction centers in any species. 
Keywords: Spartina, Distichlis, chlorophyll fluorescence, gas exchange, salt stress 

INTRODUCTION 

High and fluctuating salinity levels are characteristic of 
salt marshes. Elevated soil salinity can cause low water 
potentials, which can decrease stomatal conductance, 
reducing incoming CO2, and thus reducing photosynthetic 
rates (Willmer 1983). One aim of the present study was to 
determine how stomatal conductance and photosynthesis in 
C4 salt marsh grasses are affected by environmental salinity.  

Gross and net photosynthesis rates were measured under 
three salinity levels in the estuarine C4 grasses Spartina 
alterniflora, S. anglica, S. patens, S. densiflora, and 
Distichlis spicata in growth chamber studies. Differences in 
these parameters were anticipated as a result of changes in 
photosynthesis as affected by salinity. Primary production 
by Spartina is an important input into the estuarine system 
(Peterson et al. 1985), so understanding the photosynthesis 
and hence production of this material may be important for 
understanding estuarine ecology and trophic interactions. 

MATERIALS AND METHODS 

Plants were collected at field sites in Washington (S. 
alterniflora, S. anglica, and D. spicata), Florida (S. patens), 
and Spain (S. densiflora). Tillers were potted in a 50/50 
volume to volume (v/v) sand/potting soil mixture, and plants 
were watered to saturation twice weekly with modified 
Hoagland solution (Epstein 1972). Growth chamber 

conditions were 14L/10D (light/dark hours) with 26°C days 
and 18°C nights. Photosynthetic photon flux density (PPFD) 
was 300 micromoles per square meter per second (μmol m-2

s-1) at bench level. Flooded treatment plants were placed in 
large plastic tubs in a randomized block design. Water was 
maintained at 2 centimeters (cm) above the soil surface and 
was completely replaced weekly. Salinity levels were 
increased 15 parts per thousand (‰) per week until flooded 
treatments included 0, 15, and 30‰ salt (Instant Ocean salts; 
Aquarium Systems, Mentor, Ohio). Drained treatments 
contained 0‰ salt. Plants were held for 30 days under final 
treatment conditions before testing. There were at least three 
replicate plants per species/treatment combination. 

Chlorophyll fluorescence was measured with an OS-500 
modulated fluorometer (Opti-Sciences, Inc.; Tyngsboro, 
MA). Gross photosynthetic rates of O2 evolution were 
calculated from fluorescence yield measurements after Krall 
and Edwards (1992). The second-youngest leaf on each plant 
was tested and light-response curves were generated for 
PPFD of 15-2000 μmol m-2 s-1.  

A FastEst gas exchange system (Maricle et al. 2007) was 
used to measure leaf gas exchange on high (30‰) and low 
(0‰) salinity plants. Intact leaves were enclosed in a leaf 
chamber at 25°C and 25% relative humidity. Measures of CO2

uptake gave net photosynthesis rates, and measures of external 
water vapor allowed calculations of stomatal conductance and  
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the ratio of internal to atmospheric CO2 concentration (ci/ca). 
A CO2 analyzer (Li-Cor 6251; Lincoln, Nebraska) was used to 
measure leaf photosynthetic carbon uptake. Simultaneous 
measures of chlorophyll fluorescence (Walz PAM 101; 
Effeltrich, Germany) allowed calculations of gross 
photosynthetic rates of O2 evolution. Light-response curves 
were generated for PPFD of 0-1100 μmol m-2 s-1. A 20-minute 
dark period was allowed before measuring FV/FM at 0 μmol 
m-2 s-1. The initial slope of each plant’s light-response curve 
(under limiting light) was taken to be the quantum efficiency 
of CO2 fixation or O2 evolution (Genty et al. 1989).  

Light-response curves were compared between species 
and treatments using repeated measures analysis of 
covariance (ANCOVAR). Parameters like quantum 
efficiency, ci/ca, FV/FM, and NPQ were compared between 
species and treatments using analysis of variance (ANOVA). 
Treatments were blocked by tubs in all analyses. 

RESULTS AND DISCUSSION 

Maximum rates of gross photosynthesis (rates of O2

evolution) were quite high in this study (Fig. 1), consistent 
with productivity data presented by Long and Woolhouse 
(1979) for Spartina species. There were no significant 
differences in gross photosynthesis rates between species, 
treatment, or their interactions (ANCOVAR, p≥0.439). 

Maximum quantum efficiencies of O2 evolution, 
measured under limiting light, were not significantly 
decreased by salinity in any species (ANOVA, p≥0.107; 
Table 1). Values for gross quantum efficiencies in Spartina
and Distichlis were slightly higher than previously published 
net quantum efficiency measures for C4 monocots.  

Values for quantum efficiencies of CO2 fixation were 
slightly lower than gross quantum efficiencies (Table 1) and 
were similar to those reported by Ehleringer and Pearcy 
(1983) for C4 monocots. Quantum efficiencies of CO2

fixation decreased in S. alterniflora and S. patens with 
increased salinity (ANOVA, p≤0.058), but not in any other 

species (ANOVA, p≥0.161). 
There were large differences between gross and net 

photosynthesis rates in most species (Table 2). This resulted in 
a surplus of harvested light energy not used in CO2 fixation. 
This energy must be dissipated in order to prevent damage to 
photosynthetic reaction centers. Net rates of photosynthesis 
were lower in 30‰ salt compared to 0‰ salt in S. patens, S.
alterniflora, and D. spicata (ANOVA, p≤0.063), but not in S. 
anglica or S. densiflora (ANOVA, p≥0.624). 

Maintaining gross photosynthesis rates (as measured by 
fluorescence yield) in the light while rates of CO2 fixation 
decrease with increasing salinity indicates additional 

Fig. 1. Light-response curves showing gross photosynthesis rates (μmol 
O2 evolved m-2 s-1) of Spartina and Distichlis plants in flooded or drained 
soil conditions and salt up to 30‰. Points are means of 3-23 plants ± SD. 

Table 1. Photosynthesis data collected for high- and low-salinity, flooded-treatment plants in the gas-exchange system. Shown is the net quantum efficiency of CO2

fixation, the gross quantum efficiency of O2 evolution, the maximum amount of nonphotochemical quenching and ci/ca values at 1100 μmol m-2 s-1, and the maxi-
mum FV/FM ratio of dark-adapted plants. The mean ± SD (n) is given for each species/treatment combination. 

Species Treatment 
salinity 

Net QE 
(CO2 photon-1)

Gross QE 
(O2 photon-1)

Max NPQ 
(unitless) 

ci/ca

(unitless) 
Max FV/FM

(unitless) 
S. alterniflora 0‰ 0.065 ± 0.020 (3) 0.066 ± 0.010 (3) 1.99 ± 0.24 (3) 0.53 ± 0.10 (3) 0.74 ± 0.01 (3) 

30‰ 0.026 ± 0.016 (3) 0.046 ± 0.010 (3) 1.80 ± 0.36 (3) 0.60 ± 0.15 (3) 0.67 ± 0.08 (3) 
S. anglica 0‰ 0.025 ± 0.018 (4) 0.049 ± 0.009 (4) 1.64 ± 0.33 (4) 0.61 ± 0.11 (4) 0.72 ± 0.04 (4) 

30‰ 0.027 ± 0.021 (4) 0.056 ± 0.009 (4) 1.63 ± 0.50 (4) 0.41 ± 0.08 (4) 0.72 ± 0.03 (4) 
S. densiflora 0‰ 0.049 ± 0.048 (4) 0.056 ± 0.014 (4) 1.78 ± 0.24 (4) 0.57 ± 0.17 (4) 0.74 ± 0.01 (4) 

30‰ 0.034 ± 0.025 (4) 0.063 ± 0.006 (4) 1.44 ± 0.12 (4) 0.35 ± 0.14 (4) 0.73 ± 0.01 (4) 
S. patens 0‰ 0.067 ± 0.018 (3) 0.068 ± 0.003 (3) 1.19 ± 0.08 (3) 0.56 ± 0.14 (3) 0.71 ± 0.01 (3) 

30‰ 0.033 ± 0.022 (3) 0.057 ± 0.007 (3) 1.70 ± 1.16 (3) 0.53 ± 0.19 (3) 0.72 ± 0.01 (3) 
D. spicata 0‰ 0.038 ± 0.002 (3) 0.050 ± 0.014 (3) 0.79 ± 0.23 (3) 0.53 ± 0.04 (3) 0.60 ± 0.10 (3) 

30‰ 0.023 ± 0.015 (4) 0.057 ± 0.006 (4) 1.39 ± 0.37 (4) 0.53 ± 0.19 (3) 0.69 ± 0.04 (4) 

Chapter 1: Spartina Biology Proceedings of the Third International Conference on Invasive Spartina

- 56 -



electron sinks are induced. Some possibilities include 
(Demmig-Adams and Adams, 1992): CO2 pump activity 
may increase to compensate for bundle sheath CO2 leakage; 
this would use additional ATP generated by the Mehler 
reaction, and was potentially reflected in lower PSII yields 
in S. alterniflora and S. patens under high salinity (Table 1). 
Alternatively, an increase in photorespiration could help 
sustain gross photosynthesis rates if CO2 levels drop in the 
bundle sheath allowing O2 to react with RuBP. A 
consequence of photorespiration is producing products like 
PGA and ammonia that need reductive power from 
photochemistry. Increased reduction rates of nitrate, sulfate, 
or phosphate within chloroplasts could utilize excess light 
energy. Further work will be needed to see if nitrate or 
sulfate reduction or photorespiration rates increase with 
increasing salinity. Finally, energy not used in 
photochemistry may be dissipated by nonphotochemical 
quenching (NPQ) mechanisms, where excess light energy is 
lost as heat. Maximum amounts of NPQ increased with 
salinity in S. patens and D. spicata (ANOVA, p≤0.073), but 
in no other species (ANOVA, p≥0.570; Table 1).  

Under high light, rates of light-harvesting (gross 
photosynthesis) will invariably be larger than carbon fixation 
(net photosynthesis) rates. Therefore excess energy must be 
safely dissipated before reaction centers are damaged 
(Demmig-Adams and Adams 1992). Dark-adapted FV/FM

ratios of chlorophyll fluorescence can indicate damage to the 
PSII reaction center (Krause and Weis 1991). FV/FM ratios 
were not significantly reduced by salinity in any species in 
this study (ANOVA, p≥0.165; Table 1), suggesting excess 
energy was efficiently dispersed before reaction centers were 
damaged. Prevention of photoinhibition is likely to be 
important in determining plant resistance to environmental 
stresses that reduce carbon fixation relative to light 
harvesting rates (Demmig-Adams and Adams 1992). 

The ci/ca values of the plants in this study ranged from 
0.35 to 0.61 (Table 1). The ci/ca value of S. anglica

significantly decreased with increasing salinity at moderate 
PPFD (ANOVA, p=0.032). The ci/ca values of all other 
species did not change in response to increasing salinity 
(ANOVA, p≥0.421). In previous studies, ci/ca values did not 
change with increasing salinity in C4 grasses (Bowman et al. 
1989, Meinzer et al. 1994). C3 leaf ci/ca values tend to be 
higher than corresponding C4 values and are more sensitive 
to increasing salinity (Brugnoli and Lauteri 1991). 
Increasing salinity may decrease C3 ci/ca values by as much 
as 0.48 (Farquhar et al. 1982). In the present study, ci/ca

decreased by 0.20 in S. anglica, and by 0.22 in S. densiflora
(nonsignificant change) with 30‰ salinity, but only as much 
as 0.07 in the other species (Table 1). We believe this to be 
the first report of salinity-induced decreases in C4 ci/ca

values. One factor contributing to salt sensitivity in C4 plants 
may be the susceptibility of CO2 leakage from bundle sheath 
cells under increasing salinity. Increasing salinity appeared 
to decrease ci/ca in S. anglica, but it was the most resistant 
species to salinity in terms of CO2 fixation. This suggests 
CO2 pump activity does not increase in S. anglica with 
increasing salinity. Rates of photorespiration or nitrate 
reduction may increase instead to use excess light energy. 
Excess energy dissipation in response to salinity may be an 
area for future investigation in marsh halophytes. 

This work illustrated how light harvesting and CO2

uptake relate to sediment salinity in C4 marsh grasses. 
Excess energy dissipation may also increase in times of 
salinity stress. Additionally, NPQ mechanisms increase in 
many plants as a result of external salinity. Portable 
flourometers can easily be used in the field to determine in 
vivo NPQ and thus in vivo salt stress in some plants. 
However, photochemistry does not appear to be affected by 
salt, so fluorescence yield measurements in the light or dark-
adapted FV/FM measures will not reflect salt stress. In 
contrast, gas-exchange methods appear to be far more 
sensitive to salinity. 
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