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Abstract San Francisco Bay (SFB), which supports
large populations of the California native cordgrass
Spartina foliosa, has been the recipient of introduc-
tions of S. alterniflora and S. densiflora. Hybrids have
arisen between the native and these exotic species.
Sterile F1 S. densiflora x foliosa hybrids have formed
numerous times in a number of marshes, while
introgressing S. alterniflora x foliosa hybrids are
fully fertile and invaded widely in SFB, especially
onto naturally-open low tidal flats by inundation-
tolerant hybrids. Sarcocornia pacifica, pickleweed,
dominates the mid-to-upper marsh zones where the
hypersaline conditions that occur during the summer
drought, characteristic of this climate, exclude S.
foliosa. Here we report on two glasshouse experiments
investigating the salinity tolerance of hybrid Spartina.
Some hybrids of both origins grew well and flowered
at high salinity levels while the parental species grew
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little and did not flower. Our results imply that mid-
zone marshes are also vulnerable to invasion by
salinity-tolerant Spartina hybrids. Herbicide control
implemented over the last 10 years targeting both the
exotic species and their hybrids have reduced their
extent. However, efforts in monitoring and manage-
ment of exotic Spartina and its hybrids must continue
as vast areas of tidal marsh restoration are underway
and planned in SFB; colonization by Spartina hybrids
tolerant to inundation and/or salinity will greatly alter
restoration trajectories. These concerns are all the more
vital given projections of climate change and its effects
on salinity and sea level rise in SFB salt marshes.

Keywords Global climate change - Hybridization -
Restoration - Salinity - Transgression - Salt marsh

Abbreviations
GCC  Global climate change
ISP Invasive Spartina Project

ppt Parts per thousand

S. axf Spartina alterniflora x foliosa
S. dxf Spartina densiflora x foliosa
SFB  San Francisco Bay

SLR  Sea level rise

Introduction

The future survival of salt marsh systems may be at
risk on a global scale due to extensive human
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modification and global climate change (Thorne et al.
2012). Introduced invasive species are a significant
component of human-related modifications, represent-
ing a serious threat to ecosystem structure and
function. Estuaries are among the most modified and
invaded systems on earth (Grosholz 2002) and San
Francisco Bay (SFB), CA, USA is perhaps the most
invaded estuary in the world, hosting over 230 exotic
species (Cohen and Carlton 1998). The cordgrass
genus Spartina holds several notable examples of salt
marsh invaders (summarized in Strong and Ayres
2013) most of them resulting from interspecific
hybridization and polyploidy (Ainouche et al. 2009).
Five estuaries along the North American Pacific coast
are currently host to four introduced species of
Spartina, and two newly formed hybrid taxa, and
more than 20 other estuarine sites are considered
vulnerable to exotic Spartina invasion (Daehler and
Strong 1996). Spartina invasions in Willapa Bay, WA
(Spartina alterniflora) and San Francisco Bay, CA (S.
alterniflora 2n = 62), S. anglica (2n = 120-124), S.
densiflora 2n = 70), S. patens (2n = 40), S. alterni-
flora x foliosa hybrids (2n = 62), and S. densi-
flora x foliosa hybrids (2n = 65; 3n = 94, 96) see
Table 1 in Ayres et al. 2008a for chromosome
numbers) have been subject to control efforts at a
cost of over $50 million (Strong and Ayres 2013).

Spartina alterniflora, native to the U.S East and
Gulf coasts, was deliberately introduced to the SFB for
marsh restoration in 1973 (Faber 2000). Spartina
foliosa is endemic to the North American west coast,
ranging from Baja California, Mexico to Bodega Bay,
CA (Spicher and Josselyn 1985). Introgressive
hybridization between these two species produced an
array of plants exhibiting diverse genetic contributions
from each parental species (Ayres et al. 1999; Sloop
et al. 2010). Aggressive expansion of the hybrid
swarm threatened to radically alter the Bay’s near-
shore ecosystem through both genetic and ecological
pathways (Ayres et al. 1999; Grosholz 2002). Spartina
hybrids are highly fit, propelling rapid sexual and
clonal reproduction (Hall et al. 2006). Prodigious
hybrid pollen swamping of S. foliosa threatened it with
local extinction by genetic assimilation (Anttila et al.
1998; Ayres et al. 1999; Hall et al. 2006).

Spartina densiflora is native to Chile and Argen-
tina. It was introduced during the sixteenth-century to
the Iberian Peninsula in Spain (Castillo et al. 2010), to
Humboldt Bay, California in the mid-1800s (Kittelson
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and Boyd 1997), and to SF Bay in 1978 (Faber 2000).
In its native and introduced ranges it occurs above the
lower marsh where the native maritime Spartina
species grow—S. alterniflora in Argentina, S. mar-
itima in Spain, and S. foliosa in California—likely
owing to limitations on seedling establishment due to
anoxia (Mateos-Naranjo et al. 2008; Abbas et al.
2012), by the intolerance of adult plants to high
inundation (Castillo et al. 2000; Nieva et al. 2001,
2003; Idaszkin et al. 2014), and to possible competi-
tion with S. maritima in Spain (Castillo et al. 2008).

Spartina densiflora plants from Humboldt Bay were
planted in Creekside Park, Larkspur, California, along
with S. foliosa and S. anglica, during the park’s
restoration to tidal marsh in 1978 (Faber 2000). Sterile
F1 hybrids mostly between S. densiflora and S. foliosa,
both of which were seed parents, arose (Ayres et al.
2008a). Broadly spreading hybrid plants, like their S.
foliosa parent, were found in the S. anglica zone while
plants in mid and especially high positions in the marsh
retained more of the tussock character of their S.
densiflora parent. Like S. densiflora, the hybrids were
evergreen with a long growing season, while S. foliosa
loses its tillers in winter. Hybrids were found in 23 of the
32 marshes where both species grew together (Hogle
2011).

Hybridization between native and alien species has
been positively associated with invasibility (Lee 2002;
Ellstrand and Schierenbeck 2000; Hovick and Whit-
ney 2014). Hybrid invaders pose an extinction risk to
native species from interspecific gene flow or intro-
gression (Rhymer and Simberloff 1996; Ayres et al.
2003). Ecological impacts of hybrids are often related
to extreme transgressive hybrid traits relative to those
of either parental species and these traits can be
strongly heritable (Rieseberg et al. 1999). More
specifically, in Spartina, it has been shown that
formation of new hybrid lineages is accompanied by
consistent epigenetic alteration (Salmon et al. 2005)
associated with transgressive gene expression (Che-
laifa et al. 2010) when compared to the parents. On the
other hand, non-introgressive F1 hybrids, like sterile
Spartina townsendii and fertile S. anglica, may have
fixed hybrid vigor (Comai 2005). In a hybrid-driven
invasion, differential tolerances to various biotic and
abiotic determinants may be the most significant factor
to invasion success (Rieseberg et al. 1999).

The classical paradigm of salt marsh zonation in the
SFB estuary holds that the two foundation species are
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limited by different abiotic stressors—inundation and
salinity (Fig. la). The pattern of these stressors in
California, and in other salt marshes in Mediterranean
climates, is driven by summer drought that results in
hypersaline conditions where tidal flood is inadequate
to leach salts accumulated through evapotranspiration
(Pennings and Callaway 1992). The highly salt-
tolerant native Sarcocornia pacifica (Mahall and Park
1976a), (“pickleweed” hereafter) dominates much of
the hypersaline intertidal zone above approximately
mean high water in SFB (Josselyn 1983). The upper
distribution of S. foliosa overlaps the lower distribu-
tion of pickleweed by about 0.5 vertical meter, with S.
foliosa occupying the zone closest to open water and
salt marsh channels (Mahall and Park 1976b). Intol-
erance to prolonged immersion is thought to exclude
pickleweed from lower intertidal zones (Mahall and
Park 1976b). Spartina foliosa has been hypothesized
to be both competition-limited (Hinde 1954) and
intolerant of highly saline conditions (Mahall and Park
1976a), preventing substantial encroachment into the
pickleweed-dominated zone.

We have already seen the consequences of
increased tolerance to inundation in the colonization
and rapid spread of S. alterniflora x foliosa (S. axf
hereafter) hybrids on open mud flats below the limits
of S. foliosa inundation tolerance (Strong and Ayres
2013 and references therein). Since 2004, control
efforts by the Invasive Spartina Project (ISP) have
reduced cover of all exotic species and hybrids by
95 % (Rohmer et al. 2014). However, these efforts
have been scaled back due to a decline in SFB
populations of the endangered California Ridgway’s
rail following Spartina control (Strong and Ayres
2016), leaving at least 26 occurrences of S. axf

Fig. 1 a Classic marsh
zonation paradigm in SFB
(Mabhall and Park 19764, b).
b Potential zonation pattern
alterations due to tolerance
of hybrid Spartina to
inundation and salinity
(Mahall and Park 19764, b;
Fig. 6 this study; results, this
study) B

A Classic Model

Inundation
S. foliosa > Pickleweed

Salinity
Pickleweed > S. foliosa
Potential Zonation

Inundation

hybrids, mostly in the south and central Bay (Ort and
Thornton, this volume). Spartina densiflora and S.
densiflora x foliosa have been reduced 99 % leaving
<120 m? in the SFB (Rohmer et al. 2014).

The potential for expansion by S. axf and S.
densiflora x foliosa (S. dxf hereafter) hybrids into
mid-and-upper tidal marsh zones via enhanced salinity
tolerance has not yet been examined. As has been
shown for S. alterniflora (Proffitt et al. 2005), genotypic
and phenotypic variation in this key marsh species can
influence patterns of recruitment, suppression, and
facilitation of other plant species. Cordgrass plants with
a higher salinity tolerance than S. foliosa can grow
further inland into the pickleweed zone and potentially
alter marsh structure through these mechanisms.

Salinity, nutrients, and anoxia influence the pro-
ductivity of S. alterniflora (Nestler 1977; Men-
delssohn and Morris 2000), S. densiflora (Alberti
et al. 2010) and S. foliosa (Trnka and Zedler 2000).
Evidence exists for genetically-based differential
response to salinity among populations of S. alterni-
flora (Pezeshiki and DeLaune 1995; Seliskar 1995;
Hester et al. 1998, 2001), and S. alterniflora exhibits
high chloroplast (42 haplotypes) and nuclear diversity
in its native eastern US range (Blum et al. 2007).
Throughout its range in California Spartina foliosa is
genetically uniform with only a single cpDNA hap-
lotype (Ayres et al. 2008a) and 1/5th the nuclear
genetic diversity of S. alterniflora (Sloop et al. 2010).
Genetic differences were less important than environ-
mental differences, including salinity, in determining
Spartina foliosa growth form (Cain and Harvey 1983;
Trnka and Zedler 2000). Phenotypic plasticity rather
than genetic differentiation accounted for differences
observed in S. densiflora in the field (Castillo et al.

More Tolerant ———— ——————) | cSS Tolerant

some S. axf> S. alterniflora> S. foliosa> S. anglica> S. dxf> S. densiflora > Pickleweed

Salinity

Pickleweed > some S. axf>some S. dxf> S. alterniflora > S. densiflora > S. foliosa
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2014). Spartina densiflora contained mostly a single
cpDNA haplotype (Ayres et al. 2008a; Fortune et al.
2008), and only a single microsatellite locus (out of 8)
showed any nuclear variation in SFB (Ayres et al.
2008a).

How great of a threat is hybrid Spartina to
pickleweed-dominated marsh zones? We hypothe-
sized that hybrid genotypes successfully able to invade
the pickleweed zone would possess superior salinity
tolerance. We conducted experiments in the glass-
house to test this hypothesis for each hybrid taxa.
Specifically we asked: (1) What is the salinity
tolerance of hybrid cordgrasses relative to the parental
species? (2) How well do hybrid genotypes grow at
high salinities? (3) How variable are hybrid genotype
responses to salinity?

Materials and methods

More salt tolerant populations of S. alterniflora have
been found to have a lower proportion of dead:above-
ground tissue, a lower root:shoot ratio in both low and
elevated salinity, and a less elevated Nat:K™* cation
ratio; morphological variables such as height and total
biomass have been found to be poorer indicators of
intraspecific salt tolerance in S. alterniflora (Hester
etal. 2001). Change in height was the best indicator of
salinity tolerance in S. densiflora and tiller production
declined in salinities over 35 parts per thousand (ppt)
(Kittelson and Boyd 1997). Both height and tiller
Relative Growth Rates (RGR) were used to evaluate
the performance of S. maritima, S. densiflora and S.
densiflora x maritima hybrids in a field transplant
experiment in Spain (Castillo et al. 2010); taller plants
(the hybrids) had far higher RGR than the shorter
plants (parental species). Accordingly, we assessed
these metrics and measures in our experiments.

Experiment 1: Spartina alterniflora x foliosa

Twenty-one genotypes were used in this experiment.
Clonal fragments from 18 S. axf genotypes were
collected from Cogswell Marsh in Hayward, Califor-
nia between July and December of 2001. Cogswell
marsh is a former salt pond that was restored to tidal
action in 1980 and colonized mostly by tidally born
seed of cordgrass and pickleweed (Ayres et al. 2008b).
One S. alterniflora and two S. foliosa were also

@ Springer

included in the experiment. The genotypes of all plants
were verified by RAPD (Random Amplified Polymor-
phic DNA) nuclear DNA markers, using methods
described in Daehler et al. (1999). Hybrids ranged
from 7 to 93 % S. alterniflora genetic markers;
average hybridity of all plants = 50 %, where S.
alterniflora = 100 % and S. foliosa = 0 %.

Each genotype was eventually separated into nine
replications (189 plants total), one plant per pot, using
Yolo Fine Sandy Loam as the potting medium, and
placed in random positions in nine bins; each bin
contained a full complement of genotypes. Fertilizer
(GrowMore 4-18-39, no boron, Grow More, Inc.,
Gardener, CA, USA) was automatically delivered into
hose water by a Dosatron (Dosatron International,
Clearwater, FL, USA). Pots were partially submerged
in freshwater and plants allowed to reach a similar size
(3—6 months), after which salinity was raised to three
treatment levels for the experiment—10 parts per
thousand (ppt), 25 and 40 ppt—with three bins/
replications per treatment. The experiment was run
for 30 weeks during the spring/summer 2002 growing
season at a glasshouse in Davis, CA. During this time
the sun’s photoperiod ranged from 12 to 15 h, and
temperatures were controlled between 14 and 29 °C.

Instant Ocean aquarium salt was used to maintain
salinity in the water that submerged potted plants.
Salinity was measured using a handheld, temperature-
compensated refractometer by Fischer Scientific, and
calibrated with deionized water. Deionized water was
added into bins to compensate for evaporation and to
maintain aqueous salinity at treatment levels. Soil
salinity measurements were taken each month as
evapotranspiration increased soil salinity throughout
the experiment.

Each week, the numbers of living and dead tillers
were counted for each plant. Tiller RGRs were
calculated by dividing the number of living tillers at
each date by the initial number of tillers. At the end of
the experiment, plants were separated into inflores-
cences, living and dead aboveground material, and
root + rhizome below ground material and oven-
dried for at least 3 days at 55 °C, then weighed for dry
biomass. Total biomass was the sum of aboveground
and below ground tissue, excluding inflorescences.

Up to 4 g of dried shoot material from the living
component of 164 plants was ground in a Wiley mill
(40-mesh screen). Twenty-five plants were excluded
because of either mortality (n = 15) or lack of
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sufficient material (n = 10). Leaf cation concentra-
tions (ppm) for Na® and K were determined using
inductively coupled plasma atomic spectrometry
(ICP-AES) by the DANR Analytical Laboratory, UC
Davis, Davis, CA. Leaf cation ratio (Nat:K") was
then calculated.

Experiment 2: Spartina densiflora x foliosa

Clones from 13 plants were used in this experiment.
Clonal fragments from 11 S. dxf plants were collected
from Creekside Park Marsh, Larkspur, California in
December 2002. One S. densiflora and one S. foliosa
plant were also included. All hybrid plants were
previously verified by molecular markers and chro-
mosome counts as described in Ayres et al. (2008a).
The suite of hybrid plants was of variable morphology,
and taken from throughout the elevational range of the
marsh. All hybrids were F1 interspecific crosses;
however, there were six genotypes distinguished by
small variations in nuclear alleles, chloroplast DNA
(S. alterniflora, S. densiflora, S. foliosa), or chromo-
some number (ca 66 vs. ca 95) (see Ayres et al. 2008a
for details).

All plants were separated into four replications in
four bins for 56 plants total, one plant per pot in Yolo
Fine Sandy Loam. Pots were partially submerged in
freshwater and allowed to acclimate for 3 months.
Each bin contained a complete replication of plants
placed in randomized grid positions. After acclima-
tion, water salinity was increased in three of the bins
by 10 ppt/week for 10 weeks to challenge the salinity
tolerances of genotypes (sensu Hester et al. 1998),
ending at 100 ppt at the end of the experiment. The
plants in the fourth bin were grown in freshwater
during the entire experiment; this single freshwater
treatment was not amenable to inferential statistics so
these results are portrayed in graphs and tables for
comparative purposes. The experiment was run during
spring/summer 2003 growing season at a glasshouse in
Davis, CA for 11 weeks. During this time the sun’s
photoperiod ranged from 12.5 to 15 h, and tempera-
tures were controlled between 14 and 29 °C.

Aqueous salinity was established, monitored, and
maintained as above.

Each week, the number of living and dead tillers
were counted for each plant. Tiller RGRs were
calculated as above. At the end of the experiment,
plants were separated into inflorescences, living and

dead aboveground material, oven-dried for at least
3 days at 55 °C, then weighed for dry biomass.

Supplemental field data

Field data was collected in Creekside Park Marsh to
supplement the S. densiflora x foliosa glasshouse
experiment. To evaluate fertility, four inflorescences
each from five hybrid genotypes and 11 inflorescences
from S. densiflora were collected and counted for
seeds. Inflorescences were separated into florets that
were then gently finger pressed on a table to determine
the presence of seeds. Viable seeds can be easily felt
by this method.

At Creekside Park, a Nikon D50 Total Station was
used to measure the relative marsh elevation range of
all Spartina taxa (S. anglica, S. densiflora, S. foliosa, S.
densiflora x foliosa), open mud, and pickleweed. The
20032004 field seasons were average rain years.

Statistical analysis

Genotype effects in the three treatment replicates (S.
dxf) and genotype, salinity, and genotype X salinity
(S. axf) were tested by ANOVA using the software
JMP 11.2.0. Where needed, normality of the data was
improved by transformation (In, square root) before
ANOVA. ANOVA was performed on variables listed
in Tables 1 and 2. Tukey—Kramer Honestly Signifi-
cant Difference (HSD) was conducted for individual
variables to determine significant differences between
genotype means. The maximum tiller RGR was
considered to be the one date that had the highest
average RGR; the data associated with this date were
evaluated by ANOVA. A repeat-measures ANOVA
was used for time-series data on tiller RGR.

Results
Spartina alterniflora x foliosa

Increasing salinity decreased plant height, biomass,
and flowering effort (Table 1; Fig. 2). The height of
all genotypes was on average 51 % shorter in high
versus low salinity. Under all salinities, the parental
species were of similar stature and shorter than most
hybrids. Plants at all salinity levels had a high fraction
of dead biomass. Increasing salinity decreased total
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Table 1 Summary of statistical analyses evaluating the significance and response ranges for variables measured and calculated in

the S. alterniflora x foliosa experiment

Treatment  Genotype  Treatment Genotype response range
effect effect by genotype  Salinity treatment (avg.)
Low Med High
F F F Min. Max. Min. Max. Min. Max.
Height (cm) 83.8%* 6.5%%* 3.5%%* 215 787 11.5 65.4 5.5 44.1
Total plant biomass (g) 26.9%* 4.4%* 1.3 251 1336 89 101.9 3.6 76.5
Infl biomass:AG biomass 2.1 5.8%%* 2.1%%* 0.08 022 0.06 0.19 0.03 0.21
Total # Infls 5.2% 9.6%** 1.2 1 12.6 0 10.7 0 9.3
Dead:total aboveground biomass 7.25% 2.5%% 1.9%%* 0.4 0.84 0.37 0.99 0.62 0.97
Tiller maximum RGR 7.86%%%* 2.42%%% 0.86 066 3 0.56 527 025 225
Tiller RGR 0.06 1.84% 0.31
Time**, Time x Sal.*
Root:shoot ratio 1.5 6.85%** 1.2 053 292 0.71 2.63 0.76 4.1
Leaf Na™:K™ ratio 1.5 4.2%* 1.9% 064 175 0.44 1.9 0.72 1.83

Genotype 3-2 not included as only 1/9 plants flowered
* P <0.05; #* P <0.01; *** P <0.001

Table 2 Summary of

= Genotype Population response range (avg.)

statistical analyses effect

evaluating the significance Salinity challenge Freshwater treatment

and response ranges for } .

variables measured and F Min. Max. Min. Max.

caleulated in the S. Height (cm) 11.70%5%5% 8.33 106.33 36.00 122.33

densiflora x foliosa

experiment Total plant AG biomass (g) 20.69%%*%* 10.95 141.83 35.61 354.55
Dead:total AG biomass 5.01%** 0.27 0.77 0.01 0.17
Infl. biomass (g) 6.88%** 0.01 16.48 0.04 34.03
Infl:total AG biomass 420 0.00 0.19 0.01 0.33
Tiller maximum RGR 1.67 1.32 2.28 1.81 5.00
Tiller RGR 2.88%

AG aboveground Time/salinity *

* P <0.05; ** P <0.01;

Time x genotype
kP < 0.001 & P

*

biomass, but the response varied among genotypes.
Parental genotypes, especially S. foliosa, were far
lower in total biomass than many hybrid genotypes.
Increasing salinity reduced the number of inflores-
cences, and their biomass by 45 %. Despite this, most
hybrids were able to flower at the highest salinity;
neither parental species did so.

Plants in high salinity conditions had a significantly
greater dead:total biomass ratio than those in either
low or medium salinity (Table 1; avg. = 0.81 high vs.
0.61 low). Spartina foliosa had the highest dead:total
biomass at both low and high salinities and

@ Springer

experienced substantial mortality in the experiment
while S. alterniflora had near the lowest dead:total
ratio for both low and high salinity. Root:shoot ratio
was significantly affected only by genotype (Table 1);
there was high variability between genotypes with
genotypes 2-13, 2-15 (S. foliosa) and 3-7 having
significantly lower root:shoot ratio than many geno-
types, while genotypes 2-8 and 2-16 were signifi-
cantly higher; these ratios were not correlated with
growth measures. The cation ratio was insignificantly
related to differences in salinity (Table 1) and geno-
typic patterns were muddied.
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Fig. 2 Spartina alterniflora, S. foliosa, and S. axf hybrid
aboveground biomass of dead, living and inflorescences at high
salinity (upper) and low salinity (lower)

The maximum RGRs were reduced 23 % under
high salinity, relative to low salinity, and varied
between genotypes (Table 1; Fig. 3). The maximum
growth rate for the low salinity treatment was
3 months later in the season (September) than the
maximum RGR under high salinity (June). Under high
salinity, several hybrids continued to grow well into
the fall (e.g., genotypes 28, 2—11), while some grew
poorly (e.g., 1-9, 3-2). Under low salinity, both
species had a higher RGR than most hybrids.

Soil salinities were 50-60 % higher than aqueous
salinities by the end of the experiment due to
evapotranspiration. Maximum soil salinity in the low
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Fig. 3 Tiller relative growth rate (RGR) of a subset of S.
alterniflora, S. foliosa and S. axf hybrids. Upper figure is high
salinity treatment, lower figure is low salinity

(10 ppt) treatment was 25 ppt £ 2, the medium
(25 ppt) was 51 ppt & 3, and the high (40 ppt) was
71 ppt + 3 by the end of September.

Spartina densiflora x foliosa

The overall effect of salinity on performance of plants
in the salinity challenge was illustrated by comparison
to the plants grown in freshwater; plants were shorter,
smaller, and flowered less well under increasing
salinity (Fig. 4); plants averaged 40 % dead:total
biomass compared to 5 % in freshwater; and maxi-
mum RGR was at the midpoint of the experiment
while the plants in freshwater were still growing well
at the end (Fig. 5). Four genotypes grew well under
high salinity and in freshwater (CS17, CS23, CS25,
CS38), four were consistently poor (S. densiflora, S.
foliosa, CS15, CS17), and a few genotypes only grew
well in freshwater (CS19, CS21).

Under the salinity challenge, S. foliosa was the
shortest genotype, followed by hybrid CS15 and S.
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Fig. 4 Spartina densiflora, S. foliosa, and S. dxf hybrid
aboveground biomass of dead, living and inflorescences under
salinity challenge (upper) and freshwater (O ppt) (lower)

densiflora; four hybrids (CS17, CS20, CS23, CS25)
grew twice as tall as the 3 shorter genotypes. This
pattern was repeated, generally, in total biomass where
S. foliosa, S. densiflora, CS15, and CS39 grew far less
well than hybrids CS17, CS20, CS23 and CS38
(Table 2; Fig. 4). Most hybrids were able to flower
under the salinity challenge, while the parental species
and two hybrids did not. The plants that performed
poorly in height and biomass also contained the
highest percentage of dead biomass (S. densiflora, S.
foliosa, CS15, CS17), while the top performers did not
necessarily have a low dead:total ratio. Tiller RGR
increased for all genotypes until week 6, when
aqueous salinity reached 50-60 ppt, and then declined.
Intriguingly, S. foliosa maintained the highest RGR
throughout the experiment and S. densiflora had the
lowest maximum RGR, while hybrids had mostly
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salinity challenge; lower figure is freshwater (0 ppt)

intermediate growth rates (differences were not
significant). The elevated RGR in this case may be
attributable to several small new shoots as opposed to
maintenance and growth of existing older shoots. The
final soil salinity was 118 ppt = 2 for the salinity
challenge and 6.4 ppt = 0.5 for the freshwater
treatment.

Hybrid genotypes did not produce any viable seeds
out of the 2064 florets examined, while S. densiflora
produced 327 seeds out of 755 florets.

Open mud was the lowest point in Creekside Park,
followed by S. foliosa. Spartina anglica overlapped
with S. foliosa and the mid-marsh locations of S.
densiflora, S. densiflora x foliosa hybrids, and pick-
leweed; pickleweed grew highest in the marsh
(Fig. 6).

In both experiments the correlation between salin-
ity tolerance metrics (maximum RGR, dead:total,
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root:shoot, Nat:K™) to each other and to growth
measures (height and biomass) was low.

Discussion

The effect of salinity on height, biomass, flowering
and RGR was consistent between experiments; all
were reduced with degrees of severity that depended
on the genotype. Salinity above 50 ppt became
detrimental to tiller initiation of all plants in the S.
dxf salinity challenge, but to only some S. axf hybrids
where a few S. axf plants continued to grow well into
the fall when soil salinities exceeded 70 ppt. The
parental species were in the lowest 25 % in biomass in
both high and low (freshwater) salinity levels; S.
foliosa genotypes were the smallest plants overall in
both experiments. The season-long RGR analyses,
useful for tracking the time course of growth,
illustrated that the season of positive growth was cut
in half under high salinity with concomitant reductions
in biomass accumulation in both systems.

The intermediacy of the S. dxf hybrids for RGR
under treatment, especially when compared to S.axf
where the RGR of some hybrids exceeded both
parental species at high salinity, may be due to genetic
constraints imposed by the genetically uniform F1
nature of these plants, formed from genetically
uniform species, versus the introgressive and trans-
gressive nature of some S. axf hybrids, infused with
genetic variation from the S. alterniflora parent. The
best performing S. axf hybrids tended to have a higher

contribution from S. alterniflora (between 43 and
93 %) while the smallest hybrids had the least
(<40 %). Even so, pure S. alterniflora grew far less
vigorously than many hybrids. These results are
consistent with a previous glasshouse experiment
where S. axf hybrids of intermediate hybridity grew
best (Fig. 1 in Ayres et al. 2004).

There were no consistent trends between genetic or
chromosomal background and performance in the S.
dxf experiment. Even within an apparently uniform
nuclear DNA category, containing ca 66 chromo-
somes, and having the same maternal species (see
Ayres et al. 2008a for details), plants grew well (CS20)
or poorly (CS39) in the salinity challenge. Nor were
marsh salinity or elevation where the plants grew in
nature reliable predictors of performance in the
experiment. The range of elevations colonized by S.
dxfhybrids (Fig. 6) suggests intolerance to inundation,
like their S. densiflora parent, although some broadly
spreading hybrid plants were able to grow into the
lower S. anglica zone. As well, neither S. densiflora
nor the hybrids grew in the very high marsh dominated
by pickleweed. These tolerance limits imply niches
exist for both S. foliosa, in the low marsh, and
pickleweed, in the high marsh, in S. dxf invaded
marshes.

Despite the high tolerance to salinity demonstrated
by a subset of S. dxf hybrid plants, their invasion
potential is ultimately constrained by seed sterility. All
known S. dxf hybrids have been found to be sterile,
despite their significant investment in inflorescence
biomass. No viable pollen was identified during the
experiment, inflorescences collected from the field did
not contain any seeds, and no fertile seeds were ever
found in glasshouse grown plants (Ayres et al. 2008a
and Ayres personal observation). Without fertility no
further generations of hybrids can exist.

Ecological implications of varied salinity tolerance
in Spartina spp. hybrids

Our work informs the importance of hybrid genotype
heterogeneity in driving habitat-dependent invasion
patterns (sensu Hacker et al. 2001) throughout much of
the elevational range of tidal marshes in SFB.
Heretofore, the threat of the Spartina hybrid invasion
focused on the conversion of naturally-open mudflats
and lower marsh into meadows elevated by the
sediment accretion abilities of S. axf plants (see
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review by Strong and Ayres 2013). Our current studies
provide the first comprehensive, empirically-based
insight on the invasion potential of higher marsh zones
by hybrid Spartina genotypes that possess the requisite
degree of salinity tolerance to promote successful
establishment and growth.

We draw three far-reaching conclusions from our
results: (1) native S. foliosa is the genotype least
capable of tolerating and growing well under elevated
salinity, (2) certain Spartina hybrids, especially S. axf
hybrids, can establish from seed in newly opened tidal
marsh and grow well under high salinity; and (3) due
to large-scale restoration projects in SFB there will
continue to be newly opened tidal marsh sites, devoid
of vegetation, inclusive of mid-to-high marsh loca-
tions well-suited for hybrid Spartina establishment.
The predictions we make based upon our results are
summarized in Fig. 1. Instead of a two-species system
(Fig. 1a), in which S. foliosa and pickleweed form
zones defined by their relative tolerances to inundation
and salinity, community development will be radically
altered dependant upon the presence of genetically
heterogeneous hybrid Spartina propagules (Fig. 1b).
As hybrid S. axf plants occur close by marshes
undergoing revegetation (Fig. 1 in Rohmer et al.
2014; Olofson Environmental Inc. and San Francisco
Estuary Invasive Spartina Project 2013) and former
salt pond sites targeted for restoration to salt marsh
(see: http://www.southbayrestoration.org/maps) those
propagules will arrive by virtue of tidal regimes. As
some S. axf hybrids have higher inundation tolerance
and some hybrids have higher salinity tolerance than
S. foliosa, no niche exists for the native cordgrass in a
marsh invaded by S. axf hybrids.

Considerations for tidal marsh restoration

Natural recruitment processes—seeds arriving via
tidal action—were often relied upon in early restora-
tion projects in SFB (Callaway et al. 2007), which
resulted in hybrid-dominated swards in the central and
south Bay since at least 1989 (Ayres and Strong 2010).
Aggressive hybrid control efforts throughout the
2000s in those marshes were correlated with a decline
in abundance of the federally endangered California
Ridgway’s rail (Strong and Ayres, this volume). This
led to the curtailment of rigorous control and the
implementation of active revegetation in those
marshes where hybrid cordgrass had been eliminated.
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The ISP Revegetation Program was initiated in 2011,
and has since planted tens of thousands of native plants
at marsh sites, Baywide (Olofson Environmental Inc.
and San Francisco Estuary Invasive Spartina Project
2013). Rapid vegetation establishment supports Cal-
ifornia Ridgway’s rail foraging and the creation of
nesting and high tide refuge habitat. The two primary
species planted by the ISP are S. foliosa on mud-
flat/marsh plains and tidal benches and Grindelia
stricta in higher elevation areas. In addition to the re-
establishment of S. axf hybrids from tidally-born seed
in these restored sites, S. foliosa ovules are readily
pollinated by hybrid pollen, begetting more hybrids
(Ayres et al. 2008b). The ISP is continuing hybrid
monitoring and limited control efforts to minimize the
adverse risks of following a revegetation approach.

Effects of global climate change

Adding to the challenge of predicting the outcome of
new tidal marsh restoration projects in SFB is the
specter of global climate change (GCC), which is
expected to have a substantial impact on tidal marshes
in SFB (Callaway et al. 2007). Tidal marshes are
among the more vulnerable ecosystems in the face of
GCC as the key ecosystem drivers of inundation and
salinity will be significantly modified over time, as
could sediment dynamics such as accretion processes
(Thorne et al. 2014). The relative importance of these
key drivers may also vary, at a range of scales from
geographically (Pennings et al. 2005) to species level
(Janousek and Folger 2014).

Large-scale lateral shifts in distribution patterns of
dominant vegetation in SFB between 1975 and 2004
are hypothesized to have been driven by human-
caused increases in estuarine salinity levels due to
freshwater diversion and accelerated sea level rise
(SLR) (Watson and Bryne 2012). The most salt-
tolerant high marsh species, pickleweed, expanded its
coverage likely in response to increased salinity, while
the least salt-tolerant species, Schoenoplectus califor-
nicus, decreased in coverage. Distichlis spicata expe-
rienced a notable decline in its high marsh distribution,
likely in response to increased immersion times.
Congruent with these recent observations, longer-term
GCC impacts to SFB tidal marshes are predicted to be
associated with elevated salinity, though the greater
threat is posed by SLR (Callaway et al. 2007). In
addition to human-caused increases in estuarine
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salinity, such as the contentious “Delta tunnel project”
which would divert fresh water from the SF delta and
estuary to southern California (Capitol News 2014),
GCC is predicted to further augment salinity levels as
a result of climate-driven impacts such as less snow
and earlier runoff of the Sierra snowpack, and higher
sea levels, pushing salinity levels farther inland in the
estuary (Callaway et al. 2007). An understanding of
how SLR will interact with biogeomorphic processes
to further influence elevation of tidal marshes is also
critical (Thorne et al. 2014).

Restoration and long-term management of tidal
marshes in SFB are unlikely to be able to rely on the
classic paradigm of passive tidal marsh zonation: “if
you build it, they will come.” First, who is “they?”—
desirable native species, or hybrid Spartina? Second,
what does one build?—a tidal marsh that supports a
mudflat-to-high marsh gradient for today, or one that
anticipates SLR? Recognition that hybrid Spartina
poses an invasion threat to a wider gradient of tidal
marsh than was previously thought is relevant to the
goals of restoration and management of tidal salt
marshes. This makes the long-term roles of monitoring
and invasive species control all the more critical to salt
marsh ecosystem sustainability in SFB.
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