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Abstract Salinity and inundation influence both wetland
plant species diversity and productivity and are likely to
change with predicted climate change. We investigated the
degree to which these factors affect aboveground annual net
primary production (ANPP) of pickleweed, Sarcocornia
pacifica, at three tidal marshes spanning a salinity gradient
in the San Francisco Bay Estuary, California, USA,
including two natural marshes and one restored marsh.
We collected S. pacifica biomass four times throughout the
growing season, with roughly half of the collections in
well-drained areas near channels and half away from
channels, in areas of poor drainage. We examined the
effects of site, channel drainage, and pore-water salinity on
ANPP. Plots in well-drained areas had significantly greater
biomass than those in poorly-drained areas. Most striking
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was the interaction between soil salinity and marsh
drainage on aboveground productivity; salinity had a strong
negative impact on ANPP in poorly-drained plots but had
no effect in well-drained plots. In a recently-restored
brackish marsh, productivity decreased with increasing
distance to the nearest channel. These results suggest that
within site hydrological dynamics have a strong influence
over S. pacifica ANPP, with potential implications for the
likely effects of shifts in salinity and inundation associated
with climate change.

Keywords Brackish marsh - Flooding - Pickleweed -
Salicornia virginica - Salt marsh - San Francisco Bay
Estuary

Introduction

Salinity and inundation regimes are two critical factors
influencing vegetation distribution and productivity in
salt and brackish marshes (Sanchez et al. 1996;
Mendelssohn and Morris 2000). Tidal fluctuations, local
precipitation, and freshwater inputs drive most variations
in salinity and inundation across tidal marshes and can
influence vegetation through both primary tidal movement
and secondary water-logging of marsh soils, creating a
large range of hydrologic microhabitats for vegetation
growth (Ungar 1991). Infrequent tidal flushing combined
with evapotranspiration results in more saline soil con-
ditions and, thus, more stressful growing conditions, with
likely interactions among these factors. These interactions
are amplified in estuarine Mediterranean-type salt and
brackish marshes where little to no rainfall occurs during
the growing season, when water salinity can range
between 5%o in February and 25%o in August (L. Schile,
unpublished data).
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Both salinity and inundation regimes within tidal
marshes are likely to be affected by future climate change
through increases in rates of global sea-level rise and
changes in local precipitation and watershed runoff (Adam
2002; Hopkinson et al. 2008; Vermeer and Rahmstorf
2009). Locally accelerated sea-level rise in a New England
salt marsh caused a landward shift in distribution for low
marsh plants, resulting in a decrease in area of high marsh
plant communities (Donnelly and Bertness 2001), and
increases in sea level have been found to reduce high salt
marsh metabolism (Miller et al. 2001). Large-scale changes
in tidal marshes have occurred in coastal areas with high
rates of relative sea-level rise due to local subsidence, such
as Louisiana and Chesapeake Bay (Baumann et al. 1984;
Ward et al. 1998). Restoration of tidal marshes also will be
affected by climate change, as sediment accretion and the
relative elevation of the marsh are influenced not only by
available sediment supply, but also by the rate of sea-level
rise and successful plant recruitment (Callaway et al. 2007).

Tidal marsh plants have specific morphological and
physiological characters that enable them to persist in saline
and regularly inundated environments; however, there are
limitations associated with growing in such environments that
can result in reduced performance and even mortality. Salt is
directly toxic to most plant species, but it also alters a plant’s
osmotic potential, modifying water uptake in the short term. In
more stressful saline conditions, this can cause dehydration
and wilting, as well as reduced CO, uptake (Rozema 1991;
Ewing et al. 1995). Some species, like pickleweed, store salts
or employ other molecules to change osmotic potential.
Under water-logged conditions, hydrogen sulfide or other
toxins can be produced as a result of the reduced soil
environment and adversely affect rhizomes and roots (Cronk
and Fennessy 2001) and limit nutrient uptake, growth,
and biomass (Mendelssohn and Seneca 1980; Koch and
Mendelssohn 1989), among other deleterious effects. The
dominant effects of flooding are excessive inundation and
the reduction in soil aeration (Chapman 1974; Ungar
1991). Marsh plants tolerate low oxygen conditions by
morphological adaptations like aerenchyma and physio-
logical modifications, and their roots oxygenate the
rhizosphere, all of which facilitate growth in environments
that most plants cannot tolerate. Increased inundation
combined with increased salinity compounds stressful
conditions for plant growth, which in turn could have
cascading effects on the wetland ecosystem.

We focused our investigation on the combined effects of
increased inundation and salinity on the above-ground
productivity of Sarcocornia pacifica (Standl.) A. J. Scott
(perennial pickleweed; formerly Salicornia virginica). This
cosmopolitan species dominates the majority of marsh area
in San Francisco Bay salt marshes as well as in other
Pacific Coast marshes (Macdonald 1977) and is found
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throughout many of North American salt and brackish
marshes (Cronk and Fennessy 2001). Congeners are also
important in Mediterranean-type marshes throughout the
world (Ibanez et al. 1999; Alvarez-Rogel et al. 2007;
Saintilan 2009). Sarcocornia pacifica has a high salt
tolerance (Barbour and Davis 1970) and a broad elevation
range (L. Schile, unpublished data). Despite the fact that S.
pacifica is the dominant plant in Pacific coast salt marshes
and other similar perennial shrubs dominate many
Mediterranean-type marshes, only a small number of
studies have addressed productivity of perennial halophytic
shrubs in tidal marshes (e.g., Mahall and Park 1976a;
Balling and Resh 1983; Curco et al. 2002; Scarton et al.
2002). Considering that primary productivity is an impor-
tant metric of ecosystem services, and that few papers have
examined the combined effects of salinity and inundation
on plant productivity in Mediterranean-type salt marshes,
we investigated primary production both within a site and
at a broader landscape context to add to our understanding
of this basic ecosystem function.

For our investigation, we analyzed trends in S. pacifica
productivity across three sites characterized by differences
in drainage and salinity and monitored changes in pore-
water salinity at different depths. Based on research with
this and other salt marsh species, we hypothesized that
increases in either salinity or inundation rates would lead to
decreases in productivity of S. pacifica. Specifically, we
asked 1) does productivity decrease at different marsh sites
along an increasing estuarine salinity gradient; 2) does
productivity decrease with increasing inundation; and 3) do
salinity and drainage interact on their influence on
productivity within and across multiple sites?

Methods
Site Description

The San Francisco Bay Estuary (hereafter referred to as
“Estuary”) covers approximately 4,096 km? of the central
California coastal region and includes a broad mix of salt,
brackish, and tidal freshwater marsh ecosystems (Atwater et
al. 1979; Josselyn 1983). The marsh landscape is a complex
mosaic of remaining historic marshes, recently developed
marshes, restored marshes, and potentially restorable diked
bayland sites, located within one of the country’s largest
urban areas (Baye et al. 2000). Despite impacts from
development and exotic species, these ecosystems are of
critical regional importance for biodiversity, harboring a
number of rare plant and animal species, including almost
50 species of special conservation concern (Olofson 2000).

Total standing biomass of S. pacifica was monitored for
one growing season at three tidal marshes located along a
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salinity gradient in northern San Francisco Bay: China
Camp State Park, Coon Island, and Pond 2a (Fig. 1). China
Camp (122°29'31"W, 38°0'47"N) is a natural salt marsh
located along the fringes of San Pablo Bay and is one of
two sites in the San Francisco Bay National Estuarine
Research Reserve (NERR). The bulk of the marsh plain is
dominated by S. pacifica, bordered along the Bay edge by
Spartina foliosa Trin. Coon Island (122°19'30"W, 38°11’
43"N) is a natural brackish marsh located on the Napa
River that is dominated by S. pacifica, Bolboschoenus
maritimus Palla (alkali bulrush), Typha angustifolia L.
(cattail), and Schoenoplectus acutus (Muhlenberg ex Bige-
low) A. Love & D. Love, (tule), with S. foliosa around the
perimeter of the site. Pond 2a (122°19'15"W, 38°9'10"N),
also located off of the Napa River, is a former salt pond that
was restored in 1997. Presently, Pond 2a is almost entirely
vegetated by B. maritimus, with small patches of S.
pacifica, S. foliosa, Schoenoplectus americanus (Persoon)
Volkart ex Schinz & R. Keller (common three square or
chairmaker’s bulrush), and 7. angustifolia. All sites exhibit
a mixed semi-diurnal tide (MHW 1.8 m). The climate is
characterized as a Mediterranean-type climate with almost
the entire annual rainfall occurring between October and
April (Josselyn 1983).

Experimental Design

In February and early March of 2005, prior to the initiation
of spring growth, we established 20 1.5x1.5-m plots at
each site in visually monospecific S. pacifica stands of
roughly uniform height and density; at this time plants had
little to no green succulent tissue. Plots were haphazardly
selected within the monospecific stands. The spatial
coordinates were recorded for each plot using a WAAS-
enabled (wide area augmentation system) Garmin GPSmap

Fig. 1 The three study sites,

76S handheld unit, the corners were staked, and each plot
was divided into nine 50 x50-cm subplots.

At Coon Island and China Camp, half of the plots
were randomly located in areas of frequent tidal
flushing, adjacent or close to channels (hereafter well-
drained plots), and the other half were located on the
inner marsh plain, in sites where we observed several
cm of standing water that persisted between tides
(poorly-drained plots). However, after plots were estab-
lished at Coon Island, two of the ‘poorly-drained’ plots
were discovered to be next to channels and were thus
reclassified as well-drained. Due to the patchy distribu-
tion of S. pacifica at Pond 2a and in order to reduce
trampling of newly-colonizing vegetation, plots were
established near a boardwalk that spanned the 2.5 km-
wide site rather than in areas that were specifically well or
poorly drained, and we used the distance to the nearest
creek as a metric for plot drainage at this site.

Data Collection

We measured pore-water salinity, S. pacifica biomass, and
average height four times throughout the growing season in
2005. Biomass was collected at China Camp on February
25, May 16, July 12, and August 22; at Coon Island on
February 22, June 9, July 15, and August 23; and at Pond
2a on March 2, May 17, July 13, and September 3. The
subplot for each data collection event was randomly
selected from unharvested subplots; only the center and
corner subplots were designated for destructive sampling to
minimize the effects of biomass removal on subsequent
subplot collections.

After each biomass collection, a soil core was removed
from within the subplot to measure soil salinity at average
depths of 5, 10, and 20 cm. Salinity was determined by
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northern reaches of the San
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extracting water from a 2.8-cm diameter soil core using a
20-ml syringe with filter paper at the tip and measuring the
pore-water salt content with a handheld refractometer
calibrated for salinity (Reichert Analytical Instruments,
Depew, NY, USA). We recorded the average plant height
within a subplot before all aboveground biomass was
removed and placed the harvested plant material in plastic
bags for sorting in the lab. Plant material was rinsed with
fresh water to remove salt, dirt, and any other debris; sorted
by species; placed into paper bags; dried to a constant
weight at 60°C for 2 days; and weighed.

Many studies report biomass as standing crop based on a
single collection of plant material. This method does not
account for variability in biomass over time, which is
particularly important for perennial species, and increases
the chances of failing to sample at peak biomass. We
defined biomass as the mass resulting from a single
material collection and annual net primary productivity
(ANPP) as the peak biomass minus the initial biomass
(Cronk and Fennessy 2001).

Data Analysis

All data were analyzed using SAS version 9.1 (SAS
Institute 2006). With the exception of the single nonpara-
metric test that was run, all data fit the assumptions for
conducting parametric analyses (homogeneity of variance
and normality). Because we could not decisively distin-
guish well-drained and poorly-drained areas at Pond 2a, we
analyzed its salinity, biomass, height, and ANPP data
separately from Coon Island and China Camp.

Changes in pore water salinity over time at depths of 5,
10, and 20 cm were analyzed using a repeated measures
analysis of variance (rmANOVA). All repeated measures
analyses were conducted using MANOVA test criteria in
PROC GLM. Soil salinity data from Pond 2a were averaged
across all plots for each depth and analyzed with a
rmANOVA. For all subsequent analyses incorporating
salinity data, we chose the salinity values taken at the 10-
cm depth during the last sampling period because the
majority of the S. pacifica root system occurs within the top
15 cm of soil (Mahall and Park 1976a) and to capture the
maximum salinity values measured during the experiment.

Changes in standing biomass over time were analyzed
with a rmANOVA using data averaged 1) within well-
drained and poorly-drained areas at Coon Island and China
Camp and, in a separate analysis, 2) across all plots at Pond
2a. We conducted a Kruskal-Wallis test to determine if the
time of peak biomass differed among sites and tested two
methods of calculating ANPP for S. pacifica: highest
biomass minus lowest biomass and biomass from the first
sampling event minus the last. For all sites, aboveground
ANPP calculated by subtracting the initial biomass from the
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largest biomass per plot was greater than subtracting the
first sampling period from the last (China Camp, ¢;9=7.14,
p<0.001; Pond 2a, t;0=4.62, p<0.001; Coon Island, ;0=
2.76, p=0.010). In light of the observation that the harvest
method can result in an underestimate of productivity (Onuf
et al. 1978; Day et al. 1989) and to incorporate the
differences in timing of peak biomass, we chose the method
of using the highest and lowest biomass values to estimate
ANPP. We tested for the effects of site and drainage on
ANPP at Coon Island and China Camp using an Analysis
of Covariance test with salinity as the covariate.

Because the conditions at Pond 2a were not comparable
to the other sites due to its recent restoration, we
investigated the effect of distance to the nearest channel
on ANPP, salinity, and average plant height. Using ArcMap
version 9.1 (ESRI 2007), a channel network layer was
created based on an ortho-rectified color infra-red image
flown in 2004, and the distance in meters between each
productivity plot and the nearest channel in the layer was
calculated using the ‘near’ function under ‘Proximity’ tools.
Using a simple linear regression, we individually tested for
effects of distance from channel on salinity, ANPP, and the
maximum average plant height, in addition to any effects of
salinity on ANPP.

At China Camp and Coon Island, we chose the
maximum value of the average plant height per plot from
across the four sampling periods and conducted a multiple
linear regression to examine the effects of salinity and plot
drainage on average plant height.

Results
Soil Salinity

Soil salinity increased over time at China Camp (Fig. 2a)
and Coon Island (Fig. 2b), and the rate differed depending
on soil depth, drainage, and site (Table 1). At China Camp,
the average soil salinity ranged from 33%. in February to
43%o in August; at Coon Island, the salinity values ranged
from 12%o in February to 18%o in August; and at Pond 2a,
salinity values ranged from 12%o in early March to 22%o in
early September. No significant interaction among time,
drainage, and depth, or time, drainage, and site was found.
Salinity changes over time varied by depth and across sites
(Table 1). Salinity at each depth was greater at China Camp
than Coon Island (Table 1). In addition, poorly-drained
areas had greater salinity than well-drained areas for each
sampling period (p<0.001 for all comparisons). At Pond
2a, salinity significantly increased over time at each soil
depth (Fg ;0s=3.94, p=0.001; Fig. 2c); however, salinity
levels at depths of 5 and 10 cm were only significantly
different from those at 20 cm during the first sampling
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Fig. 2 Pore-water salinity over time at 5, 10, and 20 cm depths for
Sarcocornia pacifica plots in poorly-drained and well-drained areas at
a) China Camp and b) Coon Island and across all plots at ¢) Pond 2a
(error bars=+1 SE)

period (p<0.002 for both comparisons), after which no
significant differences among depths were found (p>0.15).
Salinity at each plot within Pond 2a averaged over time
significantly increased as the distance to the nearest channel
increased (Fig. 3; F'; ;15=30.96, p<0.001).

Changes in Biomass over Time

At China Camp and Coon Island, biomass of S. pacifica
increased significantly over time, and the increase varied
with site and drainage (Table 1; Fig. 4). No significant
interaction occurred among time, drainage, and site (Table 1).
At China Camp, biomass was significantly greater in well-

Table 1 Analysis of variance, repeated measures, and analysis of
covariance results (F statistics) for analyses incorporating plots from
Coon Island and China Camp

af F P
Salinity
Time*soil depth 6,214 18.13 <0.001
Time*drainage 3,107 14.62 <0.001
Time*site 3, 107 19.22 <0.001
Time*site*soil depth 6, 214 4.11 <0.001
Time*drainage*depth 6, 214 0.45 ns
Time*drainage*site 3, 107 1.03 ns
Site*drainage 1, 109 12.03 0.001
Biomass
Time*site 3,33 4.25 0.012
Time*drainage 3,33 6.05 0.002
Time*drainage*site 3,33 2.08 ns
ANPP
Salinity 1, 34 2.26 ns
Site 1,34 4.82 0.035
Drainage 1, 34 5.46 0.026
Salinity*drainage 1, 34 8.67 0.006
Site*drainage 1, 34 6.94 0.013
Plant height
Well-drained: salinity 1, 20 7.36 0.013
Poorly-drained: salinity 1, 16 37.32 <0.001
Well-drained: ANPP 1, 18 4.18 0.056
Poorly-drained: ANPP 1, 16 12.80 0.003

drained plots versus poorly-drained plots at all sampling
events except for February (p<0.030 for all significant
comparisons); however, biomass in well-drained plots at
Coon Island was significantly greater than in poorly-drained
plots only in July (p=0.008). Biomass was greater at Coon

30

salinity (ppt)

0 T T T T T
0 10 20 30 40 50

distance to nearest channel (m)
Fig. 3 Pore-water salinity at 10-cm depth averaged across one

growing season in relation to distance from nearest channel at Pond
2a, the restored brackish marsh (error bars=+1 SE)
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among sites (Kruskal-Wallis test; x2 ,=11.63, p=0.003):
plots in China Camp had peak biomass in July (Fig. 4), and
plots in Pond 2a peaked in late August/carly September
(Fig. 4); whereas, Coon Island’s peak biomass varied
depending on inundation (Fig. 4).

Aboveground Annual Net Primary Productivity

ANPP was significantly affected by salinity, drainage, and site
at China Camp and Coon Island (F73,=5.56, p<0.001;
Fig 5a). The model was reduced to include only significant
terms. As a result, the three-way interaction and the
interaction between site and salinity were removed. The
reduced model included site, salinity, drainage, and the
individual interactions of drainage with site and salinity.
ANPP decreased with increasing salinity in poorly-drained
plots but not in well-drained plots (Table 1; Fig. 5a), and the
slopes of the regression lines were significantly different
(poorly-drained slope=—19.8; well-drained slope=0.4; t;,=
2.11, p=0.025). Additionally, the effect of plot drainage on
ANPP varied between sites (data not shown; Table 1). At
Pond 2a, ANPP was not significantly affected by salinity or
distance to nearest channel (data not shown; F; ;5=0.13, p=
0.73; F;,;8=0.32, p=0.58, respectively).

Plant Height
At China Camp and Coon Island, the maximum average

height decreased with increasing salinity in both well-
drained and poorly-drained areas, but the relationship was
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salinity (ppt)

Fig. 5 a Aboveground annual net primary production of S. pacifica
and b average plant height in relation to soil salinity in poorly-drained
areas (- - -) versus well-drained areas (—) at China Camp and Coon
Island

stronger in poorly-drained plots (Table 1; Fig 5b; R*=0.23
and R’=0.68, respectively). Additionally, the maximum
average height increased significantly with ANPP in
poorly-drained areas but not in well-drained areas (data
not shown; Table 1; poorly-drained: R°=0.41; well-drained:
R’=0.11). At Pond 2a, the maximum average plant height
decreased slightly with increasing distance from the nearest
channel, but the effect was not significant (data not shown;
F1,20:2.48, p:013)

Discussion

The most striking influence on S. pacifica productivity was
the combined effect of soil salinity and marsh drainage.
Previous studies have evaluated effects of salinity and
drainage simultaneously from oligohaline to salt marshes
on the Gulf and Atlantic Coasts (see below) or in
greenhouse studies (Kuhn and Zedler 1997; Callaway and
Zedler 1998), but no field studies have evaluated combined
effects on Mediterranean salt marsh shrubs, such as S.
pacifica. Spalding and Hester (2007) evaluated effects of
inundation and salinity on three oligohaline species
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(Spartina patens (Aiton) Muhl., Panicum hemitomon
Schult., and Sagittaria lancifolia L.) from Louisiana; they
found differential effects on each species and a number of
interactions among salinity and inundation. Similar to our
findings, the effects of increased salinity were exacerbated
by increased inundation for P. hemitomon and S. lancifolia.
Similar interactions were found by Willis and Hester (2004)
where inundation increases caused no reduction in P.
hemitomon biomass, unless accompanied by increased
salinity.

As was found for differences in growth forms for
Spartina (Valiela et al. 1978; Mendelssohn and Morris
2000), tidal channels are important in modifying the marsh
plain environment, and subsequently Sarcocornia produc-
tivity. Bertness et al. (1992) also demonstrated that Iva
frutescens L., a high marsh shrub in New England salt
marshes, was able to grow to lower elevations adjacent to
creeks. Tidal channels are the primary conduits for water,
sediments, and nutrients and have local effects on drainage
and soil chemistry. The influence of channels in Pacific
Coast tidal marsh systems has been well-identified for a
number of processes (Zedler et al. 1999; Sanderson et al.
2000). In San Francisco Bay Estuary marshes, for example,
poorly-drained areas away from tidal channels had greater
salinity levels than those located in areas with frequent tidal
flushing (Figs. 2 and 3; Ustin et al. 1982; Balling and Resh
1983). Regionally, salinity decreases with distance from the
Pacific Ocean in the Estuary, and, within a site, decreases
with frequency of tidal flushing.

Proximity to tidal channels influences a number of
biological responses, such as species composition (Hopkins
and Parker 1984; Sanderson et al. 2000), and, specifically
for S. pacifica, biomass (Fig. 4), ANPP (Fig. 5a), and
height (Fig. 5b). Productivity was particularly influenced by
the degree of drainage (Fig. 5a). Two other analogous
patterns correspond with these results. Artificial mosquito-
control ditches might be expected to influence drainage and
salinity in a manner similar to natural tidal channels, and
biomass was found to be greater next to these ditches
(Balling and Resh 1983). However, Balling and Resh
(1983) found lower productivity next to a natural channel
compared to productivity on the marsh plain and along a
mosquito ditch. This effect could be due to lack of
replication, since only one site within one marsh was
sampled. While S. pacifica is most abundant around mean
higher high water (MHHW), inundation impacts Sarcocornia
growth and survival at low marsh elevations where domi-
nance shifts to S. foliosa in San Francisco Bay marshes
(Mahall and Park 1976a, c). Overall, in marshes along a
salinity gradient in the Estuary, we found S. pacifica to be
insensitive to changes in salinity as long as areas were well-
drained, but productivity decreased with increasing salinity
in areas with poorly-drained soils.

Effects of Individual Factors: Inundation and Salinity

As with other tidal marsh species, our data suggest that S.
pacifica can tolerate a broad range of salinity and
inundation but performs better at well-drained, tidally
flushed sites. The relatively high elevation sites on the
marsh plain in San Francisco Bay marshes are only
infrequently covered by spring tides to shallow depths of
5-10 cm, and plants in these locations often were growing
in 1-10 cm of standing water that was rarely flushed with
tidal activity (L. Schile, personal observation). Water-
logging of the soil and the creation of anaerobic conditions
for longer periods of time would depress growth compared
to well-flushed locations (Ungar 1991; Mendelssohn and
Morris 2000). Sarcocornia pacifica responds to increased
inundation by increasing the amount of aerenchymatous
tissue (Seliskar 1985) but can lose competitive ability
through delayed and occasionally reduced growth (Mall
1969). Increases in productivity at higher marsh elevations
undoubtedly relates to tidal flushing that replenishes
oxygenated water and removes anoxic water and sulfides,
thereby converting waterlogged soils into conditions more
optimal for plant growth (Pennings and Callaway 1992).
Productivity also decreases with increased depth of tidal
submergence adjacent to the low marsh in San Francisco
Bay (Mahall and Park 1976¢; Josselyn 1983). However,
previous submergence studies in the Estuary have focused
on the lower elevation limits of S. pacifica and its
competition with low marsh species, with little attention
given to the variable responses of S. pacifica where it
dominates the marsh plain.

Sarcocornia pacifica typifies a plant that tolerates saline
conditions; however, saline conditions have been observed
to reduce its growth and stature (Josselyn 1983; Pearcy and
Ustin 1984; Brenchley-Jackson 1992; Callaway and Zedler
1998). Mahall and Park (1976b) observed that S. pacifica
mortality did not increase with higher salinity, but lower
shoot growth tended to occur under more saline conditions.
Zedler (1983) observed a 160% increase in S. pacifica
productivity after a freshwater flood in a hypersaline
southern California marsh, which could have been a result
of the freshwater pulse or the presence of tidal flow. In our
study, S. pacifica height increased with decreasing salinity,
similar to the other studies that have measured S. pacifica
height, biomass, or productivity (Zedler 1983; Seliskar
1985; Brenchley-Jackson 1992; Callaway and Zedler 1998,
but see Zhang et al. 1997); however, salinity alone had little
effect on aboveground productivity (Table 1).

Soil salinity is of particular interest in Mediterranean-
type marshes due to high rates of summer evapotranspira-
tion and extremely infrequent summer rains. At our sites,
soil salinity varied throughout the growing season, increas-
ing at all depths over time during the growing season. Soil
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salinity levels across all sites initially were greatest at the
lowest depth, 20 cm, and gradually increased throughout
the summer until the upper soil depths were equal or greater
than the samples from 20-cm depth (Fig. 2). These trends
are consistent with results from Mahall and Park (1976b)
who also worked in a San Pablo Bay marsh. In this
Mediterranean-type climate, the majority, if not all, of the
rainfall occurs between October and April; during the rainy
season (winter and early spring) pore water salinity
decreases, and surface soil salinities can be reduced to
lower levels than in deeper soil layers. Soil salinity
increases over the spring and summer as the rains cease,
freshwater inflow greatly decreases, temperatures rise, and
evapotranspiration increases, creating the most stressful
salinity conditions during the growing season.

Similar effects of individual factors of salinity and
inundation have been observed with other Mediterranean
perennial salt marsh shrubs. While positive effects on
biomass have been observed for an annual (Cooper 1982)
and a perennial (Barbour and Davis 1970) pickleweed
species, the effect of salinity is negative at higher salinities
(2.2% salt). Sarcocornia fruticosa (L.) A. J. Scott (formerly
Salicornia fruticosa) in the Rhone Delta of France had
higher ANPP in a site with regular sea water exchange
compared to a nearby impounded site that was often
hypersaline (Ibanez et al. 1999). Additionally, S. fiuticosa
growth in the Po Delta, Italy was influenced by increased
inundation relative to other European sites, resulting in an
increase in below-ground biomass, and height increased
with increasing ANPP (Scarton et al. 2002). Modified
hydrology in a Spanish salt marsh, lead to increases in S.
fruticosa relative to most other species (Alvarez-Rogel et
al. 2007). Arthrocnemum subterminale (Parish) Standl.
(formerly Salicornia subterminalis) had decreased growth
under prolonged periods of saturation, which affected both
above and below ground biomass (Kuhn and Zedler 1997).
In South Africa, Sarcocornia perennis (Mill.) A.J. Scott
(formerly Salicornia perennis) growth was affected more
by prolonged inundation than by high salinity levels
(>35%0; Adams and Bate 1995).

Management Implications: Climate Change and Restoration

In light of increasing rates of sea-level rise (Church and
White 2006; Church et al. 2008; Vermeer and Rahmstorf
2009), estuaries throughout the world will experience
longer durations of inundation. Specific climate change
scenarios for the Estuary watershed (Sierra Nevada Moun-
tains) predict reduced snowpack and earlier snowmelt,
which in turn will reduce freshwater flow in the late spring
and summer (Hayhoe et al. 2004; Cayan et al. 2008b).
Salinity regimes will be significantly altered in this
Mediterranean-type climate because of reduced freshwater
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flow and increased evapotranspiration from warmer temper-
atures. Combined with increasing rates of sea-level rise, the
Estuary’s tidal marshes are predicted to experience longer
periods of inundation, increased summer salinities, and a
larger reach of saline water into historically fresh portions
of the estuary (Cayan et al. 2008a, b). The implications for
the tidal marsh plant communities are profound, particularly
for restored sites where newly recruiting vegetation is likely
to be highly sensitive to increasing salinity and inundation
(Callaway et al. 2007). Understanding the complex effects
of inundation regimes and salinity gradients on current
plant communities will aid in predicting changes in plant
productivity and survival. Our results suggest a significant
decrease in productivity and height with the combined
stresses of prolonged inundation and salinity in a ubiqui-
tous and tolerant plant species, changes that are likely to
have cascading effects across all marsh and pelagic species.
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