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ABSTRACT

The iﬁfluence of salinity on the productivity of four plant species occurring
or potentially cccurring in Suisun Marsh was investigated with laboratory measure-
ments of growth, photosynthetic responses and competitive interactions, and field
measurements of water relations, growth and carbohydrate reserves. Special

emphasis was placed on the responses of Scirpus robustus and its competitors

because of its importance as a waterfowl food source. The results showed that

photosynthesis and growth were much more reduced by increased salinity in Scirpus

than in Spartina foliosa, Salicornia virginica or Cotula cornupifolia. However,

at low salinities Scirpus had the highest growth rates. Competition studies
showed a strong shift in competitive advantage from Scirpus at low salinities to
Salicornia at high salinities. Fileld studies showed that at most sites where
Scirpus occurs, there is a strong seasonal change in salinity from nearly fresh
water in the spring to high summer salinity levels, The rapid growth of Scirpus
at the low salinities p;ésént during the spring may give it a competitive advan-

tage over Salicornia. Scirpus also exhibited considerable tolerance to high

salinities-—defined here as an ability to survive even though growth was com-
pletely stopped. This tolerance may be important, since high summer salinities
could prevent encreoachment of less salt tolerant but highly competitive and less

desirable species such as Scirpus acutus or Typha latifolia. We conclude that

management plans designed to enhance Scirpus productivity should put as much
weight on maintaining an annual cycle of salinity as reducing the yearly average

galinity.
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INTRODUCTION

The Suisun marsh comprises 59,000 acres or about 1072 of California's
remaining "natural" wetlands and is of major importance to waterfowl of the
Pacific Flyway. These waterfowl winter primarily in the Central Valley of
California and in dry years, up to 25% of the total population may be found in
the Suisun marsh (Miller et al.,, 1975). Present land management practices are
directed primarily at maintenance and enhancement of these marshes as water-
fowl habitat (Mall, 1969). This land and the ducks that it supports provide a
valuable recreational resource with over 200 duck hunting clubs operating in
the marsh (Mall and Rollins, 1972). With the projected additional loss of up

to 20% of California's remaining wetlands in the future (Calif. Dept. of Fish

and Game, 1967), the value of the Suisun marsh in ecological, recreational,
and economic terms will increase considerably,

Future water development in California represents a major problem for
protgction and maintenance of the Suisun marsh. Flows of fresh water into the
Sacramento River Delta have been reduced from 33.6 to 15.9 million acre feet
through diversiqn and storage for‘primariiy agricultural use (MiLler et al.,
1975). A further 30% reduction is anticipated by 1990 (Skinner, 1972). The
major impact of this decrease in water outflow through the Delta on the Suisun
marsh will be an increase in the salinity of the sloughs and channels that
flush the marsh. Total dissolved solids (TIDS) now range from 1 to &4 parts per
thousand (ppt) from October to January in the sloughs and bays in and around
the marsh (Miller et al., 1975) but are predicted to reach 17 ppt for at least
80% of the year as a result of the decreased flushing.

Increased soil salinities could potentially have a marked adverse impact
on the productivity of the Suisun marsh (Mall, 1969). The most valuable plant
species, in terms of waterfowl food, apparently require intermediate salin-

ities for maximum competitive ability and seed production. Currently,



management pracﬁices ‘based on flooding in winter and spring for salinity
control have apparently led to increases in productivity of these species
(Miller et al., 1975). Future increases in salinity are likely to reduce the
effectiveness of marsh manégement practices and the distribution and produc-
tivity of the desirable species. This will, in turn, have a major impact on

the use of Suisun marsh by waterfowl. Currently, the marsh supports 5.0 ducks

‘per acre as compared to 0.9 ducks per acre in the more saline marshes of San

Francisco Bay (Calif. Dept. of Fish and Game, 1966~1967). Extrapolation
based on the predicted future changes in the EEEQQn marsh indicates that a
significant proportion of the wintering waterfowl population of the Pacific
Flyway will be lost (Mall and Rollins, 1972).

Considerable research has gone into potential effects of increased
salinities based on the current understanding of plant-salinity relationships
developed from field observatioms (Mall, 1969). Possible management plans to
preserve the quality of the marsh, based on the studies, include the importa-
tion of fresh water in order to reduce salinities. This importation will be
expensive, in terms of both the cost of the facilities required and the amount
of water used. Currently, cumulative annual water requirement in the marsh
for salinity control and vegetation management amounts to 430,000 acre feet
(Miller et al., 1975). Detailed knowledge of the responses of plant pro-

ductivity and distribution are requiredfiﬂwordeféto optimize management

practices.

The research supported .by this grant had the objective of providing
insight into the effects of salinity on plant productivity of important
plant species in the Suisun marsh. Species that are important wildlife
food sources or that compete with food species were investigated. The effects

of salinity on photosynthetic €O, exchange, relative growth rate and pat-

2

terns of dry weight allocation were determined in laboratory measurements on



plants grown at different salinity levels. Field measurements were made of
growth, phenology, and carbohydrate storage reserves in the plants, and of
biomass at several sites that differed in water and salinity regimes. These
sites were also utilized for measurements of plant water relations, stomatal
conductances and field photosynthesis rates which were helpful in interpreting
the laboratory responmses. Finally, competition experiments between Scirpus

robustus and its major competitor, Salicorpnia virginica, were conducted to

investigate how competitive interactions would be influenced by higher salin-

ity levels,

MATERTALS AND METHODS

I. Description of the Species

Experiments on the effects of salinity on growth and €O, exchange rates

2
were made on 4 species found in Suisun marsh, or potentially found there

if salinities increase. These 4 species were alkalai bullrush (Scirpus

robustus), pickle weed (Salicornia virginica), cord grass (Spartina foliosa)

and brass buttons (Cotula coronopifolia). Because of the critical importance

of Scirpus robustus as a waterfowl food source, a heavy emphasis was placed on

this species. Brass buttons is also an important food source for waterfowl.
The‘other two species are not important waterfowl food sources but do com-
pete with food species and, thus, may be important factors regulating the
distribution and abundance of waterfowl food.

Two other species, salt grass (Distichiiis spicata) and Atriplex patula,

are found in the marsh and work was ofiginally planned to include them in this
project. However, during the course of the research the results of other

studies on the effects of salinity effeetd on growth and photosynthesis in
e,/

these two specieskwéé‘published. Therefore, our efforts were concentrated on

the other species. A review and description of this published research is

included in this report for comparison to our results.



Field work concentrated primarily on the perennial species Scirpus

robustus and the two competitors Salicornia and Spartina.

Following is a description of each species, including the taxonomy,

morphology, and general distribution.

I. Scirpus robustus
This species is a member of the Cyperaceae or sedge family which is

widely distributed in marshes. Scirpus robustus is widespread in North

America, occurring in both east and west coast marshes. In California, it is
most common in brackish marshes, although populations do occur in quite saline
marshes of San Pablo Bay. It is morphologically similar to the European

marsh species S. maritimus and to the Mediterranean species §. tuberosus. The

latter has been introduced into some marshes in the Sacramento River Valley.
A closely related species, §. fluviatilis (river bullrush), is found in the
Sacramento River Valley in primarily freshwater marshes. This species, while

very similar in appearance to §. robustus, is not a heavy seed producer and is

therefore less desirable as a waterfowl food source. Hybrids between 8.
robustus and §5. fluviatilis have been reported {Mason, 1957). Thus, they

represent a very interesting species complex extending from very saline to
essentially freshwater marshes.

Morphologically, S. robustus is a leafy sedge 0.5 to 1.5 m tall with
leaves 5-15 mm wide and up to 50 cm long. The rhizomes form tubers which
serve to regenerate the plant each year. Qur excavations show that most of
the roots occur in the upper 15 cm of soil, although some roots extend much
deepery.

Previous work on Scirpus robustus has been limited to taxonomic treat-

ments {(e,g., Koyama, 1962; Schulyer, 1974~1975) and to Mall's field studies

of salinity~productivity relationships.



2. Salicornia virginica

This perennial species is in the Ffamily Chenopodiaceae and is abundant
in the most saline parts of the marsh. It is widespread, occurring also in
east coast salt marshes. The European equivalent is §. europea. Several
annual species of Salicornia also occur in California.

Morphologically, 5. virginica is a suffruticose perennial, usually less
than 0.5 m tall. The leaves are stroungly reduced and the photosynthetic
tissue consists of modified succulent leaves fused around the stem. Vegeta-
tive reproduction ocecurs via horizontal rhizomes. Growth begins in late April
and continues through the summer. Flowering occurs in September and the seeds

are shed in November.

3. Spartina foliosa

This grass species is common along the edges of the salt marsh and on
the tidal flats of San Francisco Bay. It is restricted in distribution to the
coastal salt marshes of California and Mexico. However, several other
Spartina species occur in east coast and interior marshes, and the genus is
widespread in salt marshes throughout the world. 5. foliosa does not now
occur in Suisun marsh but may become established if salinities increase.
Apparently, it was originally absent or occurred only infrequently in San
Francisco Bay and San Pablo Bay. However, as salinities have increased due to
changing water uses and flood management, Spartina has become much more
widespread. It is now the dominant species throughout the '"low" marsh at
elevations from mean tide level to mean high tide level (Miller et al.,
1975).

Growth begins in April and continues through the summer. Flowering
occurs in late summer or early fall and the seed matures and is shed in

Rovember, Dormancy is incomplete and shoots initiated in early fall remain

suppressed until spring when vegetative growth is completed.



Phelger (1971) has previously determined the effects of salinity on

the growth and composition of Spartina foliosa, which showed maximum growth at

about 257 seawater. Somewhat similar results were obtained by Mahall and Park
(1976b).

4. Cotula coronopifolia

This species is a herbaceous facultative perennial {depending on salinity
and soil moisture) of the Compositae that was introduced from South America.
It occurs extensively in Suisun marsh and other brackish marshes as an often
almost aquatic plant with decumbent branches up to 30 cm long. Flowering
occurs throughout the spring, summer and fall, and large quantities of very
smail seed are produced. These appear to be dispersed primarily by flotation
and, in some places, seed layers up to several inches deep can be found along
the water's edge.

To our knowledge, there has been ne information published on the ecology

of this species or its responses to salinity.

IT. Description of the Field Sites

1. Suisun Marsh

Suisun marsh consists primarily of a series of levied ponds that are
seasonally flooded. Species distributions within these ponds depend on
elevation, salinity, extent of recent disturbance and flooding duration. Pond
management . practices, which involve mainly flooding and drainage control,
have a marked effect on salinity levels and soil moisture and ultimately on
species distributions. The impact of alternative management schemes on
species distributions and productivity is discussed in Miller et al. (1975).

Three primary field sites that differed in soil salinity were selected
for measurements of seasonal patterns of growth and carbohydrate reserve,
These sites were selected on the basis of their visual appearance and. the

records in Miller et al. (1975). The locations are shown:in Figure l;%nd



‘cover estimates for the most important species are given in Table 1. Below is
a description of each site.
a. High Salinity Site (Tract 100, Joyce Island)

Vegetation at this site was dominated by Salicornia virginica with

Scirpus robustus occurring in only small localized patches. Even within these

patches, cover of Scirpus was low. Large areas of bare ground were present,
b. Intermediate Salinity Site (Tract 13}, Grizzly Island)
The vegetation at this site consisted primarily of large, nearly mutually

exclusive patches of Scirpus robustus and Salicornia virginica. Salicornia

appeared to occupy slightly higher elevations (0.1 to 0.5 m) than Scirpus.

At still higher elevations Distichilis spicata and Juncus balticus were

abundant. Small areas of bare ground within the site supported stands of

Cotula coronipifolia,.

¢. Low Salinity Site (Tract 100, Joyce Island)

This site is dominated by Scirpus robustus with only a small amount of

Salicornia virginica present. Areas not supporting Scirpus were occupied by

Distichilis spicata, Juncus balticus, Atriplex patula, and Typha latifolia,

2. Sonoma Creek

This natural tidal marsh is at the high end of the salinity gradient for

Scirpus robustus. It is located in the San Pablo Bay marsh system along the

banks of Sonoma Creek. Scirpus robustus occurs in a narrow band (3-6 m wide)

about 10 m from the water's edge and about 1.8 m elevation above the mean tide
level. At lower elevations in the intertidal zone towards the creek, a pure

stand of Spartina foliosa is found. Above the Scirpus, the marsh is occupied

by an extensive pure stand of Salicornia. This site is regularly flooded by

tidal waters from Sonoma Creek.



3. Gray Lodge
A site at the low end of the salinity gradient for Scirpus was selected
at Gray Lodge Wildlife Refuge north of Marysville, CA and along the Sacramento

River. Scirpus robustus does not occur at this site but the very closely

related species, Scirpus fluviatilis, occurred in extensive nearly pure stands

surrounding slightly lower areas containing either Scirpus acutus or Typha

latifolia, The remainder of the site was occupied by annual grasses and

broad~leafed herbs. The site was flooded from September through early March.

I1I. Methods - Laboratory

A. Growth of Plants
All plants used in the laboratory measurements were grown in a greenhouse
on the University of California, Davis campus. Plants were grown either from
seeds, rhizomes or tubers, depending on the species, collected in the field.

For both growth rate determinations and measurements of €0, exchange, single

2

plants were grown in 5 ecm dia x 20 cm long, bullet-shaped plastic pots con—;’mm

i

taining sand and perlite. The pots were placed in large 26 L_plastic~linedhﬂh
tanks so that the bottom 15 cm was submerged in nutrient solution. The
solution consiste& of a full-strength Hoagland mixture which was salinized to
different levels (10, 20, 30 ppt) with an artificial sea-salt mixture {(Rila
mix). Salinity was gradually increased over a 5-15 day period to avoid osmo-
tic shock to the plants. The nutrient-salt sclution was continuously aerated,
Supplemental light was provided in the greenhouse by two 1500 W metal~
halide lamps so that the irradiances received were similar to those present
under field conditions during the growing season. The photoperiod was 14
hours and total daily quantum fluxes were 2900 uEL cm_2 on cloudy days and 4300°
WE cm—2 on clear days., During the late spring, summer and ea:iy fall, the -
greenhouse was whitewashed to reduce the heat load. This, coupled with the

thermostatically-controlled heating and evaporative cooling, kept temperatures



in the range of 25 to 33 C during the day and 10 to 18 C at night. These
temperatures are similar to those found in Suisun marsh during the growing
season.

B. Meadsurement of Photosynthetic €O, Exchange

2

The plants used in the gas exchange measurements were generally allowed
to grow at each final salinity level until new leaves were produced fof the
gas exchange measurements. Thus, measurements were made on leaves that had
developed at the desired salinity level. On the night prier to the gas
exchange measuremeﬁts, the plant was transferred from the greenhouse to the
laboratory.

Photosynthetic CO2 and water vapor exchange rates were measured with
apparatus detailed previously (Pearcy, 1977; DeJong et al., 1981). A single

attached leaf for Scirpus and Spartina and a branch for Salicorpnia or Cotula

was enclosed within a glass-windowed, circular brass chamber with a thermo-
statted water jacket in the base and the 1lid. A fan in the chamber rapidly
mixed the air and maximized the boundary layer conductances and heat exchange
between the leaf or branch and the chamber. Leaf or branch temperatures were
measured with 0.7 mm diameter copper-constantan thermocouples. Light received

by the leaf was measured with a silicon cell mounted on the lid of the cham-

ber. Air of known CO2 concentration was supplied to the chamber by mixing
COz~free alr with air containing 1% 002 from compressed air cylinders at
known ratios with calibrated metering valves or with rotameters. The air

stream was humidified in a glass washing bottle and then dehumidified to a
known dewpoint in a thermostatted glass condenser. The flow rate was measured
either with a Mass flowmeter (Flow Technology, Inc.) or with a differential
pressure transducer (Validyne Engineering, Inc.) mounted across a flow re-
‘strictor made from a scintered glass disc to provide a pressure differentiai.

002 concentration was determined with a differential infrared gas analyzer
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(Beckman Inst. Inc. Model 865 or Horiba, Inc. model VIA 500-R) and water vapor
concentration with a solid-state relative humidity probe (Weathermeasure model
HM=111P). Light for the photosynthesis measurements was supplied from a 1500

wl .

fwabé'metal halide lamp and intensities were controlled with neutral density
filters constructed from aluminum wire screens of varying mesh sizes.

Leaf conductances to CO2 flux (gi) werercalculated from the simultaneous
measurements of 002 and water vapor exchange, while mesophyll conductances

'
(gm) were calculated from the initial slopes of intercellular CO, dependence

2
curves according to procedures outlined by Jarvis (1971). Rates of gas
exchange and the leaf resistances were calculated on the basis of the surface
area of one leaf side in Scirpus and Spartina and, so that the measurements
were comparable, on the basis of 1/2 of the round shoot surface area in
Salicornia.
C. Growth Measurements

Relative growth rates were measured using 22 seedlings for each salinity
treatment selected from a much larger group on the basis of uniformity of
size. These seedlings were transplanted to the pots described above, Growth
conditions in these experiments were the same as those used for the photo-
synthesis measurements. After the gradual salinization period, the plants were
allowed to equilibrate for 7-10 days at the final salinity. Harvests of 4-5
plants each were then made at 7-10 day intervals and weights were determined

after oven drying.

Leaf growth rates of Scirpus robustus were measured at each salinity

treatment by marking leaves with small tags at the time that leaf expansion
began. = Thereafter, leaf length was measured daily. Curves were constructed
of leaf length versus time so that leaf expansion rates could be calculated

from the slopes.
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D. Water Potentials

Leaf water potentials were measured with a Scholander pressure chamber
(Scholander et al., 1965),

E. Competition

Competition experiments between Scirpus robustus and either Salicornia

virginica or Spartina foliosa were conducted at several salinity levels using

the de Wit replacement series technique {(de Wit, 1960). 1In this technigue,
the density of plants was held constant at 10 plants per 1 gallon pot but the
proportions of the two species were varied. Seedlings were grown in flats and
then transplanted into the pots in proportions of 10/0, 7/3, 5/5, 3/7, or 0/10
for the competing species pair, The pots were placed in plastic trays and
irrigated from below with a Hoagland solution salinized to either 10 or 20 ppt
with Rila mix. A control experiment with no added salinity was also estab~
lished. The pots were periodically rinsed through with the salinized nutrient
solution to prevent the buildup of salts in the pots due to evapotrans-
piration, In some experiments, the solutions were salinized within 3 to &

days after transplanﬁing, while in the others the salinization was delayed for
several weeks. The plants were harvested and the dry weights determined after

the Scirpus plants had grown to maturity and flowering had begun.

IV. Methods - Field

a. Growth and phenology.

Field measurements were carried out at the field sites at monthly inter-
vals in 1978 and 1979. Growth of Scirpus and other species was determined by
measuring the heights of 50 shoots. For Scirpus, seasonal changes in shoot
density were also determined by counting the number of shoots in (.25 m2

plots. Standing crops were determined at the end of the growing season

by clipping 0.25 m2 plots. Records of phenology, including time of initiation
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of shoot growth, flowering and time of dormancy were kept for the major
species at each site.

b, Plant water potentials.

Plant water potentials were measured with a Scholander-type pressure
chamber (Scholander et al., 1965). Measurements were made on 5-8 plants of
each species at dawn and again at 2-3 hr intervals throughout the day.
Because of differences in morphology, leaf water potentials were measured for
Scirpus and Spartina while shoot water potentials were determined for
Salicornia. Water potential measurements were not made on Cotula because the
soft, irregular stems were not suitable for the pressure chamber technique,

c. Leaf conductances.

Leaf conductances to water vapor were determined with a null balance type
diffusion porometer, Measurements were made on 5 to 7 leaves that were tagged
so that repeated measurements could be made. Where necessary, the leaves
were rinsed and then dried prior to the start of the measurements to remove
salt crystallized on the surface. Measurements were made every 2-3 hours
throughout the day,

d. Field photosynthesis.

Measurements of the photosynthetic rates of plants under field conditions
were made using the syringe technique {(Clegg et al., 1978; Ehleringer and
Cook, 1978). A 15X15X3 cm plexiglas chamber containing a fan for rapid air
mixing was clamped onto 1 or 2 leaves. An automatic timer system withdrew a
10 cc air sample with a syringe and then withdrew a second 10 cc sample with a
second syringe at a predetermined interval (usually 10 or 20 seconds). The
needles were capped with rubber stoppers and the syringes were stored in
insulated.boxes for later analysis. After the measurement, the leaves were

harvested so that leaf areas could be determined.
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The CO2 concentrations in the syringes were measured using a Horiba
VIA 500R gas analyzer. The 10 cc of air was injected into an airstream
flowing through the sample cell of the analyzer at ul minml. Because the
002 concentration in the syringe was different than that in the air stream,
a peak deflection occurred as the sample passed through the analyzer. Peak
height was related to 002 concentration and was calibrated'by injection of
syringes containing known CO, concentrations, Photosynthetic rates were

2

calculated from the decrease in 002 concentration over the time interval,

e. Soil moisture and saiinity.

Soil samples were collected with a soil auger from the 0 to 15 cm depth |
zone, where most roots occurred, and were stored in metél soil cans. Soil
moisture content was determined gravimetrically from subsamples following oven
drying at 105 C. Soil salinities were determined on separate subsamples by
addition of distilled water followed by mixing and centrifugation to remove

the particulate material. Conductivity of the resulting solution was deter-

mined with an aquatronics model 320 conductivity analyzer. Salinities
were calculated from the conductivities and then corrected to the original
soll moisture values.

f. Carbohydrate content,

Tubers were collected at intervals during 1978, 1979 and 1980 from ponds
spanning the range of salinities for Suisun Marsh. Tubers were returned to

the lab, cleaned, dried and weighed. The outer epidermis was removed, the

remaining storage tissue was ground in a Wiley Mill and analyzed for total

A ~
B

= sametinili . .
non-saturak-carbohydrate following the procedures of Smith (1969).

7

RESULTS

I. Laboratory Studies of CO, Exchange and Growth

A. Photosynthetic Responses to Light, Temperature and CO2
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Photosynthetic responses to light, temperature and €0, were determined
for the four species investigated. Measurements of the responses to these
environmental factors provide a basis for characterizing differences between

species and for identifying conditions required for maximum CO, uptake rates.

2
Prior -to these determinations, optimum salinity conditions were also deter~
mined and shown to be the control solution for Scirpus and Cotula and 10
ppt for Spartina. Plants grown in these concentrations were used for deter-
mining the environmental responses. Since, as will be shown later, salinity
had little effect on 002 uptake in Salicornia, plants grown in control solu-
tion were used. Since the plants were grown under high light, high nutrient
supplies and moderate temperatures, the photosynthetic rates probably reflect
the maximum potential of each species,
High light approaching f&11 sunlight intensities (2000 ueinstein m

s”l) was required for maximum photosynthesis in all four species {(Figure 2).

None of the species showed a clear saturation of €O, uptake by light. This

2

was especially pronounced in Scirpus and Spartina. For Spartina and Scirpus,

the high photosynthetic capacities probably account for the lack of saturation
since this is a commonly observed characteristic in other high photosynthetic
rate species (Ehleringer and BjBrkman, 1978), The lack of light saturation
in Salicornia is probably accounted for by the succulent stems which are
relatively poor at absorbing light, as compared to flat leaves. This, along
with the high dark respiration rate per unit surface area as shown by the
.

intercept aéﬂﬁflight intensity, accounts for the much poorer pe;formance of
Salicornia as compared to the other species at low light levels.

Cotula generally had lower photosynthetic rates than the other species,
with the exception of Salicornia%{at PFD below 500 y Einstein m 2 snl. When

compared with the other species, the irradiance at which photosynthesis

begins to saturate, that is, the point at which the photosynthetic response
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curve begins to deviate from 1inearity6§s much lower. In the high irradiance
environment of the marsh, Cotula wouiﬂ‘clearly have a lower photosynthetic
capacity.

Large differences were apparent in the temperature respouses of photo-
synthesis. 1In Spartina, 002 uptake increased strongly with increasing temper-
ature up to a maximum of 35 to 36 C (Figure 3). This pronounced temperature
dependence is characteristic of the Ch photosynthetic pathway found in
Spartina. The three C3 species all had much broader temperature responses

and lower temperature optima for €O, uptake. The temperature optimum for

2

002 uptake was between 27 and 32 C for Scirpus and 25 and 27 C for Salicornia.
Cotula had a very broad temperature respouse with almost no change in photo-
synthetic rate between 20 and 30 C. At high temperature, photosynthetic
capacity is greatest in Spartina. However, at leaf temperatures below 20 C, a
temperature that could be commonly expected during midday in the spring
growing season in Suisun marsh, Scirpus had the highest rates, Salicornia had
tower, and Cotula the lowest photosynthetic rates at all temperatures.

The photosynthetic responses to the calculated intercellular 062 con~

centrations are shown in Figure 4. These curves are most useful for diagnos-

ing the differences in photosynthetic capacity due to the contrasting 03 and

C4 pathways of these marsh plants, Spartina is highly efficient at low

intercellular CO2 concentrations But exhibits CO2 saturation above 100 to

150 ybar. These are characteristics typically associated with 04 pheotosynthe-

sis. In contrast, the C3 species are less efficlent at low 002 but do not

exhibit €O, saturation. 1In fact, at high intercellular CO

2 the photosynthe-

97
tic capacity of Scirpus is substantially higher than that of Spartina.
Howeﬁer, the greater photosynthetic capacity of Scirpus than Spartina would
never be realized under normal conditions. Normal 002 levels in the atmos-

phere are around 330 pbar, and 002 concentrations in the intercellular spaces”
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are lower than atmospheric concentrations due to the diffusion limitation
imposed by the stomata,
B. Photosynthetic Responses to Salinity
The 4 species exhibited a variety of photosynthetic responses to salinity
(Figure 5). 002 uptake was essentially unaffected by saliﬁiffm6Vepxthe

range of 0 te 30 ppt in Salicornica. Photosynthesis in Spartina was also

quite resistant to salinity stress and rates declined only above'?ZO ppt.
In contrast, photosynthesis in Scirpus and Cotula was strongly inhibited by
salinity, At 30 ppt, a salinity commonly reached in Suisun marsh during
midsummer (Mall, 196%; Miller et al., 1975; also see Figure 11 of this re-
port), photosynthesis of Scirpus and GCotula was reduced to 36% and 26% of
control rates,.respectively (Figure 6). While photosynthetic rates of Scirpus
were equal to those of Spartina and much higher than those of Salicornia when
grown at the lowest'saliﬁity, by 30 ppt, the latter two species had much
higher 002 uptake rates, Thus, increasing salinity has a much more Hetrim
mental effect on photosynthesis in Scirpus than on its primary competitor in
Suisun marsh, Salicornia, or the potential competitor, Spartina.

The photosynthetic responses to salinity could either be due to stomatal
closure restricting the supply of €O, to the leaf or to an inhibition of

2

photosynthetic metabolism of 002 in the leaf. These two factors can be

separated by calculation of the conductances to €O, by the ‘leaf (Table 2).

2

The leaf conductance (gi) expresses the capacity for CO, transport across

2

the stomata and boundary layer of the leaf while the mesophyll conductance

expresses the capacity for €O, uptake across the cell walls and for fixation

2

by the photosynthetic appartus. Both leaf and mesophyll conductances declined

in response to salinity in Scirpus and Cotula. No trend was apparent in

constant up to 20 ppt salinities, but both declined at 30 ppt.



17

When salinity stress occurs and reduces photosynthesis, it is clear that
both stomatal and mesophyll limitations are involved. The relative impor-
tance of these two limitations can be calculated by comparison to a total
conductance for CO2 uptake. As shown in Table 2, changes in leaf conduct-
ance account for most of the inhibition of CO2 uptake by salinity.

C. Salinity Effects on Growth
Growth responses to salinity were remarkably different among the species

(Figure 7). There was a substantial stimulation of the final dry weight of

Salicornia and Cotula in the 10 or 20 ppt treatments. In contrast, the

dry weight of Scirpus was strongly reduced relative to the control at even 10

ppt added salinity. Thus, although Scirpus and Cotula had similar photosyn-

thetic responses to salinity, growth was remarkably different. This contrast
was probably due to the succulent nature of Cotula, which may require salt for
maximum leaf expansion. A rapid development of leaf area would clearly be
required to compensate for the lower photosynthetic rates in this species.
Stimulation of surface area expansion in Salicornia would also account for the
increased dry weight at 10 and 20 ppt relative to the 0 ppt control. Growth
stimulations by moderate salinities have been reported for a number of halo-

phytes, including Atriplex halimus (Gale and Poljakoff-Mayber, 1970) and

Salicornia rubra (Tiku, 1979). 1In these cases, a stimulation of leaf or stem

photosynthetic surface area, rather than of photosynthesis, accounts for the
increased growth. Our results are in agreement.

Scirpus, in contrast, lacks succulent leaves and, in fact, leaf area
expansion was inhibited by salinity (Eigu;e 8). Thus, the strong reduction
in growth was d;éwggwgg;méombination of both reduced photosynthesis and
reduced leaf area expansion. Growth in Spartina, which also has non-succulent
leaves, exhibited only a slight stimulation at 10 ppt and a strong inhibition

at 2 ppt.
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At 30 ppt salinity, growth of Spartina, Scirpus and Cotula was reduced

to less than 10% of the control growth, whereas Salicornia still maintained
appreciable growth (60% of control). This is consistent with the occurrence
of Salicornia in the most saline parts of the marsh to the exclusion of
essentially all other species., Salinities frequentiy reach this level
during the summer in Suisun marsh and, thus, could be expected to almost
completely limit growth of the two desirable specles, Scirpus and Cotula.

Relative growth rate (RGR) responses to salinity for Scirpus, Spartina and

Salicornia are shown in Figure 9. Despite relatively low photosynthetic
rates, Salicornia possessed the highest RGR. Conversely, Spartina possessed

the highest photosynthetic rate but the lowest RGR. These differences are
apparently due to the fact that over the 5 week growing period, all of the
Salicornia shoot was photosynthetic and relatively less biomass was allocated
to roots or below-ground rhizomes, as shown by the low root-shoot ratio{ffabléi
4).  The large allocation to development of photosynthetic surface area in
Salicornia more than compensated for the relatively low photosynthetic rate.
Spartina, on the other hand, had a large ianvestment of biomass below ground
(high root/shoot ratio) and a relatively small investment in photosynthetic
surface area. |

RGR was generally more sensitive to salinity than photosynthesis. It was

clearly reduced in Salicornia, for example, at 30 ppt while photosynthesis was

unaffected, Similarly, 20 ppt salinity had no effect on photosynthesis in
Spartina, while RGR was strongly reduced. In Scirpus, the reduced leaf area

development shown in Figure 7, and an increasing allocation to below-ground
structures (Table 3),"are both important in the strong inhibition of RGR with
increasing salinity. RGR is determined by two factors: net photosynthetic

rate and the allocation to production of new photosynthetic surface versus

nonphotesynthetic parts, Qur results show that when both factors are con-
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sidered, the salinity effects on RGR can be clearly understood. Salinity
effects on both photosynthetic rate and allocation patterns are clearly
important in determining growth performance. Finally, it should be pointed
out that relatively small differences in RGR can lead to large differences in
productivity. This is because RGR expresses‘the expotential growth perform-
ance of the plant, Thus, the relatively small stimulations in RGR at moderate
salinities seen in;%}gure 9 gave large differences in plant size over the 5

week growth period.

II. Field Studies

Field studies were conducted in 1978, 1979, and 1980 at sites both
in and outside of Suisun Marsh. Measurements were made at the 3 primary field
sites in Suisun Marsh and at Sonoma Creek and Gray Lodge during 1979 and 1980.
In 1978, 1979 and 1980 measurements of growth and tuber carbohydrate reserves
were made at an additional 6 sites where Mr. Glen Rollians, California Dept. of
Fish and Game, was determining salinity and seed yield relationships.

A. Seasonal Patterns of Soil Moisture and Salinity
The three sites in Suisun Marsh exhibited considerable differences in

the -seasonal patterns of salinity and soil moisture (Figure 10). Soil mois-

tureéi'remained highest at the high salinity site throughout the two vear

cycle. 1In contrast, the intermediate site had the lowest soil moisture values
in éhe summer but ﬁad high values during the winter. Soil moisture values
showed less fluctuation at the low salinity site and ranged from 50 to 100% on
a dry weight basis throughout the yéar.

The high and low salinity sites exhibited large differences in soil
salinities throughout the year. At the low site, salinities ranged from 3.5
ppt in the winter or early spring to a maximum of 13 ppt in the summer. In

contrast, minimum and maximum salinities were 18 ppt and 43 ppt at the high

site. The intermediate site exhibited very large seasonal changes in salin-
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ity, having salinity values as low as the low site- during the winter, and
higher than the high site during the summer. Thus, the intermediate status of
this site reflects more the large seasonal changes in salinities rather than
the actual salinities measured at any particular season. . The large seasonal
salinity changes at the intermediate site are in part related to the large
soil moisture changes, since as soil moistures decrease the salts in the soil
solution become more concentrated.

Seasonal patterns of salinity and soil moisture at Sonoma Creek and
Gray Lodge are shown in Figure 11. At Sonoma Creek soil moisture remained at
high -levels throughout the vyear. Salinities, however, underwent a marked
seasonal change, ranging from 5 to 10 ppt in the winter and early spring to 25
to 35 ppt in the summer. This seasonal change in salinity was due to the
winter rain/summer drought climatic pattern and the lower salinities in Che
tidal waters that flush the marsh in the winter and spring as compared to the
summer. Both winter and summer salinites were lower in 1980 as compared to
1979. This is most likely due to the greater runoff in 1980 and especially to
late spring rainstorms in that year. The large seasonal changes in salinity
at Sonoma Creek are comparable to those at the Suisun intermediate site,
except that winter and spring values were higher at Sonoma Creek.

At Gray Lodge, the study site was flooded during the winter. After
drainage in the spring, soil moisture decreased to very low values during
midsummer before increasing again in the fall when the ponds were reflooded,
Salinities were quite low throughout the year at this site and never exceeded
9 ppt. Salinities were lower in 1980 than in 1979, possibly reflecting the
greater spring precipitation input in the second year,

B. Plant Growth
The maximum heights attained, standing crop and percent of total above-

ground weight in reproductive (flowering) shoots for Scirpus are given



21

in Table 3. There were considerable yearly differences in plant performances
as indicated by these values and no pattern was observed that could clearly be
related to salinity. In Suisun marsh, standing crops were highest at the low
salinity site and lowest at the high salinity site. However, in 1980 this
pattern was exactly reversed. Percent reproduction did not appeaf to be
related to saliﬁity in 1979, whereas in 1980 it appeared to be strongly
reduced by increasing salinities. Similarly, no easily discernible pattern of
plant height versus salinity was apparent that was consistent over the two
years. The existence of what appear to be clear relationships between salin-
ity and plant performance in one year but not the other, suggests that factors
other than salinity must be taken inte account. Possibly, yearly differences
in flooding and drainége used as a management tool in Suisun Marsh are re-
sponsible for the inconsistent results. At Sonoma Creek and Gray Lodge thé
results in 1979 and 1980 were considerably more consistent., Standing crops at
these two sites were much higher than those measured at the Suisun Marsh
sites. Little difference between responses in 1979 and 1980 was apparent at
Sonoma Creek. At Gray Lodge both standing crop and % reproduction were higher
in 1980 than in 1979, possibly due to the spring rains and lower salinites in
the second year.
C. Carbohydrate Reserves

Scirpus vegetatively reproduces from tubers that also function to store
carbohydrate reserves, Carbohydrate concentrations are high in the winter
but are depleted in the spring as plant growth commences. A substantial
amount of the current year's growth and possibly reproductive seed output in
Scirpus is thus dependent on carbohydrate reserves stored during the previous
year., During the summer, after shoot growth is completed, carbohydrate
reserves in the tuber are again built up. Because of the potential importance

of carbohydrate reserves in determining seed production in Scirpus, we deter-
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mined the seasonal patterns at the field sites in Suisun Marsh and at 6
additional sites where seed production data were being obtained by G. Rollins,

Carbohydrate reserves in % of dry weight and g per tuber are shown in
Table 4, Initial carbohydrate concentrations at the start of the growing
season were high, averaging 60 percent. For most sites a substantial decline
in carbohydrate reserves occurred by the time of seed set in June. Moreover,
there was substantial variation in the carbohydrate reserves on an absolute
basis as well as in the seasonal change in carbohydrates. This clearly
demonstrates, as expected, that stored carbohydrates are heavily utilized to
support the rapid vegetative growth and possibly seed production. However,
when comparisons are made between seed production estimates provided by G.
Rollins and our carbohydrate measurements, no pattern is apparent. This may
be due to sampling error since seed production estimates and the carbohydrate
estimates could obviously not be done for exactly the same place in the marsh.
Local variations in seed production at each site could be quite high dué to
microtopographic drainage effects, differences in plant densities, etc. An
additional factor that we did not take into account was vegetative reproduc-
tion. The production of rhizomes and tubers is of considerable significance
to the survival of Scirpus since vegetative reproduction is much less risky
than seed reproduction; germination and seedling establishment are probably
relatively rare events in dense Scirpus stands. Production of new rhizomes
and tubers would obviously compete with seed production for reserves and might
obscure any relationship between seed production and' carboliydrates. Tt is
interesting to note that carbohydrate reserves were much higher at Sonoma
Creek where seed production is apparently rare but plants may survive as
dormant tubers for at least two years. This suggests that high cadrbo-
hydrate reserves and tuber production, at the expense of seed production, may

be especially favored at this site.
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In contrast, sexual reproduction of Scirpus fluviatalis was much higher

at Gray Lodge while tuber size was much smaller (carbohydrate contents were
not measured). Possibly, this species depends less on vegetative reproduction
and consequently invests more in sexual reproduction. The genetic, physio-
logical and environmental controls on vegetative vs. seed production in
Scirpus are complex and preclude any simple method of characterizing or
predicting potential seed production.
D. Plant Water Potentials

The seasonal course of plant water potentials (¥) at Gray Lodge, Sonoma
Creek and Suisun Marsh are shown in Figure 12, At all three sites water
potentials decreased strongly as the season progressed., In Suisun Marsh, dawn
plant Y decreased from -1.5 MPa to less than -3 MPa from mid-May to mid-July.
No further measurements were taken after this time as the Scirpus shoots
became senescent. Thus, this represents the end of the effective growth
period for Scirpus. Midday ¥ values showed a similar decline but were always
2 MPa lower than the dawn values. Salicornia had higher dawn but lower
midday ¢ values than Scirpus throughout the growing season. After early June,
midday plant ¥ values were too low to measure. The much greater change
in ¢ from dawn to midday in Salicornia may be due to its occurrence at slight-
ly higher, and therefore possibly slightly drier, microsites than Scirpus. At
Sonoma Creek the seasonal decline in plant ¥ was more gradual, but since
senescence did not occur until the fall, the loéest values reached were
similar to those found in Suisun Marsh. Plant values were generally higher
at Gray Lodge and senescence occurred ear}ier at this site than at the other
more saline sites. Since soil moistureg?éﬁfe quite high throughout the year
at Sonoma Creek, the decline in plant Y can be attributed entirely to seasonal
increases in salinity. At Gray Lodge, on the other hand, reduced soil mois-

ture coatents account for the decline in plant ¥. 1In Suisun Marsh, the
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situation is complicated since salinities increase primarily because of
declines in soil moisture contents and both factors are probably important.
The much earlier senescence at Gray Lodge and Suisun marsh than at Sonoma
Creek suggests that soil moisture is a very important control on growth and
productivity. This is also supported by our observations that in wetter
microsites, such as small drainage areas at both Gray Lodge and Suisun marsh,
senescence is delayed,
E, Leaf Conductances

The seasonal courses of leaf conductance to water vapor (gl) are shown in
Figure 13. In general, leaf conductances were highest in the early morning
when plant y values and humidities were highest, and were lower during midday.
This was especially pronounced at Sonoma Creek in the spring and at Suisun
marsh, A more complete description of the daily courses of g, at Sonoma
Creek is given by Ustin et al, (1982). The maximum g, values were similar
at all three sites and occurred during May when salinities were low. After
May, g1 values declined strongly as salinities increased and/op soll moisture
values decreased, The large declines in g, as salinities increased 1is
consistent with the responses to controlled salinities under laboratory
conditions and suggests a strong reduction in photosynthetie productivity by
salinity under field conditions. The higher midday conductances after May at
Sonoma Creek are consistent with the greater above-ground standing crop
accumulation over the season and probably greater vegetative productivity of
this population. Since this site reaches high ¥ salinities but at the same
time maintains high soil moistures, the data suggest that more than salinity
alome must be taken into account when considering the productivity responses
of Scirpus. Soil moisture may be of particular importance and deserves

further consideration.



25

F. ¥Field Photosynthesis Measurements

Measurements of photosynthesis in the field were made during 1979 in
order to provide a check on the laboratory results, Figure 14 shows a typical
all-day respoanse of CO2 uptake measured at Sonoma Creek, Photosynthetic
rates were fairly constant throughout the day at about 15y mol m_2 s—l.
Although g}L s?owed an early morning peak, there was no correspoﬁding peak
for CO2 uptake, possibly because of the variable light conditions due to
‘cloudiness on this day. At Gray Lodge on July 12, 002 uptake rates were
higher at 8 a.m. and then declined in parallel with gy values through the
rest of the morning.

Table 5 gives the maximum mean photosynthetic rates measured for each
date when measurements were taken, The maximum rates measured were at Gray
Lodge on May 21. Photosynthetic rates declined over the season as expected
from the g, measurements. Although the wvariation was greater than found
under laboratory conditions, the dependence of photosynthesis on leaf conduc-—
tance was clearly evident. Moreover, the field behavior of both leaf conduc-
tances and photosynthetic rates over the season agree with the predicted
behavior from the laboratory measurements. The greater variation in the field
data reflects the less precise techniques available for the field measure=-
ments, the neccessity of measuring gy and photaesynthesis on separate

leaves, and the more variable field environment.

II1. <Competition

Competition experiments were conducted during 1979, 1980, and 1981,
These were done under different day leungth and temperature conditions during
the spring, summer, and fall periods spanning the plants' normal growing
season. Although other environmental conditions varied, salinities were held
constant and consisted of 1X Hoagland's solution with either 0, 10 or 20 ppt

Rila mix. Comparisons of plant competitive responses under differeat salinity
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regimes should allow better interpretation of the ecological significance of
the physiological and growth responses to salinity.

As shown in{%}gure 15, the yield of Scirpus in the competitive mixture
was greatest in thé control solution and was greatly inhibited at both 10 and

20 ppt salinity. In contrast, maximum yields of Salicornia and Spartina

occurred at 30 and 10 ppt salinity, respectively, These responses are con-
sistent with both the photosynthetic and growth responses of plants grown in
the absence of competition. Thus, the primary determinant of yvield in their
experiments is the direct effects of salinity. However, competitive effects
were also present and these were influenced by the salinity treatment. For
each experiment the dashed line shows the expected yield in each mixture if
only intra but not interspecific competition were occurring. Where the actual
yields fall above the dashed line, it indicates an Entfaspecific‘cdmpetitive
advantage for that species in the mixture. Similarly, wﬁere the actual yields
fall below the dashed line, it indicates a competitive disadvantage.

As can be seen in;éégure 15, Scirpus maintained a strong competitive
advantage over Salicornia”in fresh water, but the advantage shifted to Sali~-
cornia as salinities increased. The pattern was less clear for competition
between Sﬁirpui and Spartina, primérily because of the very low yields of
Spartina at all salinities. The high RGR's and clonal propagation of new
shoots from the rhizomes make Scirpus a highly efficient competitor for space
when conditions for growth are optimal. Because shoot height in Scirpus is

much greater than in either Spartina or Salicornia, early shading is a cause

for growth inhibition in these species. Salicornia, while having the highest
RGR, lacks the capacity for early clonal growth, and does not develop the
height of Scirpus because of its branching physiognomy. The time of the onset

of salinity stress appeared important in that it allowed Scirpus, a less salt-

tolerant species, to become dominant early and to maintain a height and
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shading advantage even after the salt stress drastically curtailed its growth,
When the plants were subjected to a salt stress withim 3 or &4 days after
transplanting, the competitive advantage of Scirpus was much reduced.

The effect of the salinity stress on Scirpus was greater than the effect

of competition with either Salicornia or Spartina. However, competition dees

play an important role in limiting the growth of Salicornia, even at the

20 ppt salinity when Scirpus growth was drastically reduced 1in both height

and biomass. This demonstrates the advantage that the rapid early growth of
Scirpus has when salt stress is at a minimum. There was a greater effect on

biomass and shoot height from salinity than on the number of shoots per pot in
Scirpus. As was found in the RGR experiments, the number of shoots per pot
decreased as the salt concentration increased, and the root/shoot ratio in
Scirpus was altered under salinity stress, which resulted in a higher precent-
age of total biomass in the roots and tubers. This same pattern of increased
allocatioﬁ to roots and tubers and reduced shoot growth was noted when the
plants were grown in the fall, suggesting that this is part of the general
plant response to the induction of dormancy.

Conmsistent with the RGR experiments, Spartina grew so slowly in these
trials that it never became a serious cbmpetitor with either Salicornia or
Scirpus. It was.always smaller and was more severely inhibited by salinity,
From these results we can predict that if Spartina becomes established in
Suisun Marsh, or other marshes of the delta, it will not primarily compete
with these species. The more probable competitive displacement will be with

Scirpus acutus, in the more continuously flooded areas along canal and stream

banks. This relationship was observed along the tidal marshes on the lower

Napa River.
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DISCUSSION

Mall (1969} conducted an extensive vegetation survey of Suisun March
and on the basis of cover, biomass and seed productivity estimates, developed
empirical relationships between competitiveness and the enviroamental vari-
ables of salinity and length of flooding for the major species. He also
established relationships between salinity and seed productivity for Scirpus
robustus. These relationships, which were based entirely on field correla-
tions, have served to guide much of the management policy for Suisun Marsh,
Our results are in general agreement with those of Mall, "Additionally,
they provide a more experimental basis for understanding the ecological
relationships in the Suisun marsh vegetation and especially the salinity

responses of Scirpus robustus and its competitors.

The results indicate large differences in the salinity tolerance of
photosynthesis among the 4 species tested., The lower tolerances of Scirpus
and Cotula all consistent with their occurrence in brackish rather than highly
saline gites. §Eljcornia, on the other hand, is clearly the least affected by
salinity, consistent with its occurrence in.the most saline sites in Suisun
Marsh. The complete lack of any inhibition of photosynthesis in Salicornia is
remarkable and indicates an extremely salt tolerant response in this species.
While the photosynthetic response of Scirpus is quite sensitive to salinity
relative to the other species, it still exhibits a high degree of tolerance as
compared to reported responses for crop species (Dowonton, 1977; Gale et al.,
1967; Longstreth and Nobel, 1979). Moreover, our measurements were all on
leavés that had developed at the particular sglinity; there is evidence that
Scirpus leaves that were fully developed before the salt concentratign Was
increased were less inhibited (Ustin, unpublished). Since leaves of Scirpus
typically expand in the early spring whea salinities are low, this may give

the plants a greater salt tolerance under field conditions than is apparent in
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our laboratory measurements., This is apparent in tﬁe field photosynthesis
measurements at Sonoma Creek where photosynthesis of Scirpus declined rela-
tively little between April and July despite the large increase in salinity.
Unfortunately, there were too many other variables confounded with the changes
in salinity, especially in Suisun Marsh where pond draining and subsequent
drought stress were clearly important influences, to allow an evaluation
of salinity responses under field conditions.

Growth was always more sensitive to salinity than was photosynthesis
in ali species tested. Nevertheless, there was a good correlation between
photosynthesis and relative growth rate responses since both processes were
most sensitive in Scirpus and least sensitive in Salicornia. The greater
sensitivity of growth than photosynthesis to salinity shows that the latter is
not the primary reason for reduced productivitf under saline conditions.
Instead, productivity may be restricted more by reduced photosynthetic leaf
area expansion. Leaf area expansion is dependent on cellular water relations
and cell turgor pressures which act as the driving force for cell expansion
(Hsiao et al., 1976). Salinity reduces the soil water potentiél and conse-
quently the plant water potential as is evident in our field measurements.
Unless there is an equivalent osmotic adjustment in the cells, turgor will
also be reduced. Osmotic adjustment through accumulation of organic acids or
salts in the cell may compensate wholly or in part and allow continued growth.
This clearly occurs in Salicornia (Pearcy, unpublished data) and appar~

ently in Cotula through accumulation of NaCi. Indeed, in both Salicornia and

Cotula moderate salinity appears ﬁo be necessary for maximum growth probably
because NaCl serves as the osmoticum in the cells. The increased leaf area
results in small increases in relative growth rate which compounded over time
give large increases in biomass at moderate salinity. The greater produc-

tivity of Salicornia at moderate salinity is consistent with other reports.
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that this occurs even though photosynthesis per unit leaf area remains con-
stant in Salicornia aad declines in Cotula indicates that salinity effects on
growth processes other than carbon gain determine the productivity of these
species.

Growth is also more inhibited than photosynthesis in Scirpus. The
maximum growth rates and biomass at 0 salt concentrations suggest that
this species has its maximum potential productivity in fresh water. Its
occurrence in brackish to saline sites may involve an ecological displacement
rather than an optimum response to the environment, as will be discussed
later. Scirpus does not seem to accumulate NaCl to the extent that Salicornia
does (Pearcy, unpublished) and may rely primarily on organic compounds for
osmotic adjustment. Species that exclude NaCl and utilize organic compounds
for osmotic adjustment generally show reduced growth with increased salinity
(Greenway and Munns, 1980), indicating that this may be a less efficient or
more costly mechanism for adaptation to high salinity (Epstein, 1980).

Two other species in the Suisun Marsh, Distichlis spicata and Atriplex

triangularis, have been investigated in other laboratories and the published

results can be compared to ours. Both photosynthesis and growth of Atriplex

were inhibited by moderate levels of salinity, although not as much as in

cotton (Longstreth and Nobel, 1978). Tiku (1976) compared the growth and
photosynthesis of Distichlis stricta and Salicornia rubra. For Salicornia

rubra, photosynthesis was essentially independent of salinity while growth was
increased at moderate salinities, a response identical to that observed here

for Salicornia virginica, In contrast, growth and photaosynthetic rates of

Qiptichlis were maximum at 0 added salt and declined at even moderate salt

levels. A similar inhibition of growth of Distichlis spicata by salinity has

been reported by Hansen et al, (1976). Thus, the responses of both Atriplex

and Distichlis are similar to those of Scirpus. These responses are consis-
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tent with the occurrence of Atriplex primarily in disturbed areas of low
salinity and of Distichlis primarily on the higher elevation areas and levee
banks where rainwater may reduce salinity levels. TIncreasing salinities in
Suisun Marsh will probably result in a decline in the importance of these two
species.

In comparison to our laboratory measurements, the field results are
considerably more difficult to interpret. The physiological characteristics,
such as plant water potential, leaf conductance and photosynthesis, were
clearly influenced by salinity and gave responses that were consistent
with the laboratory results. However, growth and seed reproductive output of
Scirpus showed no clear relationship to salinity. Similariy, we could fina no
consistent patterns of carbohydrate reserve that related to either past or
present salinities in Suisun Marsh. The complete reversal of results from one
year to the next suggests that other factors not accounted for in our measure-—
ments are having a major influence. This lack of consistency also suggests
that simple regression relationships between seed productivity and salinity,
as developed by Mall (1969), are unlikely to provide accurate predictionms.
While the relationships are undoubtedly qualitatively correct, there are
clearly too many other unaccounted-for variables to say more than that, in
general, seed produciton will decline with increasing salinity.

Several factors wmay account for our finding of a poor correspondence
between growth, seed production and salinity; We did not take inte account
year-to-year variations due to flooding and draining. This may be especially
important since drought stress following drainaée induces dormancy and
may greatly reduce productivity. Tradeoffs between sexual (seed) and vegeta-
tive (tuber) reproduction may also be important since, if carbon is allocated
to the latter, it is not available to the former process. The control of

allocation is difficult to investigate in Scirpus since individuals cannot
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readily be distinguished. However, we have observed in the greenhouse that
tuber production appears to increase at the expense of seed production as
salinities increase. Other environmental factors are undoubtedly also impor-
tant., Under field conditions annual shifts in allocation could be important
in determining productivity. Tubers are a more reliable mode of reproduction
than seeds and should be favored under stress conditions. In contrast, seed
production should be most beneficial in disturbed conditions where seedlings
would stand a better chance of establishment. Tubers, on the other hand,
provide a mechanism for survival through unfavorable periods. During the 1976
and 1977 drought years §Ei£2&§ tubers remained dormant at Sonoma Creek, but
sprouted in 1978,

Suisun marsh is intensively managed and most studies, such as those of

Mall (1969), have concentrated on the behavior of Scirpus robustus under these

managed conditions. Our studies and observations at Sonoma Creek and in other

natural marshes provide some insight into the ecology of Scirpus robustus

under natural, unmanaged conditions. These, in turn, provide a better basis
for understanding its behavior under managed conditions.

Qur observations suggest that Scirpus robustus reaches its best develop~-

ment in tidal marshes subjected to large seasonal salinity changes. While
there are relatively few of these marshes left, an extensive stand along the

Napa River may best typify this habitat. Scirpus robustus occupies nearly all

of the high marsh while the low marsh consists of patches of Scirpus acutus

separated by zones of Spartina foliosa. Salicornia is nearly absent from the

high marsh. TUnfortunately, salinity measurements are not available at this
site, but it is likely that the water in the Napa River is nearly fresh during
the winter months and that salt water encroachment from San Pablo Bay occurs
during the summer, This may be a remnant of a more extensive seasonal

salinity cycle that occurred in the entire San Francisco Bay-Sacramento Delta
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region before flood control (Atwater et al., 1979). Summer salinities were
apparently similar to those now found but winter salinities were much lower.

Indeed, Scirpus robustus apparently was once much more common in the marshes

surrounding San Pablo Bay than it is now (Miller, 1975). This suggests that
increasing salinities, particularly the higher winter salinities in the tidal
waters, may have been responsible a reduction of Scirpus and an increase of
Salicornia.

At the Sonoma Creek site, Scirpus is found only in a narrow zone between
the high marsh Salicornia zone and the low marsh Spartina zone. At nearhy,
higher salinity sites Scirpus is absent from this zone, However, Spartina or
Salicornia do .not develop significant cover in this zone in the absence of
Scirpus, probably because, as Mahall and Park (1976a) suggest, physical
factors (flooding for Salicornia, high salinity for Spértina) may be respon-
sible for the zonation patterns. Where Scirpus does occur in this zone it is
probably because of the absence of competition from Salicornia. Our competi-
tion experiments illustrate the very significant shift in competititve advan-—

tage from Scirpus to Salicornia as salinity is increased. We interpret the

shift from a Scirpus-dominated high marsh at the Napa River to a Salicornia-
dominated high marsh at Sonoma Creek as primarily due to the enhanced competi-
tive ability of Salicornja with the increasing salinities. The occurrence of
low spring salinities may be especially important in favoring Scirpus since
this is the time of rapid growth of Scirpus which may give it a later competi-

tive advantage for light over Salicornia. Scirpus robustus appears to be

tolerant of high summer salinities. 1Indeed, high summer salinities may favor

Scirpus robustus in natural tidal marshes by preventing encroachment of

the less salt tolerant but taller species, such as Scirpus acutus, Scirpus

californicus and Typha augustifolia. In Suisun Marsh, the draining and

subsequent low soil moistures may produce similar results.
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The results show that any future increase in salinity in Suisun marsh

will probably reduce the distribution and productivity of Scirpus robustus and

favor the less desirable species, Salicornia virginiana. However, this effect

could probably be mitigated if‘management practices maintained low salinities
during the spring to favor rapid growth and a competitive advantage for
Scirpus during this critical period. During the summer it may be advantageous
to allow salinities to rise to reduce competition. Any management plan
clearly needs to consider this seasoﬁal cycle of salinity as being of equal or
greater importance than average salinities.

We recommend that future research on salinity effects on Scirpus and
other species in Suisun Marsh be concerned with the establishment of a series
of small (10 x 10 M, for example) experimental marshes where salinities,
flooding and draining can be experimentally controlled. Manipulation of these
maréhes would provide a much sounder basis for understanding the effects of
increased salinity or of specific management practices than is possible under

uncontrolled field conditious.
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Table 1. 7% cover

Suisun Marsh,

38

by the dominant species at the 3 primary field sites in

Low
Intermediate

High

Scirpus Salicornia Distichi}is Juncus Annualsl
12 3 40 7 7
12 48 9 - 2
3 48 - - -

o

llncludes both Cotula cornydpifolia and Atriplex patula.




Table 2. Effect of salinity on the leaf and mesophyll conductances for CO

5
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A

Mesophyll Conductance, éﬁ

Spartina foliosa

Scirpus robustus

Salicornia virginica

Cotula cornupifolia

U ade .

Al /,’[;

Stomatal Conductance g

Spartina foliocsa

Scirpus robustus

Salicornia virginica

Cotula cornupifolia

Salinity Treatment, ppt

0

.90

.39

.17

.28

.52

.35

.49

.57

10

.96

40

12

.19

.51

.26

A7

.25

mm s

mm 8

20

.93

.27

.13

.18

.56

.34
.35

.21

30

77

.15

.19

06

.22

.05

.37

A1
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Table 3., Maximum plant height, standing crop and percent weight in reproduc~—

tive stems of Scirpus species at sites differing in salinity during 1979 and

1980.
1979 1980
.3 .3
Standing 4 Standing 4
Site Height Crop % Height Crop A
=2 -2
cm gm Repra cm gm Repro
High salinity! 82 65 30 32 460 10
Medium salinityl 55 223 46 48 386 40
Low salinityl 75 282 25 109 151 57
Sonoma Creek1 100 800 0 100 783 2
Gray Lodge2 108 706 56 100 1576 90

'lScirpus robustus

2Scirpus fluviatalis

Standing crops measured for 0,25 m_2 quadrats containing Scirpus species.
Samples not containing Scirpus were not included in the analysis.

4Weight of reproductive shoots/total shoot wt X100.
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Table 4. Carbohydrate reserves in Scirpus robustus tubers, seed production,

and salinity in Suisun Marsh and at Sonoma Creek im 1978 and 1979.

Carbohydrate reservesi -1 Seed Prodgﬁtionq
Site 4 dry weight g tuber g m

. ., L2 . .
initial seed set3 initial seed set

1978
1 50 10 242 .080 76
2 45 11 542 .070 123
3 53 43 .505 .375 ' 2
4 39 68 .269 412 0
5 . 68 - 515 5
6 SR 81 - 802 18
1979
1 - 79 18 .520 133 70
2 39 20 170 128 28
3 71 22 636 .180 7
4 — 21 - 125 44
5 61 - 669 - 43
6 - - _ . _
high 41 20 .280 020 -
med. - 20 - 158 —
low ' 49 2 .380 .020 -

Sonoma Ck. 86 33 1.420 650 -

1 .
Carbohydrate coutents are the means of two replicate samples drawn from a
random sample of tubers at each site,

2Initial carbohydrate contents are for dates.

3 . .
Carbohydrate contents at flowering are for samples taken at the approximate
time of seed set,

4Data of G. Rellins, Calif. Dept. of Fish and Came.
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Table 5. Mean maximum photosynthetic rates and corresponding leaf conductances

for Scirpus species at 3 sites in 1979.

Photosynthesisl/ g,
. : -2 -1 -
Site Date mol m ) mm s
Suisun Marsh
4~27 17.3 + .2 11.7
5-17 9.6 + .1 6.5
5-30 10.3 + .2 6.1
Gray Lodge
4-19 19.9 + .2 8.3
5-21 28.5 + .6 14.9
6~1 13.7 + .1 8.9
7~L2 13.0 -
Sonoma Creek 4-30 18.1 + .1 4.9
64 15.4 + .4 8.7
7-10 14.0 + .3 -

mean maximum rates (3 to 5 independent determinations) measured for each

date. The leaf conductances correspond to the approximate time of the

photosynthesis measurements.
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10 ppt treatment, whereas the other species were from the controtl,
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Figure 5. Effect of salinity on mean €0, uptake for Spartina foliosa (@),

Scirpus robustus‘(b), Salicornia virginica (), and Cotula corpnopifolia
{A). Measured at 320 ubars of 802 pressure and photon flux densities
of 1,7-2.0 mmol m 2 s_l, leaf temperatures of 30°C and VPD of 5-10¢ mbar,
Each point represents the mean of 2-8 leaves at each of 4 salinity

treatments,

Figure 6. Relative photosynthetic COz‘uptake Eor Spartina foliosa (®),

Scirpus robustus (0), Ssalicornia virginica (1), and Cotula coronopifolia

(&) as a function of salinity, For each treatment, rates are plotted

relative to the maximum rate for each species,
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Figure 7. Mean total dry weight (nv“—*S) as a percent of the contvrol dry weight

for Cotula coronopifolia FAYIN Salicornia virginica (3), Spartina foliosa

(@), and Scirpus robustus (0O) at four salinity treatments, Spartina

seedlings were severely inhibited by 30 ppt salinity and final dry welght

declined duriag the treatment period,



60
T 4re i
> £
4] () O
T
£ -
O O 140 <
- -
.3 -
bt e
] 6]
o | ]
L L
et ©
c?). 2 o @) b
s -t
m o >
Q
~ ® E
- W
=
0 | | 1 0
0 150 300 450
Salinity, meq I
Figure 8. Leaf elongation rate (O) and maximum leaf length (@) of Scirpus

robustus as a function of salinity. -



O.fSr

0.14 |- . S

012 Salicornig

0. 10 - ]

0.08 |~ ]
Spartina

Relative Growth Rate, g g“' de'~I

0.06 - _
0.04 + Scirpus
\\

0.02 - . _
\
\

0 i i M
O 1O 20 30

Salinity, ppt

Figure 9. Mean relative growth rates (n=4 or §) of Salicornia virginica (0),

Spartina foliosa (@), and Scirpus robustus (O) as a function of salinity,




200

O High site
® Intermediate site
0 Low site
150 — -
(e8]
S
-
Iz
ES 100 - ) ™
=
30
o
50 |- -1
O i ]
50
40 ~—
-
&
T30 - -
o
=
= 20 -
O
wn
1O -
0 | |
ONDJFMAMJ JASONDJFMA MJdJASOND
1979 1980
Figure 10. Seasonal progression in percent soil moisture and apparent soil

Ak

salinity during the years 1979, 1980 at Suisun marsh. Datafié’from three

e

sites within the marsh which differed in soil salinity characteristics.



Salinity, ppt

Salinity, ppt

Figure 11,

ONDJFMAMJUJASONDJF MAMJJASOND

1979

50 r 200
Sonoma Creek
40 +
~1150 ®
30 - g
~1100 ©
20 i~ =
59
i~ — 50
0 | 0
.50 '200
Gray Lodge
40
— 150
Flooded Flooded bt
30 e € — _E
73]
—100 5
20 - =
3%
oL -1 50
0 f T i 0

1980

Seasonal progression in percent soil moisture (0) and apparent

soil salinity (@) during the years 1979,

Lodge,

1980 at Sonoma Creek and Gray



Gray Lodge

Suisun Marsh

‘Plant Water Potential, MPa

Figure 12. Seasonal course of dawn (maximum) (open symbols) and midday

(minimum) (closed symbols) water potential for Scirpus fluviatilis (©®)

from Gray Lodge and Scdrpus robustus ©®) and Salicornia virginica (M)

from Suisun marsh and Sonoma Creek for 1979.  Each point represents the

mean ¢of 5-7 leaves,
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uptake of Scirpus leaves



Figure 15. Dry weight yields of Scirpus robustus, Salicornia virginica and

Spartina foliosa in replacement series experiments at 3 salinity leveis.,

The upper set of three figures (across) are the control'treatment, the
middle set across, 10 Ppt, and the lower set across, the 20 ppt salinity
treatments. Note that the ordinate scale changes. with salinity treat-

ment. Down the left set of figures are the Scirpus-Salicornia pair, down

the middle set, the Scirpus-Spartina pair and down the right set are the

Spartina-Salicornia pair. The symbols used for each species are the s ame
as in previous figures and are indicated below each figure. The dashed
lines indicate the predicted dry weight if weight changed proportionately
with planting frequency and were independent of all interspecific com-
petitive interactions. The initial seedling planting density was 10 with

each species alternately planted in 0, 3, 5, 7, 10 seedling combinations.



g

2

Above Ground Dry Weight

CONTROL

® Scirpus
1 b

® Scirpus
1

A Sparting
{

3 5 7
© Salicornia

ok
(]

3 5
& Sparting

L
7 0 o] 3 5 7

| { i

o Salicornia

28 -

Above Ground Dry We:ight, g

10 PPYT

® Scirpus ® Scirpus 4 Sporting
| 1 ! | L | | | | i 1 | } }
0 3 5 7 10 G 3 5 7 10 0 3 5 7 10
© Salicornia A Sparting o Salicornia
32
[ 20 PPT
28 i- -
o
.~ 24 - -
=
=
v 20 -
=
oo
5 64 =
vl
5 12h- -
e
©
w 8- -
-
[e]
L
a 4 -
o,
s S 7
o . A—M .
5 3 O 10 7 5 3 6] 10 7 5 3 O
® Scirpus ® Scirpus 4 Sporling
L— ] 1 1 J L Lo L [ T— ) L ! ] 1 I
O 3 5 7 G o} 3 5 7 10 0] 3 5 7 10
o Salicornig & Spartino o Salicornia





