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ABSTRACT |
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Wetland sediments surrounding the San Francisco Bay Estuary contain a rich history of environmental change which
can aid predictions of potential responses to future environmental change. Here we present results of a study of the
stable carbon isotopic composition of modern surface sediments as they relate to the existing plant cover. The results
indicate a strong correlation between the modern plant cover and the 3'°C value of underlying surface sediments
(RMS = 1.331). Reasons for residual differences between predicted and observed isotopic values of the surface soils
include intraspecific changes in 8*C values of C3 plants, contributions to the carbon pool by algae, and effects of
diagenesis on 3'*C value of plant matter. The goal of this research is to provide a basis for interpreting isotopic data
obtained from sediment cores in terms of changes in vegetation resulting from changes in environmental conditions.

ADDITIONAL INDEX WORDS: Carbon isotopes, environmental change, calibration study, climate change, tidal

marshes, wetland sediments.

INTRODUCTION

Stable carbon isotopes found in the organic material in pa-
leosols and sediments have been used to reconstruct paleo-
environmental conditions in a variety of settings (e.g., QUADE
et al., 1989; CERLING, 1992; CHMURA et al., 1987). Changing
stable carbon isotope ratios! reflect changes in the dominance
of plant species, which in turn reflect changes in the physical
conditions of the environment, including the climate. We pre-
sent a study of the stable carbon isotopes from modern sed-
iments from across several San Francisco Bay Estuary
marshes, which span a gradient of salinity experienced in the
Bay. The carbon isotopic compositions of modern surface sed-
iments are compared with the plant species found in these
marshes. This study demonstrates that marsh sediments on
the surface derive their carbon isotopic composition (or 3'3C
value) from the vascular plants present. Therefore this iso-
topic value, taken from sediment cores, can be used as a
proxy tool for establishing past plant assemblages and in this
way past climate conditions.

The San Francisco Bay Estuary is the largest estuary on
the Pacific coast of North America and, like many other es-
tuaries, it has been heavily impacted by anthropogenic activ-
ities and is now additionally threatened by climate change.
Before European settlement, the Estuary (encompassing the
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! The stable carbon isotopic ratio of a sample is expressed as a
3'3C value, defined relative to a known standard Pee Dee Belemnite
(PDB) (CRAIG, 1957) such that: §'*C = [(1*C/2C,, — PC/'2C, )/ **C/
20, — 1] X 1000.

Sacramento-San Joaquin Delta, Suisun bay, San Pablo bay,
the Central bay, and South San Francisco bay) was surround-
ed by approximately 800 km? of marshlands (ATWATER et al.,
1979). More than 85% of the original (i.e., pre-1850) marshes
have been lost due to human activities, and today only an
estimated 125 km? of marshland exist scattered around the
Bay (DEDRICK, 1989; NicHOLS and WRIGHT, 1971). Some of
this marshland post-dates hydraulic mining in the Sierra Ne-
vada, which began after the 1849 California Gold Rush, and
was banned in 1884. Hydraulic mining washed enormous
amounts of sediments through the Bay Delta estuary system,
creating upwards of 75 km? of new marshland after 1860 (see
ATWATER et al., 1979 for more on marsh creation before and
after 1860).

The surviving intertidal marshlands surrounding the San
Francisco Estuary have been the focus of environmental at-
tention (e.g, ConoMoOs, 1979; JOSSELYN, 1983; SAN FRAN-
cisco EsTuary PrRoJECT, 1991). Wetlands filter toxins out
of water supplies and are therefore protected by the Clean
Water Act of 1973, requiring that any future loss of wetland
acreage must be minimized and mitigated. Wetlands provide
food and unique habitats for many indigenous and migratory
animal species, including some which are rare and endan-
gered. The intertidal marshlands are also of scientific inter-
est (see for example, GOMAN, 1996; INGRAM et al., 1996a and
b) because the Estuary drains over 40% of the state of Cali-
fornia. Thus the amount of fresh water passing through the
estuary reflects the precipitation, and by association the cli-
mate, over this large region. The marshes are depositional
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environments, with sediments containing a long record of en-
vironmental conditions, including changes in climate.

Our research primarily addresses this last point; however,
we consider any progress made on elucidating past environ-
mental conditions in the San Francisco Estuary marshes will
also contribute to furthering the goals of environmental pro-
tection and restoration. State and local agencies charged with
the long-term management of the Bay Estuary recognize the
need for an informed evaluation of the environmental condi-
tions existing before the 1800s and analysis of the resilience
of wetlands when confronted by natural climate variations in
the past (Sutsun EcorLocicaL WORKGROUP, 1999). A rich
history of past vegetation patterns is contained in the organic
sediments of local marshes. These patterns reflect existing
hydrologic conditions, as the distribution of marsh plants is
largely determined by salinity and tidal flooding.

Past research has demonstrated that the 8'3C values of the
remaining organic material in paleosols can be used as evi-
dence for the replacement of C3 grasses by C4 grasses in
semi-arid grassland regions and from these vegetation chang-
es they inferred changes in climate patterns (see, e.g., QUADE
et al., 1989 and CERLING, 1992). Similarly, DELAUNE (1986)
reconstructed the recent environmental history of a Louisi-
ana salt marsh located in the Mississippi deltaic plain using
the shifting isotopic ratios of the marsh sediments. The veg-
etation changes in this case were in response to the shifting
position of the Mississippi river. Historical evidence support-
ed his reconstructions. CHMURA et al. (1987) produced a mix-
ing model to estimate the contribution of varies plant species
to the stable carbon isotopic value of sediments within sev-
eral marshes in the Barataria Basin located in the Mississip-
pi delta plain. This model was later used to predict sediment
values for several typical coastal marshes (CHMURA and
AHARON, 1995). They concluded that past estuarine facies
may be reconstructed from the marsh sediments. In our cal-
ibration study, we used this mixing model to determine how
well the 813C value of surface sediments in three marshes in
the San Francisco Estuary along a salinity gradient reflected
the existing plant species. Certain plant specific coefficients
added to the mixing model improved the correspondence.

The intertidal marshes of San Francisco Bay Estuary con-
tain plant taxa operating with the C3 photosynthetic path-
way and taxa which operate with the C4 photosynthetic path-
way. Species operating with the same biochemical pathways
have similar 8'*C values, while significant isotopic differenc-
es exist between the two pathways. C3 plants return values
of approximately —27%. and C4 plants return significantly
less negative values near —13%¢. C4 grasses evolved in semi-
arid to arid environments. These plants use CO, more effi-
ciently which increases their water efficiency as they have
reduced stomatal conductance, an important adaption in arid
environments. In the case of tidal marshes, salty conditions
are analogous to drought conditions. Only two C4 plant spe-
cies are found in the San Francisco Estuary marshes and
both species are adapted to high salinity environments. We
also investigated the potential for intraspecific variability in
the 3'3C values of certain C3 marsh plants.

This study can serve as a calibration for future work using

stable carbon isotope records to elucidate the paleo-ecological
history of the Bay Estuary.

METHODS

Study Area

The San Francisco Estuary extends from the Golden Gate
to the Sacramento-San Joaquin Delta, a distance of 80 kilo-
meters. The Estuary experiences a wide range of salinity con-
ditions, generally decreasing with distance from the Pacific
Ocean. The tidal marshes surrounding the Estuary range
from salt marshes at the western extreme of the Bay to in-
creasingly brackish marshes eastward and finally freshwater
marshes in the Delta (Figure 1). The research sites described
here are located along a salinity gradient in the northern
reach of San Francisco Bay Estuary. China Camp State Park
lies furthest west, in San Pablo Bay (mean annual water sa-
linity is ca. 25 ppt, SFEP, 1991), and is a fully tidal salt
marsh. Benicia State Park, approximately 15 miles east of
China Camp, is located in the Carquinez Strait (mean annual
water salinity is ca. 15-17 ppt, SFEP, 1991), and is a tidal
brackish marsh. Roe Island marsh is located in Suisun Bay,
approximately 10 miles east of Benicia state park, and is the
freshest of the three marsh sites (Figure 1).

The majority of vascular plant species found in tidal
marshes use the C3 photosynthetic pathway. In the San
Francisco Estuary, the two C4 species, Distichlis spicata and
Spartina foliosa, are key indicators of certain environmental
conditions. D. spicata (3'*C = ca. —13.5%0) is an upper marsh
grass which tolerates highly salty conditions, typically great-
er than 30 ppt (see e.g., CUNEO, 1987), as well as some tidal
flooding. While not the only species which can tolerate such
conditions, the presence of this plant can be interpreted as
evidence of high salinity. S. foliosa (3'*C = ca. —12.6%¢) dom-
inates the “low marsh” zone in San Francisco Estuary salt
marshes and can tolerate high salt conditions as well as pro-
longed periods of deep inundation. S. foliosa is not dependent
on high salinities and thrives in fresher conditions if no com-
petition is present. In the San Francisco Bay Estuary, how-
ever, S. foliosa is excluded from the fresh water marshes by
Scirpus spp., which are common to the brackish and fresh
water marshes. Detection of S. foliosa can thus be interpreted
as indicating the low marsh zone of tidal salt marshes.

Another common salt marsh plant, Salicornia virginica,
uses the CAM photosynthetic pathway. The range of 8'°C val-
ues of CAM plants can lie between those of C3 and C4 plants,
though in this study we found S. virginica returned no values
higher than —25%.. This species is common in San Francisco
Estuary salt marshes and can often be found dominating the
high marsh plant assemblage (JosseLyN, 1983; CUNEO,
1987). S. virginica is intolerant of prolonged, deep inundation
and cannot extend much into the lower marsh zone. The eco-
tone between high and low marsh is often marked by an
abrupt transition between the high marsh dominated by S.
virginica and the low marsh, populated almost exclusively by
S. foliosa (MAHALL and PARK, 1976a,b,c).

Journal of Coastal Research, Vol. 17, No. 1, 2001
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Location map of San Francisco Bay Estuary showing study sites.

Vegetational Analysis

A total of six transects (three for Benicia state park, two
for China Camp and one for Roe Island) each 1 meter wide
and of varying lengths were laid across the study sites in
order to survey the plant cover and collect individual plant
and sediment samples. The survey transects spanned the low
and high marsh zones, and ran perpendicular to the shore-
line. Two of the marshes, China Camp state park and Benicia
state park, were surveyed during the Fall of 1997 and again
in the Spring/early Summer of 1998. Roe Island marsh was
surveyed once only, in the Fall of 1997.

Percent cover was determined on all transects at all sites.
Percent cover includes estimates of the fraction of each plant
taxon to the total vegetation and was assessed for each 1 m
X 1 m plot. To avoid any inconsistencies, the same investi-
gator conducted all cover estimates. The relatively large plot

size was used to ensure the best assessment of sources con-
tributing to the organic matter of sediment samples collected
from the center of each plot.

In addition to percent cover, above-ground biomass was
also surveyed for two transects at Benicia state park and one
transect at China Camp. Total biomass surveys were not
used because they involve methods which are unacceptably
destructive of the marsh surface, as 10 cm to 15 cm deep
holes must be dug to include the root mass of the plants.
Above-ground biomass was determined by cutting all live
plants in 25 cm X 25 cm plots to the soil surface. The plants
were returned to the laboratory, sorted by species, washed
and weighed before and after drying in an oven at 100°C for
24 hours.

A total of 59 sediment samples were collected from all sur-
vey plots. Sediment samples were taken from the top 5 cm of
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Table 1.  8°C value (%) of plants reused in this study.

Plant (%0) Notes
Spartina foliosa -12.68
Salicornia virginica -27.21 mean value, n = 10
Scirpus robustus —25.48 mean value, n = 21
Scirpus californicus —27.55 mean value, n = 3
Jaumea carnosa -27.23
Distichlis spicata -13.52
Typha latifolia —217.78 mean value,n = 8
Algae sp. —22.06
Grindelia stricta —26.38 mean value, n = 27
Frankenia grandifolia -30.16
Triglochin maritima -32.08
Cuscutta salina —29.78
Lepidium latifolium —26.58
Mesembryanthemum

chilense -23.60 CHMURA and AHARON, 1995

Juncus balticus —28.39

soil, which was scraped from the surface from a spot near the
center of each survey plot. The sediment samples were
bagged, labeled and returned to the laboratory for isotopic
analysis.

Salinity and Carbon Isotope Analyses

Plant and soil samples were collected from nine locations,
including three sites at China Camp state park and six sites
at Benicia state park. We collected a total of 68 individual
plants from the following species: Scirpus robustus, Scirpus
californicus, Typha latifolium, Juncus balticus and Grindelia
stricta. For consistency, only the leaves of plants were used
for this study. The plant material was prepared for isotopic
analysis as described below, and the soil salinity was mea-
sured on the extract of soil samples collected using a YSI-30
salinity conductivity instrument. The soil extract was pre-
pared following RHOADES (1982). A subsample of each sam-
ple was saturated and placed in a centrifuge for 10 minutes.
The salinity of the solute was then measured. Another set of
subsamples were weighed before and after air-drying for at
least 3 days, and again after oven-drying for 24 hours at
100°C.

For carbon isotope analyses, whole plant samples were
oven-dried for 24 hours at 100°C and allowed to cool in a
desiccator in preparation for isotopic analysis. The plants
were ground to a powder using a mortar and pestle. This
powder was placed in a jar with 2 steel rods and rolled on a
rolling mill for at least 24 hours to produce a fine powder to
ensure sample homogeneity. Two to five mg samples were
weighed out into small aluminum capsules and placed on the
carousel of an automated 20/20 Europa mass spectrometer,
located in the Environmental Science, Policy and Manage-
ment department at the University of California, Berkeley.
The capsules are dropped automatically into the mass spec-
trometer and combusted at approximately 1000°C. The CO,
produced was purified through several traps and then intro-
duced into a 20/20 Europa mass spectrometer. Stable isotopic
measurements are calibrated against the standard NIST
1547 peach leaves. Precision for 3'*C on the machine used is

maintained at better than 0.1%. standard deviation for 5 rep-
licates.

Fifty-nine soil samples were wet sieved at 2 mm and 125
micron size fractions for carbon isotope analyses. The mate-
rial caught in the 125 micron mesh represents decomposed
plant matter mixed with mineral sediments. This fraction
was then rinsed in a 0.1N HCI acid to remove carbonate ma-
terial, and rinsed with distilled water. The residue was then
placed in a 100°C oven for 24 hours, and allowed to cool in a
desiccator for at least 1 hour. Samples were then crushed
using a mortar and pestle and placed in a jar with 2 steel
rods and rolled on a rolling mill for at least 24 hours to pro-
duce a homogenous powder. The sample size for soils ranged
between 7 and 20 mg, depending on the mineral content of
the soils (which was more than 98% in some cases). Powdered
samples were introduced into the automated mass spectrom-
eter and the carbon isotopic values measured as described
above.

Stable carbon isotopic values are reported in the conven-
tional delta notation in per mil (%0) relative to the PeeDee
Belemnite standard (PDB) (Craic, 1957).

Data Analysis

The 8'3C values of different C3 plant species as related to
salinity were subjected to both an F-test and the student’s T-
test at a significance level of a = 0.1.

We used regression analysis to determine the relative ac-
curacy of using plant cover to predict the 8'3C value of the
surface sediments. Vascular plants contribute most signifi-
cantly to the carbon content of marsh sediments and there-
fore are expected to account for the majority of the carbon
isotopic value of the surface sediments. Establishing a direct
correlation between the 8'*C value of surface sediments and
the existing plant cover will provide a basis for interpreting
changes in the 8'°C value of buried marsh sediments in terms
of vegetation changes. It should be noted that Mesembryan-
themum chilense and Lepidium latifolium are both alien spe-
cies and therefore, while of increasing importance in modern
marshes around the Estuary, are of little relevance in the
paleo-ecology of the marshes.

For each sample, a predicted 8'*C value was calculated by
multiplying the fraction of each species present by its 8'3C
value.

313C,,, = E (%plant,; cover)(plant,3'*C)/100
n=1

soil

Predicted 3'*C values for the soil were compared to ob-
served values using regression analysis. To improve the re-
sults for the model 2 predictions over the null predictions,
residual differences (the predicted 8!3C value minus the ob-
served 3'3C value for each sample) were regressed against
individual plants. This reflected how individual plants con-
tributed to the differences between the observed 8'3C value
of surface soils and the predicted value. Extrapolating the
regression line in each species case to 1 (i.e, when that spe-
cies would comprise 100 percent of the plant cover) allowed
us to determine a coefficient value to be incorporated in our
second model.

Journal of Coastal Research, Vol. 17, No. 1, 2001
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Table 2. 8"C value (%0) of selected C3 plant species under different salinity conditions.

Soil salinity

Benicia St. Pk. Benicia St. Pk. Benicia St. Pk. Benicia Benicia St. Pk. Benicia St. Pk.

China Camp 1 China Camp 2 China Camp 3 2 3 St. Pk. 4 5 6
55 ppt 35 ppt 40 ppt 8 ppt 19 ppt 16 ppt 5 ppt 4 ppt 1 ppt

Scirpus californicus — — — ~27.98 ~28.27 — — — -
Scirpus robustus —26.06* —25.45* — — —24.94 — —25.45 —
— — — —25.42 -
Grindelia stricta ~28,85%% —26.52% — -29.90 —26.58 - — —
- —26.56 - = =

Typha latifolia —27.37% — —28.07 - —28.06 — — —28.79

- —-27.97 — —27.88 — — —28.50

Juncus balticus — — _

—28.47
—28.30

* Mean value, n = 9
** Mean value, n = 11
t Mean value,n = 7

i Mean value, n = 14

313C,,; = E (%plant, cover)(plant,8*C + coeff,)/100
n=1

The predicted values and the observed values for each mod-
el were compared in two ways: first the Root Mean Square
(RMS) value was calculated for each model as a measure of
the average error of the prediction.? Then a standard linear
regression was used to produce a slope and a y-intercept val-
ue of the best fit line for each model, and the R-squared value
was calculated to describe the scatter of the data around the
best fit line.

A reduced RMS value for the model, as well as a slope
approaching 1, a y-intercept approaching zero and an R-
squared value approaching 1 demonstrated improvement in
the second model.

RESULTS

The 8'3C values for plants measured in this study are listed
in Table 1. The 8'*C values represent the mean of three sam-
ples taken from each whole plant, unless otherwise noted.
The 8'*C value used for S. virginica represents the mean of
10 whole plants, each with 3 samples, collected from four
marshes surrounding the Bay.

2 Because the slope of the zero error line on a graph comparing
predicted and observed values is 1, the ratio of the shortest distance
between any point on that graph and that line, and the vertical dis-
tance between the same point and line, is 1:\/5; therefore the equa-
tion for RMS is: SQRT {AVG (predicted 3'°C, — observed 813C,)%)/\V/2.

The 3'3C values of certain C3 plants are compared with
salinity in Tables 2 and 3, and Figure 2. Grindelia stricta and
Scirpus robustus displayed the greatest variability (overall
standard deviations were 0.55 for S. robustus and 1.49 for G.
stricta). However, for each of these species, student’s T-tests
were conducted on samples across different populations (we
considered individuals growing at each site separate popu-
lations) which failed to support hypotheses of different
means. One sample of G. stricta collected from Benicia state
park returned a value which was outside the range of 2 stan-
dard deviations.

Observed soil 8'3C values were compared to the 8'2C values
predicted directly from percent cover for each plant taxon
multiplied by that plant’s measured 3'*C value. The model
prediction results are compared with the observed values
from all study sites (Table 4). The model includes two sets of
isotopic predictions—a null set and a modified model 2. The
null predictions incorporated no coefficients to modify the
contributions from the different plants. The regression anal-
yses of these results demonstrate a general correlation be-
tween predicted and observed 8'C values (Figure 3 and Ta-
ble 5). Subsequent regressions of each plant taxon percent
cover against the residual differences (predicted 8'*C value
— observed 3'3C) demonstrated that certain plants produced
greater negative residuals as their fractional proportion in-
creased in the percent cover, while others produced positive
residuals (Figure 4). Coefficients were then determined for
the individual plant species using these regressions. Results

Table 3. Statistical tests on mean 8"C values (%) for different populations of two C3 plants. Variances are also shown for each population.

China Camp 1 Population Variance

China Camp 2

Population Variance  Student’s T-test

55 ppt (s?) 35 ppt (s?) of Means p-value
Scirpus robustus
Mean —26.06%0 0.32 —2.45%0 0.12 -2.74 >0.1
Sample size n=9 n=29
Grindelia stricta
Mean —25.85%0 2.24 —26.52%0 1.63 2.81 >0.1
Sample size n=11 n =14

Journal of Coastal Research, Vol. 17, No. 1, 2001
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Table 4. Predicting 63C values (%) for modern sediments in marshes surrounding the San Francisco Bay Estuary using percent cover.

Plants

Sp. foliosa D. spicata T. latifolia Sa. virginica  Sc. robustus Sc. californ. L. latifol. Algae spp. T. marit.
del 13C (%0)

—12.68 —13.52 —27.78 -27.21 —25.48 —21.55 —26.58 —22.06 —32.08
Benicia State Park June 1998
BSP 1 1.00
BSP 2 0.90
BSP 3 0.50 0.10 0.40
BSP 4 0.80 0.05 0.10 0.05
Benicia State Park Fall 1997
BSP A 0.80 0.10 0.05
BSP B 0.95 0.05
BSP C 0.20 0.30 0.20 0.30
BSP D 0.10 0.80 0.10
BSPF 1.00
BSP G 0.70 0.30
BSP H 0.60 0.40
BSP I 0.10 0.80 0.10
BSP M 0.35 0.65
BSP N 0.95 0.05
BSP O 0.35 0.50 0.15
BSP P 0.30 0.10 0.60
BSP Qu 1.00
BSP R 0.25 0.15 0.60
Benicia State Park July 1998
BSP 1 0.9 0.10
BSP 2 0.45 0.55
BSP 3 0.17 0.05 0.39 0.39
BSP 4 0.40 0.4 0.20
BSP 5 R 0.20 0.05 0.55 0.20
BSP 6 0.45 0.5
BSP 7 0.1 0.25
BSP 8 0.30 0.40
China Camp State Pk Fall 1997
CC1 0.04
CC2
CC3 0.85 0.05
CC4 1.00
CC5 1.00
CC6 1.00
cCc17 1.00
CcC8 1.00
CC9 1.00
CC 10 0.40
CC 11 0.90
CC 13
China Camp State Pk June 1998
CC1 0.05 0.05 0.9
CC 2 0.1 0.90
CC3 1.00
CC4 0.15 0.20
CCh 0.39 0.50 0.05 0.06
CCé6 0.85 0.03 0.12
cCc7 0.20 0.8
ccs8 0.5 0.25 0.25
Roe Island November 1997
ROE 0 0.05 0.05
ROE 30 0.60 0.35
ROE 70 0.02 0.40 0.35 0.10 0.03
ROE 80 0.05 0.25 0.70
ROE 90 0.20 0.80
ROE 100 0.25 0.70 0.05
ROE 110 0.45 0.50 0.05
ROE 120 0.80 0.20
ROE 130 0.75 0.03 0.02 0.05
ROE 140 1
ROE 150 0.95
ROE 160 0.6 0.37 0.03
ROE 170 0.07 0.90
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Table 4. Extended

Plants
F. grand. C. salina J. balt. dJ. carno. G. stricta M. chilen. R. occid. Predictions
S Observed Null Model
~30.16 -29.78 ~28.39 -927.63 -26.38 ~23.6 ~27.01 (%) (%e) (%)
Benicia State Park June 1998
BSP 1 —22.84 —27.21 —26.21
BSP 2 0.10 —27.74 —27.47 —26.57
BSP 3 —26.47 —26.80 —25.60
BSP 4 —17.27 -16.08 —17.56
Benicia State Park Fall 1997
BSP A 0.05 —21.31 -16.19 -17.76
BSP B —16.61 —13.42 —16.12
BSP C —23.43 —19.68 —20.60
BSP D —26.63 —27.10 —26.07
BSPF —26.24 —-25.48 —25.23
BSP G —25.74 —=27:71 —25.41
BSP H -18.20 —18.72 —-19.72
BSP I —21.88 —26.25 —24.65
BSP M —26.50 —22.42 —22.47
BSP N —16.35 —13.44 -16.19
BSP O —21.57 —22.41 -22.31
BSP P —20.22 =23.11 —22.01
BSP Qu —26.55 —27.78 —25.78
BSP R —25.84 —22.75 —22.95
Benicia State Park July 1998
BSP 1 —22.84 —13.62 —16.82
BSP 2 —20.52 —20.86 —20.56
BSP 3 -19.75 —24.23 -23.37
BSP 4 —24.45 —26.81 —25.31
BSP 5 —25.80 —27.35 —26.66
BSP 6 0.05 —24.20 —20.21 —21.06
BSP 7 0.65 —28.01 —27.40 —27.60
BSP 8 0.30 —-24.41 ~23.23 —23.88
China Camp State Pk Fall 1997 )
CC1 0.95 —26.24 —28.11 —26.89
CC 2 1 —25.22 —28.39 —26.89
CC 3 0.10 —26.51 —27.48 —26.43
CC4 —26.90 -27.21 -26.21
CC5 —26.27 ~27.21 -26.21
CC 6 —26.58 =27.21 —26.21
CC7 —26.80 ~27:21 —26.21
CC 8 —25.87 —27.21 —26.21
CCH9 —25.55 —27.21 -26.21
CC 10 0.60 —26.45 -26.71 —26.31
CC 11 0.10 —25.52 -27.13 —26.23
CC 13 1.00 —27.97 -30.16 —28.16
China Camp State Pk June 1998
CC1 —23.18 —24.97 —24.79
CC2 —26.25 —25.84 —25.14
CcC3 —25.44 -27.21 —26.21
CC 4 0.6 0.05 —25.51 —25.37 —26.37
CC5 —25.17 -21.81 —21.89
CC 6 —24.18 —26.54 —26.28
CC7 —24.72 —25.83 —25.43
CC 8 —24.46 -19.93 —20.62
Roe Island November 1997
ROE 0 0.7 0.2 —27.97 —24.61 —24.56
ROE 30 0.05 —27.26 -27.21 —25.49
ROE 70 0.05 0.05 —26.77 —26.66 —25.97
ROE 80 —23.22 —25.32 —24.99
ROE 90 —19.48 —23.09 -23.29
ROE 100 —22.95 —23.70 —23.49
ROE 110 —20.47 —20.96 —21.35
ROE 120 —24.96 —25.70 —25.50
ROE 130 0.15 -21.31 -17.35 —18.57
ROE 140 —13.41 —13.52 -15.52
ROE 150 0.05 -15.15 —14.23 -16.20
ROE 160 —15.05 —18.98 -19.81
ROE 170 0.03 —22.17 —26.29 —25.48
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from the null predictions were compared with predictions us-
ing the series of coefficients (Table 5) and demonstrated im-
provements in all criteria: RMS improved by 31%, R-squared
by 6%, slope by 76% and Y-intercept by 86%.

Above-ground biomass measurements were obtained for 20
sample sites. Observed soil 8'3C values for those sites were
compared directly to predicted values based on the fractions
of above-ground biomass estimated for each plant taxon. We
then applied the same set of coefficients to these predictions
as were applied to improve the predictions based on percent
cover. Statistical analyses of the results are shown in Table
6. While some improvement was seen in the R-squared value
for above-ground biomass versus percent cover (33% improve-
ment using the null prediction, 24% using model 2 predic-
tion), all other criteria were improved using the percent cover
estimates rather than above ground biomass estimates.

DISCUSSION

We have used a mixing model developed by CHMURA et al.
(1987) and CHMURA and AHARON (1995) to assess how well
the stable isotopic value of organic sediments reflect the
plants present on the modern marsh surface. The model is
used to “predict” sediment 3'3C values by pooling the carbon
isotopic values of the existing plant cover. Our initial results
were not as close as those reported by CHMURA et al. (1987).
However, two out of the four marshes used in their study
consisted only of C4 plants in near monospecific stands, pro-
ducing predicted 3'3C values which varied from plot to plot
by no more than 0.5%.. Another of their marshes consisted
solely of C3 plants with one species, Panicum hemitomon
(—25.2%0) dominating all plots in excess of 57%. Only their

intermediate brackish marsh was comparable in terms of
plant diversity to the marsh sites used in this study. Estuary
marshes with the diverse plant assemblages experienced in
San Francisco Bay, particularly in the brackish zone, require
more complex models to predict surface sediment 8'°C values.

We analyzed four models for predicting sediment 3'3C val-
ues: pooled isotopic values of plant species based on their per-
cent cover (null prediction); the same values based on percent
cover with the addition of plant-specific coefficients (predic-
tion 2); pooled isotopic values of plant species based upon
their relative above-ground biomass; and this biomass de-
rived value with plant-specific coefficients. Several statistical
measures were used to compare the models in this study,
including RMS (root mean squares), R-squared value, and the
slope and y-intercept of the best-fit line. The RMS best rep-
resents the distance of the data from the best-fit line. The
perfect best-fit line would be one with a slope of 1 and a y-
intercept of 0, demonstrating a one-to-one relationship be-
tween observed plant fraction values and soil 8C values.
The model producing the best predictions (model 2) used per-
cent cover values multiplied by each plant taxon’s isotopic
value plus a plant-specific coefficient (see Table 4). While the
scatter of data points was not greatly improved with the mod-
el 2 prediction (R-squared went from 0.636 to 0.673), we con-
sider the RMS value a better indicator of the predictive ca-
pability of our model and that number showed an overall im-
provement of 31% using the set of coefficients (RMS = 1.331).
The slope was 0.943 and the intercept was (—0.878).

The coefficients used in the model 2 suggest that the C4
plants tend to be under-represented in the isotopic record.
Model predictions of the surface sediment 3'3C required co-
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Figure 2. 8'3C values (on Y-axis) of the C3 plant Grindelia stricta under different soil salinity conditions (on X-axis). Sites CC1 (n=11) and CC2 (n=14)
show the mean plus or minus 2 standard deviations (i.e., 95% confidence interval). Sites BSP2 and BSP3 show individual samples (n=2).
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Figure 3. Observed 8'*C values (X-axis) in San Francisco Bay marsh soils are compared to two Predicted 3'*C values (Y-axis) estimated with the mixing
model. The null prediction values are based on percent cover of plants multiplied by their 8'°C value; the model prediction 2 values include correction

coefficients described in text. Stippled line represents ideal 1:1 fit line.

efficients of (—3) and (—2) for S. foliosa and D. spicata, re-
spectively. Conversely, the carbon isotopic value of the C3
plant, Scirpus californicus, tended to be over-represented
when present at a site, with a coefficient of (+3). This implies
that in sediment cores recovered from marsh sites with S.
californicus, relatively subtle shifts in the 8'3C can indicate
significant vegetational changes.

Data obtained from percent cover surveys was preferred
over above-ground biomass surveys for the following reasons:
1) they are less destructive of wetland habitat; 2) sites can
be resurveyed over time, and 3) the area included in percent
cover studies is greater than that of biomass studies, and is
therefore a better indicator of the surrounding plant cover.
The last point is justified by the results of our linear regres-
sions (see Table 6). In model iterations using both null pre-
dictions and applying the coefficients, the percent cover es-
timates produced better prediction results compared with
above-ground biomass estimates for most criteria, with the
noted exception of the R-squared value. One reason biomass
estimates may fail to adequately predict soil 8'°C values may
be that the plot size for the biomass survey must be fairly
small. Our plots were 25 cm?, frequently the mix of plant taxa
represented within that small plot was quite dissimilar to the
larger plot area covered for percent cover estimates (1 m?).

We consider that the larger plots better reflect the contrib-
uting sources of organic carbon to the soil.

There are three potential sources for the residual differ-
ences between measured soil carbon isotopic values and those
predicted by our models. These include: 1) variability in 83C
values among plants of the same species; 2) under-represen-
tation of algae (with 8'3C values which are intermediate be-
tween C3 plants and C4 plants) in percent cover estimates;
3) varying effects of diagenesis on plant 8'3C values. Each is
discussed in more detail below. We do not consider allo-
chthonous sedimentary material to be a significant source of
residual differences as our measurements are limited to the
coarse fraction (>125 pm) of the soil samples.

Analyses of the carbon isotopic composition of certain C3
plants found in the San Francisco Bay Estuary revealed con-
siderable intraspecific variability in the 8°C values, partic-
ularly in the species Grindelia stricta and Scirpus robustus.
The samples were collected from several locations of differing
salinities, within the marshes at Benicia State Park and Chi-
na Camp State Park (Table 2 and Figure 2). We considered
each sample site a separate population for our statistical
analyses. A student’s T-test of the sample means from the
different populations of S. robustus, China Camp site 1 (soil
salinity = 55 ppt; n = 9) and site 2 (soil salinity = 35 ppt; n

Table 5. Statistical comparisons of results using null model and model 2 to predict soil 8"*C value (%o).

Model RMS R-squared  Slope of Line Line Y-intercept N
Null (without coefficients) 1.924 0.636 1.242 6.35 59
Model 2 (with coefficients) 1.331 0.673 0.943 —0.878 59
Improvement Model 2 vs. Null (%) 31 6 76 86 59
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Figure 4. Residual differences for three marsh plant species. 4(a) Dis-
tichlis spicata, 4(b) Spartina foliosa, 4(c) Salicornia virginica. Residuals
(Predicted - Observed) are regressed against plant fraction to indicate the
influence these common species have on the sediment 5*C value.

= 9) failed to support a significant difference between the
means (significance level used was o = 0.1). G. stricta had a
greater variance than S. robustus, but a student’s T-test of
the populations from sites China Camp site 1 (n = 11) and
site 2 (n = 14) also failed to support a difference in the means
(o = 0.1) (Table 3). One sample from Benicia state park site
2 (soil salinity = 19 ppt) had a 8'3C value of —29.90%0, which
was outside the range of 2 standard deviations of the China

Camp population means. The soil salinity at this site is only
marginally different from site 3 (soil salinity = 16 ppt) and
so the evidence does not support a causal link between salin-
ity and 3'3C values.

Intraspecific variation in the 8'C values for C3 plants may
be related to isotopic fractionation caused by water avail-
ability (FARQHUAR et al., 1989). The following equation de-
scribes carbon isotopic fractionation as follows.

A=a+ (b —a) Xp/p,
where

A = total fractionation (discrimination)

a = fractionation due to diffusion in the air (4.4%)

net fractionation due to Rubisco (enzyme) carboxyla-
tion (ca. 20-30%o)

p; = intercellular partial pressure of CO,

p. = ambient partial pressure of CO,

FARQHUAR et al. (1989) found in a series of experiments a
positive relationship between the ratio p/p, and total carbon
isotopic fractionation. This ratio is largely determined by
plant stomatal conductance, which is a function of environ-
mental conditions (such as temperature and humidity). Our
marsh sites encompass a range of hydrological conditions
from those that are moist most of the time to sites which are
infrequently wet. Slight differences in elevation or distance
from the nearest channel can result in significant differences
in moisture availability. While we found no evidence to sup-
port a relationship between salinity and the carbon isotopic
composition of individual plants, water stress may still play
a role in the variance we found in the 3'3C value of certain
C3 species. Only one soil sample was collected from each lo-
cation to determine salinity, but approximately 10 individual
plants were collected from each site. As G. stricta is found
along channel banks which can be steep, the individual
plants may experience different hydrological conditions from
each other depending on their relative elevations.

Similarly, nutrient supply could be an important factor in
the isotopic variability within C3 species. In a study on the
influence of nitrogen supply on the 3'*C value of C3, C4 and
CAM plants, SCHMIDT et al. (1993) found that low nitrogen
caused an increase in stomatal conductance in an annual C3
species, resulting in a more negative 3*C value. In a con-
trolled experiment, the plant, Atriplex hortensis, returned
mean values of —26.09%o in high nitrogen conditions, versus
—27.82% under low nitrogen conditions (SCHMIDT et al.,
1993). More work would be required to determine the nutri-
ent conditions experienced between and within our research
sites, but it is possible that elevational differences may also
affect the nitrogen availability for individual plants.

There is also carbon isotopic variability among individuals
of certain plant taxa which are not C3. Salicornia virginica
is the only common CAM plant found in the local brackish
and salt marshes surrounding the San Francisco Estuary.
Carbon isotopic measurements of 10 individual S. virginica
plants from four different marshes range between —25.27%
and —29.31%0. The cause of this variability is that many
plants operating with the CAM photosynthetic pathway are
considered “facultative CAM”. These plants are able to switch
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Table 6. Statistical comparisons of results using above-ground biomass and percent cover to predict soil 8'°C value (%d).

Survey RMS R-squared Slope of Line Line Y-intercept N

Null (without coefficients)

Biomass 2.804 0.498 2.060 29.460 20

Percent cover 2.322 0.336 0.337 26.586 20
Improvement percent cover vs. biomass (%) 17 —33 37 10
Model (with coefficients)

Biomass 2.097 0.529 1.647 18.171 20

Percent cover 1.785 0.400 1.211 8.780 20
Improvement percent cover vs. biomass 15 —24 67 52
between the more energy efficient C3 photosynthetic process CONCLUSIONS

and CAM as environmental conditions dictate. S. virginica
found in the Estuary marshes experience a fairly wide range
of salinity conditions and is capable of growing in salinities
of 25% to 175% sea water (CUNEO, 1987). In a separate study
we are testing the effects of salinity on the 83C value of S.
virginica.

Another potential source of residual difference in our pre-
dicted and observed isotopic values for surface soils involves
the contribution of algae to the total carbon of the surface
sediments. Algae frequently forms mats growing on, or inter-
twined among, other vascular plants. The total input of algae
to the surface carbon can be surprisingly high. ZEDLER (1980
and 1982) reported the production of algae in some Southern
California marshes to be as much as 76% to 140% of the an-
nual production of the local vascular plants. 8'*C values for
algae tend to be intermediate between C3 and C4 plants (see
CHMURA and AHARON, 1995; Table 2). The algae collected
and measured from our surveys produced a value of
—22.06%c. BIRD et al. (1995) describe a method for differen-
tiating the marine and terrestrial constituents of estuarine
sediments using specific n-alkanes of carbon using gas chro-
matography-mass spectrometer. However, CHMURA and
AHARON (1995) considered the problem posed by algae great-
er for predicting modern soil isotopic values than for buried
sediments. Algae is a major contributor of carbon to marsh
food webs (SULLIVAN and MONCREIFF, 1990), and it decom-
poses rapidly and more completely than vascular plants.
While surface sediments may reflect the influence of algal
carbon, we assume the buried sediments have little or no al-
gal carbon.

Finally, we consider the effects of diagenesis of marsh
plants on soil 8'3C. Several studies have looked at changes in
plant 83C values as a result of diagenesis (BENNER et al.,
1987; DENIRO and HASTORF, 1985; EMBER et al., 1987; Fo-
GEL et al., 1989). During diagenesis, the isotopically heavy
fraction of the plant decomposes first, and the more refrac-
tory, isotopically lighter plant components are left behind. In
particular, the most resistent compound, lignin, remains in
the sediments and is generally depleted in 83C by 2 to 6%..
On marsh surfaces, initial decomposition appears to occur
fairly rapidly (CHMURA et al., 1987), resulting in an overall
depletion of surface 3'*C by 1 to 4%c (CHMURA and AHARON,
1995). After this initial depletion, though, there appears to
be very little change in the isotopic value of buried sediments
(FOGEL et al., 1989; CHMURA and AHARON, 1995).

This study provides a calibration of modern marsh sedi-
ments and the plants occupying the present surface for 3
marshes along a transect of the San Francisco Bay Estuary.
This is an important step toward utilizing stable carbon iso-
topes in marsh sediments as a proxy indicator of past plant
assemblages. The sediments comprising the remaining
marshes found in the Estuary contain a rich record of vege-
tation response to changes in paleo-environmental conditions
in this region. Sensitive sites within the Bay Estuary include
those in which changing salinity levels result in changing ra-
tios of C3 to C4 plants; such changes would be reflected in
shifts in the soil 83C values.

Stable carbon isotopes may be best used in combination
with other established paleo-ecological proxy indicators, such
as pollen. Weaknesses inherent in pollen analysis (such as
limited ability to distinguish taxa below the family or genus
level), can be addressed by using carbon isotopic composi-
tions. For example, D. spicata (a C4 grass) is one of the key
indicators of high marsh high salinity conditions, yet grass
pollen cannot be identified below the family level. A shift in
the isotopic ratio of sediments to less negative values, accom-
panied by the presence of grass pollen, would argue strongly
for the presence of D. spicata, and thus for conditions found
on the high marsh of a brackish to salt marsh. Using pollen
analysis alone, the presence of grass pollen in the sediments
cannot be interpreted unquestionably as evidence for D. spi-
cata, as the pollen could be from other local C3 grasses, or
even washed in from upstream of the marsh itself. Subtle
changes in the 8'3C value of sediments, on the order of *4%.
— 6%o, likewise are difficult to interpret unless supporting
pollen data are present.

This study will assist in justifying future work which uses
stable carbon isotopes of marsh sediments to reconstruct past
changes in plant assemblages related to environmental
change. We see immediate benefits to future research from
this study. Comparing isotopic record from several of our
marshes with known salinity records in the Estuary for the
last 1,000 — 2,000 years (see INGRAM et al., 1996a and b), we
can describe local vegetation responses to changes in the sa-
linity of the Estuary, which is itself a reflection of climate as
it is directly related to fresh water inflow. Building on that
research, we can infer changes in estuarine salinity from the
changes we find in the vegetation composition of marshes in
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parts of the Estuary where the salinity history is incomplete,
or to extend that history further back in time. :
Future research sites will represent bimodal ecological sit-
uations, such that one physical parameter (e.g., salinity) has
an overwhelming influence upon the plant assemblages found
at the site. Our bimodal situations will include those in which
presence or absence of C4 plant taxa can be detected in the
sediment sample, and then interpreted in terms of either sa-
linity or increased flood frequency. This research can help
further our understanding of how the Estuary marshes have
responded to past climate regimes, and how they might re-
spond to future changes in climate as predicted due to the
effects of global warming. This work should be of interest to
both the scientific community and those involved in environ-
mental policy decisions around the San Francisco Estuary.
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