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Abstract Wetland restoration can mitigate aerobic
decomposition of subsided organic soils, as well as
re-establish conditions favorable for carbon storage.
Rates of carbon storage result from the balance of
inputs and losses, both of which are affected by
wetland hydrology. We followed the effect of water
depth (25 and 55 cm) on the plant community,
primary production, and changes in two re-estab-
lished wetlands in the Sacramento San-Joaquin River
Delta, California for 9 years after flooding to deter-
mine how relatively small differences in water depth
affect carbon storage rates over time. To estimate
annual carbon inputs, plant species cover, standing
above- and below-ground plant biomass, and annual
biomass turnover rates were measured, and allometric
biomass models for Schoenoplectus (Scirpus) acutus
and Typha spp., the emergent marsh dominants, were
developed. As the wetlands developed, environmen-
tal factors, including water temperature, depth, and
pH were measured. Emergent marsh vegetation
colonized the shallow wetland more rapidly than
the deeper wetland. This is important to potential
carbon storage because emergent marsh vegetation is
more productive, and less labile, than submerged and
floating vegetation. Primary production of emergent
marsh vegetation ranged from 1.3 to 3.2 kg of carbon
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per square meter annually; and, mid-season standing
live biomass represented about half of the annual
primary production. Changes in species composition
occurred in both submerged and emergent plant
communities as the wetlands matured. Water depth,
temperature, and pH were lower in areas with
emergent marsh vegetation compared to submerged
vegetation, all of which, in turn, can affect carbon
cycling and storage rates.
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Introduction

Wetland restoration is used for a variety of purposes,
such as filtering and storing nutrients and organic
matter, providing habitat for a variety of species, and
re-establishing natural buffer zones for flood control
(Zedler 2003). In the Sacramento-San Joaquin Delta,
CA, organic soils more than 15 m deep in some areas
formed in historic marshes, where organic matter
accumulation and land surface elevation gains kept
pace with sea level rise during the late Holocene
(Atwater 1980). These organic soils were drained for
agricultural use beginning in the mid-nineteenth cen-
tury. Their subsequent compaction and oxidative loss
have resulted in extensive subsidence, and some areas
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more than 6 m below sea level still have several meters
of organic material remaining (Deverel and Rojstaczer
1996; Deverel et al. 1998). Continuing subsidence
poses an increasing threat to levee stability because it
increases the hydraulic gradient and pressures the
levees must withstand (Mount and Twiss 2005).
Moreover, subsidence endangers this important source
of freshwater for about two-thirds of the population of
California because catastrophic levee failure in this
seismically sensitive region could result in salt water
intrusion and contamination for months to years
(Mount and Twiss 2005). Restoration of Delta wet-
lands can mitigate the loss of organic soil from aerobic
decomposition, and recreate the conditions that pro-
vide for carbon storage (Miller et al. 2000).

Carbon is stored in the environment when
primary production exceeds losses. In temperate
regions, marshes are highly productive systems
(Penfound 1956; Westlake 1963), and prolonged
periods of flooding can limit decomposition (Lee
1990; Battle and Golladay 2001), and make them
potentially favorable areas for carbon storage (Craft
and Richardson 1993; Frockling et al. 2001;
Chimner et al. 2002). Flooding duration and depth
affect plant species composition and productivity in
wetlands (Keddy and Ellis 1985; Casanova and
Brock 2000; Fraser and Kernezis 2005). The effect
of water depth on plant species distribution and
growth provides important information for under-
standing ecosystem processes such as the biogeo-
chemical cycling of carbon and the potential carbon
storage capacity of wetlands (Gosselink and Turner
1978).

To investigate use of permanent shallow flooding
to mitigate aerobic decomposition of old soil
carbon substrates, and to assess the effect of water
depth on carbon storage in restored wetlands, the
United States Geological Survey shallowly flooded
a deeply subsided agricultural field in the Delta.
This study assessed the effects of permanent
flooding at two water depths (25 and 55 cm) on
plant species composition and productivity to
estimate annual carbon inputs to the wetlands for
9 years following flooding. Changes in environmen-
tal conditions concomitant with wetland re-estab-
lishment that can affect the carbon storage potential
of re-established Delta wetlands over time also
were studied.

@ Springer

Materials and methods
Site description

The study site was a 6-ha agricultural field located
near the center of Twitchell Island in the Sacramento-
San Joaquin River Delta of California (38°6'N,
121°39'W; Fig. 1). The climate is Mediterranean,
with cool, rainy winters and hot, dry summers and a
growing season that can extend from February to
November. The soil is a Rindge mucky silt loam.
Botanical analyses of peat deposits in the region
showed it primarily comprises Schoenoplectus acutus
and Phragmites (Atwater 1980), indicating peat in the
delta developed in vast emergent marshes. Approx-
imately 4-6 m of peat underlay the study site.

The field was leveled at ~4.5 m below sea level,
and split into two similarly sized areas using a berm.
In the fall of 1997, the site was permanently flooded
to different water depths (~25 cm in the ‘shallow
wetland’ and 55 cm in the ‘deep wetland’) to study
the effect of water depth on carbon storage potential
in re-established wetlands in the region. To ensure
that S. acutus (tules) were able to colonize the
restored wetlands, S. acutus stems and rhizomes,
collected from stands on the island, were planted in
five 10 x 25 m blocks, spaced every 2 m, in the
eastern half of both areas shortly before flooding.
Typha spp. (cattails) in the surrounding ditches
provided windborne seed to the site.

Fresh water was piped in continuously from the
San Joaquin River and entered the site through inlets
on either end of the south side of the two wetland
restoration areas. Outflows were weirs in the center of
the north side of each restoration area (Fig. 2). The
approximate water depths in each wetland were
maintained during the study period by raising outlet
weirs to compensate for the accumulation of organic
material. Each wetland had six piers, three on the
north side and three on the south, projecting into the
wetlands to access permanent sampling sites (Fig. 2).
To facilitate sampling throughout the wetlands with-
out disturbing the vegetation or substrate, four
boardwalks were constructed in each wetland. Board-
walks were used to access permanent transects for
assessing plant colonization, growth, spread, and
changes in species composition. Allochthonous bio-
mass inputs to the wetlands were not considered
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because these were essentially closed wetland sys-
tems, surrounded by agricultural fields.

Transect measurements of plant cover

A point-quadrat method was used to follow temporal
changes in species composition of the wetland plant
community on four permanent transects ranging from
about 100 to 150 m long in each wetland. For each
transect sampling event, data were collected from 200
to 300 points and 40 to 53 quadrats in the shallow
wetland, and from 150 to 200 points and 30 to 40
quadrats in the deep wetland. There were fewer data
points in the deeper wetland because transects in the
deep wetland were shorter than those in the shallow
wetland. During the first two growing seasons
sampling was conducted in June and October (1998
and 1999); thereafter, peak biomass was sampled
biennially from 2000 to 2006.

At every 2.5 m interval along each transect algal
or plant species presence or absence below the water
surface, at the water surface, and above the water

surface were recorded. Frequency tables of species
presence were compiled to assess changes in percent
species cover through time, and by water depth, at

different zones (below, at, and above the water
surface) in the wetland. Because point transect plant
cover sampling provided discrete, categorical data
differences in vegetation coverage and species com-
position were assessed with chi-square analysis of
frequency distributions between water depths and
over time. The three zones were analyzed both
separately and in combination to accurately assess
percent cover by the different plant communities.
At every fifth point, or 12.5 m, all live plants
growing in a 33 x 33 cm (0.11 m?) quadrat were
counted and identified. This provided representative
sampling of species composition, spatially, and plant
density (Giroux and Bedard 1988). Beginning in
2000, the height, diameter, number of leaves, and
flower presence or absence of all emergent vegetation
in these sample quadrats were recorded for allometric
correlation biomass estimates. Differences in the
density of emergent vegetation over time and by
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Fig. 2 Diagram of the
wetland site. The west
wetland is, and the east
wetland is 55 cm deep.
Letters represent piers and
sampling platforms. Lines
represent boardwalks and
sampling transects
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water depth were analyzed using SAS general linear
model (GLM) and non-parametric comparisons of
means, where appropriate.

Allometric biomass models

Because the emergent marsh dominants, S. acutus
and Typha spp., contributed the majority of biomass
inputs to the wetlands, allometric models to estimate
plant biomass were developed by harvesting plants
throughout the growing season from both water
depths and correlating the measurements of morpho-
logic parameters to plant dry weights. During 1999
and 2001, approximately 800 S. acutus plants of all
sizes were collected, and the height of each plant and
the diameter at 0.5 m from the top of the shoot base
measured. Almost 2,200 Typha spp. plants of all sizes
were collected between 2000 and 2002. The tallest
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leaf and the stem diameter at 0.5 m from the top of
the shoot base were measured, the leaves were
counted, and flower presence noted. All plants were
dried at 70°C for 48-72 h to a constant weight and
weighed. The morphologic variables were related to
plant biomass measurements, performing transforma-
tions of the parameters, as necessary, to meet
assumptions of normal distribution and to establish
linear relationships between the variables. Plants
from the destructive biomass harvests were not used
to develop the models. Neither the time of sample
collection or water depth affected the allometric
relationships.

Destructive biomass harvests in 2000 and 2001
included measurements of plant height, diameter, and
leaf number of all individual plants in the samples
before they were dried and weighed to allow for
comparisons between measured and predicted biomass
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values. SAS correlation, regression, and GLM analy-
ses were used to test the models by comparing
estimated and measured biomass from the destructive
biomass harvests.

Measurements of plant biomass

Destructive biomass harvests were used to estimate
productivity of the dominant plant species for the
first 5 years of the study. Above and belowground
biomass of dominant emergent marsh species was
measured with destructive harvests in Oct 1998, July
and August 1999 and May and July 2000. In July
2001, only aboveground biomass was harvested. In
early May, late July and early October 2002, only
belowground biomass in the shallow wetland was
measured. During 1998 to 2000, samples of floating
and submerged vegetation were collected in both
wetlands, but no samples of floating and submerged
vegetation were collected after 2000, despite
changes in species composition in submerged
vegetation.

Between 1998 and 2000 all live aboveground
emergent marsh vegetation biomass was harvested
from 0.11 m? quadrats at ~ 20 regularly spaced plots
along transects in each wetland. In 2001, about 40
samples were collected from each wetland. All
belowground structures extracted from two 10 cm
diameter, 20 cm deep soil cores from the harvested
quadrats were used to estimate belowground biomass
(Giroux and Bedard 1988). Soil was washed from the
roots, and live roots were separated from dead ones
based on color and turgidity. All biomass was dried at
70°C to a constant weight, and weighed. Subsamples
of dried shoots and roots were ground with a Tecater
mill (1093), ashed at 500°C for 4 h to determine
organic matter content, and analyzed for carbon (C)
and nitrogen (N) content with a CHNS/O analyzer
(Perkin/Elmer series 2 2400).

Beginning in July 2002, destructive sampling of
aboveground biomass was replaced with non-destruc-
tive methods using data collected in the mid season
transect data sampling as a measure of peak season
standing live biomass. Plant size measurements from
quadrats were used in allometric biomass models
developed for this study. The effects of water depth,
plant species and sample time on above and below-
ground biomass measurements were analyzed using
SAS GLM.

Seasonal plant growth and mortality turnover
assessment

Stem and leaf turnover of the dominant emergent
marsh species were estimated using methods based
on those of other researchers (Smith and Kadlec
1985; Morris and Haskin 1990; de Leeuw et al.
1996). Ten permanent quadrats were randomly
placed in S. acutus stands at each water depth in
March 1998 and 1999. S. acutus shoots have a single
sheath leaf at the base of the plant, and do not lose
and replace leaves over their lifespan. For this reason,
annual biomass turnover in S. acutus stands can be
reasonably represented by the total number of stems
that grow in a given area throughout the year in
relation to the number of stems present at the peak of
the growing season, and, similarly, by cumulative
plant heights or weights. Plant height and number
were recorded throughout the growing season to
assess the total seasonal growth in a given area. Each
plant was tagged and numbered, and its height was
measured monthly.

Similarly, in March of 1999 ten random quadrats
were placed in Typha stands at each water depth.
Typha plants have leaves that are shed as the plant
matures, and grow new leaves further up on the shoot.
Thus, in Typha stands, turnover of biomass includes
both the successive growth and loss of leaves on
individual plants, and the successive replacement of
old plants by the growth of new plants over a growing
season. Turnover of Typha was assessed by tagging,
numbering and measuring the length of each leaf on
every plant in the quadrat once a month. Flower
spikes, and mortality, and final leaf length of newly
senesced leaves and plants were also recorded.

The allometric biomass models were used to
estimate standing and cumulative biomass from the
plant size parameters recorded throughout the grow-
ing season for each quadrat. Plant biomass turnover
was estimated from growth and mortality through the
season by comparing the end of the season cumula-
tive biomass to the mid-season standing biomass
mean. Estimates of biomass turnover were compared
to turnover estimated by stem density and mortality
in both emergent marsh species. Emergent marsh
growth and turnover data were analyzed with SAS
ANOVA and Mixed Model ANOVA procedures.
Annual biomass turnover of aquatic floating and
submerged vegetation was not measured.
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Annual primary production

Annual C inputs from emergent vegetation to these
wetlands were estimated from measurements of mid
season standing biomass, annual biomass turnover
rate, and average plant biomass C content of shoots
and roots. Because root biomass was not measured in
all years, root biomass estimates for years when
belowground biomass samples were not collected
were based on the average root:shoot ratio in relation
to annual aboveground production measurements
(0.8 £ 0.1), and therefore do not compensate for
lower aboveground production with higher above-
ground production rates. Also, root turnover in clonal
dominants is usually not as high as that of the
aboveground vegetation as a result of winter conser-
vation of root biomass for spring growth, in contrast
to nearly complete winter die-off of aboveground
plant biomass (Garver et al. 1988; Gill and Jackson
2000). Therefore, annual root turnover values were
estimated to be half of measured aboveground
turnover rates, or 1.5 & 0.1 times and 2.0 & 0.1
times mid season live biomass, respectively.

Measurements of environmental parameters

Specific conductance, pH, and dissolved oxygen
were measured using YSI probes and meter
(556 MPS) at the six piers in each wetland at
regular intervals between 1998 and 2004. At each
sampling, several water depth measurements were
taken to the nearest 0.5 cm, and soil temperatures
were measured using permanently placed thermo-
couple sensors and Omega meters (450 AKT).
Discrete measurements of surface water tempera-
tures were made using the Omega thermocouples
and meters. Beginning in 2005, water temperatures
in the deep wetland were measured continuously in
eight locations representing different plant commu-
nities, using permanently placed temperature sensors
and Hobo data loggers (H8 Outdoor Industrial
4-Channel). At each site, temperature sensors were
placed at the bottom of the water column near the
wetland sediment surface, midway between the
sediment and water surfaces, and floating just
beneath the water surface. Statistical analyses of
differences in environmental parameters by wetland
plant community were conducted using SAS mixed
model ANOVA to account for seasonal effects.
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Relationships among the environmental factors were
assessed using SAS correlation analyses.

Results
Plant community composition and cover

Though plant colonization was rapid in both wetlands
(Fig. 3a, b), with almost complete cover by the
second growing season, emergent marsh vegetation
colonization and spread, including planted S. acutus,
were slower in the deep wetland than the shallow
wetland (y* < 0.0001). The most rapid spread of
emergent marsh vegetation occurred in the first
2 years after flooding, when emergent marsh vegeta-
tion colonized nearly 90% of the shallow wetland,
and nearly 50% of the deep wetland. In both
wetlands, emergent marsh vegetation first colonized
to the south and southeast, where winter winds
appeared to congregate seeds and vegetative propa-
gules. After the rapid colonization of the first 2 years,
cover by emergent marsh vegetation in the deep
wetland increased slowly, and the area covered by
submerged vegetation decreased.

In the shallow marsh, T. latifolia cover declined
from 12% of emergent vegetation in 2000 to 1% of
emergent vegetation in 2006. Percent cover of
T. angustifolia and T. domingensis varied from year
to year, though it tended to be greater for 7. angust-
ifolia. In the deep wetland, where emergent vegeta-
tion slowly spread throughout the study period,
T. latifolia consistently composed 8-9% of the
emergent marsh species, while 7. angustifolia and
T. domingensis showed greater variability. The per-
centage of Typha with mixed characteristics, indic-
ative of hybridization between the species, slowly
increased in both water depths (data not shown).

Following emergent marsh colonization, Lemna
(duckweed) and Azolla, small floating aquatic plants,
also became established and spread through the
wetlands, often under the emergent marsh canopy.
However, in the shallow wetland, the area covered by
Lemna and Azolla was halved from the maximum
cover of 85% recorded in 2000 to the last measurement
in 2006; while Lemna cover in the 55 cm wetland was
<60% after slowing increasing throughout the study
period (data not shown). During this time, the species
composition of submerged vegetation also changed as
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Fig. 3 a Plant community composition in the 25 cm deep
wetland based on frequency measures of plant species along
transects represented as percent cover from the first year after
flooding in September 1997 to July 2006. b Plant community
composition in the 55 cm deep wetland based on frequency
measures of plant species along transects represented as
percent cover from the first year after flooding in September
1997 to July 2006

the initial colonizer, Myriophyllum, was replaced by
Egeria, Ceratophyllum, and Potamogeton sp. over
time (data not shown).

Emergent vegetation tended to grow more densely
in the shallow wetland than the deep marsh (Fig. 4;
P = 0.0202). Stem density of emergent marsh veg-
etation showed significant changes with time in the
shallow wetland (P < 0.0001), but in the deeper
wetland annual differences in plant stand density
were not significant (Fig. 4; P > 0.05). Because
Typha spp. dominate these wetlands, temporal
changes in stem density measurements primarily
reflect Typha densities, as the number of samples
containing S. acutus was limited, especially in the
earlier years. However, stands of S. acutus generally
grew more densely than Typha when they occurred
(mean stem densities 83.4 + 12.1 and 53.7 + 1.7,
respectively; P < 0.0001).
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Fig. 4 Density of emergent marsh vegetation in 25 and 55 cm
deep wetlands from the first year after flooding in September
1997 to July 2006. Vertical bars represent standard error

Allometric biomass models

For S. acutus natural log (Ln) transformations of plant
height and diameter at 50 cm, showed the strongest
linear relationship to log transformed weight variables:
log 10 weight = (0.5028 x In height) 4+ (0.3471 x
In diameter) — 1.7654 (r* = 0.924). Without the
inclusion of shoot diameter model estimates were
less constrained (log 10 weight = 0.7947 x In height
— 32177, F* = 0.824).

Of the 2,200 individual Typha plants collected,
about 1,200 were T. latifolia, and 600 were in flower.
While biomass of Typha spp. was most strongly
correlated to plant height for all plants, the allometric
relationships differed depending on Typha species,
and whether or not the plant was flowering. 7. latifolia
plants tended to be heavier than T. angustifolia and
T. domingensis plants of the same height, especially
when in flower, while T. angustifolia and T. doming-
ensis plants showed similar allometric correlations to
one another both with and without flowers. Natural
log transformations of the size variables compared to
log transformed weights were used to model the
correlations because they showed the strongest linear
relationships.

Separating plants by species type, where T. latifolia
was separated from the other Typha species, and by
flowering, SAS GENMOD was used to generate a
logistic regression to fit the data: log 10 weight =
(—2.188) + (0.601 x In height) 4+ (0.2128 x In
diameter) 4+ (0.2721 x In leaf number) — 0.484 (if
species is T. angustifolia or T. domingensis)
— 0.2677 (if the plant has no flower). The model
showed slightly better fit to 7. angustifolia or

@ Springer



Wetlands Ecol Manage (2010) 18:1-16

T. domingensis (> = 0.92) than to T. latifolia
(r2 =0.9). The use of leaf number helped to
constrain the model, particularly with regard to
estimating 7. latifolia biomass.

Overall, predicted weights of emergent marsh
vegetation were 6% greater than the measured
biomass of samples from destructive harvests. Esti-
mates of emergent marsh biomass in the deep water
were one percent lower than measured, but were 10%
greater than measured biomass in the 25 cm deep
water. The correlation coefficient of predicted and
measured biomass values from biomass harvests in
2000 and 2001 was 92.4%, with somewhat stronger
correlation in the 25 cm wetland (97%) than in the
55 cm deep water (88%). The correlation coefficient
from the S. acutus two-parameter model was 93%;
and, predicted weights were within 1% of measured
values. However, the Typha allocorrelation model
tended to overestimate weight compared to measured
values by 4.4 £ 0.7%. For Typha, allometric biomass
model precision was greater in shallower water
depths, but accuracy improved with increasing water
depth. Beginning in 2002, aboveground standing
biomass estimates for emergent vegetation were
based on allometric biomass correlation equations.

Standing plant biomass

Destructive harvests conducted between 1998 and 2000
showed the ash-free dry weight of standing live
aboveground emergent marsh vegetation was an order
of magnitude greater than that of standing crop biomass
measurements of submerged and floating vegetation in
the wetlands (P < 0.0001; Table 1). Emergent vegeta-
tion also had significantly higher C:N ratios than
aquatic vegetation in the wetlands (P < 0.0001).
Mid-season standing aboveground biomass of emer-
gent marsh vegetation ranged from 924 t0 2,353 g m 2
(Fig. 5). Measurements of standing aboveground

biomass of emergent marsh vegetation showed signif-
icant inter-annual variability (P < 0.0001), but no
significant difference between the deep and shallow
wetlands (P > 0.05).

Root biomass measurements also showed signifi-
cant inter-annual variation (Fig. 5; P = 0.0022), but
did not show differences by water depth when
both wetlands were sampled (P > 0.05). However,
S. acutus root biomass was greater than root biomass
in Typha stands (P = 0.0018). Root:shoot ratios
also showed significant inter-annual differences
(P = 0.0322), but did not significantly differ by
emergent marsh species (S. acutus = 0.9 £ 0.1;
Typha = 0.8 £ 0.1; P > 0.05) or water depth (deep
wetland = 0.7 £ 0.1; shallow wetland = 0.9 + 0.1;
P > 0.05). The lowest root:shoot ratios were mea-
sured in 1999 (0.7 & 0.1), and highest in 2000
(1.2 £ 0.3). Root:shoot ratios varied more widely in
S. acutus (0.6 = 0.2 to 1.7 £ 0.4) than in Typha
stands (0.7 £ 0.1 to 1.0 £ 0.3), and appeared to
respond more to differences in water depth than
Typha (1.0 £ 0.2, deep and 0.7 £ 0.2, shallow in
S. acutus; 0.8 £ 0.1 at both water depths in Typha;
P > 0.5). There were significant inter-annual differ-
ences in ash-free root C:N ratios (P = 0.0002), but
no significant differences between emergent marsh
species. In both root and shoot samples, ash-free N
content was highest in the first growing season, which
resulted in significantly lower plant tissue C:N ratios
in 1998 than all other years of the study (data not
shown).

In 2002, live S. acutus root biomass was greatest in
the October sample, when dead root biomass was
lower than in May and July samples (Fig. 6). Live
Typha root biomass did not show seasonal changes,
but mid-season Typha root samples from the July
harvest had a large amount of adventitious root
growth compared to other sample dates, and the
lowest ash-free root N concentration (0.87 £ 0.06)

Table 1 Means and standard errors for ash-free biomass, percent carbon, and C:N ratios of primary wetland vegetation from
destructive harvests of live vegetation conducted between 1998 and 2000

Plant biomass

Ash free dry weight (g m™>)

Ash free carbon (%) C:N ratio Sample number

Emergent marsh—aboveground 1,633 £ 61
Emergent marsh—belowground 1,387 + 96
Submerged vegetation (Myriophyllum) 188 £+ 22
Lemna and Azolla 76 £ 17
Algae 125 £ 29

46.5 £ 0.1 66 =+ 9 225
452 +£ 0.1 40 + 1 163
458 £ 0.4 14 +1 41
444 £ 04 18 £1 33
453 £ 0.6 18 +1 8
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Fig. 5 Measurements of peak standing live above- and below-ground biomass of emergent marsh vegetation in the 25 and 55 cm
deep wetlands from 1998 to 2006. Vertical bars represent standard error

and highest dead root biomass of the season. In both
emergent marsh species, ash-free root N concentra-
tions were highest in the May sample (P < 0.0001;
when S. acutus = 1.5 &£ 0.13 and Typha = 1.28 +
0.12). S. acutus roots had greater ash (0.096 £ 0.004;
P = 0.0051) and ash-free N content (1.21 & 0.06;
P = 0.0171) than Typha roots (ash content =
0.085 £ 0.0003; N = 1.03 £ 0.06). Similarly, ash-
free root C content was significantly greater in
S. acutus (45.6 £ 0.2) than Typha (44.2 + 0.1;
P < 0.0001).

Plant biomass turnover

Assessments of plant turnover based on both stem
number and biomass did not differ significantly from
one another in S. acutus stands, nor did the measures
of turnover show significant effects of water depth.
Annual stem turnover from quadrats in both water
depths averaged 1.9 & 0.1 times the mid season live
stem number in 1998 and 1.7 & 0.1 times in 1999;
and, estimated annual biomass turnover was
1.9 £ 0.1 times the mid-season standing biomass
measurement. These measurements indicated that
standing biomass measurements from mid-season
sampling represent a little more than half of S. acutus
annual production (Fig. 7).

Water depth also did not significantly affect
turnover estimates of Typha, so average annual Typha
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Fig. 6 Live and dead root biomass of Typha and Scoenoplec-
tus acutus in the shallow wetland in the 2002 growing season.
Vertical bars represent standard error

turnover measurements were estimated using quadrats
from both water depths. Annual turnover of Typha
stems was 1.6 & 0.01 times the mid season live stem
number. Stem turnover under represented Typha
production because it did not include leaf turnover
that occurred with stem growth. Annual Typha
turnover based on biomass estimates was 2.1 £ 0.1
(Fig. 7), and did not differ significantly from turnover
estimates based on measurements of leaf length
production over the course of a year. These turnover
measurements showed that mid season standing live
Typha biomass represented a little less than half of the
annual biomass production of Typha. Plant emergence
and mortality, or annual stem turnover, represented
~30% of biomass turnover, and the shedding and
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replacement of leaves by Typha accounted for about
25% of seasonal biomass.

Estimates of annual biomass turnover of Typha
and S. acutus did not differ significantly, and were
pooled to estimate an average annual turnover of
emergent marsh vegetation in these wetlands of
2.0 £ 1.0 times mid season standing live biomass.
Therefore, on average, mid season aboveground
standing biomass in these marshes represented about
half of their total annual biomass production. Root
turnover was not measured.

While Typha spp. and S. acutus did not show
significant differences in mid-season standing biomass
or seasonal turnover rate, Typha spp. senesced earlier
in the year than S. acutus. So at the end of the growing
season, S. acutus had significantly greater live standing
biomass than Typha spp. (P > 0.0001; Fig. 7).

Annual primary production

Estimates of annual C inputs from emergent vegeta-
tion showed large inter-annual variation, ranging
from 1.2 kg to more than 3 kg m~2 (Table 2), with
average annual inputs >2 kg C m™ 2 Water depth did
not significantly affect the C inputs from stands of
established emergent marsh vegetation, but it did
affect the percent cover of emergent marsh vegetation
(Table 2).

Wetland environment
The emergent and submerged plant communities

showed significant differences in wetland environ-
mental parameters. Water under emergent marsh

@ Springer
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vegetation had significantly lower pH than in areas of
submerged vegetation and algae (Fig. 8; P = 0.0347).
Dissolved oxygen concentrations in water also showed
significant differences by plant community (P =
0.0187; data not shown), and were strongly correlated
to pH (correlation coefficient = 0.7689; P < 0.0001).
Also, areas of emergent marsh vegetation had lower
water temperatures compared to areas of aquatic
vegetation with no plant canopy shading the water
surface (Fig. 9; P = 0.0252).

Discussion

Because biomass estimates from emergent vegetation
were much greater than inputs from submerged and
floating vegetation, the emergent wetland plant
community dominated C inputs to these wetlands.
Biomass estimates for submerged and floating aquatic
vegetation at our site were comparable to estimates of
standing biomass of these aquatic plants in other
studies (Adams and McCracken 1974; Best and
Visser 1986; Ennabili et al. 1998; Squires and Lesack
2003; Carillo et al. 2006). However, C inputs from
submerged and floating aquatic vegetation made up a
relatively small and fairly labile proportion of the
carbon entering the system, as indicated by their low
C:N ratios (Taylor et al. 1989; Szumigalski and
Bayley 1996).

Carbon inputs from emergent marsh plants are
significantly greater than inputs from submerged and
floating aquatic vegetation, and decompose more
slowly than submerged plant species (Rodgers, et al.
1983), which may be important to peat development
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Table 2 Estimates of annual C inputs to the 25 and 55 cm deep wetlands from emergent vegetation from 1998 to 2006

2006

2004

2002

2001

2000

1999

1998

Year

25 cm deep wetland

1,182 £ 210
686 £+ 157*
1,868

97.8

1,505 £ 293
874 £ 214*

2,378
96.6

2,188 + 404
1,011 £ 182
3,199

97.8

1,332 £ 232
773 + 162*
2,105

1,284 £ 221
1,271 £ 316

2,555
90.4

1,681 £ 328
785 £+ 162

2,465
88

1,239 + 265
850 £ 214

2,088
51.8

Emergent shoots—C inputs (g m™>)

Emergent roots—C inputs (g m™2)*

Mean emergent marsh C inputs (g m~?)

Emergent marsh percent cover

55 cm deep wetland

859 + 186

1,220 £ 366
708 £ 248*
1,929

62.3

1,436 + 445
834 + 300*
2,270

51.9

1,633 £ 277
948 + 208*
2,581

819 £ 216

2,108 £ 437
697 + 152
2,806

50

1,646 £ 387
1,036 £+ 315

2,682
28

Emergent shoots—C inputs (g m~2)

499 + 133*
1,358
66

476 + 149%*
1,295
42.8

Emergent roots—C inputs (g m™2)*

Mean emergent marsh C inputs (g m™2)

Emergent marsh percent cover

When not directly measured, estimates assume average biomass, ash-free carbon contents, and root:shoot ratio measurements. C inputs from roots estimated from aboveground

biomass are marked with an asterisk

in warm climates (Bridgham and Richardson 1992).
Measurements of plant species cover in the different
depth wetlands indicate areas with differences in both
inputs and potential losses; and, therefore, are
important to estimates of potential C storage in these
wetlands. In this study, estimates of C inputs from
plant biomass contributing to C storage comprise C
from emergent vegetation only because the highly
labile aquatic vegetation was unlikely to play an
important role in wetland C storage.

Standing biomass measurements of emergent
marsh vegetation in these wetlands displayed large
inter-annual variability but were comparable to
standing biomass measurements for Typha and
Schoenoplectus in other wetlands (Klopatek and
Stearns 1978; Brinson et al. 1981; Smith and Kadlec
1985; Davis 1990; Tanner 1994). Large inter-annual
variation in standing biomass measurements is com-
mon in emergent marsh communities (Pearsall and
Gorham 1956; Morris and Haskin 1990; Neill 1990).
Productive years can leave a large amount of standing
dead plant material that may impose light limitations
on the following year’s production, which can
significantly affect plant growth dynamics (Garbey
et al. 2006; Rocha et al. 2008).

Standing crop biomass measurements can severely
underestimate net primary production because they
do not include seasonal biomass lost to leaf and shoot
mortality prior to sampling, or growth occurring
afterwards (Bradbury and Hofstra 1976; Kirby and
Gosselink 1976; Linthurst and Reimold 1978a;
Whigham et al. 1978). This unmeasured production
can be substantial in regions with long growing
seasons (Pratolongo et al. 2005).

Measurements of emergent marsh biomass turn-
over in these marshes showed that annual primary
production was approximately twice mid season
standing live biomass. This is comparable to biomass
turnover measurements in other emergent marshes,
though measurements of seasonal plant biomass
turnover show differences according to plant species,
environment, length of growing season, and year of
measurement (Kirby and Gosselink 1976; Linthurst
and Reimold 1978b; Davis 1990; Morris and Haskin
1990; de Leeuw et al. 1996). In some plant species,
such as T. domingensis and Spartina alterniflora,
higher turnover occurs at times and locations with
greater nutrient availability (Kirby and Gosselink
1976; Davis 1990). However, S. alterniflora can also
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show lower biomass turnover in years with greater
peak standing biomass production (Morris and
Haskin 1990), indicating that a variety of factors
can influence plant biomass turnover rates. In these
wetlands, biomass turnover estimates of S. acutus
were similar between the two sampling years, even
though significant differences in plant tissue nitrogen
concentrations suggest high nitrogen availability
during the first growing season after flooding.

In a fertilization study significant differences in
aboveground biomass of S. acutus among treatments
were balanced by shifting root:shoot ratios, so that
overall biomass production was not significantly
higher with fertilization (Neill 1990). Similarly, in
the restored wetlands in this study, the total plant
(root and shoot) biomass was very similar in years
when both were measured, despite significant inter-
annual differences in both shoot and root biomass.

@ Springer

20 40 60 80 100 120 140 160

Root:shoot ratios of S. acutus during in the first two
growing seasons after flooding were similar to the
low root:shoot ratios in S. validus found in high
nutrient treatments in agricultural wastewaters, but
increased significantly in 2000. Typha root:shoot
ratios in these wetlands did not show significant inter-
annual variation.

Factors that potentially affect root production,
root:shoot ratios, or plant biomass allocation can be
important to C storage in marshes because below-
ground biomass composes a large fraction of the
organic matter that is preserved in wetlands, indicat-
ing that belowground production is important to rates
of C storage in wetlands (Chen and Twilley 1999;
Middleton and McKee 2001). Belowground struc-
tures are not exported from the wetland, can decom-
pose more slowly, and are less subject to herbivory
than aboveground biomass (van der Valk and Attiwill
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1984). The importance of roots to organic matter
accumulation in wetlands primarily is attributed to
slow decomposition, which can be caused by a
variety of factors, including oxygen limitations, a
build up of toxic metabolites in the soil, and lower
tissue quality of roots compared to aboveground
tissues (Middleton and McKee 2001; Chimner and
Ewel 2005).

Water depth can affect biomass allocation between
roots and shoots in some plant species (Karagatzides
and Hutchinson 1991; Squires and van der Valk
1992). A study in Manitoba found that S. lacustrus
spp. allocated more biomass to roots in both the
shallower and deeper ends of their water depth
ranges, but 7. glauca did not (Squires and van der
Valk 1992). However, in deeper water 1. angustifolia
was found to produce thicker rhizomes (Sharma et al.
2008), and a larger proportion of vertical rhizomes
than in shallower water (Asaeda et al. 2008).
Allometric investigation of biomass allocation above
and belowground in 7. domingensis and Cladium
Jjamaicense showed no response to nutrient gradients,
but did show size-dependent biomass allocation such
that smaller plants had greater root biomass relative
to larger plants (Miao et al. 2008). In another study,
S. fluviatilis showed greater biomass allocation to
roots in smaller plants, but relatively constant root:
shoot ratios in 7. latifolia at all sizes (Whigham and
Simpson 1978).

In this study, both belowground production and
stem density were higher in S. acutus than in Typha.
Also, plant density was higher in the shallower
wetland than the deeper wetland, though overall
aboveground biomass estimates did not significantly
differ by water depth. In permanently flooded con-
ditions, T. glauca and S. lacustrus spp. glaucus,
demonstrated the ability to increase shoot length with
increasing water depth, which compensated for
decreasing plant densities with increasing water
depth so that standing biomass was relatively con-
stant (Squires and van der Valk 1992; Waters and
Shay 1992).

Spatial and temporal variation in vegetative cover
in natural systems requires a large number of samples
to adequately assess biomass inputs (Dickerman et al.
1986; Thursby et al. 2002); but, allometric relation-
ships between size and weight of plants allow
primary production to be assessed with rapid, non-
destructive sampling of a site (Morris and Haskin

1990; Thursby et al. 2002). This is particularly useful
in marshes dominated by a few species of clonal
emergent macrophytes. Typha allocorrelation models
developed for this study showed the northern and
southern cattails, T. angustifolia and T. domingensis,
respectively, had more similar morphological rela-
tionships to biomass than T. latifolia, which is more
widely distributed. Also, S. acutus tended to have
taller shoots and a longer growing season than Typha
spp. The continuing spread of S. acutus into areas
previously colonized by Typha spp. may be related to
the differences in seasonal growth among these marsh
species.

Typha latifolia cover declined with time in the
shallower marsh, but continued to make up a fairly
constant proportion of the Typha community in the
deep wetland, where emergent marsh vegetation
continues to slowly colonize and spread. T. latifolia
appears to be an early colonizer, well adapted to
changing environments, while 7. angustifolia and
T. domingensis demonstrate greater stress tolerance
(McNaughton 1975; Grace 1989). Also, T. angusti-
folia and T. domingensis hybrids are fertile, unlike
hybrids with T. latifolia (Smith 1987).

Changes in wetland plant composition can affect
the wetland environment in a variety of ways that can
affect rates of C sequestration. Litter from different
plant species decomposes at different rates (Davis
and van der Valk 1978), and emergent marsh
vegetation tends to decompose more slowly than
submerged or floating vegetation. Vegetation can
affect nutrient flows through wetlands (Simpson et al.
1978), which can affect rates of both growth and
decomposition (Hietz 1992; Squires and Lesack
2003; Corstanje et al. 2006). Furthermore, this study
showed differences in the wetland environment,
associated with different plant communities, which
could have important effects on biogeochemical
processes.

Compared to areas with submerged vegetation and
algae, emergent marsh vegetation was associated
with lower water temperatures and pH, both of which
can slow decomposition (Lee 1990; Murayama and
Bakar 1996), and increase C storage, proportionately.
Shading by emergent marsh vegetation appeared to
decrease water temperatures, and to inhibit photo-
synthetic activity by submerged vegetation and algae.
Photosynthesis by submerged vegetation and algae
increases the oxygen concentration in water, which,
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in turn, can increase pH (Reddy 1981; Gordon and
Sand-Jensen 1990). Increases in sediment elevation,
or decreases in water depth, can be attributed, in part,
to belowground plant biomass inputs in marshes
(Reed 2002). Also, the presence of emergent marsh
vegetation can slow water movement by increasing
friction, which can increase sediment deposition, and,
subsequently, decrease water depth (Brueske and
Barrett 1994; Harter and Mitsch 2003).

Significant elevation gains from organic matter
accumulation only occurred in emergent marsh areas
of these wetlands; and, within emergent marsh areas,
measurements of accretion varied significantly both
between wetlands and by location within the wetlands
(Miller et al. 2008), unlike measurements of emer-
gent marsh primary production. Organic matter
accumulation results from the balance of inputs and
losses. Therefore, environments that minimize
decomposition can be important to achieving maxi-
mum C storage rates in wetlands, and not high
productivity alone.

Primary productivity in wetlands averages twice
that of other terrestrial ecosystems (Schlesinger
1997), and this long-term study demonstrated that
re-established marshes in the Sacramento-San Joa-
quin Delta can have annual C inputs averaging more
than 2 kg C m~2 year '. These estimates fall in the
high end of the range of wetland production mea-
surements (Mitsch and Gosselink 1993; Sharitz and
Phillips 2006), showing that these wetlands are
highly productive. Despite inter-annual variability,
the high rate of primary productivity in these marshes
indicates the potential for good carbon storage
capacity.

The study also demonstrated that water depth
affected plant establishment and spread, and that
differences in environmental parameters occurred
between emergent and submerged plant communities.
This can affect many wetland functions, including C
cycling. Changes in the wetland environment con-
comitant with colonization by emergent marsh veg-
etation, such as lower water temperatures, pH, and
dissolved oxygen concentrations, suggest that not
only do emergent marsh plants provide large annual
C inputs, but the colonization and spread of the
emergent marsh plant community have associated
changes in the wetland environment that could slow
decomposition, and, thereby, facilitate C storage in
re-established Delta marshes.
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