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a  b  s  t  r  a  c  t

The  Sacramento-San  Joaquin  Delta  in California  was  drained  and  converted  to  agriculture  more than  a
century  ago,  and since  then  has  experienced  extreme  rates  of  soil  subsidence  from  peat oxidation.  To
reverse  subsidence  and  capture  carbon  there  is  increasing  interest  in converting  drained  agricultural
land-use  types  to  flooded  conditions.  Rice  agriculture  is proposed  as a flooded  land-use  type  with CO2

sequestration  potential  for this  region.  We  conducted  two  years  of  simultaneous  eddy  covariance  mea-
surements  at  a conventional  drained  and  grazed  degraded  peatland  and  a newly  converted  rice paddy  to
evaluate  the  impact  of  drained  to flooded  land-use  change  on  CO2, CH4, and  evaporation  fluxes.

We found  that the  grazed  degraded  peatland  emitted  175–299  g-C  m−2 yr−1 as  CO2 and  3.3 g-C  m−2 yr−1

as  CH4,  while  the rice  paddy  sequestered  84–283  g-C  m−2 yr−1 of  CO2 from  the atmosphere  and  released
2.5–6.6  g-C  m−2 yr−1 as CH4. The  rice  paddy  evaporated  45–95%  more  water  than  the  grazed  degraded
peatland.  Annual  photosynthesis  was  similar  between  sites,  but  flooding  at the rice  paddy  inhibited
ecosystem  respiration,  making  it  a net  CO2 sink.  The  rice  paddy  had  reduced  rates  of  soil  subsidence  due
to oxidation  compared  with  the  drained  peatland,  but  did  not  completely  reverse  subsidence.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Draining peatlands for agricultural cultivation results in some of
the fastest rates and largest magnitudes of carbon loss attributable
to land-use change. Nevertheless, peatland drainage is practiced
around the world due to the high economic benefit of fertile soil. As
a direct consequence of anthropogenic manipulation for agriculture
and settlement, much of the land within the world’s largest river
deltas is sinking due to soil loss and compaction following drainage
(Syvitski et al., 2009). Large river basins such as the Changjiang
(China), Mississippi (USA), and Ganges-Brahmaputra (India,
Bangladesh) are now identified as “natural recorders” of upstream
land-use decisions (Bianchi and Allison, 2009), as around the world
the demand for agricultural production has made croplands and
pastures one of the largest terrestrial biomes (Ramankutty et al.,
2008). Land-use conversion from natural ecosystems to agricultural
production has consequences for global biogeochemical cycling
and climate through changes to carbon dynamics and the energy
exchange between the land and atmosphere (Foley et al., 2005).

∗ Corresponding author. Tel.: +1 510 642 9048, fax: +1 510 643 5098.
E-mail address: jhatala@berkeley.edu (J.A. Hatala).

The Sacramento-San Joaquin Delta (hereafter, the Delta) in Cali-
fornia is yet another example of a delta peatland that has undergone
rapid environmental change, with irreversible alteration of the
carbon cycle due to drainage, conversion to agriculture, and sub-
sequently large rates of soil subsidence (Weir, 1950; Armentano,
1980; Deverel and Leighton, 2010). The pre-reclamation Delta
peatlands encompassed an area about 2125 km2 inland of San
Francisco Bay (Thompson, 1957) that existed as a network of salt-
water and freshwater marshes for nearly 7000 years following the
last Holocene glaciation (Shlemon and Begg, 1975; Drexler et al.,
2009a). High rates of primary productivity, low rates of decompo-
sition, and gradual sea-level rise during the Delta’s long period of
inundation formed a layer of peat soil over 15 m thick (Shlemon and
Begg, 1975; Drexler et al., 2007). However, the Delta islands were
drained during the latter half of the 19th century and beginning of
the 20th century, dramatically reversing the rate of carbon accu-
mulation (Thompson, 1957; Canuel et al., 2009). Drainage of the
Delta created a network of “islands” that maintain an artificially
low water table through an extensive and fragile 1700 km levee
system and continual island drainage (Mount and Twiss, 2005).
Agricultural cultivation since drainage has resulted in extreme rates
of soil subsidence due to peat compaction and oxidation, and the
land surface of Delta islands is now on average 5–8 m below sea
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level (Drexler et al., 2009b; Deverel and Leighton, 2010). The total
amount of carbon lost from the Delta since drainage has been esti-
mated at 0.5 petagrams of CO2 (Crooks, 2009), and Deverel and
Leighton (2010) estimated that annual median CO2 loss from Delta
islands is about 17,000 g-C ha−1.

Decreasing the rate of peat oxidation in the Delta is the key
to slowing soil subsidence and turning drained Delta ecosystems
from net carbon sources to sinks. Choosing management prac-
tices that preserve soil carbon, especially for non-growing season
fluxes, has been shown to effectively decrease the net emission of
CO2 from agricultural ecosystems (Miller et al., 2000, 2008; Smith
et al., 2007; Jans et al., 2010). The conversion from conventional
drained agriculture to flooded systems like rice paddies has been
identified as a potential management intervention for the Delta
that could inhibit further peat oxidation (Lund et al., 2007). Miller
et al. (2000) demonstrated that wetlands flooded from early spring
through midsummer resulted in a net carbon gain. Rice growers
use a similar water management practice, flooding rice fields dur-
ing the warmest months when soil oxidation rates are highest, so
rice is hypothesized to be a viable crop for stopping subsidence. The
flooded status of rice paddy soils impedes peat oxidation by physi-
cally limiting the transport of oxygen into the soil profile, a require-
ment for most microbial metabolisms. Thus, rates of ecosystem
respiration are significantly lower in rice paddies than in other agri-
cultural systems (Eugster et al., 2010). Previous work has indicated
that raising the water table in peat soils can significantly decrease
CO2 production and even reverse net ecosystem carbon loss
(Hendriks et al., 2007; Waddington et al., 2010; Worrall et al., 2010).

However, managing land for CO2 capture is likely to change the
fluxes of other greenhouse gases from the ecosystem, in addition
to altering the energy balance of the landscape (Pielke et al., 2002).
While there is good evidence that flooding for rice will help to
stop the net loss of CO2 from peat oxidation, the conversion from
drained to flooded soils creates ideal conditions for the anaero-
bic microbial production of CH4, a greenhouse gas with 25 times
the radiative forcing capacity of CO2 over a 100-year time frame
(Forster et al., 2007). In addition to potentially increasing CH4 emis-
sions, the conversion from drained to flooded conditions within the
Delta’s Mediterranean climate might also increase evaporation, as
free standing water is more directly exposed to the atmosphere.
Increased loss of water flowing through the Delta could create fur-
ther tension within California’s long-standing water wars, as the
Delta is the nexus of drinking water distribution for 23 million Cali-
fornians and nearly all the state’s irrigation water (Schwarzenegger
et al., 2008). However, conversion of Delta islands to rice might limit
future subsidence and reduce the rate of increasing levee fragility
by reducing the hydraulic gradient from channels onto islands and
stopping or reducing ever-increasing hydraulic forces on levees due
to subsidence. To address the short-term consequences and trade-
offs of conversion from drained to flooded agriculture on carbon,
water, and energy exchange, this study examined differences in
continuous CO2 and CH4 fluxes as well as the evaporation and the
energy balance between a drained and grazed degraded peatland
and a recently-converted flooded rice paddy in the Delta over two
years (Fig. 1).

From April 2009 to April 2011, we measured the fluxes of CO2,
CH4, H2O, and energy at the drained and grazed degraded peat-
land and flooded rice paddy using the eddy covariance method
(Baldocchi et al., 1988), and aggregated these fluxes over two years
to calculate net annual budgets for April 2009–April 2010 and April
2010–April 2011. We  measured the terrestrial carbon balance in
the Delta as the net budgets of CO2 (net ecosystem exchange;
NEE) and CH4 flux. CO2 is captured by plants through photo-
synthesis (ecosystem photosynthesis; Peco) and represents a sink
from the atmosphere, and CO2 is produced by plant and microbial
respiration (ecosystem respiration; Reco) and represents a source

to the atmosphere. Peco is expressed as negative and Reco as posi-
tive, so that negative NEE respresents net CO2 uptake and positive
NEE represents net CO2 release. CH4 is produced as the metabolic
end-product of a small group of Archaea that exist only in anaerobic
conditions, such as flooded soils and ruminant digestive tracts, and
this production acts as a source to the atmosphere (Conrad, 2007).
In vegetated rice paddies, most CH4 is transported from the soil
where it is produced, through the porous aerenchyma tissue of rice
plant to the atmosphere, and most methane is transported by dif-
fusion and ebullition (bubbling) in during the winter months when
the rice paddy is fallow (Holzapfel-Pschorn et al., 1986; Schutz et al.,
1989). At the grazed degraded peatland, CH4 is produced within
flooded drainage ditches and in zone of saturation in the soil pro-
file (Teh et al., 2011). CH4 is consumed in the aerobic zone in soils at
both sites through the cosmopolitan metabolic pathway of a group
of organisms called methanotrophs, which convert CH4 into CO2.
Although methanotrophs are not a strong sink of atmospheric CH4,
they can consume 48–78% of methane produced at lower depths
in upland soils (Teh et al., 2005) and 20–60% of CH4 produced in
rice paddy soils (Tyler et al., 1997) as CH4 diffuses from the anaer-
obic zone where it is produced upward through the soil and water
profile. The method used to partition NEE into sinks by ecosystem
photosynthesis (Peco) and sources through ecosystem respiration
(Reco) cannot likewise partition soil CH4 fluxes into CH4 production
(methanogenesis) and CH4 consumption (methanotrophy).

The first goal in our analysis was to compare carbon capture
in the rice paddy with the drained grazed peatland on an annual
timescale. We  hypothesized that the grazed degraded peatland
would be a larger net source of carbon than the rice paddy, as
we expected the drained peat soil at the grazed peatland to have
higher rates of Reco and lower rates of Peco than the flooded and
productive rice paddy. We  also considered the measured CH4 emis-
sions from each site as carbon losses for this net carbon balance
calculation, and expected CH4 flux from the rice paddy to exceed
that from the drained and grazed peatland since the CH4 produced
in the drained soil has a much larger opportunity to be oxidized
by microbes into CO2 as it diffuses through the aerated soil zone
to the atmosphere. As we expected the drained peatland to be a
larger source of carbon from the ecosystem, we  hypothesized that
it would have larger rates of subsidence due to soil oxidation than
the flooded rice paddy.

Our second goal was  to quantify the effects of land-use conver-
sion from drained to flooded soils on the CH4 budget since it has a
higher radiative forcing than CO2, which can alter the greenhouse
gas radiative forcing budget of the ecosystem. Since the flooded
paddy soil creates ideal anaerobic conditions for CH4 production
and incorporates fresh biomass into the soil each year through
the residual straw left on the field after harvest, we  expected
the net budget of CH4 at the rice paddy to exceed that of the
grazed degraded peatland (Cicerone et al., 1992). Using the CO2-
equilvalent conversion factor for CH4 of 25, the hypothesized higher
rate of CH4 production at the rice paddy could transform the ecosys-
tem into a net positive greenhouse gas forcing budget even though
it might be a net sink for CO2 (Forster et al., 2007).

The final goal of our work was to analyze differences between
the evaporation budgets at the two sites. We  expected that evapo-
ration would be higher at the rice paddy than the grazed degraded
peatland since the water surface at the rice paddy is directly
exposed to the atmosphere for much of the year. However, we
considered that it was possible that evaporation from the grass
canopy and shallow water table at the grazed degraded peatland
during the winter might exceed that from the fallow but flooded
rice paddy due to the higher canopy conductance of rough vege-
tation when compared with a flat water surface. Together, these
hypotheses provide important information about the short-term
impacts and significant environmental trade-offs of land-use
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Fig. 1. Location of delta sites. The grazed degraded peatland and rice paddy are located in the Sacramento-San Joaquin Delta, inland of San Francisco Bay. Fluctuations in
climate are nearly identical between sites, due to their close proximity (about 10 km). Pasture and cultivated crops are the dominant land-use types within the extent of the
Delta.

change from drained to flooded ecosystems in the Delta on green-
house gas, water, and energy exchange. Quantifying the magnitude
and pattern of CO2, CH4, water, and energy fluxes from these
two agricultural land-use types is essential for understanding the
impacts of drained to flooded land-use conversion in the Delta.
Through this framework, we evaluated the ability of the rice paddy
to act as a land management opportunity for creating a sustainable
Delta where farmers can maintain their livelihoods and transform
Delta agriculture from a net carbon source to a carbon sink and
stop subsidence. In addition to providing fundamental information
about greenhouse gas fluxes in the Delta, this analysis also pro-
vides the data and metrics necessary to lay the groundwork for
greenhouse gas accounting protocols and verification.

2. Methods

2.1. Study sites

Our two study sites are a drained and grazed degraded peat-
land on Sherman Island, CA (latitude: 38.0367◦N; longitude:

121.7540◦W;  elevation: 12 m below sea level) and a rice paddy on
Twitchell Island, CA (latitude: 38.1087◦N, longitude: 121.6530◦W;
elevation: 14 m below sea level) (Fig. 1). Both sites are within the
Sacramento-San Joaquin Delta approximately 100 km inland from
the Pacific Ocean and they experience a Mediterranean climate,
with hot, dry summers, and cool, wet winters. At the Anitoch cli-
mate station (10 km southwest of Sherman Island) the 50-year
mean air temperature (1949–1999) is 15.1 ◦C and the mean annual
precipitation is 335 mm.  The water table at the grazed degraded
peatland is regulated to 50–80 cm below the surface for the entire
year. The water level at the rice paddy is maintained about 5–10 cm
above the soil surface for most of the year, but it is drained twice
annually: about 45 days before the start of the growing season for
cultivation and planting, and for about 55 days at the end of the
growing season for harvest.

The Sherman Island grazed degraded peatland site is covered
by two invasive plants: mouse barley (Hordeum murinum L.) a
C3 grass that dominates the canopy December–April, and pep-
perweed (Lepidium latifolium L.) a perennial plant that dominates
the canopy April–October. The effects of management decisions
on plant canopy dynamics and carbon fluxes at the Sherman
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Island grazed degraded peatland during 2007–2009 are discussed
at length in Sonnentag et al. (2011a). The grazed degraded peatland
(∼0.9 km × ∼0.4 km)  is fenced and grazed year-round by approxi-
mately 100 cattle (about 1.1 animal acre−1), which has been the
land use maintained at the site for at least the past 20 years. Dur-
ing the summer months, the cattle aggregate in the far end of the
field opposite the eddy covariance tower during the day, but the
cattle pass by the tower frequently at evening and during winter
months. Consequently, their presence can have a large impact on
the methane and to a lesser extent, carbon dioxide, fluxes at the
site (Detto et al., 2010; Baldocchi et al., in press).

The Twitchell Island rice paddy is a pilot project administered
by the California Department of Water Resources (CADWR). The
land was converted from traditional corn and alfalfa agriculture to
rice (Oryza sativa) in 2009 to assess the feasibility of growing rice
in the Delta. Before 1990, rice was not farmed in the Delta. Since
then, development of new varietals that can withstand the cool
nighttime growing season temperatures has made rice agriculture
feasible in this region. Currently there are about 2000 ha of rice
farmed in the Delta. The field where the eddy covariance tower is
located is approximately 0.55 km × 0.7 km.  The rice variety M104 (a
cold-weather cultivar) was planted April 15 in 2009, and M206 (also
a cold weather cultivar) was planted on April 16 in 2010. Rice was
harvested October 22–25 in 2009 and October 28–29 in 2010. The
field was fertilized with 30–0–20 ammonium sulfate fertilizer on
May  27–28 in 2009, and on June 5–7 in 2010 at a rate of 68 kg acre−1.
In both 2009 and 2010 before planting, the drained rice fields
were treated with herbicide (1.5 mg  L−1 Bispyribac sodium and
2.5 mg  L−1 Pendimethalin) and in 2010 the rice paddy was  treated
with additional herbicide the first week in June (3.65 g acre−1 Regi-
ment, 324 g acre−1 Prowl, 32 g acre−1 SYL-TAC, 324 g acre−1 UN-32,
and 4.1 g acre−1 Sandea) to remove a weed infestation that pre-
ceded rice growth. After harvest of the rice grains, the remaining
plant residue was left on top of the soil in both 2009 and 2010, and
the field was re-flooded for the winter months to provide habitat
for migrating birds. During the flooded winter months, no plants
grew within the field.

Each site is situated on degraded peat soil where the top-most
layer is silt loam, overlaying a deep peat layer. At each site, we calcu-
lated soil bulk density gravimetrically by collecting samples within
an aluminum collar (5 cm tall by 5 cm in diameter) at depths from
0 cm to 75 cm within the soil profile, drying, and then weighing
each sample. After measurement for bulk density, we measured
the percent carbon content and the carbon to nitrogen ratio of
each sample by grinding the dried soil samples and analyzing
them on a Shimadzu Elemental Analyzer. Soil parameters for both
sites are outlined in Table 1. At both sites, the bulk density of the
upper layer is higher and the carbon content is lower than the
deeper soils layers, which generally contain more undegraded peat
soil.

2.2. Micrometeorological measurements

Micrometeorological instruments were deployed at each site
to accompany flux measurements made by the eddy covariance
instruments. At each site, air temperature and relative humidity
were measured with an aspirated and shielded thermistor and
capacitance sensor (HMP45C; Vaisala, Vantaa, Finland). Precipita-
tion was measured at both sites with a tipping rain bucket (TE525;
Texas Electronics Inc., Dallas, TX, USA) and water table depth was
measured with a pressure transducer (PDCR 1830; GE Druck, Biller-
ica, MA,  USA) located within a well at each site. Soil temperatures
were measured at 2 cm,  4 cm,  8 cm,  16 cm,  and 32 cm below the
surface in three replicate profiles at each site with copper constan-
tan thermocouples and the average of the three replicates at each
depth was computed and used for analysis.

Net radiation (Rnet) was measured at the grazed degraded peat-
land with a four-component net radiometer (CNR1; Kipp and
Zonen, Delft, Netherlands) on a 2 m boom from the tower ori-
ented toward the south. Rnet at the rice paddy was measured with
a two-component net radiometer (NRLite; Kipp and Zonen, Delft,
Netherlands) on a 6 m boom oriented to the west. At both sites,
incoming and outgoing photosynthetically active radiation was
measured with quantum sensors as photosynthetic photon flux
density (PAR-LITE; Kipp and Zonen, Delft, Netherlands). Ground
heat flux was  recorded by three replicate ground heat flux plates
(HFP01; Huskeflux Thermal Sensors, Delft, Netherlands) buried
1 cm under the soil surface, and the average of the three replicates
was used for analysis. All micrometeorological measurements were
sampled every 5 s, and the 30 min  mean values were stored on a
CR10X datalogger (Campbell Scientific, Logan, UT, USA) at each site.

2.3. Eddy covariance measurements

The fluxes of CO2, CH4, H2O, and energy were measured at each
site with the eddy covariance (EC) method (Baldocchi et al., 1988).
Briefly, the EC method calculates fluxes of a scalar of interest (for
example, CO2) by simultaneously measuring turbulent fluctuations
in vertical wind and the scalar, and then computing the covariance
between the two. We  measured the covariance between turbulence
and the scalar at 10 Hz intervals (every 0.1 s), and then computed
fluxes as the average of the 10 Hz covariances over a thirty minute
interval. This sampling rate and averaging interval allowed for a
5 Hz cut-off for the cospectra between turbulence and the scalar of
interest, which was determined to be adequate for accurate eddy
covariance measurements at these sites (Detto et al., 2011). The EC
instrumentation used to calculate fluxes was mounted on a tower
3.15 m high at the grazed degraded peatland and on a tower 3.05 m
high at the rice paddy. The prevailing wind direction at both sites is
strongly from the west, as the sites are located within an inverted
delta landform where winds from the Pacific Ocean are forced to
travel inland through the Carquinez Strait, a narrow gap in the
mountains of California’s Coastal Range.

An almost identical set of EC instrumentation was deployed at
each site. Each tower measured fluctuations in longitudinal, lateral,
and horizontal wind directions (u, v, w; m s−1), temperature (Tsonic),
and the speed of sound with a sonic anemometer (Gill WindMaster
Pro; Gill Instruments Ltd, Lymington, Hampshire, England). Fluctu-
ations in CO2 and H2O density (�CO2, �H2O) were measured with an
open-path infrared gas analyzer (LI-7500; LI-COR Biogeosciences,
Lincoln NE, USA) and fluctuations in CH4 density (�CH4) were mea-
sured with a closed-path, tunable diode laser fast methane sensor
(FMA, Los Gatos Research, CA, USA). The sonic anemometer read-
ings and �CO2, �H2O, and �CH4 densities were recorded at each site
at 10 Hz intervals with a Campbell CR1000 datalogger (Campbell
Scientific, Logan, UT, USA).

The FMA  sensor requires an external pump to operate. At the
grazed degraded peatland site, which had access to an AC power
line, we deployed a scroll pump (BOC ESDP 30A, Edwards, Tewks-
bury, MA,USA) requiring 770 W of power and providing a flow rate
of about 40 L min−1 at the FMA  cell pressure (19 kPa). At the rice
paddy, which requires a generator for electrical production, we
deployed a diaphragm pump (N940.5APE-B, KNF Neuberger, Tren-
ton, NJ, USA) requiring 240 W operating at 12 L min−1 at the FMA
cell pressure in order to reduce power consumption. Extensive field
testing was conducted to evaluate the performance of the FMA
sensor at both sites (Detto et al., 2010).

Using standard eddy covariance techniques, we analyzed the
10 Hz data recorded for u, v, w, Tsonic, �CO2, �H2O and �CH4 to cal-
culate half-hourly fluxes of sensible heat (H; W m−2), CO2 (NEE;
�mol  m−2 s−1), H2O (evaporation, latent energy (LE); mm m−2 s−1,
W m−2) and CH4 (nmol m−2 s−1) after applying a series of
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Table  1
Soil properties were measured at each field site. At both sites, the top layer has a higher bulk density and lower carbon content than the deeper layer, which contains partially
undegraded peat soils. The soil parameters at the rice paddy were measured after one year of rice cultivation in the springtime while the field was drained, but before the
field  was  planted or fertilized.

Site Layer (cm below surface) Soil type Bulk density (g cm−3) Carbon content (%) C:N

Grazed peatland 0–60 Degraded peat silt loam 1.08 7.5 13.9
Grazed peatland 60–75 Partially undegraded peat silt loam 0.95 15 15.6
Rice  paddy 0–30 Tilled degraded peat silt loam 0.65 15 14.1
Rice  paddy 30–45 Untilled partially undegraded peat silt loam 0.57 31 15.6

corrections using in-house software (Detto et al., 2010). In this soft-
ware, the first data filter removed artificial spikes (values greater
than six standard deviations of the mean within a one-minute win-
dow) and diagnostic instrument values that corresponded with bad
readings, which were mostly correlated with rain or fog events.
For each half-hour block of 10 Hz values that passed the first data
filter, a coordinate rotation was applied to align the x-axis of the
sonic anemometer to the mean wind direction by aligning the mean
vertical and lateral velocities to zero. Within each half-hour block
of fluxes, the effects of air density fluctuations were removed by
the Webb–Pearman–Leuning correction (Webb et al., 1980; Detto
and Katul, 2007). Fluctuations in Tsonic were calculated from fluc-
tuations in the speed of sound after correction for crosswind and
humidity effects (Schotanus et al., 1983; Kaimal and Gaynor, 1991).
After applying the coordinate rotation and correcting for density
fluctuations, we applied cospectral corrections following methods
developed within Detto et al. (2011).  The cospectral corrections are
performed on the closed-path CH4 fluxes to account for tube atten-
uation, the residence time in the cell, as well as sensor separation
for CH4, CO2, and H2O fluxes (Detto et al., 2011). After comput-
ing the fluxes, we filtered flux values with anomalously high and
low friction velocity (u* > 1.2 m s−1 and |uw| < 0.02) to constrain our
analysis to periods where the air near the sensors was well-mixed,
which removed 6% of possible 30-min rice fluxes in 2009–2010 and
7% in 2010–2011 and 9% of possible 30-min drained degraded pas-
ture fluxes in 2009–2010 and 8% of drained degraded pasture fluxes
in 2010–2011.

We assessed the random instrumental noise in each half-hour
flux value using a bootstrapping technique. The bootstrap tech-
nique evaluated the covariance between w and the scalar of interest
(Tsonic, �CO2, �H2O or �CH4) on 100 bootstrapped samples taken
with replacement from the actual distribution of 10 Hz values for w
and the scalar for each half-hour. We  then computed the standard
deviation of calculated fluxes across the bootstrapped covariances.
Resulting fluxes from wind directions outside of the footprint of
the target land-use type (160–210◦ for both the grazed degraded
peatland and the rice paddy) were filtered from the dataset and
excluded from this analysis.

At the Sherman Island grazed degraded peatland, we conducted
extra processing using higher-order statistics to filter out half-hour
CO2 and CH4 fluxes when the cattle were in the footprint of the EC
tower, as their presence dramatically alters the fluxes of CH4, and
to a lesser extent, CO2 (Detto et al., 2010; Baldocchi et al., in press).
Since cattle emit amounts of CH4 that are orders of magnitude
higher than the average soil flux at the drained grazed degraded
peatland, their presence impacts the half-hour flux interval by cre-
ating a probability distribution function of 10 Hz �CH4 values that is
markedly different from that of the background soil flux. The pres-
ence of cattle in the flux footprint creates a probability distribution
of �CH4 and �CO2 that is skewed (3rd order statistical moment) and
more outlier-prone (kurtosis, 4th order statistical moment) than
the background ecosystem values. Furthermore, cattle leaving or
entering the flux footprint is expected to create first and second-
order unstationarity within the half-hour interval, which means
that the mean �CH4 and its variance are not constant throughout the
half-hour interval, but instead trends upward or downward with

the movement of cattle. Since skewness of the normal distribution
is zero, kurtosis of the normal is 3, and stationarity requires that
the deviation from the long-term mean at a lagged point is zero,
we can define periods when cows are likely within the field by the
following criteria:∣∣Skewness

(
w′�′

CH4

)∣∣ > 3 (1)

Kurtosis
(

w′�′
CH4

)
> 10 (2)∣∣∣∣∣1 −

(
w′�′

CH4

)
15 min(

w′�′
CH4

) ∣∣∣∣∣ > 10 (3)

where (w′�′
CH4) is the covariance between the 10 Hz values of w

and �CH4, and in the third criterion, (w′�′
CH4)15 min is the mean

covariance between w and �CH4 over a 15-min time interval and
(w′�′

CH4
) is the mean covariance over the entire half-hour inter-

val. We adopted the same filtering criteria to the �CO2 data to also
remove periods heavily influenced by cattle at the drained peat-
land. We  evaluated the accuracy of this statistical classification
of fluxes at the grazed degraded peatland by comparing them to
digital images of the tower footprint. A webcam (DCS-900; D-Link
Corporation, Taipei, Taiwan) was installed on the EC tower, and a
digital photograph was taken every half hour during daylight, at a
lag that corresponded to the middle of the half hour interval used
in the eddy covariance processing (Baldocchi et al., in press). In
2009–2010 at the degraded pasture 21% of possible 30-min fluxes
were removed from the analysis by the cattle filter and 17% of pos-
sible fluxes were removed in the 2010–2011 year. Through this
analysis it was  determined that this statistical filter accurately elim-
inated fluxes heavily impacted by cattle metabolism.

2.4. Gap-filling, CO2 partitioning, and integrating annual budgets

Using the half-hourly fluxes derived from eddy covariance,
we computed the net annual budgets for evaporation, NEE, CH4,
and partitioned ecosystem photosynthesis (CO2 uptake; Peco) and
ecosystem respiration (CO2 release; Reco) by gap-filling and subse-
quent integration. To gap-fill missing half-hourly fluxes, we used
the artificial neural network (ANN) technique standardized within
the international Fluxnet project, with meteorological variables
driving the fitting (Papale and Valentini, 2003; Papale et al., 2006).
While this technique has been used extensively for gap-filling H2O
and CO2 fluxes, the ANN technique has not been applied to CH4
fluxes, likely due to the limited studies of CH4 fluxes using the eddy
covariance technique (although Rinne et al. (2007) gap-filled an
annual CH4 budgets using meteorological drivers). For the purposes
of this study, we only gap-filled the non-cow CH4 flux for the grazed
degraded peatland site, whereas at the rice paddy we  gap-filled all
data. At the drained degraded pasture gap-filled data comprised
38% of the 2009–2011 dataset and 32% of the 2010–2011 dataset,
and at the rice paddy gap-filled data are 21% of the 2009–2010
dataset and 18% of the 2010–2011 dataset. These percentages rep-
resent data lost by all causes, including instrument malfunction and
removal by data processing previously described, and the removal
of cattle fluxes from the drained degraded pasture dataset explains
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the larger percentage of gap-filled values at this site compared with
the rice paddy.

Winds are strong even during the nighttime at both sites
(Appendix A, Fig. A1), eliminating the need to account for uncertain-
ties typically related to nighttime eddy covariance measurements
due to nighttime atmospheric stratification and stability (Massman
and Lee, 2002). To partition NEE into ecosystem photosynthesis
(Peco) and ecosystem respiration (Reco), we applied the partition-
ing technique of Reichstein et al. (2005) to the ANN gap-filled
NEE values. This method partitions NEE by extrapolating nighttime
CO2 flux as respiration using a short-term temperature response
over 2 weeks using a temperature response function (Reichstein
et al., 2005). By calculating the temperature response function on
short timescales, this method accounts for seasonal changes in
the temperature response due to confounding factors like sub-
strate availability. This partitioning algorithm yielded results that
followed an intuitive annual pattern for both sites, but we also
investigated alternative partitioning algorithms to ensure that
the Reichstein et al. (2005) method was the best choice for our
data. We  closely investigated the nighttime NEE data from both
sites for patterns that would indicate a better partitioning of
Reco from the early evening maximum NEE method presented
in van Gorsel et al. (2009).  However, we were unable to justify
the use of this method due to the relatively well-mixed night-
time conditions at the site and resulting lack of canopy storage of
CO2.

To compute annual sums, we integrated the gap-filled (and in
the case of NEE, partitioned) fluxes from the ANN method over the
course of each year within this study. We  integrated the annual
sums at the start of the rice growing season, from 25 April 2009
to 24 April 2010 as the first year, and 25 April 2010 to 24 April
2011 as the second year of the study. By using a bootstrapping
procedure, we determined the amount of uncertainty in the
ANN gap-filling procedure for the annual fluxes of each scalar
(LE, NEE, Peco, Reco, and CH4) (Hagen et al., 2006). We  chose

1000 bootstrapped samples with replacement from the annual
distribution of non-gap-filled half-hour fluxes of each scalar, and
then gap-filled the bootstrapped samples. After gap-filling the
bootstrapped samples we  computed the integrated annual budget
for each gap-filled bootstrapped annual dataset, and we calculated
the 95% confidence interval from the distribution of the 1000
bootstrapped annual budgets. We  calculated the annual potential
evaporation (LEpot) at each site based on the Penman equation
(Penman, 1948) as in Shuttleworth (2007) from our measurements
of Rnet, wind speed, vapor pressure deficit, and air temperature.

2.5. Vegetation sampling methods

Plant area index (PAI) was measured every 1–2 weeks at the
grazed degraded peatland and the rice paddy during the growing
season by both destructive (direct) and nondestructive (indirect)
measurements. We  call our measurements PAI rather than leaf area
index because at both sites we did not separate leaves from other
plant matter. We  measured PAI every 2–4 weeks over the winter at
the grazed degraded peatland by direct measurement only, due to
the short stature of winter grasses at the site. Destructive PAI mea-
surements were conducted at each site by clipping all aboveground
biomass within five randomly sampled 400 cm2 plots. We  then
measured the area of each sample using an optical area scanner
(LI-3100 area analyzer; LI-COR Biogeosciences, Lincoln NE, USA).
Using these areas, we calculated PAI as area of all standing biomass
within each plot divided by the area of the plot (400 cm2). Indi-
rect PAI measurements were made with the LAI-2000 Plant Canopy
Analyzer (LI-COR) during months when the height of vegetation
was greater than 0.5 m. PAI measurements with the LAI-2000 were
made every 10 m along a 100 m transect extending west into the
predominant wind direction at the rice paddy, and every 10 m along
a 200 m transect extending in the east-west direction at the grazed
degraded peatland site according to the protocol in Sonnentag et al.
(2011a).

Fig. 2. Meteorological drivers during study. The top panel shows the mean daily air temperature and soil temperatures at 2 cm depth for each site, where the gray shaded
area  bounds the minimum and maximum daily air temperature. Air temperature is only plotted for the grazed degraded peatland since values for the rice paddy were
nearly identical. The flooded status of the rice paddy during the summer months creates a lower average soil temperature than the drained and grazed degraded peatland.
The  bottom panel demonstrates the typical pattern of a Mediterranean climate at these sites, with high incoming solar radiation and very little rainfall during the summer
months, and wet, cool winters.
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3.  Results

3.1. Micrometeorology and the energy balance

Trends in meteorological variables at the two sites follow a strong seasonal cycle
as a result of the distinct Mediterranean climate within the Delta (Fig. 2). Mean air
temperatures for May  2009–April 2010 were 15.0 ◦C at the grazed degraded peatland
and  14.2 ◦C at the rice paddy, and for May 2010–April 2011 mean air temperatures
were 14.8 ◦C at the grazed degraded peatland and 13.9 ◦C at the rice paddy, not far
from the 50-year (1949–1999) mean of 15.1 ◦C from the Antioch Climate Station
10  km from the grazed degraded peatland site (Table 2). Total precipitation was
438 mm for May  09–April 10 and 404 mm for May  10–April 11, slightly greater than
the  50-year mean of 335 mm,  and total incoming radiation was 6878 MJ  m−2 yr−1

from May  2009 to April 2010 and 6934 MJ  m−2 yr−1 from May 2010 to April 2011.
When the rice canopy is closed (PAI > 2) and the rice paddy is flooded (15 July–1
October), the soil is shaded by the dense rice canopy, soil temperatures (Ts,grow) are
on  average 3.5–4.5 ◦C lower than the grazed degraded peatland soils (Table 2). Such
a  decrease in soil temperature may  help to diminish heterotrophic respiration dur-
ing the rice growing season, and thus help diminish peat oxidation, as Deverel and
Rojstaczer (1996) showed significant correlations of log of carbon dioxides fluxes
with soil temperature for chamber measurements on three Delta islands. Our results
indicate that generally, there are only very small differences between the two sites
with respect to basic meteorological drivers of ecosystem form and function. How-
ever, these two land-use types fundamentally differ in the way  that they utilize the
available incoming energy by mechanisms that correspond to differences in their
vegetation cover and water management.

While the annual net radiation (Rnet) is similar between the two  sites (Table 2),
differences in the water management (drained versus flooded) as well as the canopy
cover (Fig. 3) drive differences in the way the energy balance is distributed between
sensible and latent heat exchange. As is evident in Fig. 3, the PAI at the rice paddy
demonstrates a short pattern of vegetative growth with low interannual variability
due to the crop cycle, whereas the PAI at the grazed degraded peatland is much more
variable, both between and within sampling dates, due to the complex phenology of
pepperweed (Sonnentag et al., 2011b). While the rice paddy has a short but intense
period of vegetation for a small part of the year, the grazed degraded peatland
demonstrates vegetative growth throughout the year, which changes meteorologi-
cal  variables connected to the canopy structure. For the two years in this study, the
grazed degraded peatland is relatively balanced between sensible and latent heat
exchange on an annual basis, while the energy balance of the rice paddy is dom-
inated by high rates of latent heat exchange, mostly during the summer growing
season (Table 2; Fig. 4). At the rice paddy, actual evaporation was  102% of potential
evaporation from May  2009 to April 2010 and 91% of potential evaporation from
May  2010 to April 2011, while at the grazed degraded peatland, actual evaporation
was  52% of potential evaporation in the first year, and 63% of potential evapora-
tion in the second year. At the rice paddy, inundation and the maintenance of a
dense plant canopy during the warmest time period in the summer buffers sensible
heat exchange, increases latent heat exchange, and decreases mean soil tempera-
ture when compared with the grazed degraded peatland. The energy balance is less
variable throughout the year at the grazed degraded peatland, due to the more con-
tinuous plant canopy when compared with distinct growing season during half the
year at the rice paddy. The daily energy balance closure of both sites, defined as the
slope between the sum of daily H, LE, and G and daily measured Rnet was 0.85 at the
grazed degraded peatland. At the rice paddy, we also accounted for heat storage in
the water column as the daily change in water depth multiplied by the specific heat
of  water, and daily energy balance closure was  0.94 (Appendix A, Fig. A2). Hourly
energy balance closure at the grazed degraded peatland 76% and at the rice paddy
was  65%, within the bounds typically measured at eddy covariance towers across
the FLUXNET network of sites (Wilson et al., 2002). The lower energy balance clo-
sure at the rice paddy is likely due to the rough approximation of heat storage in the
water column in this study, as the change in water temperature was only measured
at  a single depth in the water column.

3.2. H2O fluxes and annual budgets

Both sites had similar seasonal cycles of evaporation, as they evaporated the
most water during the summer when high incoming solar radiation drives soil
evaporation at the rice paddy and plant growth and maintenance drive transpi-
ration at both sites (Fig. 4). The rice paddy evaporated up to 10 mm d−1 during the
summer growing season, but rates dropped to below 2 mm d−1 during the win-
ter, even though the surface is covered by exposed water over winter (Fig. 4). The
grazed degraded peatland had more moderate rates of evaporation throughout the
course of the year, evaporating 4–7 mm d−1 during the spring and early summer,
and about 2 mm d−1 during the winter (Fig. 4). The grazed degraded peatland had
notably higher evaporation than the rice paddy in winter, when grasses at the grazed
degraded peatland transpired water, compared with the fallow canopy at the rice
paddy.

Despite this slightly higher wintertime rate, the rice paddy evaporated a much
larger amount of water on an annual basis when compared to the degraded peat-
land. The rice paddy evaporated 1207 mm water in 2009–2010 and 1111 mm water
in  2010–2011, while the grazed degraded peatland evaporated 614 mm and 757 mm Ta
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Fig. 3. Plant area index. The plant area index was sampled at each site throughout the study period. The error bars represent standard error in the measurements with at
least  five samples represented by each point, and the error bars on rice paddy data are present, but some bars are too small to visualize due to low variation within sampling
dates.  The pattern of plant area reaches its maximum during the summer months at the rice paddy, and during the early spring at the grazed degraded peatland. While the
pattern of plant growth is predictable and demonstrates very little interannual variation at the rice paddy, the pattern is much more heterogenous between years and within
individual sampling dates at the grazed degraded peatland due to the complex vegetation dynamics of the pepperweed plant (Sonnentag et al., 2011b).

Fig. 4. Evaporation. The evaporation fluxes (thick lines) at the two sites follow the same seasonal cycle, with high rates of evaporation during the summer months, and low
evaporation during the winter. The potential evaporation, calculated by the Penman equation (thin lines) was  significantly higher than the grazed peatland evaporation for
the  whole year, but matched the rice paddy evaporation during the growing season. The grazed degraded peatland has slightly higher winter evaporation than the rice paddy
due  to transpiration by the grass canopy, whereas there are no plants at the rice paddy over winter to evaporate water. There is also more interannual variability in the H2O
fluxes  at the grazed degraded peatland than at the rice paddy due to larger changes between years in the plant canopy at the grazed degraded peatland.
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in  those respective years. The annual budget of evaporation at the rice paddy was
94% higher than the grazed degraded peatland for the 2009–2010 budget and 47%
higher than the grazed degraded peatland for the 2010–2011 budget (annual sums
in  Table 3). The evaporation budget at the grazed degraded peatland had more inter-
annual variability than that of the rice paddy due to higher variability in the canopy
leaf  area index (Fig. 3), creating higher variability in the annual budgets of evapora-
tion for the two years in this study. Whereas the maximum PAI was  about 1 during
the  2009 growing season, PAI reached up to 2.5 during the 2010 growing season,
evaporating more water than in 2009.

3.3. CO2 fluxes and annual budgets

The overall pattern in NEE at both sites followed a similar seasonal cycle (Fig. 5),
as  most photosynthesis occurred in spring and summer, corresponding to the period
with  high incoming solar radiation. The highest rates of CO2 uptake at the grazed
degraded peatland, about −4 g-C m−2 d−1, occurred in late spring and corresponded
with pepperweed growth. Even though there is a total absence of rain at the grazed
degraded peatland during the late spring and summer and surface soil moisture is
very low (about 7–15% volumetric water content), plant growth is nonetheless pos-
sible because pepperweed can tap the shallow water table, which is maintained by
managers at about 50 cm below the grazed degraded peatland surface year-round.
The  highest rates of CO2 release at the grazed degraded peatland corresponded to
the  period of the return of autumn rainfall, and reached about 8 g-C m−2 d−1 of net
CO2 emissions to the atmosphere during this time. The highest rate of NEE uptake
at  the rice paddy corresponded with high rice photosynthesis during the middle of
the  growing season, and reached about −12 g-C m−2 d−1. The highest period of net
emission of CO2 to the atmosphere at the rice paddy corresponded with drainage
events, and averaged about 6 g-C m−2 d−1.

High rates of photosynthesis but even higher rates of respiration at the grazed
degraded peatland made it a net source of CO2 to the atmosphere in both years of
this  study. The grazed degraded peatland released 299 g-C m−2 as CO2 in 2009–2010,
and 174 g-C m−2 in 2010–2011. Annual budgets in this study were a larger net source
of  CO2 than in 2008–2009 due to the regrowth of pepperweed following a mowing
event in early summer 2008 (a common land management practice in Delta pas-
ture) (Sonnentag et al., 2011a). Differences in the annual NEE budget at the grazed
degraded peatland between years (Fig. 5) were primarily caused by an increase in
plant growth during the 2010 growing season (Fig. 3), as pepperweed continued to
recover after the 2008 mowing event.

While the grazed degraded peatland and rice paddy captured similar amounts
of  CO2 through ecosystem photosynthesis in both of the studied years, the CO2 lost
through Reco is smaller at the rice paddy when compared with the grazed degraded
peatland (Fig. 6). The rice paddy acted as a net sink for CO2 in both years, cap-
turing 84 g-C m−2 as CO2 from the atmosphere in 2009–2010 and 283 g-C m−2 in
2010–2011 (sums in Table 3). Differences in the net budget of CO2 at the rice paddy
between years were caused by higher rates of Peco in 2010–2011 than 2009–2010,
resulting in higher CO2 uptake. Although the rice growing season extends for only
half the year, ecosystem photosynthesis captures about the same amount of CO2 as
the year-round grazed degraded peatland vegetation, and Peco at the two  sites only
differs by about 50–75 g-C m−2 yr−1 (Table 3).

Differences in the processes that control Reco at each site caused variation in
the  seasonal pattern of Reco at the grazed peatland and rice paddy (Fig. 6). Upon
the  return of the autumn rains to the Delta, rates of Reco at the grazed degraded
peatland increased as moisture at the surface renews microbial activity, and Reco

increased from its summertime rate of about 5 g-C m−2 d−1 to 8 g-C m−2 d−1. At the
rice  paddy, the winter season is a period of low rates of Reco, since decomposition and
respiration occur much more slowly in the flooded and unvegetated conditions that
are maintained for migrating birds. Reco at the rice paddy is nearly always lower than
5  g-C m−2 d−1, with the exception of drainage events that create large pulses of CO2

to the atmosphere. Thus, while the presence of additional water during the winter
months through precipitation stimulates Reco at the grazed degraded peatland, total
inundation at the rice paddy inhibits Reco.

3.4. CH4 fluxes and annual carbon budgets

Large differences exist in both the magnitude and seasonal pattern of CH4 fluxes
at  the grazed degraded peatland and rice paddy (Fig. 7). The grazed degraded peat-
land CH4 fluxes in 2009–2010 and 2010–2011 had a very low and stable rate of CH4

emission ranging from 1 mg-C m−2 d−1 to 10 mg-C m−2 d−1, which increased slightly
during the wetter winter months when compared with the summer when the soil
surface is very dry. This pattern of degraded peatland soil CH4 flux matches well
with previous studies at the site, which concluded that the background soil flux is
low, but occasionally dominated by high fluxes from wet drainage ditches, which
are more frequently inundated during winter (Teh et al., 2011). The gap-filled CH4

budget accounting for background ecosystem flux released 3.32 g-C m2 as CH4 to
the  atmosphere during 2009–2010, but we did not collect enough CH4 flux data in
2010–2011 to reliably compute the annual sum.

The CH4 fluxes in the first year of rice paddy measurements (2009–2010) were
low at about 10 mg-C m−2 d−1, and did not follow a strong pattern (Fig. 7). However,
the CH4 fluxes during the 2010 growing season followed a seasonal pattern as they
paralleled Peco of the rice (Fig. 6) and peaked during drainage of the field in late Ta
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Fig. 5. Net ecosystem exchange. The net ecosystem exchange at each site follows a seasonal pattern with the growing season with highest carbon uptake in the spring and
summer and highest carbon efflux during winter. Error bounds derived from bootstrapping the half-hourly EC fluxes are not included in this figure since they are too small
to  visualize, as the 95% bounds of bootstrapped values varied only 5.1% from the measured CO2 fluxes at the grazed degraded peatland and 4.3% of measured CO2 fluxes at
the  rice paddy.

Fig. 6. Partitioned CO2 fluxes. The partitioned CO2 fluxes for the grazed degraded peatland and the rice paddy site follow the same pattern of CO2 uptake during the summer
growing season. There is large interannual variability in the GEP at the grazed degraded peatland site, whereas the rice paddy shows less variation between the two years.
Whereas peaks in respiration at the grazed degraded peatland are primarily governed by precipitation pulses, respiration at the rice paddy is closely tied to changes in the
water  table. While the addition of water by precipitation at the grazed degraded peatland has the effect of stimulating ecosystem respiration, the addition of water by flooding
at  the grazed degraded peatland suppresses ecosystem respiration.
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Fig. 7. Methane. Daily integrated CH4 flux at each site for days when there was  a measured flux for at least half of the possible 48 half-hour intervals. Values are missing
for  many days due to instrument malfunction and/or power supply issues at the sites, particularly during the winter months. The CH4 sensor was removed from the grazed
peatland on DOY 276 in 2010, so no values appear after this date. At the grazed degraded peatland, there are many missing values due to the filtering of fluxes when cows
were  present in the tower footprint. Soil fluxes at the grazed degraded peatland are generally low, although slightly higher in the wetter winter months. Although CH4 flux
was  generally low at the rice paddy during the 2009 growing season, the CH4 flux in the 2010 growing season was  much larger, and followed a pattern that matched that of
gross  primary productivity.

September, a pattern more typical of other rice paddy studies. While the CH4 flux
was  near zero in the beginning of the 2010 growing season, by August the rice paddy
was  emitting about 40 mg-C m−2 d−1 as CH4. In the 2009–2010 annual budget the
rice paddy released 2.5 g-C m−2 as CH4 to the atmosphere and in 2010–2011 the rice
paddy released 6.6 g-C m−2.

Using the climate warming factor for CH4 as 25 times that of CO2 on a 100-year
horizon (Forster et al., 2007), the CH4 emissions from the grazed degraded peatland
in  2009–2010 were 83 g-C m−2 CO2 equivalent. The same calculation for the rice
paddy CH4 emissions yields 63 g-C m−2 CO2 equivalent in 2009–2010 and 165 g-
C  m−2 CO2 equivalent in 2010–2011. While the grazed degraded peatland emitted
about 25% more CH4 than the rice paddy in the first year, assuming that the grazed
degraded peatland would have emitted the same amount in 2010–2011, the rice
paddy would have emitted about 50% more CH4 than the grazed degraded peatland
in  the second year of this study. We also point out the relatively high uncertainty
regarding the extrapolation of the annual CH4 budget from these data due to the
large amount of data missing due to power failures, instrument malfunction, and
filtering due to cow presence at the grazed degraded peatland.

Using a CO2-equivalent warming factor conversion for the annual CH4 budget
calculations of 25, we  determined that the CO2-equivalent carbon budget at both
sites still follows the same trend that the annual NEE budgets indicated: the grazed
degraded peatland emitted 382 g-C m−2 CO2 equivalents in 2009–2010, and the rice
paddy captured 22 g-C m−2 in 2009–2010 and 119 g-C m−2 in 2010–2011, even after
accounting for the higher-impact emissions of CH4 (Table 3). We  caution that these
numbers represent emissions only after two years of land-use conversion, which is a
relatively small time scale for ecological changes, and the rice paddy might continue
to emit more CH4 each year as data collection at these sites continues into the future.

4. Discussion

4.1. Water vapor

In the first year of the study, the rice paddy evaporated about
94% more water than the grazed degraded peatland site, and in
the second year evaporation at the rice paddy exceeded grazed
degraded peatland evaporation by about 47% (Fig. 4; Table 3). This
pattern matches our expectations, since the higher water table
at the rice paddy is more directly exposed to the atmosphere. In

addition to these fundamental differences in the annual budget due
to differences in water table management, additional variability
in the seasonal evaporation from each site can be explained by
the differences in vegetation cover. The grazed degraded peatland
has year-round vegetation cover, as pepperweed grows during the
summer and grass during the winter, continually transpiring water
from the soil to the atmosphere. At the rice paddy, although the
water surface is directly exposed to the atmosphere during winter,
there is much lower evaporation due to the very low amount of
incoming radiation at this point in the year due to both the low
solar angle and winter rain and fog (Fig. 2). Thus, transpiration at
the grazed degraded peatland due to the growth and maintenance
requirements of the winter grasses outpaces the small amount of
evaporation from the exposed water surface at the rice paddy.

A week-long study on the energy balance at a Japanese rice
paddy found that rates of evaporation were near potential evap-
oration, although at rates from 4.2 mm d−1 to 5.8 mm d−1 the
magnitude of evaporation was lower than in our study, likely
due to the lower vapor pressure deficit when compared with
our site (Harazono et al., 1998). Earlier measurements throughout
the growing season at another Japanese rice paddy found similar
results, with daily evaporation rates near 5 mm d−1, again lower
than the rates in our study likely due to the high incoming solar
radiation at our site (Uchijima, 1976). Our study reaches simi-
lar conclusions as those from an early lysimeter study at a rice
paddy near Davis, CA (about 55 km north of Twitchell Island, but
climatically warmer and less windy than the Delta), which demon-
strated that rice agriculture at this site on average evaporated about
1100 mm yr−1, but that this evaporation budget is only 3.5% higher
during the growing season than fescue, a common pasture crop
of the area (Lourence and Pruitt, 1971). Thus, while it seems like
the differences in evaporation between the rice paddy and grazed
degraded peatland are large, evaporative sums might be closer
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between the rice paddy and other traditional irrigated crops grown
on drained soil in the Delta. In a year-long study of evaporation
from five irrigated grass pastures at locations throughout Califor-
nia’s Central Valley, experimenters found rates of evaporation that
ranged from 1035 mm yr−1 to 1315 mm yr−1 (Pruitt et al., 1972),
which is very similar to the evaporation rates of rice measured
in this study (Table 3). Corn, the dominant Delta crop, evapo-
rates about 580–690 mm of water just during the growing season
(May–September) (Hoffman et al., 1983).

The evaporation rates of a restored marsh on Twitchell Island
measured from 2002 to 2004 also fall within the same range as
the measurements in this study; mean evaporation was  about
6 mm d−1 during the course of the year, and the annual bud-
get ranged from 1480 mm yr−1 to 1530 mm yr−1 (Drexler et al.,
2008). Evaporation fluxes at a southern California marsh were
much lower, with peak evaporation rates near 5 mm d−1 in mid-
summer (Goulden et al., 2007). Rates of evaporation from the rice
paddy were similar to those from a riparian cottonwood forest
about 50 km east of the Delta, which evaporated 1095 mm yr−1

(Kochendorfer et al., 2011). The results from our study can also
be compared with evaporation rates from 2 long-term AmeriFlux
sites in an oak savanna and grassland located about 60 km east of
the Delta sites, which are climatically similar to the Delta, but are
located on mineral soils with a much deeper water table. Evapo-
ration of the grassland over six years averaged 319 mm yr−1 (Ryu
et al., 2008), and that of the oak savanna ranged from 320 mm yr−1

to 469 mm yr−1 over seven years Baldocchi et al., 2010. This
demonstrates the strong control that water availability plays in
determining rates of evaporation in Mediterranean climates. At the
rice paddy, the water surface is exposed to the atmosphere, driving
much higher rates of evaporation, while at the grazed peatland the
ability of the pepperweed plant to tap shallow water table drives
higher rates of transpiration.

Differences in the evaporative balance between the grazed
degraded peatland and rice paddy translate to differences in the
latent heat exchange budgets due to the timing of evaporation dur-
ing the year at the two sites. Because the rice paddy loses nearly its
entire annual evaporation budget during the hot summer months
and latent heat exchange is a function of air temperature and vapor
pressure deficit, the latent heat budget of the rice paddy is much
higher than that of the grazed degraded peatland on an annual basis
(Table 2). Thus, although the two sites have similar levels of net
radiation, the energy budget at the rice paddy is heavily weighted
toward latent heat exchange, which might create a net cooling
effect on the local climate at the rice paddy when compared with
the grazed degraded peatland. Although our study included only
two years of data, we can reasonably assume that the water use
at the rice paddy will not demonstrate drastic interannual vari-
ability between growing seasons due to the regularity of the rice
canopy structure between years (Fig. 3), and thus the rice paddy
can be expected to evaporate a similar amount of water into the
atmosphere in future years. There may  be more interannual vari-
ability at the grazed degraded peatland that parallels changes in
the canopy structure at the site (Fig. 3).

The relatively high rates of evaporation from the rice paddy
within our study might be considered a negative consequence for
the water budget in California, but high evaporation rates at the
rice paddy also yield some benefits. On Twitchell Island, much
of the water supply for the rice is pumped from island drainage
ditches and recirculated rice drain water, which reduces the need
for pumping of drainage water from the island. Conversion of entire
islands to rice will eliminate the need for removing shallow ground-
water to maintain a drained root zone and thus provide greater
drainage control and reuse opportunities which will likely reduce
pumping costs. Since the Delta islands where the sites are located
are below sea level, land managers are required to expend large

amounts of fossil fuels constantly pumping water out of the islands
to prevent flooding. Pumping water throughout California is one of
the highest consumers of electricity production, and thus reducing
the amount of required pumping by increasing evaporation might
help to alleviate some of the fossil fuels needed to regulate water
supply on the islands. Conversion of Delta islands to rice produc-
tion will also reduce the hydraulic forces on levees and seepage
through levees. Raising the average groundwater table by about
1 meter will reduce the hydraulic gradients onto islands and thus
reduce seepage, further reducing drainage pumping costs and fossil
fuel consumption. Using groundwater flow modeling, Deverel et al.
(2007) estimated that seepage will be reduced by 14–24% relative
to present-day conditions on Twitchell Island if the entire island is
converted to rice or wetlands.

4.2. Carbon dioxide

Patterns of NEE at each site followed a seasonal pattern where
carbon uptake was highest during the spring and summer months
(Fig. 5). Peak carbon uptake at each site corresponds to periods
with high solar radiation since both the grazed degraded peatland
and the rice paddy have a plant-accessible water table, preventing
water limitation even though there is no rainfall during this period.
Interestingly, both sites had similar annual budgets of ecosystem
photosynthesis in each year (Table 3), indicating that the plant
canopy at each site is well-established with similar carbon capture
potentials. Since the grazed degraded peatland and rice paddy are
situated in the same climate with the same incoming radiation,
the same C3 photosynthetic pathway, and are both not water-
limited, the main difference in plant cover type between the two
sites is that the grazed degraded peatland has perennial vegeta-
tion with a lower canopy photosynthetic capacity, and the rice
paddy has annual vegetation with a higher photosynthetic capacity
than the grazed peatland. This trade-off between perennial plants
with lower photosynthetic capacity and annual plants with higher
photosynthetic capacity causes the integral of Peco at each site to
converge when considering the annual budget of photosynthesis
at the site. Because on an annual basis Peco is similar between
sites, the differences in NEE are attributed to different rates of Reco,
supporting the hypothesis that focusing management attention
on limiting Reco will promote net carbon capture. The differences
we observed in Reco between the drained grazed degraded peat-
land and flooded rice paddy indicated that flooding is an effective
management strategy to minimize losses of C through Reco by het-
erotrophic respiration throughout the duration of the year, as Reco

at the rice paddy was consistently lower than that at the grazed
degraded peatland, regardless of season (Fig. 6).

The CO2 budget for the Sherman Island grazed degraded peat-
land compares relatively well with that calculated from a grazed
dairy cow pasture in New Zealand, which calculated the net carbon
balance (including CH4 loss and milk loss) as source of 106.1 ± 50 g-
C m−2 yr−1 (Nieveen et al., 2005). The CO2 fluxes at Sherman Island
in this study are lower than those measured and reported at
other drained peatland sites on Sherman Island by Deverel and
Rojstaczer (1996).  For soils that ranged from 10% to 15% organic
carbon, Deverel and Rojstaczer (1996) measured CO2 flux with
chambers and used 14CO2 and 13CO2 in gas samples (Rojstaczer and
Deverel, 1993) to estimate the portion of the CO2 flux attributable
to peat oxidation. Values ranged from 700 g-C m−2 yr−1 to 1110 g-
C m−2 yr−1. A key differentiating factor is likely the depth to
groundwater as Deverel and Rojstaczer (1996) measured fluxes
where the depth to groundwater was typically about 1 m.  Stephens
et al. (1984) reported a logarithmic effect of changing groundwater
depth on organic-soil subsidence rates and carbon loss.

The pattern of CO2 fluxes at the Twitchell Island rice paddy
(Fig. 4) match those from work at Japanese rice paddies, which
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concluded that CO2 fluxes decreased and CH4 increased after flood-
ing of the rice paddy soil (Miyata et al., 2000). The pattern of
NEE throughout the growing season at the rice paddy corresponds
well with other studies from Japan (Saito et al., 2005) and Texas
(Campbell et al., 2001), although the magnitude of the partitioned
Peco and Reco fluxes are much smaller in our study, presumably from
the lower temperatures in the Delta compared with other sites
that are more traditionally suited to rice agriculture. A two-year
study at a rice paddy near Sacramento, CA using the eddy covari-
ance method found a higher rate of CO2 uptake than in our study
(−594 g-C m−2 yr−1) due to lower rates of Reco at this site (McMillan
et al., 2007). However, we expect the Peco of the Twitchell Island
rice paddy to increase slightly over time as the study continues and
managers learn to optimize the timing of planting and harvest at
this new site.

Rates of CO2 capture at the rice paddy were slightly lower than
those from a riparian cottonwood stand about 50 km east of our
sites, which acted as a net sink of 310 g-C m−2 yr−1 (Kochendorfer
et al., 2011). The magnitude of CO2 uptake at the rice paddy was
well below that from a restored marsh in southern California, where
net primary productivity captured between 458 g-C m−2 yr−1 and
1245 g-C m−2 yr−1 as CO2 during an eight-year study (Rocha and
Goulden, 2009). However, this southern California cattail marsh
also had high rates of Reco, making it a net carbon source of about
700 g-C m−2 over five years of eddy covariance measurements
(Rocha and Goulden, 2008).

The largest seasonal variation in the CO2 fluxes from the rice
paddy was driven by changes in water and canopy management. In
2010, from about mid-May to early June, weeds filled the paddy
field before planting, causing huge uptake in Peco and a large
release of CO2 through Reco. During this weed growth event, which
lasted 32 days until the weeds were removed, 160 g-C m−2 of CO2
was taken by weed photosynthesis (9.5% of the rice paddy annual
Peco in 2010–2011) and 200 g-C m−2 of CO2 was released through
enhanced Reco (13% of the rice paddy 2010–2011 annual Reco). This
can be contrasted with the fluxes from the 2009 rice growing sea-
son that did not experience weed infiltration, when fluxes during
the same time period captured 64 g-C m−2 of CO2 through canopy
photosynthesis (4.5% of the 2009–2010 annual Peco budget) and
released 88 g-C m−2 through ecosystem respiration (6.6% of the
2009–2010 annual Reco budget). While enhanced ecosystem pho-
tosynthesis and Reco somewhat balance each other out in this case
when considering the net release of CO2, the weed infiltration still
caused a 106% increase in NEE during the period of weed infes-
tation (42 g-C m−2) when compared with the same time period
in 2009 (20 g-C m−2). Higher rates of NEE due to higher rates of
Reco than Peco during the weed infestation might be attributed to
soil priming by plant exudates in the well-aerated, recently disked
field (Kuzyakov et al., 2000). Although higher NEE during this time
period in 2010 might have also been higher due to a larger pool
of labile carbon substrates from the incorporation of the rice straw
from the 2009 growing season into the soil, it nonetheless created a
large spike in the pattern of CO2 exchange at the rice paddy. These
results also highlight the impact that herbicides can have on the
overall carbon balance of the rice paddy by controlling the amount
of aerobic respiration and photosynthesis.

Flooding and drainage at the rice paddy contributes to marked
pulses in CO2 exchange (Fig. 6). Compared with other agricultural
systems, growing season respiration in rice paddies can be strongly
reduced by flooding (Eugster et al., 2010), where flooding acts as
a “switch” for ecosystem respiration by decreasing the habitat for
aerobic microorganisms in addition to creating a barrier to gas dif-
fusion, since diffusion through water is four orders of magnitude
slower than through air. Aside from the Reco pulse from the weed
event in the 2010 growing season, the other pulses of Reco in both
years at the rice paddy are tied to flooding and drainage events.

The rice paddy experiences two distinct drainage events during
each year: the autumn drainage before harvest, and the spring
drainage before planting. While movement of the water table
recorded by the pressure transducer is rapid, the enhanced Reco

due to degassing during drainage typically extends over a period
of 14 days. In the May  2009–April 2010 time period, the autumn
drainage released 99 g-C m−2 over 14 days (7.4% of the annual Reco

budget) and the spring drainage of the same duration released
74 g-C m−2 (5.5% of annual Reco). In the May  2010–April 2011 year,
autumn drainage released 99 g-C m−2 as CO2 (6.6% of annual Reco).
The spring drainage in the 2010–2011 time period was  broken into
two different events, where the first 14-day drainage event released
58 g-C m−2 (3.9% of annual Reco) and the second released 77 g-C m−2

(5.1% of annual Reco). This rapid loss of CO2 upon drainage empha-
sizes the need for continual monitoring of CO2 fluxes throughout
the entire year, and especially during and after drainage at a sea-
sonally flooded system like a rice paddy. Drainage events contribute
significant fluxes of CO2 from the ecosystem to the atmosphere on
short timescales, and thus monitoring such events is essential for
calculating accurate annual budgets of CO2 exchange. While land
managers might minimize the loss of CO2 due to respiration by
maximizing the length of flooded periods, accounting of the CO2
loss upon drainage is essential for accurate integration of an annual
CO2 budget due to the higher magnitude drainage flux.

At the grazed degraded peatland, the surface is drained year-
round, which causes extreme drying of the soil surface during
the summer months, and a precipitation-induced Reco pulse upon
the return of the autumn rains that matches the microbial pulse
response observed for other semi-arid climates (Huxman et al.,
2004; Xu et al., 2004). Especially upon the first rainfall during
autumn there is a large pulse in Reco (Fig. 6). However, the effect
of these pulses on the annual NEE budget at the grazed degraded
peatland is somewhat low, as the high rates of Reco year-round at
the grazed degraded peatland makes the impact of the pulses less
significant. The first autumn rain in 2009 caused a Reco pulse that
respired 5% of the annual Reco budget, and the autumn rain in 2010
created a Reco pulse than respired 3% of the annual budget. These
rain-induced Reco pulses are not observed at the rice paddy since
the water table is above the surface for most of the rainy season.

The grazed degraded peatland acted as a source for CO2 in
both years, whereas the rice paddy was  an atmospheric sink for
CO2 (Fig. 8). However, we emphasize that during the year fol-
lowing a pepperweed mowing event in spring 2008, the grazed
peatland acted as a net sink for CO2 as pepperweed grew more
extensively and recovered from the harvest event (Sonnentag et al.,
2011b). Despite having an atypical canopy cover of the invasive
pepperweed plant, the Sherman Island grazed degraded peatland
site during the two years in this study was  near the mean NEE
from extensively managed grasslands from an analysis of 172
non-forested EC flux tower sites (Gilmanov et al., 2010). A three-
year study of a 10-year abandoned agricultural peatland in the
Netherlands where the water table was maintained 10 cm below
the soil surface acted as a carbon sink in each year, taking up
232–446 g-C m−2 yr−1 through NEE (Hendriks et al., 2007), which
compares more closely to rates from the rice paddy than the grazed
degraded peatland in our study.

We  emphasize that the CO2 budgets for the rice paddy pre-
sented in Table 3 are budgets from an atmospheric perspective, and
thus do not account for the removal of carbon from the ecosystem
through rice grain harvest and addition of carbon by seed planting;
the amount of carbon removed from the field through harvest was
231 g m−2 in the 2009 growing season and was 477 g m−2 in the
2010 growing season, and the amount of carbon added as seed was
16.8 g m−2 in 2009 and 7.23 g m−2 in 2010. Considering these addi-
tional gains and losses of carbon, the rice paddy would lose a small
amount of carbon in each year of the study, even though it acts as
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Fig. 8. Cumulative NEE. Cumulative NEE is plotted for the grazed degraded peatland
(dashed lines) and rice paddy sites (dotted lines) for the two years of this study.
Gray shaded areas represent the 95% confidence interval from bootstrapping the
half-hourly fluxes. Due to the large uptake of CO2 during the growing season at
the rice paddy and lower rates of wintertime respiration, much less CO2 is released
to  the atmosphere on an annual basis. Conversely, the lower photosynthetic CO2

uptake and high wintertime respiration at the grazed degraded peatland make it
an  annual CO2 source to the atmosphere. More favorable growing conditions in the
2010–2011 season cause greater photosynthetic uptake at both sites compared with
2009–2010.

an atmospheric sink for CO2. Our greenhouse gas budgets also do
not account for secondary emissions at either site, such as carbon
footprint of electricity used to pump water or the emissions from
farming machinery.

Using the partitioned annual CO2 budgets calculated in this anal-
ysis along with soil carbon content and bulk density, it is possible
to compute a “back of the envelope” approximation of the soil sub-
sidence rates due to microbial oxidation at each of these sites. We
can use the following formula to approximate soil subsidence due
to soil oxidation (carbon loss) at each site:

subsidence = NBP
�C�b

where subsidence is calculated in meters, �C is the carbon fraction
of the soil, and �b is the bulk density in g m−3 (Table 1). NBP is net
biome productivity in g-C m−2 yr−1 (Chapin et al., 2006), which at
the grazed degraded peatland is equal to the sum of NEE and CH4
flux, and at the rice paddy is equal to the carbon in harvested grain
subtracted from the sum of NEE, CH4 flux, and the carbon in seeds
added. At the grazed degraded peatland, we did not account for the
cattle component of NBP since we did not measure the necessary
parameters to track cattle growth (Soussana et al., 2007). However,
we emphasize that accounting for the cattle component of NBP
at the grazed degraded peatland would create a larger net carbon
loss from the ecosystem, so that our estimate of grazed degraded
peatland subsidence is an imperfect but conservative calculation.

If we assume that Reco originates from the soil surface at the
grazed degraded peatland and use the values from the top soil layer
in Table 1, we calculate subsidence of 3.7 mm in the first year of
this study, and 2.2 mm  in the second year. However, if we instead
assume that the grazed degraded peatland Reco originates from the
entire unsaturated thickness and use the average bulk density of
1.02 g cm−3 and 0.11 for average �C, we calculate subsidence of
2.6 mm in the first year and 1.5 mm  in the second year. The rates
of subsidence at the degraded peatland in this study are slightly
lower than those measured at a different site on Sherman Island by
Deverel and Rojstaczer (1996) with �C of 0.16, which measured all

subsidence (oxidation and compaction) at rates of 4.6 mm yr−1 and
rates of subsidence due to carbon oxidation of 3.2 mm yr−1. The dif-
ferences between these rates are likely due to the shallower water
table at the degraded pasture relative to the site where subsidence
was measured by Deverel and Rojstczer (1996), which has an aver-
age water table of 1.2 m.  Stephens et al. (1984) demonstrated that
subsidence rates in Florida peat soils where the depth to ground-
water of 1.2 m were about 2-fold larger than rates in soils where
the depth to groundwater was  0.6 m.  The rates of subsidence at
the drained degraded peatland in this study were also lower than
rates measured on Sherman Island by Deverel and Leighton (2010),
which measured 5–20 mm yr−1 of subsidence from 1988 to 2006
at power pole foundations, which also maintained much deeper
groundwater than the degraded pasture site in this study.

At the rice paddy, assuming that Reco originates above 45 cm and
using the average bulk density for this layer of 0.61 g cm−3 and �C
of 0.23, we determined that the rice paddy subsided 1.0 mm in the
first year and 1.4 mm in the second year of this study, values lower
than that from the grazed degraded peatland. While the rice paddy
acts as a net carbon sink from an atmospheric perspective, it still
acts as a net carbon source from a subsidence perspective due to
the loss of carbon through harvest. If we do not account for the loss
of grain through harvest in the NBP calculation (approximating the
flooded rice paddy as a non-harvested ecosystem like a wetland)
we calculated rates of soil growth at 0.58 mm in the first year and
2.0 mm in the second year. Although these data were collected only
a small period of time after land-use conversion, they do indicate
that after two  years subsidence at the rice paddy is less than that
from the drained and grazed degraded peatland.

It is also useful to compare the calculated subsidence with rates
from soils with similar organic carbon content with additional agri-
cultural management practices representative of the Delta. Since
subsidence rates are correlated with soil organic carbon content
(Rojstaczer and Deverel, 1995; Deverel and Leighton, 2010), larger
subsidence rates than estimated for the degraded peatland are
expected for soils with larger organic carbon fractions and deeper
depths to groundwater. Indeed, the degraded peatland pasture is
atypical as most of the Delta is farmed as corn and groundwa-
ter levels are maintained and 1–1.2 m below land surface. In a
corn field in Twitchell Island, an extensometer similar to the one
described in Deverel and Rojstaczer (1996) has operated since 2009
in soil with 0.15 carbon content and 1.2 m water table depth. Dur-
ing the first 440 days of operation, we  measured subsidence of
24.6 mm yr−1. Consistently, on Bacon Island, Deverel and Leighton
(2010) reported 22 mm yr−1 of subsidence from 1978 to 2006 for
an average soil organic carbon content of 0.2 and water table depth
of 1.2 m. In light of these data, rice cultivation represents a sub-
stantial benefit for subsidence mitigation relative to other current
agricultural management practices.

4.3. Methane

The pattern and magnitude of CH4 fluxes at the grazed degraded
peatland and rice paddy in this study were markedly different
(Fig. 7), due to the difference in the management controls on emis-
sion at each site. The background soil CH4 fluxes at the grazed
degraded peatland are a mixture of fluxes from high CH4-emitting
drainage ditches and much lower CH4-emitting upland soils (Teh
et al., 2011), and thus our background CH4 flux measurements
represent an averaged value for this land-use. The CH4 fluxes
for the background ecosystem flux is generally stable throughout
both 2009 and 2010 and averaged 5 mg-C m−2 d−1, with occasional
fluxes of larger magnitude during the wet winter months. This
pattern compares well with results of CH4 fluxes from a hetero-
geneous former agricultural peatland in the Netherlands, where
measurement from both eddy covariance and chambers revealed
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large spatial variability of fluxes between landforms, but a relatively
stable rate of averaged ecosystem CH4 flux throughout the year
(Hendriks et al., 2010). However, rates of CH4 flux in this Dutch agri-
cultural peatland (24–96 mg-C m−2 d−1) were much higher than
those measured from the grazed degraded peatland in our study
(2.4–12 mg-C m−2 d−1), likely due to the much lower water table
at our site (50–80 cm)  compared with the 10 cm water table at the
Dutch peatland. The presence of cows on drained Delta peatlands
is also expected to dramatically increase the CH4 budget of these
land-uses (Shaw et al., 2007). Furthermore, the budget of nitrogen
greenhouse gases is unaccounted for in each of the land use types in
this study, although nitrous oxide fluxes may  occasionally be high
from drainage ditches at the pasture (Teh et al., 2011) and during
drained conditions at rice paddies (plant and soil ref Cai et al., 1997).

The CH4 fluxes at the rice paddy were low and stable at about
10 mg-C m−2 d−1 during the first year, but demonstrated a clear
seasonal pattern of growth during the 2010 rice growing season
(Fig. 7). The CH4 fluxes during the 2010 rice growing season ranged
from near zero during the start of the growing season up to 40 mg-
C m−2 d−1 by mid-August 2010. The magnitude and pattern of the
CH4 fluxes from the rice paddy in this study were generally smaller
than those observed by other studies of CH4 flux in rice agriculture,
although they followed a similar pattern during the 2010 growing
season. Early work in Davis, CA (about 55 km north of Twitchell
Island, but climatically warmer than the Delta) on rice fertilized
at the same rate as the rice paddy in this study calculated daytime
methane fluxes in fertilized rice at 130 mg-C m−2 d−1, although this
measurement was obtained through a single chamber campaign in
late summer (Cicerone and Shetter, 1981). Subsequent work at the
same site in Davis demonstrated a strong seasonal pattern in CH4
fluxes (ranging from 0.9 mg-C m−2 d−1 to 68.7 mg-C m−2 d−1) with
a peak in late summer (Cicerone et al., 1983), and mechanistic work
in Italian rice fields with the same seasonal pattern (Schutz et al.,
1989) demonstrated that the late summer peak is due to favorable
thermodynamic conditions for methanogenesis from acetate at this
time (Kruger et al., 2001). Analysis of the year-round CH4 budget at
a rice paddy near Sacramento, CA demonstrated a strong seasonal
pattern that matched that of the 2010 growing season at Twitchell
Island, but with much higher CH4 fluxes than those found in our
study. The CH4 fluxes in the Sacramento rice paddy from 2002 to
2004 peaked around 400 mg-C m−2 d−1 at the middle of the grow-
ing season (McMillan et al., 2007), much lower than the peak at
20 mg-C m−2 d−1 we saw at Twitchell Island. However, we again
emphasize that our analysis only includes the first two  years after
land conversion, so our data might represent a land-use in a state
of transition after a state change.

In this study we found very low CH4 emissions and lack of
a seasonal pattern from the Twitchell Island rice paddy in 2009
compared with typical values of CH4 fluxes from rice agriculture
(Fig. 7). As other studies have demonstrated that the labile carbon
released through decomposition drive carbon cycling in rice pad-
dies (Cicerone et al., 1992; Kimura et al., 2004), and since 2009 was
the first year of rice cultivation at this site, we suggest that the low
emissions in 2009 were due to the lack of labile organic carbon
substrate within the soil due to the past land-use history. When
corn and alfalfa agriculture was practiced at Twitchell Island, all
plant litter was harvested after each growing season, preventing the
input of large quantities of fresh labile carbon back into the soil. So,
although the soil has very high carbon content, we believe the pool
of labile carbon compounds small enough to meet the metabolic
needs of methanogens (Megonigal et al., 2003) were in insufficient
quantity until the first harvest of rice straw was incorporated into
the soil after the 2009 growing season. Following this line of rea-
soning, we expect to see growing amounts of CH4 emitted from the
rice paddy as more fresh rice straw is incorporated into the soil fol-
lowing the harvest each year, up to some maximum threshold of

CH4 production. Lagged effects of land-use change are important
to investigate through multi-year studies, and investigation of CH4
dynamics at this site is still underway to determine whether the dif-
ference in CH4 between 2009 and 2010 is the result of interannual
variability or represents a long-term trend.

In addition to gradual trends throughout the growing season,
the pattern of CH4 emissions at the Twitchell Island rice paddy
also show a large release of CH4 upon drainage of the field for
harvest. This pattern matches that of other work that measured
quasi-continuous fluxes of CH4 upon drainage, and found that the
drainage flux was  due to a combination of degassing due to reduced
hydrostatic pressure in addition to decreased methanotrophy (CH4
oxidation) due to the more rapid transport of CH4 through the
soil profile (Han et al., 2005). Water table management also con-
trols CH4 fluxes at the Twitchell Island rice paddy, since anaerobic
conditions for methane production only occur in saturated condi-
tions, after the sequence of more favorable electron acceptors for
anaerobic metabolism have been depleted (Megonigal et al., 2003).
Evidence from studies in Asian rice agriculture has suggested that
mid-season drainage of the rice paddy may mitigate annual emis-
sions of CH4, since a brief aerobic period may re-oxidize reduced
alternative electron acceptors to again make methanogenesis ener-
getically unfavorable upon re-flooding (Li, 2005).

5. Conclusions

The Delta has experienced extreme rates of subsidence and
carbon loss due to peat oxidation, and continuing the practice of
drained agriculture will likely be infeasible and unsustainable in the
near future. One of the most promising interventions to halt further
subsidence and to turn Delta landscapes into carbon sinks is to con-
vert drained landscapes back to flooded conditions; however, the
efficacy of this practice in the Delta remains relatively untested (but
for an example in a restored wetland see Miller et al. (2008)). Rice
agriculture has been proposed as a flooded agricultural land-use
type that can prevent subsidence by limiting ecosystem respiration,
and our study concluded that in the short-term, the Delta rice paddy
was effective at capturing CO2 from the atmosphere and acting as a
net carbon sink from an atmospheric perspective. Considering the
net biome productivity of the rice ecosystem and accounting for the
carbon losses from harvest indicated that the rice paddy was  still a
net source of carbon from an ecosystem perspective. However, the
rice paddy experienced subsidence rates lower than those of the
grazed degraded peatland and more than an order of magnitude
lower than subsidence rates of over 20 mm yr−1 for agricultural
soils in the Delta farmed for corn. From a subsidence perspective,
rice appears to provide a substantial benefit for Delta agricultural
sustainability.

The flooded status of the rice paddy also had secondary effects
on the greenhouse gas budget through increased CH4 production
and higher rates of evaporation. While increased evaporation might
be considered a negative consequence in water-limited California,
it does benefit local farmers by reducing pumping costs. Since the
Delta islands constantly leak water due to their location below
sea level, land managers expend large amounts of energy to pump
water out of the islands and increased evaporation saves on fossil
fuels required for pumping. Another secondary ecosystem service
that the rice paddy provides and is absent from the grazed degraded
peatland is its ability to act as habitat for migrating birds during its
flooded but fallow period during the non-growing season. Assess-
ing these trade-offs within a policy context will reveal whether or
not the benefits of land-use conversion from drained to flooded
agriculture outweigh the costs.

The results from two years of flux measurements at the drained
grazed degraded peatland and rice paddy indicated that convert-
ing from drained to flooded agricultural practices will help to buffer
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the loss of soil carbon by reducing peat oxidation in the short-term,
but further research is required over a much longer timescale to
determine the rate of true soil carbon sequestration. While land-
use conversion to rice agriculture might be a prudent choice to
abate the further loss of carbon to the atmosphere when compared
with conventional drained agriculture, net soil sequestration will
not be attained until all the carbon lost from the ecosystem through
grain harvest can be accounted for by more carbon uptake during
the year. Some strategies that land managers might employ to fur-
ther reduce the loss of carbon from rice agriculture in the Delta
are to maintain the flooded status of soils for as long as possible,
prevent weed infestations that cause unexpectedly large amounts
of CO2 loss, and to reduce soil disturbance such as tilling that can
increase aeration and promote microbial soil oxidation. Optimiz-
ing the inclusion of rice straw to promote carbon sequestration
and minimize loss of CH4 might also be a management option, as
CH4 emissions have been found to be closely tied with the amount
of straw left in the field (Cicerone et al., 1992). As the rice paddy
site has only been farmed as such for two years, these management
options represent opportunities for future action to tip the carbon
balance of the Delta rice agriculture to a net carbon sink.

The difficulty in replenishing soil carbon lost due to oxida-
tion in the drained peatlands in this study should be of special
concern with respect to the rapid drainage now occurring in the
tropics through the conversion of tropical peatlands to agriculture
(Jauhiainen et al., 2008). While the short-term results in this study
indicated that re-flooding might help to stem the rates of soil subsi-
dence, replenishing the carbon rapidly lost during the past century
of drainage is will occur over a much longer timescale. Although
there are additional water losses with converting from a drained to
flooded system, these environmental costs can be weighed against
the benefits of net sequestration, considering the release of CH4 and
increased rates of evaporation. This analysis quantified the short-
term effects of drained to flooded agricultural land-use conversion
in the Delta, and further study both at these sites and at differ-
ent land-use types in the Delta will reveal whether it is feasible to
transform the Delta landscape into a net carbon sink.
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