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Abstract. The Sacramento-San Joaquin Delta is at the heart of California’s water supply system that provides
water for irrigation and human consumption. It is also home to subsiding organic soils, decreasing native aquatic
species populations, water quality degradation, vulnerable levees (levees are equivalent to dikes) and decreasing
agricultural viability. There has been substantial progress in the interdisciplinary understanding and quantifi-
cation of the nature and effects of subsidence and its mitigation. Because of the need for a drained rootzone,
farming of crops such as vegetables, trees, vines, corn and alfalfa, results in an ongoing unsustainable cycle of
continuing peat oxidation and deepening of drainage ditches to compensate for elevation loss. Despite substan-
tial evidence for the increasing risks to the State’s economy and water supply, the unsustainability of the status
quo, and evidence for the benefits of alternatives, there has been limited progress in converting to land uses
that can reduce, stop and reverse subsidence. Our overall approach has been to measure land-surface elevation
changes; understand, quantify and model subsidence and greenhouse gas emissions from drained organic soil,
and evaluate alternate land uses. Subsidence rates vary from less than 0.5 to over 2 cm yr−1, depending primar-
ily on depth to groundwater and soil organic matter content. The primary cause of subsidence is the oxidation
of organic matter, which has resulted in elevations of −3 to −9 m on about 100 000 ha. Using the results from
micrometeorological measurements and modelling, we estimate that organic-matter oxidation causes an annual
emission of over 2×106 t of CO2-equivalent which represents about 21 % of the State’s plant-based agricultural
emissions.

Rewetting of the peat soils is emerging as a viable solution. Rice and wetlands stop and (in the case of wet-
lands) reverse the effects of subsidence and result in a net greenhouse-gas emission reduction benefit. Wetlands
accrete about 3 cm of soil per year, can break the unsustainable subsidence/drainage cycle, reverse the trajec-
tory of increasing hydraulic pressures on levees, reduce the probability of levee failure and seepage onto islands
(islands are equivalent to polders), and may provide material for biofuels and animal feed. The recent implemen-
tation of a methodology for quantification of the GHG benefit is facilitating land use conversion and participation
in the carbon market.

1 Background

Peatlands worldwide occupy about 3 % of the land surface
but contain almost 20 % of all organic carbon stored in ter-
restrial systems. Carbon sequestration results from biomass
production under saturated anaerobic conditions. Drainage
of peatlands alters the carbon dynamics of peat soils; aero-
bic conditions accelerate decomposition of the carbon stocks
accumulated over centuries under flooding.

Sacramento-San Joaquin Delta, USA

The Sacramento-San Joaquin Delta peatlands (Fig. 1) rep-
resent an important extreme example of soil oxidation sub-
sidence and collateral detrimental effects. About 5 × 109 m3

of peat accumulated during the last 7000 years of wetland
development (Deverel and Leighton, 2010). Drainage of the
peatlands, which began in the mid-19th century, resulted in
the loss of about one-half of this volume. This degradative
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Figure 1. Location of the Sacramento-San Joaquin Delta and 2017
elevations.

process is on-going (Deverel et al., 2016a) and has resulted
in elevations of Delta islands as low as 9 m below sea level
(Fig. 1).

The current trajectory of Delta land- and water-
management is unsustainable. Key indicators include native
species decline (e.g. Moyle et al., 2016), decreased arabil-
ity (Deverel et al., 2015), increased pressure on levees and
water supply vulnerability (Deverel et al., 2016b), and large
greenhouse gas emissions (Hemes et al., 2019). The State of
California has established ambitious co-equal goals for the
Delta: to provide a more reliable water supply and to protect,
restore and enhance the Delta ecosystem (Delta Stewardship
Council, 2018).

Alternate land uses such as permanently flooded, managed
wetlands provide a substantial net GHG emissions reduction
benefit relative to the status quo and mitigate and reverse
subsidence, thereby reducing levee vulnerability over time
and contributing to increased water supply reliability and re-
siliency (Deverel et al., 2014; Miller et al., 2008; Hemes et
al., 2019). In this paper, we explore possible solutions to the
Delta subsidence problem through the adaptation of alternate
land uses.

2 Approach and methods

We investigated the practical aspects and potential regional
and state-wide benefits of conversion of peat soils in the
Delta to alternative land uses as a solution to the subsi-
dence and sustainability problems. Our approach is holis-
tic in that we explored and analysed the available data for
greenhouse-gas (GHG) emissions reductions and associated
financial benefits for landowners. First, we used the SUB-
CALC model (Deverel et al., 2016a) to estimate Delta-wide
GHG emissions in relation to California’s overall agricul-
tural emissions. Next, we explored the use of wetlands for re-
versing the effects of subsidence through accretion measure-
ments using sedimentation erosion tables (Boumans and Day,
1993). We assessed the use of the protocol for the Deltaic
Wetlands Restoration (Deverel et al., 2017a). Lastly, we as-
sessed the benefit to increasing levee stability, water-supply
reliability and ecosystem benefits.

3 Results and discussion

3.1 Delta and California GHG emissions

Using the SUBCALC model described in Deverel et
al. (2016a), and nitrous oxide data described in Deverel et
al. (2017b) we estimated that the total annual GHG emis-
sion in the Delta at about 2 × 106 metric tons of CO2 equiv-
alents (MT CO2 eq.) (Fig. 2). Estimated average per hectare
annual MT CO2 eq. varied primarily due to spatially variable
soil organic matter content and depth to groundwater. The
largest GHG emissions originate from the central Delta is-
lands where the highest organic matter content soils are lo-
cated. Deverel and Leighton (2010) discussed the factors af-
fecting the distribution of soil organic matter content: recla-
mation date, geomorphology, etc.

California is home to about 17 million agricultural
hectares. The total estimated GHG emissions from Califor-
nian agricultural land, 8 % of California’s total GHG emis-
sions, was calculated as 33.8×106 MT CO2 eq. in 2016 (Cal-
ifornia Air Resources Board, 2019). Annual agricultural an-
imal emissions were estimated at 24.3 × 106 MT CO2 eq.
Therefore, about 100 000 ha of Delta organic soils, 0.5 % of
California’s agricultural land, account for about 6 % of to-
tal California agricultural emissions, and 21 % of non-animal
agricultural GHG emissions. Stopping Delta GHG emissions
will help California reach its goals to reduce State-wide GHG
emissions by 80 % below 1990 levels by 2050 (California Air
Resources Board, 2018).

3.2 Changing the trajectory, rewetting of peat soils

Multiple publications have demonstrated the GHG and
subsidence-reversal benefits of rewetting Delta peat soils.
Most recently, Hemes et al. (2019) summarized the GHG
benefit of conversion to wetlands for 36 site-years of Delta
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Figure 2. Present-day estimated annual GHG emissions in
MT CO2 eq. ha−1 yr−1.

Figure 3. Land-surface elevation change in the Twitchell Island
managed wetland. A, B, C and D are sites for sedimentation ero-
sion measurements.

eddy covariance CO2 and CH4 ecosystem flux data. Miller et
al. (2008) and Deverel et al. (2014) presented accretion data
and associated subsidence mitigation benefits.

We herein present accretion data collected on the Twitchell
Island 2 ha West Pond Wetland described in Miller et
al. (2008) and Deverel et al. (2014). This wetland created
in 1997 sustained long-term average accretion rates ranging
from 2.35 to 3.6 cm yr−1 for 20 years (Fig. 3).

Figure 4 illustrates trajectory reversal due to wetlands cre-
ation on peat soils. During 4.5 years prior to wetland con-
struction, inelastic subsidence measured at an extensometer
was about 1 cm yr−1 in a corn field on Twitchell Island (De-
verel et al., 2016a). A 322 ha subsidence-mitigation wetland

Figure 4. Subsidence and the wetland trajectory reversal in land
accretion.

was created in 2014 included the location of an extensometer.
Subsequent accretion measurements using the sedimentation
erosion table at the extensometer location indicated accretion
of 13 cm from May 2014 to February 2018 averaging about
3 cm yr−1.

3.3 Present-day consequences and risks, and benefits
of changing the current trajectory

3.3.1 Levees and California’s water supply

Under business as-usual practices, the Delta region is unsus-
tainable because of threats to levee integrity (URS Corpora-
tion and Jack R. Benjamin & Associates, Inc., 2009). Levees
can be reinforced and augmented to reduce risk, but all risk
cannot be eliminated (Arcadis, 2016). Levees fail in multiple
ways from external and internal processes; destabilizing iner-
tial loading, sliding along a preferred failure plane, slumping
or spreading, seepage, erosion, and overtopping during ex-
treme high-water events (Moss and Eller, 2007).

Delta stressing events include floods, earthquakes, ani-
mal burrowing, and wind waves, which correspond to failure
modes of under- and through seepage, overtopping, seismic
deformation, liquefaction and erosion. The consequences of
levee failure include loss of agricultural production, water
supply disruption, habitat loss and species alteration, water
quality degradation, infrastructural destruction and disrup-
tion, and loss of life. A primary concern is the failure of lev-
ees surrounding large deeply subsided islands in the southern
and western Delta which can result in salinity intrusion. Mit-
igating subsidence is essential for limiting salinity intrusion
since its magnitude is directly related to the depth of subsi-
dence. Therefore, subsidence mitigation and stability of these
levees are key elements in ensuring the stability of Califor-
nia’s water supply for a large portion of 27 million people
and millions of ha of irrigated agriculture. Since 1950, there
have been 87 Delta levee failures and island floods.
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Subsidence contributed to levee failures by lowering island
surfaces and thus creating increased height differences be-
tween island surfaces and adjacent surface-water levels, and
augmented hydraulic forces against levees which contributed
to levee internal failures. Seepage under levees which is ex-
acerbated by subsidence can erode levee foundation materi-
als and slowly degrade levee stability over time. The under-
seepage susceptibility adjacent to Delta project levees is high
to very high (URS Corporation and Lettis Fugro–William &
Associates, 2011; Kleinfelder and Tetratech, 2011; URS Cor-
poration and Jack R. Benjamin & Associates, Inc., 2008a).
As the overlying peat soil disappears, upward hydraulic gra-
dients increase and exit gradients in drainage ditches reach
critical values which can lead to levee foundation erosion.

Deverel et al. (2014) described trajectory reversing po-
tential of wetlands; exit gradients increasing towards criti-
cal values were projected to reverse with the implementa-
tion of wetlands. Groundwater flow modelling presented in
Deverel et al. (2017c) demonstrated substantial reduction in
seepage onto islands with widespread conversion to wetlands
and rice. Moreover, levee static stability analysis presented in
Deverel et al. (2016b) demonstrated the potential reduction in
levee failure rates with wetlands and rice cultivation.

3.3.2 Effects on water quality, arability and economy

Ongoing subsidence contributes detrimentally to water qual-
ity in Delta channel waters. Ongoing system operation results
in relatively high costs for municipal water treatment because
of the presence of dissolved organic carbon (DOC) (Chen et
al., 2010), contributed partially by the oxidation of the peat
soils. Dissolved organic carbon concentrations in Delta ex-
port waters consistently exceed the State’s water-quality ob-
jective. Formation of disinfection by-products resultant from
high DOC concentrations has required utilities to increase
treatment costs. As subsidence ensues, island drainage ex-
port loads of dissolved organic carbon and methyl mercury
to Delta channels also increase (Deverel et al., 2007; Heim
et al., 2009). Drainage costs will increase because of larger
pumping lifts. Volumes below sea level on Delta islands will
continue to increase with decreasing land-surface elevations
and sea level rise.

When levees fail and islands flood, saline water can be
drawn into the Delta, jeopardizing water supply and water
quality for agriculture. State-wide costs as a result of levee
failure include agricultural losses, urban and agricultural wa-
ter user losses from water supply disruption, and the lost
use of major infrastructure. Multiple publications describe
consequences of Delta levee failure. URS Corporation and
Jack R. Benjamin & Associates, Inc. (2008b) estimated the
state-wide costs for water supply reduction and infrastruc-
tural damage to range from tens of millions of dollars to mul-
tiple billions of dollars, for one to multiple flooded islands
due to extreme hydrologic events.

The Delta Risk Management Strategy project estimated
that a water supply disruption of approximately 3 to
4 months, such as could be required to repair a large levee
breach in the summer months, could cost approximately
USD 225 million (in 2018 USD) (URS Corporation and Jack
R. Benjamin & Associates, Inc., 2008b). The cost of a two to
three-year supply interruption resultant from multiple levee
breaches may cost USD 48 billion or more (in 2018 USD)
(Howitt, 2007).

The Delta Risk Management Strategy Project consid-
ered potential impacts to California’s economy from vari-
ous levee failure scenarios with estimates up to and exceed-
ing USD 100 billion with multiple and simultaneous levee
failures. The Department of Water Resources spent almost
USD 1 billion since the mide-1970s on levee maintenance
and improvement.

Documented increased wet and non-farmable and
marginally farmable land resulting from subsidence and
consequent seepage from the 1980s to 2012 (Deverel et al.,
2015) brings into question long-term sustainability of the
status quo. Seepage rates onto islands have increased and
are predicted to increase in the future (Deverel et al., 2015,
2017c). Wet, nonfarmable, and marginally farmable areas
affects the future of farming and property values.

3.4 Moving towards a more sustainable future

Despite substantial evidence for the increasing risks to the
State’s economy and water supply, the unsustainability of the
status quo, and evidence for the benefits of alternative land
uses, there has been limited progress in converting to land
uses that can reduce, stop, and reverse subsidence. Economic
incentives are needed for agricultural producers to convert
to more sustainable land uses. Potential mechanisms include
income from rice cultivation, economic use of wetlands, the
California low carbon fuel standard, and the carbon offset
market.

3.4.1 Rice cultivation

Deverel et al. (2016b) provided evidence for the subsidence-
stopping benefit of rice cultivation on Delta peat soils. De-
verel et al. (2017b) presented a vision of a mosaic of
subsidence-mitigating land uses that includes rice and wet-
lands which can provide reasonable agricultural income and
a substantial GHG-reduction benefit. Wetlands also can pro-
vide a water quality benefit by serving as a filtration system
for agricultural drainage waters. The primary impediment to
large-scale rice cultivation and wetlands is the investment in
infrastructure and machinery.

3.4.2 Carbon offsets

The protocol for restoration of California Deltaic wetlands
(Deverel et al., 2017a) has facilitated the verification and
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may lead to trading of carbon-offset credits for restored wet-
lands on State-owned Delta islands. Approximately 690 ha of
wetlands have been registered and in 2018 yielded a verified
GHG emissions reduction of about 18 127 MT CO2 eq. yr−1

which can yield income generally commensurate with cur-
rent agricultural lease values on State-owned islands. How-
ever, greater income is required to convince private landown-
ers to enrol in the carbon market. The required 40-year com-
mitment can also be an impediment. Transition from the vol-
untary to the California carbon offset compliance market is
expected to result in higher prices per MT CO2 eq. (approx-
imately USD 15) and prices are projected to rise to over
USD 30 per MT CO2 eq. within 10 years which will likely
increase land-owner participation.

3.4.3 Experimenting with paludiculture

Research in the Delta region thus far has focused on the in-
creased use of managed, permanently flooded wetlands and
rice production. The next steps in this process will be the ex-
perimental use of perennial wetland species for commercial
biomass production (paludiculture). These efforts will draw
on expertise and experience locally and elsewhere to initiate
a Delta pilot project. California’s low carbon fuel standard
may provide greater incentives for landowners than the land-
based carbon-offset market.

3.4.4 Levee benefits of alternate land uses

Carbon-sequestration wetlands can potentially reduce the fu-
ture levee maintenance and failure costs. Specifically, recent
analyses demonstrated that annual levee seepage and slope
stability failure risks will increase 17 % in 50 years with no
change to Delta land uses. Using geotechnical analysis, it
was determined that wetlands could reduce the risks of levee
failure by 50 % by 2070.

3.5 Summary and conclusions

We herein provided evidence for the unsustainability of the
status quo in the Sacramento-San Joaquin Delta, and the dif-
ficulties in finding solutions. Almost USD 1 billion have been
spent on levee maintenance and improvements since the mid-
1970s and it is projected that up to USD 4 billion will be
required for future Delta levee improvements to meet local
requirements. Substantial additional funding will be required
to compensate for climate changes and these improvements
will not directly address the under seepage problem. Subsi-
dence has been the primary motivating force leading to the
need for levee improvements. Continued subsidence perpe-
trates a cycle of deepening of drainage ditches which exposes
additional organic soil for oxidation, which in turn creates
the need for deepening drainage ditches for maintenance of
an aerated crop root zone. Rewetting of the peat soil breaks
the subsidence-drainage ditch deepening cycle.

While progress has been made in the research and im-
plementation of alternate rewetted landscapes, widespread
adoption has heretofore not occurred. Wetlands accrete the
land surface, reduce seepage onto islands, reduce probabil-
ity of levee failure and can provide substantial GHG benefit.
We envision an island mosaic of rice and wetlands (includ-
ing paludiculture) that can, based on our research, lead to
substantial reduction of subsidence and GHG emissions and
maintain overall economic sustainability. The voluntary and
California compliance carbon markets and harvesting of wet-
land biomass can likely provide income for incentivization of
the creation of wetlands.
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