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Abstract

Restoring degraded peat soils presents an atteatti largely untested, climate
change mitigation approach. Drained peat soils @medgriculture can be large
greenhouse gas sources. By restoring subsidedpiésato managed, impounded
wetlands, significant agricultural emissions areided, and soil carbon can be
sequestered and protected. Here, we synthesigigedgears of continuous carbon
dioxide and methane flux data from a mesonetworkdaly covariance towers in the
Sacramento-San Joaquin Delta in California, USAampute carbon and greenhouse gas
budgets for drained agricultural land uses and @mfhese to restored deltaic wetlands.
We found that restored wetlands effectively seqrestcarbon and halted soil carbon
loss associated with drained agricultural land uBepending on the age and disturbance
regime of the restored wetland, many land use asioses from agriculture to restored
wetland resulted in emission reductions over a Jiéi}-timescale. With a simple model
of radiative forcing and atmospheric lifetimes, sit®wed that restored wetlands do not
begin to accrue greenhouse gas benefits untilyhadralf century, and become net sinks
from the atmosphere after a century. Due to subatanterannual variability and
uncertainty about the multi-decadal successioagdtory of managed, restored
wetlands, ongoing ecosystem flux measurementsriiatfor understanding the long-
term impacts of wetland restoration for climaterg@mitigation.
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1. Introduction

Working lands play an important role in terrestgatbon (C) cycling, with the
potential to be a source or a sink of carbon dieX{dQ) and other greenhouse gases
(GHG) (Canadell and Schulze, 2014). Land manageasea CQremoval strategy
could remove up to 6 Gt G@r at a lower cost than more energy- and technology-
intensive strategies (Psarras et al., 2017), wotkergial to help counteract society’s
growing soil C debt (Sanderman et al., 2017). Mtergovernmental Panel on Climate
Change (IPCC)Bassessment report stated that reversibility dfrapbgenic climate
change will only be possible with “large net remloeCO, from the atmosphere over a
sustained period” (Myhre et al., 2013). Thus, Questration by ecosystems is of urgent
importance, although limited by physical and ecalalgconstraints (Baldocchi and
Panuelas, 2018). Restoring degraded peat soilemnigean attractive, but largely untested
approach for soil C sequestration and associatettd change mitigation (Griscom et
al., 2017; Leifeld and Menichetti, 2018; Paustiaale 2016).

The benefits associated with wetland restoratiomé C sequestration stem from
two key areas. First, drained agricultural peatssman be large GHG sources (Hatala et
al., 2012; Knox et al., 2015; Schrier-Uijl et &Q14; Veber et al., 2017). As organic-rich
soils are drained and exposed to the atmosphahiaeespiration leads to large €O
emissions relative to flooded or saturated cond#ithat inhibit aerobic respiration.
Globally, drainage of C-rich peat soils in rivettde has caused subsidence, the sinking
of the land surface, as soil C is oxidized to,C&yvitski et al., 2009). This GBource,
along with emissions of other important agricult @& G'’s like methane (Ckj and
nitrous oxide (NO), can cause agricultural peat soils to be lasgeemitters of GHGs.

By restoring these subsided lands to managed, ingezlwetlands, these agricultural
emissions can be avoided. Second, the slow decaotigposites of wetland soil organic
matter compared to high net primary productivity@ leads to soil C accumulation.
Maintaining wetland structure and function can pcoimuch of the sequestered C and
associated nitrogen from organic matter minerabpmaieading to the potential for long-

term C storage and lower,® emissions (Deverel et al., 2016, 2014; Yarwo®@d,32,
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although there is evidence that C sequestratioadaiypmay not return to its pre-
restoration rates (Moreno-Mateos et al., 2017, 2012

Wetland restoration comes with a biogeochemicalpromise, however (Hemes
et al., 2018a; Hoper et al., 2008; Petrescu e2@l5). While flooded wetland systems
have the potential to sequester C as NPP outpadesspiration, the highly reduced
conditions can result in significant Gldmissions (Bridgham et al., 2013; Dean et al.,
2018), often making restored wetlands net GHG ssuto the atmosphere over decadal
timescales (Hemes et al., 2018a). Due to limited{term continuous data in restored
wetlands of various ages, many future climate steshave treated restored wetlands
and peatlands as GHG neutral (Griscom et al., 20difeld and Menichetti, 2018). A
recent rise in global atmospheric £eébncentrations has renewed interest in
characterizing the contribution of wetlands to gllbhiogeochemistry and radiative
forcing, which is likely around 30% of all anthragemnic and natural Cf$ources
(Feldman et al., 2018; Nisbet et al., 2016; Pouwltet et al, 2017). Future projections of
wetland CH emissions suggest that they could play an impbrtde in driving climate
change throughout the 2tentury (Dean et al., 2018; Zhang et al., 201 Bgite this
fact, the balance between GHG emissions and C sg&qtien in wetlands remains an
“enigma” (Mitsch and Mander, 2018). Long-term, ildscontinuous measurements of
GHG exchange over these ecosystems are criticaktive their biogeochemical impact
(Hemes et al., 2018a; Petrescu et al., 2015).

The Sacramento-San Joaquin River Delta is a hygiaddy critical mosaic of
drained and subsided agricultural peat soils thatbdeen undergoing wetland restoration
activities in order to reverse subsidence and &l for up to two decades. This
region provides a useful test of the climate impadt'wet’ restoration on degraded peat
soils. Delta GHG budgets have been published &ngle growing season,
demonstrating that over 2012-2013, a mature wetlzgasla GHG sink while a younger
wetland was a net source of GHG (Knox et al., 20I3)ring another year at a single
restored wetland site (West Pond) in the Delta,dham-Myerset al (2018) report GHG
neutrality from combined chamber and eddy covaganeasurements. Other studies of
wetlands in the Delta have reported net GHG sousres switchover times (from a
source to a sink) of greater than 500 years (Armatees al., 2016; McNicol et al., 2016).



102 Drained, subsided agricultural land uses in theédehve also been individually
103 investigated for GHG and water exchange. Multiyjeaasurements at a rice paddy
104 (Twitchell Rice) tied large interannual variability the net C budget to variability in
105 ecosystem respiration {R) driven by soil temperature (Knox et al., 20163h€&t al.

106 (2011) found an intermittently inundated pastureef@&an pasture) in the Delta to be a
107 large source of pD emissions (2.4 + 1.3 g9-N m? yr') and a modest source of GH
108 (1.6 +1.4gCHC m?yr'to 9.5+ 3.4 g CHHC m?yr') during 2007-2008. The same
109 pasture was a modest GHG source over 2009-201@léHettal., 2012). Corn and alfalfa
110 represent other dominant and water-intensive |laes in the Delta (Anderson et al.,
111 2018; Eichelmann et al., 2018) that have impor@iHG implications. Concurrent

112 observations of ecosystem-scale GHG exchange latréstiored wetlands and drained
113 agricultural peat soils in close proximity allows & space-for-time assessment of the
114 climatic effect of land use conversion.

115 Here, we synthesized 35 site-years of continuousd@@ CH flux data from a

116 mesonetwork of eddy covariance towers in the Diel@mpute C and GHG budgets at
117 agricultural sites with drained, degraded peassaild a chronosequence of four

118 freshwater deltaic restored wetlands. We also mted NO chamber measurements
119 from two of the agricultural sites. Our study sitepresent a suite of dominant and

120 potential future land uses in the Delta region, aifié@r climatically and ecologically

121 from other studied restored wetlands and peatlanday of which are in northern high-
122 latitude climates. Our study aimed to address fipothesis that land use change from
123 agriculture on drained, degraded peat soils tdfvaser, deltaic restored wetlands, will
124 result in a net GHG benefit over multi-decadal tecedes, while accreting soil and

125 sequestering C from the atmosphere into the ecarsygtlong with climate benefits,

126 these ecosystem services have the potential t@hdlteverse soil subsidence and protect
127 the fragile hydrological network through which waitetransported across California.
128 Further, we assessed what specific land use tiamsibptimize GHG emission

129 reductions, and quantified the impact of a setlolbgl warming potential (GWP) metrics
130 on this determination.

131
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2. Materials& Methods
2.1 Site characteristics

The Sacramento—San Joaquin River Delta was onasta %00 kriiwetland and
riparian zone fed by two of California’s largestets (Atwater et al., 1979; Cloern and
Jassby, 2012). Since drainage in the mid-19thuceritWeir, 1950) much of the land
surface has been subsiding dramatically, losingecto 200 Tg C due to drainage-
induced oxidation of the peat soils (Drexler et 2009). A series of dikes and levees
protect the subsided ‘islands’ by holding backrikiers and sloughs that deliver at least a
portion of the drinking water to more than two-tlsrof Californians through the State
Water Project and the Central Valley Project. Galhgrwetland soils are highly organic
while agricultural soils exhibit a mixed layer cégtaded oxidized peat and mineral soil
on top with a deep peat horizon below (Miller ef 2008). Historically, mixed alluvium
mollisols formed adjacent to major rivers, whilganic histosols were found where
fluvial deposition was less pronounced (Atwatealet1979; Chamberlain et al., 2018;
Deverel and Leighton, 2010). The ten sites comsdtlen this study, described in detail in
Table S1, are located on Twitchell, Sherman, anddo Islands, and are composed of
four restored wetlands and six agricultural sited make up most of the dominant land
uses in the Delta region. Individual study sitegenbeen described in previous work and
will be summarized here for brevity (Chamberlairalet2018; Eichelmann et al., 2018;
Hatala et al., 2012; Knox et al., 2015; Oikawalgt2916b). These sites are all part of
the Ameriflux network (http://ameriflux.lbl.gov/htough which publicly available data
and site information are available.

The Sherman wetland (Ameriflux ID: US-Sne; 263 Wwa} restored from
Sherman pasture in November of 2016 and wasstiie process of establishing a fully
vegetated canopy at the time of this study. Eadtréstored wetland (US-Tw4; 303 ha)
was constructed in late 2013 after being underigoatis corn cultivation. Since the
initial flooding, the wetland had filled in with ei(Schoenoplectus acutusid cattail
(Typhaspp.) and represented an early-intermediate stiaggstoration, with limited
patches of open water. Mayberry restored wetlar@Hyb; 121 ha) was constructed in

2010 on Sherman Island, and represented an inte&ataesfage of restoration, with a
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similar species mix. With a water level as deef aseters in open-water channels,
Mayberry wetland was the most heterogeneous dbilverestored wetland treatments.
Additionally, rising salinity levels in the wetlarchused lowered productivity between
2014-2016. West Pond restored wetland (US-Tw1;)3va& constructed in 1997 on
Twitchell Island (Miller et al., 2008). Our eddyi# measurements began in summer
2012. West Pond, which was dominated by tall, eerdrtule and cattail, represented a
mature restored wetland and had no open water gmtch

All restored wetland sites have undergone ‘wettaesgtion, a specific type of
restoration in which the water table is activelynaged to keep the wetland impounded
year-round, preventing tidal, seasonal, or geonmaggfical input of sediment that natural
wetlands would have received. Differing bathymeing pumping schemes, as well as
seasonal drought, cause slight variations in themgepth and quality at the four
restored wetlands studied. Regenerative tule attdilcseeding was performed at select
sites to promote canopy establishment. Due to idespread modifications throughout
the Delta, these novel ecosystems may be moreaetuunderstood of as
‘rehabilitated’ wetlands - sharing common hydrotagiconditions and species with their
pre-industrial predecessor, but in no way biogeotbally or ecologically identical
(Hemes et al., 2018a).

The agricultural sites included most of the domtresgricultural land uses in the
Delta region: rice, pasture, corn, and alfalfa. t€hell rice (US-Twt,Oryza sativawas
actively measured between 2009-2017 and plantetbgraded, subsided peat soil (Knox
et al., 2016). Sherman pasture (US-Snd), activedrt 2007-2015 (2010-2015 used in
this study), was a pepperweed-dominatszp{dium latifolium L) pasture on the
subsided peat soil that became Sherman wetlan@dl@et al., 2012; Teh et al., 2011).
Corn Zea mayswas measured during 2012-2013 on Twitchell Islandhe location
that became East End wetland in 2014, and duridd @ Bouldin Island (US-Bi2)
which contained higher soil C than the Twitcheltrcsite. Alfalfa Medicago sativad..)
shares a perennial life-cycle strategy with the ihamt wetland species and represents
one of the largest water users in California (Hanstal., 2007). This study incorporated
data from alfalfa sites on Twitchell and Boulditargds. Twitchell alfalfa (US-Tw4) was

a seven year-continuously planted alfalfa fiel&uvously planted in corn (Baldocchi and
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Sturtevant, 2015; Oikawa et al., 2016b). The s#és sub-irrigated, harvested between 5
and 7 times a year, beginning in mid-March, andogkérally grazed with sheep. Rapid
leaf area index (LAI) changes (between ~1-3) dusntintensive harvest schedule greatly
affected the GHG fluxes. Bouldin alfalfa (US-Bilasvplanted on a higher C soil than
that on Twitchell Island, and was measured sincgu&ti2016 (Table S1).

2.2 Eddy Covariance Measurements and processing

The heterogeneous and continuous nature of ecosy3HG emissions requires
long-term spatially integrated measurements tqy fthlaracterize temporal and spatial
variability (Baldocchi, 2003). We used the eddyarance technique (Baldocchi et al.,
1988) to capture continuous, long-term exchange@f CH,, H,O, and energy fluxes
between the landscape and the atmosphere, alohgngssurements of environmental
drivers (Eichelmann et al., 2018). Fluxes were mesatsby sampling a suite of sensors at
a frequency of 10 (before ~2015) or 20 Hz, usingngp&th infrared gas analyzers (LI-
7500 or LI-7500A for CQand RO, LI-7700 for CH, LICOR Inc., Lincoln, NE, USA)
that were calibrated every 3-6 months in the laimiSanemometers measured sonic
temperature and three-dimensional wind speeds BtzZ0VindMaster Pro 1352 or 1590,
Gill Instruments Ltd, Lymington, Hampshire, Englan@he instrument setup (sampling
rate, sensor separation, fetch and sensor heigtstdesigned to minimize spectral loss
(Detto et al., 2010). Typical cospectra exhibitegbes that closely match the idealized
slope from Kaimaét al (1972). The main complication affecting the intetation of our
fluxes was the relative lack of homogeneity of iatprint of the restored wetlands, a
mosaic of open water and vegetation (Eichelmarah e2018; Hemes et al., 2018b).
Energy balance closure for many of these sitedbbas reported before and is adequate;
non-closure at the wetland sites with large tratispen water (Sherman, East End, and
Mayberry wetlands) is due to the inability to captthe vertical and horizontal spatial
variability in water column storage of the flux fpant, an important component of the
energy balance (Eichelmann et al., 2018; Hemek, &X(4.8b).

Trace gas and energy fluxes were calculated uem@®@-minute covariance of

turbulent fluctuations in vertical wind velocity édscalar of interest after applying a
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series of standard corrections and site-specifitofa (Detto et al., 2010; Hatala et al.,
2012; Knox et al., 2015). Coordinate rotations waggormed so that mean wind
velocities at each 30-minute averaging intervalensaro in the cross-wind and vertical
directions. To account for air density fluctuatiaensed by the open path £&hd CQ
sensors, the Webb-Pearman-Leuning corrections ayged (Chamberlain et al., 2017,
Webb et al., 1980). To remove flux data measurest nen-ideal conditions, half hourly
fluxes were filtered for stability and turbulen&egtion velocity, wind direction, spikes
in mean densities, variances and covariances,emgbswindow obstruction.

To integrate yearly C and GHG budgets we gapdfiflexes by training an
Artificial Neural Network (ANN) using measured metelogical variables (Dengel et al.,
2013; Moffat et al., 2007; Papale et al., 2006aifing, validation, and testing data was
selected from a series of k-means clusters to aseadonal or diel bias using Matlab
2017b software (Mathworks, Inc. 2012). Network &edture with varying levels of
complexity were tested, with the simplest architeetselected for which further
increases in complexity yielded less than a 5%coln in mean standard error (Knox et
al., 2016, 2015). This entire ANN procedure wadqrared 20 times, producing 20
separate ANNs. The median prediction of the 20 AMIds used to fill gaps in the
annual data.

Due to measurement periods not aligning with aderyears in the case of the
two corn sites, we ‘wrapped’ a few months of thiéofeing year’s fluxes onto the
previous year to achieve an annual calendar yessgries and budget. This assumes
that there is little interannual variability atiagle corn site, which is reasonable
considering the intensive management and precfaioming practices employed. In
addition, the wrapped fluxes were from early segdanuary to April) when the fields
are largely fallow. For Bouldin corn, we appendiectés from the first four months of
2018 to the 2017 record, which did not start uatg April of that year. For Twitchell
corn, we wrapped just over four months of 20132012 record, which began in early
May, 2012. The tower was moved ~1 km in May of 2@ Bake way for construction
of East End wetland. To calculate the remaining Wweeks necessary to get an annual

sum, we extended the ANN predictions using metegioal data from the displaced
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tower site. These meteorological inputs do noedifignificantly due to the close spatial
proximity.

To investigate component fluxes at each site, witijomed NEE into ecosystem
respiration (R.o and gross primary productivity (GPP) using ANNgtedict daytime
Reco from nighttime measurements, when photosynthesisactive. The residual of NEE
and daytime R.is the GPP. This method, while data-driven anddiagi assumptions of
functional relationships between environmental @éisvand component fluxes, does have
drawbacks. It assumes that nighttimg.Renerally functions similarly to daytime @
and has been shown to overestimate GPP angp&entially due to its inability to
captureghe Kok effect (Heskel et al., 2013; Oikawa et 201 6b). For a global
comparison analysis, we produced monthly sums ffamnet 2015 daily subset data
(http://fluxnet.fluxdata.org/), excluding data witEE quality control of less than 70%,

and considering only months with complete dailyadat

2.3Carbon and greenhouse gas budgets

Net ecosystem carbon balance (NECB) was compubed tihe integrated annual
sum of NEE (C-C@) andCH,4(C-CH,), as measured by continuous eddy covariance after
guality control and gap filling as described abdver. agricultural sites, removed,
harvested biomass was added to the C budget. Amtlvested crops of the Delta are
commodities, the fate of their removed biomass$alenging to track with precision.
Much of it may contribute to livestock feed, in whicase it could partly result in enteric
fermentation and additional Gldmissions. We follow a conservative approach and
convert the removed biomass into £#nissions for the purposes of the field-scale GHG
accounting. A life-cycle accounting approach womldre fully integrate the GHG fate of
harvest, potentially resulting in larger GHG enuss at decadal timescales due to the
decomposition of this biomass.

Harvest values were determined based on field-tfewsler records where
possible (Table 1). Rice harvest was taken fromx<etal. (2016), assuming dry rice
grain contains 43% C. Harvest from the 2016 groveegson, for which no record exists,

was assumed to be the mean of the previous sis.yl@amoved biomass from pasture
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was not quantified and assumed to be zero. Inajuidiwould make the pasture site a
larger emission source. Twitchell corn harvest fias farmer records (Knox et al.,
2015). Bouldin corn and alfalfa records were takem farmer records, assuming 44% C
dry matter, with corn harvested at 65% moisture @falfa at 88% moisture. For
Twitchell alfalfa, we established annual relatiapsh(linear least squares regression)
between days since harvest and C sequestratioruredaisom eddy covariance data to
estimate total removed biomass at each cuttingf@anehach year. The mean value (693.1
+ 263.2 g C nif yrY) falls between the upper and lower range givethbyfarmer.

Wetland NECB was composed primarily of photosynthieputs of CQ minus
both autotrophic and heterotrophic respiration otgf CQ and efflux of microbial
CHa,. Because the wetlands were impounded, with kitiegent and outflow,
allochthonous lateral transport of dissolved C naismeasured, and assumed to be
negligible. In other more natural wetland systetiis, lateral import and export of carbon
is certainly an important component of the C bataf@hu et al., 2015; Krauss et al.,
2018). By measuring NEE using the eddy covarianethad, the dominant C inputs and
outputs are measured continuously, and integratedanm entire footprint. At sites with
negative NECB, the residual C was considered stordte system.

To understand the impact ob@® emissions on the GHG budget, continuous
measurements of X were conducted by an automatic flux chamber syststalled in
parallel at both the Bouldin corn and Bouldin dHadites. Nine automated flux chambers
(Eosense, Inc., Dartmouth, NS, Canada) were coedéata multiplexer, which
dynamically signaled chamber deployment and rogases to a Cavity Ring-Down
Spectroscopy gas analyzer (Picarro, Santa ClaralJSA). Only one chamber was
measured at a time, and each measurement took@pptely 13 minutes. To reduce
over- or under-estimation from individual chambewa-time, NO flux measurements
were estimated using linear interpolation betwemrmsecutive measurements for each
chamber. Fluxes were then averaged across all adramber the measurement period
(January 2017-January 2018 for Bouldin alfalfa;eJ2817-June 2018 for Bouldin corn)
to calculate annual JO flux (Anthony et al., in prep).

GHG budgets were computed from the integrated drsuma of NEEand

emissions of Chk} weighted according to GWP. Traditional GWP metiere designed



316 for a pulse emission but have been widely appleecbsystems and are the common
317 standard in climate and emission accounting pditke California’s Cap and Trade
318 system and the Kyoto Protocol. The ease and tramspawith which these metrics can
319 be applied have afforded them widespread adopdiespite well-documented

320 inadequacies (Allen et al., 2016; Balcombe et2411,8). Sustained global warming (and
321 cooling) potential (SGWP) metrics account for thetained nature of ecosystem

322 emissions and differentiate between the effectgptdke and emission of important
323 short-lived climate pollutants (SLCPs) (Neubauet Bregonigal, 2015). This SGWP
324 metric has been applied to wetland sites previo{isgmes et al., 2018a; Krauss et al.,
325 2016; Neubauer and Megonigal, 2015). We choseRBEIARS GWP (without climate
326 change feedbacks) for Gldf 28 CQeq and for MO of 265 CQeq (Myhre et al., 2013),
327 and the SGWP for C{bf 45 CQeqg (Neubauer and Megonigal, 2015), as these tleeat
328 lower and upper end of commonly utilized cumulati@®-year warming potential

329 metrics (Balcombe et al., 2018).

330 The GWP* metric has been shown to better trackehgerature impacts of the
331 integrated radiative forcing associated with SLG#sch achieve steady state long
332 before the conventionally assessed 100-year timmefr@llen et al., 2018, 2016).

333 Modeling of the GWP* metric provides a compellinteenative to adopting a standard
334  but arbitrary amortization period like 100 yearsjsanecessary with GWP and SGWP
335 metrics. To calculate GWP*, we used the methodItdnfet al. (2016) where changes in
336 CHj4 (ACH4) were accounted for instead of the magnitude of @dsuming a GWP of 28
337 CO0seq). Mean grouped land use (wetland, corn, pasama alfalfa) CQand CH fluxes
338 were used as inputs, with interannual variabilgyr@easured from our eddy covariance
339 sites. We ran a Monte Carlo simulation (n=100Q)apture the variability in switchover
340 times due to the interannual variability in fluxasd present a mean year since restoration
341 with a range of uncertainty: (L standard deviation) as the switchover time. Gvaver
342 time is defined as the length of time after whilcl positive radiative forcing due to
343 increases in Clkmissions at a restored wetland is overtaken bguhwulative negative
344 radiative forcing due to C{uptake; when cumulative GHG emissions reach zero.
345

346
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2.4 Uncertainty and error propagation

Uncertainty associated with annual NEE and,8itins was estimated from both
random half-hourly measurement error and ANN géimdi error. For measured half
hours, draws from a Laplace distribution paramegetriby the residuals of the ANN
predictions (binned by flux magnitude) was usedragstimate of the random error
(Moffat et al., 2007; Richardson and Hollinger, ZROFor gap-filled half hours, the
variance of the cumulative sum of the 20 ANN préadits was used as a measure of
uncertainty (Anderson et al., 2016; Knox et al1&0 Adding the cumulative and
random measurement uncertainties in quadraturéedsno the total uncertainty reported
as 95% uncertainty intervals alongside annual sdims.uncertainty describes how well,
given the missing data and random error associwittadthe method, we are able to
predict a single year’'s NEE or GHt does not consider any systematic errors isittito
the measurement technique and gap filling method.

We also calculated the mean annual sum of a spetifi, across all years
observed, or across a single land use type, aaliosise-years observed, to determine the
average NEE or CHluxes (Table 1). Uncertainty for this quantityéported as a
standard error of the multiple annual sums, whimhsders the number of years
measured (Table 1). In the case of Twitchell cBayldin corn, and Bouldin alfalfa,
where there is only a single site-year of datatand no interannual standard error, we
report the annual ANN and random error, which iswocwnly less than the error
associated with interannual variability. Calculgtuncertainty around mean site and
land-use NECB, GWP, and SGWP values was done bhp@dd quadrature, the
standard error of the component fluxes (NEE ,Cihd harvest, where applicable).
Multi-year site and land-use mean NECB, GWP and $3k¢refore are reported with
propagated uncertainty that represents how wekingeable to predict this mean value
based on the limited annual measurements we hagey@ the measurement error,
which tends to be much lower than error assocmaiddyear to year variation.

For sites with multiple years of harvested biomasstake the interannual
standard error. When only a single year of harwest available (Twitchell corn, Bouldin

corn, and Twitchell alfalfa), we assumed a stand@rdation that is 23% of the measured
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harvested carbon. This error percentage was esiihfiadm the difference between yield
reported by the farmer, and that computed frondfiel’el biomass samples taken near
peak biomass at Bouldin corn. Because only ondesiyear of NO chamber fluxes exist
at two sites, we have no estimate of variation ultiyear sums, and thus exclude this in
the error propagation at those two sites. All utaieties are conservatively rounded up

to the nearest whole number.
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3 Resultsand Discussion
3.1Wetland land cover types

The wetlands exhibited regular seasonal variaiioi&0, flux, with net CQ
uptake (negative NEE) during the growing seasonratdespiration (positive NEE)
during the winter months (Fig 1a, Fig S3 with cdefice intervals). Except for the initial
year after restoration, cumulative sums of NEE wenetral or negative (Fig 2),
indicating net annual uptake of @Ry the restored wetlands. Cumulative sums reach up
to -704+ 72 g C-COm?yr! (West Pond, 2017; meanannual 95% uncertainty) with
site averages of -324.202, -223+ 79 and -454 89 g C-COm?yr' (meant
interannual standard error) at East End, Mayberd/\&@est Pond wetlands, respectively
(Table 1).

Succession and disturbance caused large variatiNEE, and modulated the
typical annual cycle of the established wetlandee ihitial year after flooding, for which
data exists at Sherman, East End, and Mayberryamnag| were neutral to net sources. At
that time, vegetation has not yet established asplration from recently flooded soil
contributed to a positive NEE for these three gdars of 20 101 (Table 1; mea#a
interannual standard error). Sherman Wetland weet £Q source during the 2017
growing season due to sparse vegetation througheuheasurement footprint (Fig 2a).
Similarly, East End’s inaugural 2014 growing seas@s characterized by net emissions
of CO, as wetland vegetation slowly established, makegsite a source of GHG (Fig
2b). Mayberry wetland, restored in 2010, also elgpeed insect infestation (2013) and
salinity stress (2015-2016), which reduced,@Ptake to near neutrality in those years
(Fig 2c). West Pond wetland, the most mature s#ist¢red in 1997), exhibited perennial
uptake (Fig 2d) but lags other sites with a delayeen-up in the spring due to a thick
layer of dead biomass that competes for photonglatays emergence (Eichelmann et
al., 2018; Goulden et al., 2007) (Fig S2a).
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Figure 1: Mean annual (10 day moving mean) net gstesn exchange (g C-G® day?) for a. wetland sites and b.
agricultural sites for all complete site-years atord. Full timeseries for wetland sites and agitiztal sites in
Supplement (Figs S1, S2), as well as mean annakd wyjth 95% uncertainty intervals (Figs S3, S4).

Despite interannual variability, Delta wetlands &vgenerally larger C{sinks
than other restored wetlands in the literaturegeigly those in cooler temperate and
boreal climates. A rewetted bog in British Columias a modest CGink (-179+ 26.2
gC-Com™? yr'h) 8 years after rewetting (Lee et al., 2016), whilestored wetland in
Denmark, 7-9 years after rewetting, took up betw&&z 8 and -26& 40 gC-CQm™>
yr! (Herbst et al., 2013). Another Danish restoredrigmazone with periodic inundation
was a net source of G220 g CQeq m? yr) 12 years after rewetting (Kandel et al.,
2018). Mean uptake across all mature, vegetateldmesite-years in the Delta (not
including initial years at Sherman, East End or Mayy wetlands) was -38655 gC-
CO,m?yr!(Table 1). The high productivity in the Delta, drivby long growing
seasons, warm temperatures, large macrophyte Wegeta3 m tall), and managed water
levels that inhibit aerobic soil respiration, caate cost. Flooding also caused large,CH
emissions during the growing season when soil astgmtemperatures were high and

carbon from photosynthetic uptake was exuded imeatizosphere (Fig 3).
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Figure 2: Wetland site cumulative annual net ectesysexchange (gC-G@n? s?), with 95% uncertainty interval
error bars from ANN and random error, in grey.

Delta wetland sites are among the highesj €fitters across similarly measured
wetlands around the world (Hemes et al., 2018a), floides peaked in the summer and
fell off throughout the winter as water temperasudecreased and GPP ceased (Fig 3,
S1b). Cumulative annual sums at the wetland siteged from 16 1 to 63+ 2 g C-CH
m?yeaf* (Fig 3; meant annual 95% uncertainty), with an average acrdsseiland
sites of 44+ 4 g C-CH m?yeaf' (meant interannual standard error).

Interannual variability, however, caused nearly-faid differences in annual
CH, sums. Recent work points to potential redox cdstoo methanogensis driving
interannual variability, including iron reductiom ihe years directly following restoration
on alluvial soils, before significant peat soil eeteon can dominate the soil redox
environment (Chamberlain et al., 2018), and inadv¢temporary water table
drawdowns creating oxidized conditions. Driversrmadthane variability are diverse, scale

dependent, and site specific (Sturtevant et alL6p(lthough recent empirical modeling
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approaches can capture a large degree of the ilgyiabthese flooded systems (Oikawa
et al., 2016a).

Sherman wetland, 2017 East End wetland, 2014-2017
60 a 60 b
40 40
20 20
o
€ 0 : ‘ . . . ‘ 0 : . ‘ ‘ . ‘
:|:<r 0 60 120 180 240 300 360 0 60 120 180 240 300 360
(@]
?@ Mayberry wetland, 2011-2017 West Pond wetland, 2013-2017
<t
T C . d
S 60 60
40 40
20 20
0 0

0 60 120 180 240 300 360 DOY 0 60 120 180 240 300 360
2011 2012 s 2013 2014 2015 2016 2017 95% ClI

Figure 3: Wetland site cumulative annual methang {gC-CH m? s?), with 95% uncertainty interval error bars from
ANN and random error, in grey.

3.2 Agricultural land cover types

Agricultural land use types in the Delta includedhbannual (rice, pasture, and
corn) and perennial crops (alfalfa) that underweny different lifecycles and
management practices, largely driving variatiobimgeochemical cycling (Fig 1b).
Rice, which was flooded for the winter and growsegson, exhibited net GQptake
during the flooded growth stages, when soil resjpinavas largely inhibited by
anaerobic conditions (Fig 4a). Winter flooding (bard habitat) kept winter respiration
low, until spring pre-harvest drainage caused kespi CQ efflux. Similarly, a CQ
efflux spike in the fall occurred during drainage harvest and before the field was
reflooded (Fig 1b, 4a). Depending on the size es¢hCQemissions in comparison with

uptake during the growing season, rice was a netsG@ce or sink, with cumulative



469 annual sums that ranged from 5442 to -313t 59 g C-CQm™?year" before

470 considering harvested biomass removal (Figure #anm annual 95% uncertainty).
471  The rice site emitted an average of#12 gC-CH, m? yeaf* (meant interannual

472 standard error), which accounted for ~10% of itsm@&@), emissions over the study
473 period. A CH efflux spike occurred in the fall as the field wisined before harvest
474  (Fig S2b), accounting for a large portion of thewaal CH, sum.
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477  Figure 4: Agricultural site cumulative annual netosystem exchange (g C-£@2 s, with 95% uncertainty interval
478 error bars from ANN and random error, in grey. Suans computed before considering removed biomass fr

479  harvest.

480

481 Pasture was intermittently grazed, on subsided Vatidlower soil C stocks and
482 periodic inundation (making it unfit for croplandi contained the least amount of

483 aboveground biomass, and thus exhibited low netkaptluring the growing season (Fig

484 1b). This uptake occurred in late spring, when &nveapepperweed was in growth stages.
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Over the hot, dry summer, growth trailed off, aligb pepperweed was able to tap
subsurface irrigation or shallow groundwater dutheoheavily subsided island. Large
efflux spikes often corresponded to fall precip@at when otherwise dry soil layers were
moistened and microbial activity was catalyzed @taet al., 2012) (Fig S2a). All years
of data for the pasture site (2010-2014) resuhesl inean C@source of 30& 36 g C-
CO, m?yr* (meant interannual standard error; Fig 4Beriodic anaerobic conditions
from standing water after winter precipitation etgeevolved & 2 gC-CH, m? yr
(meant interannual standard error) over the study peaodpunting for a small portion
of the pasture site’s C budget (Table 1).

A single year of fluxes at two different corn si{@svitchell corn, 2012-2013 and
Bouldin corn, 2017-2018) showed strong growing seagtake during a two-month
period (July-August) of rapid biomass accrual vidtge net respiration during other
times of the year, except during flooding (Deceribeloruary for bird habitat) in the
winter (Fig 1b). The Twitchell corn site respire&s$$ and also took up less £483
compared to Bouldin corn, but both underwent pgatkke between DOY 200 and 250.
The efficient C4 photosynthetic pathway of corrhiaging high LAl very rapidly, led to
a relatively short period of net C uptake compdcethe perennial wetlands or alfalfa
crops. Despite high maximum uptake, the corn si&® net sources of GOn an annual
basiseven before accounting for harvested biomass enssof 292+ 37 and 826 84
g C-COm?yr?, respectively (meaf annual 95% uncertainty; Figure 4c,d). We
measured low Clkemissions at Bouldin corn, primarily occurring chgyithe flooded
winter period, of 2 1 gC-CHm?yr* (Figure S2b).

Alfalfa, a perennial crop, exhibits a much longeswgng season than the annual
crops, but is harvested multiple times a year,&rpig the 5-6 periods of reduction in
uptake during growing season cuttings (Fig 1b).c8ssive harvests resulted in
incrementally lower uptake throughout the growiegson. Before accounting for
harvested biomass emissions, Twitchell alfalfanigd on lower C soil, was a mean £0
sink of -249+ 61 g C-CQm?yr* (meant interannual standard error), while Bouldin
alfalfa was a C@sink of -396+ 90 g C-COm?yr* (Figure 4e,f)with negligible CH

emissions (% 3 g C-CHm?yr’; meant annual 95% uncertainty; Table 1).
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517 3.3Carbon and GHG budgets

518

519 To assess the potential for restored wetlandsgoesger C compared to the

520 drained agricultural land uses, we computed ma&ryNECB. Except for the first year
521 of restoration at Sherman wetland and East Encan@tINECB for the wetland sites was
522 consistently neutral to negative, supporting oyrdiliesis that wetlands sequester C from
523 the atmosphere and store it in accreted, orgaili¢Fsg 5). This accretion of C in

524 wetland soils is confirmed by 4,000-6,000 yearkisforic peat buildup (Drexler et al.,
525 2007; Weir, 1950), as well as recent accretion nremsents at West Pond. Simulations
526 suggest accretion of ~3 cni‘ywith rates up to 9 cm ¥iin some locations (Deverel et al.,
527 2014; Miller et al., 2008).

528 Agricultural sites, on the other hand, were coesigy neutral to net C sources,
529 losing C to the atmosphere, mostly in the formadsystem C@respiration and

530 harvested biomass, which we considered a €f@ission upon removal from the field
531 (Table 1). This net loss of C from the landscapg &5 is consistent with observations of
532 significant subsidence of agricultural lands in Bedta (Deverel et al., 2016; Weir,

533 1950). In the case of perennial alfalfa, biomassoed from the site through harvest
534 turns the site from a net sink to a net source.d@the other hand, productivity would
535 likely not be as high without the periodic harvesikich promote rapid biomass

536 regeneration.

537
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Figure 5: Total annual net ecosystem carbon balajgc€ n? yrt) for each full year at each site. Includes C-CO-
CH,, and C removed as harvested biomass from thewgrial sites. Error bars represent 95% uncertaintervals
of the ANN and random error.

Taking all wetland site-years across the variousessional stages, we derived a

combined emission factor (using GWP-28) of @292 g CQeq m” yr' (meant

propagated standard error) in the Delta (Tabl&@hijs grows to 178% 328 g CQeq m?

yr'* when using SGWP-45 metric for GH hese values are not necessarily

representative of future wetland emissions, as éneynfluenced greatly by the initial

year after restoration, which is a large sourcetuva vegetated wetlands (excluding

initial years after restoration) emitted, on avera@33+ 230 g CQeq m? yr?, using the

GWP-28. For each individual site, annual £@emissions were positive for all land uses

studied, regardless of GWP metric (Table 1). East & d West Pond wetlands were

nearly neutral (13 782 and 32 357 g CQeq m? yr) assuming a GWP-28, while the

recently or often disturbed wetlands, like Sherraad Mayberry, were in some cases

larger emitters (2901 124 and 106@& 337 g CQeq m? yr', respectively) than certain



555 agricultural land uses. When the long-term radeatorcing impacts of Clivere given
556 more weight due to their sustained nature, as thglf5GWP-45 metric, the wetland
557 GHG budgets increased and were, in some casesr taan agricultural land uses with
558 low CH4 emissions. Agricultural sites were all net sour@eSO,eq, even before addition
559 of the NO contribution, which was applied for the two siésvhich it was measured,
560 using the GWP-265 metric. The corn and rice sitegevarger sources than the pasture
561 and alfalfa sites, regardless of the GWP metric.
562
Site CO, CH, Harvest NECB GWP SGWP G\’(IVFSW/
2
g Cz_gr% mo9g Cz_gl:r'.—lh m g C m?yrt g COeq myrt
CH, GWP-
CHs GWP-  CH; GWP- =8 1
28 45 GWP-265
Sherman | 323+ 370+ | 2901+ 4111+
wetland 34* 46+ 1* e 34* 124* 128* )
EastEnd| -321+ -290+ 852+
wetland 202 32+ 7 n/a 202 13+ 782 846 -
Mayberr | -223+ -173+ | 1060+ 2385+
ywetland| 79~ 90* 5| ma 79 337 402 '
West
Pond | 4 4sra | na U0F |apxssy 198
wetland
all
-282+ -238t 620+ 1785+
wetend | “737  44x 4 nha 74 292 328 ]
all
vegetated sgg 47+ 4 n/a 323 * 35’??; 1267521 -
site-years
Twitchell | 126+ 360+ 1735+ 2059+
rice 115 22 222214 g | 408 433 ]
Sherman 1460+ 1700z
pasture 306+36 9%2 = 315+ 36 146 168 =
Twitchell | 292+ i 293+ 585+ 2143+ 2143+ i
corn 37* 68* 77* 281* 281*
Bouldin 826t o4 1% 712+ 1541 | 5719+ 5777+ 6595+
corn 84* - 164* 184* 674* 675* 674**
Twitchell | -249+ ) 715x 466+ | 1709+ 1709+ )
alfalfa 61 150 162 591 591
Bouldin | -396+ 143 595+ 200+ 775+ 808+ 915+
alfalfa 90* - 137* 164* 607* 619*  607*

563
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Table 1: Mean annual component GHG fluxes, harvesttecosystem carbon balance (NECB), GHG buddged us
global warming potential (GWP-28), sustained gloalrming potential (SGWP-45), and includingdN(GWP-265,
for the two sites for which it was measured). Utaiaty in component GHG fluxes and harvest is régmbwith
standard error of annual sums (*or in the case aita with a single year record, error from ANN amedom error).
NECB and GHG budget uncertainty is reported as pgaged standard errors. ‘All wetland sites’ incluak complete
wetland site years. ‘All vegetated site-years’ edek the first year of restoration at Sherman, East, and Mayberry
wetlands, before vegetation established. The symklindicates that a field is not applicable éoparticular site,
while *-" indicates that a value was not measuraad is assumed to be de minimis. **Due to onlynglsi year of BO,
no uncertainty in interannual variability of annusiims was included.

Beyond restored Delta wetlands, where freshwatarténkeep the water table
above the land surface, long-term, continuous,ystes-scale accounting of GHG
impacts of restored wetlands are limited. Due tongerphology, climate, wetland type,
and restoration strategy, there is considerablalidity in emissions from restored peat
wetlands (Hoper et al., 2008). A multiyear chandiady of the GHG budgets at a seven-
year old restored freshwater bog in Ireland regbasignificant net reduction in the
GWHP at the rewetted and colonized wetland site @vetpto a drained control, despite a
net positive GWP at most revegetated sites (Wiktad., 2016b). A rewetted British
Columbia peat bog was nearly neutral using GWP#28 almost a decade of re-wetting
(Lee et al., 2016). A Dutch peatland landscapeystodnd that agricultural drained
peatlands could be returned to sinks of GHG andtinvl5 years of rewetting (Schrier-
Uijl et al., 2014), while a different restored veett, 7-9 years after rewetting ranged
from a large GHG sink to a small GHG source, baguaing GWP-25 (Herbst et al.,
2013). Lack of consistent application of GWP values well as different ages and paces
of succession, make comparisons between restorgahae challenging. While our
wetland sites are consistently C sinks, their GHi@dets are all positive due to large
CH,4 emissions (Table 1). In many cases, however, edgoeat soil agricultural sites are
equivalent or larger GHG sources.

Our continuous ecosystem-scale wetland and agui@lineasurements capture
the net impact of the dominant two GHGs -4a@d CH_ In the wetlands, redox states
that support partial denitrification and evolutioihN,O are not common (Wilson et al.,
2016a, 2016b), unless high M@puts inhibit nitrous oxide reductase enzymevétgti
(Tiedie, 1988). Weekly ebullition chamber and diged N,O measurements at Mayberry
wetland confirmed that the contribution of®lto radiative forcing was negligible,

compared to the other two GHGs (McNicol et al.,01n Denmark, a rewetted
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temperate riparian wetland’s annualNemissions accounted for 7% of its overall GHG
budget, although this could have been partialipgkated by the periodic inundation
(Kandel et al., 2018).

At the agricultural sites, XD is not negligible due to nitrogen fertilizationca
fluctuating redox dynamics favorable tg@evolution during irrigation or precipitation
(Firestone and Davidson, 1989). Using an arrayired automatic chambers co-located
with our eddy covariance measurements at Bouldin and Bouldin alfalfa, we
measured annual sums of 3£8.12 g NO m? yr'and 0.5+ 0.07 g NO m? yr*
(meant standard error), respectively (Anthony et alpiiep). Using the 100-year GWP
of 265 g CQeq, radiative forcing due to,® accounted for 13% and 15% of these
agricultural sites’ annual GHG budget, or 868 a8fl § CO2eq M yr* (Table 1). A
literature review by Deverel et al. (2017) estinsateat agriculture pD in the Delta
amounts to between 262 — 974 g£@ m? yr’. IPCC Tier 1 emission factors for®
are on the order of 609 gG&y m? yr* (Wilson et al., 2016a). XD emissions of this
order of magnitude warrant further continuous measents of this important GHG.

3.4 Climatic impact of restoration

Conversion from a large GHG source land use tyke Bouldin corn, to a
restored wetland, always yields an emission rednaver a 100-year timescale, no
matter the GWP metric used (Table 2). Other laredassiversions, like those from
pasture to wetland, will conditionally yield a rehission reduction, depending on the
biogeochemical performance and management of gwfgprestored wetland, as well as
the GWP metric considered. Conversion from Twitcbein and Twitchell alfalfa are
similar — if transitioning to a restored wetlankkeliEast End or West Pond, emission
reductions are achieved, no matter the GWP médtti@nsitioning to a wetland like
Mayberry, the GWP metric chosen will determinenfigsion reductions are achieved.
Conversion from agricultural systems that are ndG&inks, like Bouldin alfalfa (and
only small net sources after harvest is considerady in some cases yield emission

increases over a 100-year timescale accordingesetmetrics. If considering the
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agricultural sites’ MO burden, which we omitted from Table 2 as it wasmeasured

consistently across sites, potential emission riahug from wetland restoration would

increase.
GWP 28 Sherman | Twitchell Bouldin Twitchell Bouldin
Pasture Corn Corn Alfalfa Alfalfa
Sherman | 1441+191| 750%307 | “gio® | 1193604 -
East End | -1448+ 795| -2130+ 831 -1696+ 980 | -762+ 990
Mayberry | -400+ 367 | -1083+ 439 -649+ 680 | 285+ 694
West Pond | -1428+ 385| -2110+ 454 -1677+£ 690 | -743+ 704
Twitchell Rice| 274+ 449 | -408+ 509 26+ 728 960+ 741
s | S | T T | ok
Sherman
East End -849+ 863 | -1291+ 892 -857+ 1032 | 44+1049
Mayberry 684+ 436 | 242+ 490 -33331 676+ 715 1576+ 738
West Pond | -472+ 437 | -914+ 491 - -480+ 715 420+ 739
Twitchell Rice| 359+ 465 | 84516 | g0t | 350+732 | 1251% 756

Table 2: Matrix of emission reductions (blue) ocri@ases (red) in a theoretical land use transiticm agricultural
(columns) to flooded land uses (rows) in g,@® m? yrlassiming a GWP of 28 (upper; Myhre et al., 2013) and a
SGWP of 45 (bottom; Neubauer & Megonigol, 2018)issimns from BO not included, as these were only measured
for two site-years. Uncertainty is reported as pagpted standard error of component £QGH,, and harvest, where

applicable.

In systems that produce considerable SLCPs, likedbtored wetlands studied

here, the timescale of analysis can influence pipaient climate impact of the land use

change. Much previous work in natural wetlandsdtasvn that despite GHmissions,

over multi-century timescales natural wetlands tenlave a net biogeochemical cooling
effect (Frolking and Roulet, 2007; Roulet, 2000uRt et al., 2007). Over time, the
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cumulative removal of C§an extremely long-lived GHG, vastly outweighs shert-
lived CH, warming effect. Discrepancies between GWP metridized to equate CiH
with CO, greatly affect if and when emission reductionsaaieieved and the quantity of
those net reductions (Table 2). The debate corginbeut how to best account for
SLCPs like CH in the context of land-use changes, technologgsassents, and
mitigation scenarios at the national scale (Alleale 2018; Balcombe et al., 2018;
Neubauer and Megonigal, 2015). Recent;@hhissions may be especially important to
short-term climate forcing, as the post-2006 upiticatmospheric Cldconcentrations
were associated with an immediate, positive tren@diative forcing (Feldman et al.,
2018). On the other hand, emerging metrics, likeR3V¢mphasize the change in
SLCPs’ flux rate over the cumulative emissions, ttuthe short atmospheric lifetime of
these gases (Allen et al., 2016).

With a simple GWP* model based ACH,, we assess the ‘switchover time’ for
which restored Delta wetland ecosystems transitmm a source to a sink, e.g., when
the positive radiative forcing associated with, G&spiration and Cllemissions is
overtaken by the negative radiative forcing of8G@moval (Fig 6). We also compute
how many years it takes for wetland restoratiohegin to accrue net GHG benefits to
the atmosphere — this occurs when the cumulatiteme GHG emissions (black line)
and the cumulative Cemissions of the agricultural land use (orangdowe pink
lines) cross (Fig. 6). Using these conventionscammpare the avoided emission
trajectories of a land use transition from agriatdtto a restored wetland, for three cases
relevant to the Delta. Due to the abrupt chandékk after the initial year of restoration,
we model the initial year based on the mean andlata deviation of NEE and GH
emissions from year one at Sherman, East End, ayth®firy wetlands. Subsequent
years are assigned the emission factor for NEECHhdfrom fully vegetated wetlands,
which excludes the initial year at those same ¢ifable 1).
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Figure 6: Modeled cumulative wetland €@ptake (green line) and cumulative net GHG emissaf CQ and CH,
(black line) versus agricultural ‘business as useaimulative CQ emissions for a. corn, b. pasture, and c. alfalfa.
Emission rates based on mean annual land use fhepested above, using the GWP* metric of Alleale2016 &
2018. Grey area represents 95% uncertainty in $witer time.
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When transitioning from corn to wetland using th&/B* metric (Fig 6a), the two
land uses become GHG equivalent sources afterBD(meart 95% uncertainty
interval of crossover) years. After this time, thstored wetland begins to accrue a net
GHG benefit to the atmosphere, compared to itsgatieg land use. The wetland’s large
initial CH,4 burden, incurred when transitioning from a draited flooded land use,
incurs a sizeable GHG ‘debt’ that is only neutmdizy its cumulative CQuptake after
119+ 30 years. At this switchover time, the wetlanddlaise has saved 169 kg &Q m
2 compared to continuous corn, and will continubeédGHG beneficial into the future
assuming stable environmental conditions and n@ntigturbances.

A wetland restored from pasture, which is a muchlennet source than corn,
will take 80+ 24 years to begin accruing climate benefit. Attihee the wetland
switches over from a cumulative source to a cunudagink (101t 31 years), it will
have saved 42 kg G€q m?compared to continuous pasture land use (Fig 6abse
the low-lying pasture is already a ¢emitter, theACH, ‘debt’ upon restoration is not as
large, and thus the switchover time comes soorzer dther land uses. Finally, a wetland
restored from alfalfa will take 89 22 years to begin accruing GHG benefits. After 224
31 years, it will switchover to a net GHG sinkwdtich time it will have avoided 72 kg
CO,eq m?compared to continuous alfalfa land use (Fig 6c).

Despite a large range of uncertainty due to theadile interannual variability in
annual restored wetland G@nd CH fluxes, we can see that depending on the preceding
‘baseline’ land use, restored wetlands will begimtcrue GHG benefits after a half
century, and become net sinks from the atmospHhereaacentury. Because our
simulation uses the same ‘representative’ wetlaneééch scenario, the differences in the
switchover time and C{savings are attributed to the emission burdehefliusiness-
as-usual’ agricultural land use. Multi-decadal panence of this kind of wetland
restoration may not be sufficient to ensure GHCGeffies) due to the time it takes for the
incurred CH debt to be neutralized by GOptake. On a multi-century timescale,
however, these wetland land uses can be seerga$ylatimate-beneficial.

Common carbon crediting schemes compare GHG emgsioa low-emission
land-use activity to a ‘business as usual’ basealivexr a multi-decadal timescale,

typically using a 100-year GWP. Wetland restorgtion example, would be compared
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to the agricultural land use that preceded it tmpote emission reductions (Table 2).
This framework generally assumes a static baselitat the agricultural emissions are
constant through time. In the Delta, with incregssabsidence and reductions in surface
C stocks over time, high-value agriculture is oftemsitioned to lower-value agriculture
as the soil quality is diminished. Future work @bmore explicitly capture this in long
term projections.

Similarly, little is known about the long-term sessional trajectory of restored
wetlands, which can be considered novel systemsadiiieir unique hydrological
management and land use history. Although theay fnatural terrestrial ecosystems
suggests that in late ecological succession, NEldwend towards zero (Chapin et al.,
2012; Odum, 1969), this may not be the case inlfiglanaged systems, especially
given that the most mature restored wetland (WestiPrestored 1997) often took up the
most CQ annually(Figure 2d). We assume that our sample of wetl@peysars, which
range from one to twenty years since restoratorepresentative of the kinds of
disturbance and interannual variability that mayheountered throughout a century.
Our future projections are also limited due to utasties around future climate in
California, which is likely to get hotter and drigaroughout the century (Pathak et al.,
2018). In addition to the biogeochemical considerest, commonly utilized
guantification schemes rarely recognize the rackatind non-radiative impacts
associated with biophysical changes due to resporatich as albedo, roughness, and
evaporative efficiency (Baldocchi and Panuelas82®&bnan, 2008; Perugini et al.,
2017). In the case of wetlands, the net biophyd$araings cause a surface cooling effect
and a reduction in the diurnal temperature rangepawed to an agricultural ‘baseline’
(Hemes et al., 2018Db).

3.5 Scaling implications

Using our 36 site-years of continuous ecosystertesnaasurements, we derived
a relationship between GPP and ecosystem respir@iig,) in the Delta, aggregated by
land use type (Figure 7; see Figure S6 for disagdesl relationships). Wetland land use
types and flooded periods of rice — together ‘et cover’ — inhibited R,in a way that
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reduced the slope of the @GPPrelationship by 23% compared to the ‘dry’ agrictddu
land covers, which did not generally have standvater. The background emissions in
the absence of GPP were about half as much foxéihéand covers (52.6 1.9 g C-CQ
m?month; interceptt standard error) compared to the dry (445 g C-CQm™
monthY). This flooding-induced inhibition of soil respiian reduced the C loss of the
restored wetlands, led to C sequestration and imyrnases, GHG emission reductions in
transitions from degraded agricultural peat salsnanaged restored wetlands (Table 2).
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Figure 7: Monthly sums of gross primary productivigC-CQ mi? month') and ecosystem respiration (gC-£@r>
month') for aggregated land cover classes, with 95% utadety (dashed lines).

Compared to the biogeochemical ‘space’ occupiethbyange of biomes
represented in the Fluxnet network of eddy covaganeasurement sites across the
world (Fig 7; grey points), we see that high-praduty wet land cover months occupy
the lower right edge of the figure. The Delta’sy’dand cover sites — irrigated
agricultural sites on drained, organic peat sdilsplayed some of the higher monthly
Reco GPP ratios across the network, especially durivaykler season periods of exposed
soil but little productivity. Our sites’ highly oagic soils and raised water levels add

unique parameter space to the previous undersigsdirR.;GPP ratios. These high
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ratios are especially apparent at our rice siteenndirained, and at our Bouldin corn site,
which is on soil with especially high C content %4 C) (Fig S6). Conversion of these
highly respiring sites to restored wetlands witBtlainhibited soil respiration can
potentially achieve the greatest emission redusti@Qbservationally derived ratios of
Recoc GPP at a range of soil organic C content sitegssacthe Delta could allow for spatial
modeling of fluxes within a carbon accounting fravoek, as well as to identify
restoration sites that would yield optimum GHG ret¢hns.

While our network across the western and centrtbDepresents a range of
dominant land uses over multiple years, scalingetield-level measurements to the
broader Delta region will require a robust measw@matrinased modeling framework.
Modeling frameworks that have been validated onsuesl observations and can
capture emissions from restored wetlands coulchienportant tool to reduce costs
associated with measurement and verification (Oikatal., 2016a). Methodologies that
are not based on direct measurement, and insteacbnservative emission factors, can
underestimate the potential emission reductiongeget, and thus jeopardize funding for
restoration projects. Recent analysis of one ofiteecarbon credit projects transacted
for peatland restoration found that direct measer#s) as opposed to conservative
emission factors, resulted in a greater numbernddan credits the majority of the time
(Gunther et al., 2018). These benefits must be hegigagainst the costs to project
proponents of undertaking and directly measurimgetifiects of a restoration project.
Simple models that can be validated and calibritedpecific geographies and soil
types, and rely on publicly available and remosspsed data inputs, have the best
chance of balancing cost and scientific rigor alesto promote land use activities within

a market or payment-for-ecosystem services program.
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4 Conclusion

Restoring drained and degraded peat soils to mdnagpounded wetlands
presents an attractive, but largely untested, ¢érmahange mitigation potential (Deverel
et al., 2017; Griscom et al., 2017; Leifeld and Maetti, 2018). Here, we synthesize 36
site-years of continuous G@nd CH flux data from a mesonetwork of eddy covariance
towers in the Sacramento-San Joaquin River Deltangpute C and GHG budgets for
drained agricultural peatland sites and a chrong=ace of four restored wetlands. Due
to management practices that inhibitfand allow for robust GPP (Fig 7), we find that
restored wetlands effectively sequester C, revgrsoil loss that is associated with
subsiding drained agricultural land uses (Fig S)eAthe initial year of restoration,
wetland land uses were, on average, sizeable sfriRg-339+ 55 g C nif yr), while
agricultural sites lost up to 1544 184 g C rif yr* (Bouldin Corn, 2017; Table 1).

CH,4 emissions due to anaerobic decomposition andda€it, oxidation result
in wetlands being near neutral to GHG sources (Heshal., 2018a), although the choice
of GWP metric has an important impact on the magieitof the total GHG budget
(Table 1). Despite this, depending on the succeakige and disturbance regime of the
restored wetland, many land use conversions framswdtyre to restored wetland would
result in emission reductions over a 100-year toakes(Table 2). With a simple model of
radiative forcing and atmospheric lifetimes, wewstibat restored wetlands will not
begin to accrue GHG benefits for at least a haituy, and become net sinks from the
atmosphere after a century or more (Fig 6). Polayens and planners should take
measures that promote the long-term restoratiaghesfe kinds of systems to maximize
climatic benefit. Chronosequences of restored wdHanust be continuously measured
to understand how their GHG sink or source nathemnges as they mature.

Simple models, based on measured relationshipskeatyartitioned fluxes (Fig
7), could be instrumental in reducing costs andeiasing implementation of GHG
emission reduction projects like wetland restora{Oikawa et al., 2016a). More robust
integration of long-term pO fluxes into the GHG budgets of the agriculturedswill
likely increase the net benefit of wetland resioratActive wetland management to
reduce CH evolution, through water table and/or redox malaipon, could also increase

the benefit of restoration (Hemes et al., 2018a)eRtial biogeochemical benefits of
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restoration should be considered in light of tHeeoimportant co-benefits, such as
habitat, water infrastructure, and microclimate acis (Hemes et al., 2018b). Long term,
continuous, ecosystem-scale measurements of lamosphere exchange over a range of
managed land uses, disturbance regimes, and pes tyill contribute to our
understanding of how policies and programs couténiivize low emission land use

management and climate change mitigation.
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1176

Site L ocation Years Per centage of Land Use M easur ement
(Ameriflux ID and DOI) included missing data history height / canopy
CO,/CH,4 (%) height* (m)
Sherman 263 ha
Sherman wetland (US-Sne; sland wetland
10.17190/AM F/1418684) 38.037 N i 2017 50.2/42.8 | restored from 5.4/2.0
) ' pasture mid-
121.755 W 2016
East End wetland (US- Twitchell 323 ha
Tw4; Island. wetland
10.17190/AM F/1246151) 38.103 N, - 2014-2017 436/39.9 restored from 497122
121.641 W corn late 2013
Mayberry wetland Seanc wetland
(US-Myb; ' 2011-2017)  35.3/38.5 . 51/3.4
38.050 N, restored in
10.17190/AM F/1246139) 121.765 W 2010
West Pond wetland (US- Twitchell
Twi, Island. 3ha wethnd
10.17190/AM F/1246147) 38.107 N, - 2013-2017 62.2/62.1 resltgga?d in 45/2.6
121.647 W
. . Twitchell
Twitchell Rice .
(USTwt; soond | 20102016 49.1/50.0 (Oﬁaggﬁgfi\fa 3.18/0.9
10.17190/AM F/1246140) 191663 W y
Sherman Restored to
Sherman Pasture (US-Snd; Island. Sherman
1017190/AMF/1246094) | 38.037 N, - | 20102014 36.5/518 |\ oyiang o015 32704
121.754 W 2017
. Corn ea
Twitchell
. May 2012 mays,
Twitchell Corn (US-Tw2; Island.
1017190AMF/1246148) | 38105N,- LM 449/nfa o restorecto o 5.15/2.76
121.643 W 13 wetland late
) 2013
Bouldin April
Bouldin Corn (US-Bi2; Island. 2017 - Corn €ea
10.17190/AM F/1419513) 38.109 N, - April 46.2/57.1 may$ 51/28
121.535 W 2018
Twitchell Alfalfa Twtchell S?Mr‘e%@gaga
(USTw3; 38.115 N _| 2014-2017 42.9 / n/a sativaL? 2.9/0.7
10.17190/AM F/1246149) 12'1 647 W since 20'10
Bouldin Alfalfa
Bouldin Alfalfa (US-Bil) 38100 N ) 2017 47.6/65.1 (Medicago 3.9/05
121.500 W satival.)

Table S1: Site characteristics. *For agriculturates, approximate maximum canopy height.
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