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Abstract 19 

20 

The concentration of nitrous oxide (N2O), an ozone-depleting greenhouse gas, is rapidly 21 

increasing in the atmosphere. Most atmospheric N2O originates in terrestrial ecosystems, of 22 

which the majority can be attributed to microbial cycling of nitrogen in agricultural soils. Here, 23 

we demonstrate how the abundance of nitrogen cycling genes vary across intensively managed 24 

agricultural fields and adjacent restored wetlands in the Sacramento-San Joaquin Delta in 25 

California, USA. We found that the abundances of nirS and nirK genes were highest at the 26 

intensively managed organic-rich cornfield and significantly outnumber any other gene 27 

abundances, suggesting very high N2O production potential. The quantity of nitrogen 28 

transforming genes, particularly those responsible for denitrification, nitrification and DNRA, 29 

were highest in the agricultural sites, whereas nitrogen fixation and ANAMMOX was strongly 30 
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associated with the wetland sites. Although the abundance of nosZ genes was also high at the 31 

agricultural sites, the ratio of nosZ genes to nir genes was significantly higher in wetland sites 32 

indicating that these sites could act as a sink of N2O. These findings suggest that wetland 33 

restoration could be a promising natural climate solution not only for carbon sequestration but 34 

also for reduced N2O emissions. 35 

36 

37 

Keywords: functional genes, land use change, land management, nitrogen fixation, 38 

denitrification, ammonia oxidation 39 

40 

1. Introduction41 

Nitrous oxide (N2O) is a GHG with a 298-fold greater warming potential than carbon dioxide 42 

(CO2) and is involved in the destruction of stratospheric ozone layer. High N2O emissions 43 

mainly originate in soil ecosystems, particularly in drained agricultural soils. Pressure to the 44 

agricultural sector is increasing as the global population and the demand for food grows. In 45 

recent years, the excessive use of nitrogen-based fertilizers has greatly contributed to the 46 

elevated N2O concentrations (Park et al., 2012), and it has been predicted that farmlands and 47 

fertilizer applications will increase 35-60% before 2030, and therefore it is expected that these 48 

agricultural soils will contribute up to 59% of total N2O emission (US EPA, 2012).  49 

Since the agricultural sector plays a crucial role in N2O emissions (Tian et al., 2020), it is 50 

essential to understand how the underlying mechanisms in soil lead to N2O productions and 51 

emission, as well as to potential consumption by soil microorganisms. Soil nutrient ratios and 52 

availability, soil moisture, vegetation species and density, and temperature are the most 53 

important factors for microbes performing nitrogen (N) transforming processes (Firestone et al., 54 

1980; Liimatainen et al., 2018; Pärn et al., 2018). Therefore, it is crucial to understand how N 55 

transforming potential will vary among intensively managed arable lands and how these 56 

emissions change if these managed soils undergo land-use change, such as restoration to 57 

wetlands. Restored and natural wetlands have already proven to be effective to sequester carbon 58 

(C) from the atmosphere (Hemes et al., 2019), and since the N2O emission from natural wetlands59 

is considered negligible, this suggests that wetland restoration could lead to significantly lower 60 

N2O production potential.  61 
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The Sacramento-San Joaquin Delta (hereafter referred to as the Delta) is California’s most 62 

important agricultural area, which is highly vulnerable to inundation due to the subsided 63 

agricultural peat soils. Some of the areas in the Delta are now up to 9 m below sea level, and 64 

more than 1500 km of levees and dams are protecting the area from flooding (Drexler et al., 65 

2009). To reverse the soil subsidence, wetland restoration activities have been underway for 66 

more than two decades, and many studies have shown restoration to be a highly efficient 67 

measure to build up lost soils (Chamberlain et al., 2018; Eichelmann et al., 2018; Hemes et al., 68 

2019). However, most of the focus has been on reducing CO2 emissions for intensively managed 69 

agricultural sites and better quantifying the effects of methane (CH4) emissions on the wetland 70 

ecosystem greenhouse gas balance after re-wetting (Hemes et al., 2018a).  71 

So far, no long-term N2O measurements across the different land use types at the Delta are 72 

available. Short-term weekly ebullition chamber and dissolved N2O measurements at a restored 73 

and a natural nearby wetland showed insignificant N2O emissions that had negligible effect on 74 

the ecosystem GHG budget (McNicol et al., 2017; Pärn et al., 2018), while corn, alfalfa and 75 

pasture have shown to be moderate to large N2O sources. For example, Hemes et al., (2019) and 76 

Anthony et al. (in prep) showed that the N2O emissions detected with automated chambers from 77 

corn and alfalfa were 3.28 ± 0.12 g N2O-N m-2 yr-1 and 0.51 ± 0.07 g N2O-N m-2 yr-1, 78 

respectively. Measurements at pasture sites by (Teh et al., 2011) and (Pärn et al., 2018) have 79 

shown a similar range, where the emission was 2.4 ± 1.3 g N2O-N m-2 yr-1 and 0.61 ± 0.27 g 80 

N2O-N m-2 yr-1, respectively. These studies have clearly shown that N2O emissions from 81 

different land use types at the Delta will vary substantially, being lower in wetland ecosystems 82 

and larger in agricultural systems. 83 

Extensive research to understand the stoichiometric regulation of soil C cycling at a Delta rice 84 

fields has been carried out by Hartman et al., (2017). However, no analyses in terms of N cycling 85 

processes are available. The N cycle is driven by abiotic and biotic (i.e., decomposition, 86 

mineralization, assimilative and dissimilative) processes (Espenberg et al., 2018), which include 87 

different microbial pathways, such as N fixation, nitrification, denitrification, dissimilatory 88 

nitrate reduction to ammonium (DNRA) and anaerobic ammonium oxidation (ANAMMOX) 89 

(Kuypers et al., 2018). The abundance of functional genes of microbes involved in N cycling has 90 

been shown in many studies to be effective in predicting the potential of N cycling processes 91 
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(Jones et al., 2014) in various ecosystems, including agricultural soils (Long et al., 2013) and 92 

natural and restored wetlands (Han et al., 2013; Ligi et al., 2015). In denitrification, the 93 

abundance of nirK and nirS genes refers to the N2O emission potential, and the abundance of 94 

nosZI and nosZII genes indicates the potential for N2O reduction, which is the only known 95 

biological sink for N2O (Spiro, 2012). The other organisms which may change the N balance 96 

between soil and atmosphere are ammonium oxidizing bacteria (AOB) and archaea (AOA), 97 

ANAMMOX-specific bacteria, N-fixers, and microbes carrying out DNRA.  98 

The main aim of this study is to understand how the abundance of N cycling functional genes has 99 

changed after the restoration of wetlands from intensively managed agricultural sites in the 100 

Delta. Based on the previous knowledge, we hypothesized that: (i) organic-rich drained soils 101 

have higher potential for N2O production and emissions; (ii) wetland restoration would increase 102 

the abundance of N2O reducers and decrease the abundance of ammonia oxidizers, leading to 103 

less N2O emission in restored wetlands due to the anaerobic conditions; and (iii) lower soil 104 

temperature at the wetlands reduce the potential for N2O production. If true, these hypothesized 105 

drivers and land-use patterns of N2O emissions reductions could provide further incentive for 106 

agriculture to wetland restoration. 107 

2.     Materials and Methods 108 

  109 

2.1. Site description  110 

  111 

The seven sites analyzed in this study are located on Twitchell, Sherman and Bouldin Islands and 112 

are composed of four restored wetlands and three agricultural sites. The mean annual air and soil 113 

temperature measured close to the flux tower from topsoil layer (<15 cm depth) is shown in 114 

Table 1. All sites experience similar mean annual precipitation of 338 mm. Although being in a 115 

proximity with similar annual air temperature and precipitation, the sites experience a wide 116 

variety of management practices and differences in the soil chemical composition as well as in 117 

GHG fluxes (Valach et al., 2021). 118 

 119 

 120 
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Table 1. Site characteristics of all studies sites in the Sacramento-San Joaquin Delta, California. 121 

Tower data with site information are publicly available through the AmeriFlux network. 122 

Site (Ameriflux ID) Year 

restored 

Elevation 

(m) 

Annual (2018) mean 

air temperature (°C) 

Annual (2018) mean  

soil temperature (°C)  

Sherman Wetland (US-

Sne) 

2016 -5 14.1 15.4 

East End (US-Tw4) 2013 -5 14.9 13.4 

Mayberry (US-Myb) 2010 -4 14.1 13.2 

West Pond (US-Tw1) 1997 -5 14.2 12.4 

pasture (US-Snf) n.a. -4 15.6 17.1 

alfalfa (US-Bi1) n.a. -2.7 16.0 17.0 

corn (US-Bi2) n.a. -5 16.3 17.6 

 123 

Sherman Wetland (263 ha) was restored from a pasture in November 2016 and was still in the 124 

process of establishing a vegetated canopy at the time of the soil sampling in 2018. East End 125 

wetland (303 ha) was constructed in 2013 on fields previously intensively cultivated with corn. 126 

After flooding, the wetland was filled with cattail (Typha spp.) and tule (Schoenoplectus acutus) 127 

with tiny areas of open water. Mayberry wetland (121 ha) was constructed in 2010 with a varied 128 

bathymetry where deep channels (up to 2 m) alternate with shallow vegetated areas creating the 129 

most heterogeneous wetland of the four wetland systems. West Pond wetland (3 ha) is the oldest 130 

system and was constructed in 1997 on Twitchell Island with dense vegetation and a closed 131 

canopy (Miller et al., 2008; Miller and Fujii, 2010). Since intensive agriculture is causing 132 

elevated nitrate concentration in both drainage water and river water (Schlegel and Domagalski, 133 

2015; Wang et al., 2019), all of these wetlands will receive N through the inflow water, which 134 

maintains the water level. In addition, all of these wetland sites will experience at least some 135 

growth of Azolla spp. (Valach et al., 2021; especially Azolla filiculoides), which is a native 136 

species (Ta et al., 2017) in the region and can fix large amounts of atmospheric N through their 137 

symbiotic relationship with the cyanobacterium Anabaena azolae (Carrapiço, 2010), providing 138 

additional N input to the system. Based on vegetation development, peat accumulation and soil 139 

C/N ratio we consider Mayberry and West Pond as mature wetlands and Sherman Wetland 140 

together with East End as young wetlands.  141 
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The agricultural sites include three of the most dominant agricultural land use types in the Delta 142 

region: corn, alfalfa, and pasture. Bouldin corn consists mainly of organic-rich peat that is 143 

drained for corn (Zea mays) cultivation, and the site experiences a short, intensive growing 144 

period followed by flooding of the fallow field in autumn and drainage in spring. Corn is 145 

intensively fertilized with potassium and N fertilizers (e.g., potassium thiosulfate and urea-146 

ammonium nitrate) to ensure fast and large biomass production. Alfalfa that is located on the 147 

Bouldin island (Medicago sativa L.) is a perennial forage legume that is grown for cattle and 148 

harvested 5-7 times in a year. Sherman pasture has drained semi-organic rich soils and is 149 

primarily used for grazing cattle, and it receives N compounds to the soil mostly from excreta. In 150 

sum, all sites receive some N inputs that can contribute to N cycling, though the pathway varies.  151 

 152 

2.2. Soil sampling and soil chemical analyses 153 

  154 

We measured soil C, N, P, Mn, Al, Fe content, and pH at all wetland and agricultural sites in 155 

August 2018 from the top-soil layer (0-15 cm). Ten samples were collected using sediment cores 156 

at each site across two transects, with each sampling location at least 3 m apart. Soil samples for 157 

chemical analysis were immediately bagged, stored at 4 °C, and air-dried at room temperature in 158 

the laboratory, while samples for microbial analyses were immediately stored at -18 °C before 159 

DNA extraction. Air-dried samples were sieved to 2 mm, and all major visible roots were 160 

removed. These samples were then ground to a fine powder and analyzed in duplicate for total C 161 

and N using an element analyzer (CE Elantech, Lakewood, NJ, USA). Soil organic (Po) and 162 

inorganic (Pi) pools were determined by sequentially extracting with 0.5 M sodium bicarbonate 163 

(NaHCO3, 1 g organic dry weight fresh soil in 45 mL solution) and 0.1 M sodium hydroxide 164 

solution (NaOH, 45 mL solution following Tiessen & Moir, 1993). Total P in both extracts 165 

(NaHCO3-Pt and NaOH-Pt) was determined by measuring PO4 according to the standard 166 

colorimetric method of (Murphy and Riley, 1962) after autoclaving extracted solutions with 167 

ammonium persulfate ((NH4)2S2O8) following Tiessen & Moir (1993). Inorganic P was also 168 

determined in the NaOH extract (NaOH-Pi) following Murphy and Riley (1962) after acidifying 169 

and centrifuging the extractant (Tiessen & Moir, 1993). Organic P in the NaOH extract (NaOH-170 

Po) was estimated by subtracting inorganic P from total P. 171 
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Soil pH was determined by creating a 1:1 soil to water solution, vortexing for 1 minute, then 172 

measuring the solution pH after 10 minutes (McLean, 1982). A second, separate field extraction 173 

was performed utilizing a 0.2 M sodium citrate and 0.05 M ascorbic acid (citrate-ascorbate) with 174 

a pH of 6 to provide an estimate of reducible short-range order Fe and Mn oxides and substituted 175 

Al oxides (Reyes and Torrent, 1997). Approximately 1.5 g of soil (oven-dry equivalent) was 176 

added to 45 ml of solution within 1 minute of sampling. Upon return to the lab, samples were 177 

shaken for 16 h, centrifuged at 1000 rcf for 20 min, and then decanted. Citrate-ascorbate extracts 178 

were then analyzed for Fe, Mn, and Al in triplicate via inductively coupled plasma optical 179 

emission spectroscopy (ICP-OES; Perkin Elmer Optima 5300 DV). 180 

 181 

2.3.DNA extraction and quantitative PCR 182 

  183 

The DNA was extracted from 0.25 g of the wet soil samples using the PowerSoil DNA Isolation 184 

kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) according to the described manufacturer’s 185 

protocol. The homogenization step was performed at 5000 rpm for 20 s using Precellys® 24 186 

homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). The extracted DNA was 187 

stored at −20 °C until further analyses. The quantity and quality of the extracted DNA were 188 

determined using the spectrophotometer Infinite M200 (Tecan AG, Grodig, Austria). The qPCR 189 

assays were performed using RotorGene® Q equipment (Qiagen, Valencia, CA, USA). The 190 

qPCR reactions were performed in 10 μL volume containing 5 μL Maxima SYBR Green Master 191 

Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA), an optimized concentration of 192 

forward and reverse primers, 1 μL of template DNA and sterile distilled water. The gene-specific 193 

primer sets, optimized primer concentrations, and thermal cycling conditions for each target gene 194 

are shown in Table S1. All qPCR measurements were performed in triplicates. Standard curves 195 

for each target gene were prepared from serially diluted stock solutions of target sequences 196 

(Eurofins MWG Operon, Ebersberg, Germany). 197 

The quantification data were analyzed with RotorGene Series Software v. 2.0.2 (Qiagen) and 198 

LinRegPCR program v. 2018.0 (Ruijter et al., 2009). The gene abundances were calculated as a 199 

mean of fold differences between a sample and each 10-fold standard dilution in respective 200 

standard as recommended by (Ruijter et al., 2009). The abundance of each target gene was 201 

presented as gene copy numbers per gram of dry soil (copies/g dw). qPCR was used for 16S 202 
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rRNA gene amplification to evaluate the abundance of bacterial and archaeal communities. For 203 

estimation of nitrification (bacterial amoA, archaeal amoA), denitrification (nirK, nirS, nosZI, 204 

nosZII), DNRA (nrfA), anaerobic ammonium oxidation (ANAMMOX-specific 16S rRNA) and 205 

N fixation (nifH), the respective functional genes were quantified using qPCR (Table S1). 206 

2.4. Statistical analyses 207 

  208 

Principal component analysis (PCA) was performed on environmental and genetic parameters 209 

using the R package ade4 v. 1.7–15 (Dray and Dufour, 2007). Spearman’s rank correlation 210 

coefficients were used to assess the relationships between and among soil chemical parameters 211 

and target gene abundances. The p-values were adjusted for the false discovery rate by the 212 

Benjamin-Hochberg method with significance at p < 0.05. Since soil N and P content was 213 

normally distributed, one-way ANOVA followed by Tukey HSD test was used to analyze the 214 

differences between sites. All other parameters were not normally distributed, and therefore, the 215 

Kruskal-Wallis Test followed by Dunn’s Test was used. The data analysis and figures were 216 

created using R 3.6.3 (R Team, 2021). 217 

 218 

3.     Results 219 

  220 

3.1. Soil properties 221 

  222 

The various land management practices in the Delta resulted in significant differences in soil 223 

properties. The difference was observable among wetland sites but also between wetlands and 224 

agricultural sites. Soil C% and N% was highest in West Pond, Mayberry, and corn where the 225 

mean values were for C were 17.0 ± 2.6%, 15.6 ± 3.6%, and 15.4 ± 1.1% and 1.09 ± 0.1%, 1.0 ± 226 

0.25%, and 1.12 ± 0.08% for N, respectively. East End, Sherman Wetland, alfalfa, and pasture 227 

had significantly lower values (Tukey’s HSD, p<0.001). Although the C% and N% were highly 228 

variable, the C/N ratio has a similar value among all sites and the mean values were between 229 

13.1 and 16.7. A clear correlation between C% and N% was observed at all sites (Figure 1). In 230 

addition, both C% and N% were generally higher (R2 = 0.81 and R2 = 0.85, respectively) in older 231 

wetlands as well as in corn when compared with younger wetlands.  232 
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 233 

 234 

Figure 1. Percentage of soil C and N content at the restored wetlands, pasture, alfalfa and corn 235 

sites in the Delta determined from topsoil (0-15 cm) samples with 95% confidence intervals.  236 

  237 

Soil pH varied across the wetlands and agricultural sites, where West Pond, East End, pasture, 238 

alfalfa, and corn were slightly acidic (mean values from 4.78 ± 0.16 to 5.78 ± 0.09) while 239 

Sherman Wetland and Mayberry were near-neutral (6.62 ± 0.25 and 6.93 ± 0.33, respectively; 240 

Figure S2-A). The Fe and Al concentrations divided the sites into two groups, where East End, 241 

pasture, alfalfa, and corn had almost two times higher concentrations than in Sherman Wetland, 242 

Mayberry, and West Pond (Figure S2-B, C). However, the concentration of Mn (Figure S2-D) 243 

was more variable, where the highest concentration was at the corn site (0.48 ± 0.1 mg g-1) 244 

followed by Sherman Wetland (0.38 ± 0.03 mg g-1). All other sites had mean concentrations 245 

between 0.17 and 0.34 mg g-1.  246 

Although there was no statistically significant difference in NaHCO3-extractable Pi, the highest 247 

concentration was at the pasture (30.0 ± 6.0 µg g-1), and younger wetlands showed slightly higher 248 

levels than older wetlands (Figure S1-A). NaHCO3-Po concentration was in a similar range at the 249 

pasture (31.2 ± 2.3 µg g-1) and in East End (30.0 ± 9.4 µg g-1), while all other sites showed 250 

significantly (p<0.05) lower concentrations (Figure S1-B). NaOH-Pi, associated with amorphous 251 

and crystalline Fe and Al minerals, was highest at East End (424.4 ± 105.8 µg g-1), which is 252 
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partly situated on alluvium soil rich in Fe deposited by historic runoff from the northern Sierra 253 

Nevada range (Graham and O’Geen, 2010). East End was followed by West Pond, which had 254 

slightly lower concentrations (368.2 ± 161.2 µg g-1). All other sites had significantly (p<0.05) 255 

lower concentrations, staying between 152.2 ± 62.2 to 239.8 ± 82.6 µg g-1 (Figure S1-C). NaOH-256 

Po was in a similar range at the corn site (248.8 ± 137.7 µg g-1) and West Pond (263.0 ± 130.3 µg 257 

g-1), which were both significantly higher than all other sites, where mean values were between 258 

69.4 ± 48.3 µg g-1 and 174.9 ± 160.6 µg g-1. Also, it was notable that the concentration of NaOH-259 

Po increased from younger wetlands to older wetlands (Figure S1-D).  260 

 261 

3.2. Abundance of soil prokaryotes 262 

 263 

The bacterial 16S rRNA gene abundance ranged from 4.89 x 109 to 7.98 x 1010 copies g-1 dry 264 

weight (dw) across all studied sites (Figure 2-A) with significant differences between 265 

ecosystems. Highest abundances were at the corn site (3.97 x 1010 ± 1.62 x 109 copies g-1 dw) 266 

followed by Mayberry (2.73 x 1010 ± 1.45 x 109 copies g-1 dw) and West Pond (2.39 x 1010 ± 267 

8.03 x 109 copies g-1 dw). The abundance of bacterial 16S rRNA genes was significantly 268 

(p<0.01) lower in younger wetlands (Sherman Wetland and East End) and pasture. The archaeal 269 

16S rRNA gene abundance (range from 1.81 x 108 to 1.28 x 1010 copies g-1 dw across all study 270 

sites) was significantly higher in Mayberry (5.51 x 109 ± 3.13 x 109 copies g-1 dw), West Pond 271 

(4.00 x 109 ± 1.01 x 109 copies g-1 dw) and corn (3.54 x 109 ± 1.99 x 109 copies g-1 dw) than in 272 

East End, Sherman Wetland and pasture (4.13 x 108 to 1.51 x 109 copies g-1 dw; Figure 2-B). 273 

Like the bacterial abundance, the abundance of archaeal communities was also highest in 274 

Mayberry and West Pond wetlands and corn.   275 

 276 

3.3. Abundance of nitrogen cycling microbes 277 

  278 

The abundance of N transforming genes showed a lot of variation in different ecosystems. The 279 

bacterial and archaeal amoA, nirK, nirS, nosZI, nosZII, and nifH genes were detected in all study 280 

sites, whereas nrfA and ANAMMOX-specific 16S rRNA genes were absent at some sites (Figure 281 

2 and 3).  282 
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The highest abundance of bacterial amoA genes was seen in Sherman Wetland (1.94 x 107 ± 1.79 283 

x 107 copies g-1 dw) and corn (9.94 x 106 ± 8.53 x 106 copies g-1 dw). The abundance of archaeal 284 

amoA genes was highest at the corn site (1.63 x 108 ± 9.62 x 107 copies g-1 dw), where the 285 

average abundance was up to three orders of magnitude higher than all other sites (Figure 2 C-D; 286 

p<0.001). Overall, the abundance of archaeal amoA genes was significantly (p<0.01) higher than 287 

bacterial amoA genes in all sites except Sherman Wetland where the abundance of bacterial 288 

amoA genes was two orders of magnitude higher.  289 

Of the genes coding for nitrite reductase in denitrification, nirK genes were overall more 290 

abundant (2.07 x 108 to 5.87 x 109 copies g-1 dw) than nirS genes (2.02 x 107 to 3.59 x 108 copies 291 

g-1 dw; Figure 2 E-F). In Figure 3-E, the abundance of nirK genes at the corn site significantly 292 

(p<0.001) exceeded the abundance of nirK genes from other sites (Figure 2-E, Figure 3, Figure 293 

S3) but also the abundance of all other N transforming target genes. Each of the nir genes 294 

significantly (p<0.01) outnumbered nrfA genes that are responsible for the nitrate reduction to 295 

ammonia. In addition, nrfA genes were not detected at East End and in more than half of the 296 

West Pond soil samples (Figure 2-J). While nir genes were most abundant at the corn site, the 297 

nrfA gene was most abundant at the Pasture site and then followed by the corn (Figure 2-J, 298 

Figure 3). In wetland sites the abundance of nrfA gene was low and mostly associated with 299 

Mayberry and Sherman Wetland (Figure 2-J). Both clades of N2O reducers, harboring either 300 

nosZI or nosZII genes, were present at all sites (Figure 2 G-H). However, the nosZII gene 301 

abundance dominated over nosZI genes in all soil samples. It was also observed that the 302 

abundance of nosZII genes showed an increasing trend among the wetlands from youngest to 303 

oldest. When comparing the genes encoding N2O reduction (nosZI + nosZII) to the genes 304 

encoding denitrification nitrite reduction (nirS + nirK), the ratio was lower in Mayberry, West 305 

Pond, alfalfa, and corn, whereas the ratio was significantly (p<0.01) higher at the Sherman 306 

Wetland, East End, and pasture.  307 

The abundance of nifH gene, which is the most widely used marker gene to identify N-fixing 308 

bacteria and archaea ranged from 1.73 x 105 to 4.97 x 109 copies g-1 dw (0.004% to 6.23% of the 309 

bacterial 16S rRNA bacteria) across the sites (Figure 2-I and Figure S3). The nifH gene was 310 

significantly more abundant (p<0.001) at the wetland sites than in pasture, alfalfa, and corn 311 

(Figure 3), however among the wetland sites, significant differences were only between 312 

Mayberry and West Pond (p<0.001).   313 
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The abundance of the ANAMMOX-specific 16S rRNA genes from microbes responsible for 314 

anaerobic ammonium oxidation (ANAMMOX) was low to absent at most sites except Mayberry 315 

(8.55 x 104 ± 1.30 x 105 copies g-1 dw). However, at Mayberry, the ANAMMOX-specific 16S 316 

rRNA gene abundance was highest in the open water channels where the abundance was two 317 

orders of magnitude higher (105 copies g-1 dw) than in the vegetated zone (103 copies g-1 dw). At 318 

the corn site, one of the soil samples showed a very high abundance (2.87 x 105 copies g-1 dw) 319 

that was comparable with the abundance seen in open water channel sediments at Mayberry. 320 

While the average soil moisture at the corn site was 0.32 m3 m-3, the sample with the high 321 

abundance of ANAMMOX-specific 16S rRNA genes showed moisture of 0.75 m3 m-3, which 322 

probably created an anaerobic zone. From all other sites, there were two soil samples at the West 323 

Pond and Sherman Wetland that also showed some abundance (in the range of 103 copies g-1 324 

dw), although all samples from these sites had similar moisture levels. 325 

 326 
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 327 

Figure 2. Box plots of the abundances (copies g-1 dw-1) of the bacterial and archaeal 16S rRNA 328 

genes (A, B, respectively), as well as the measured functional genes (C-J) from the restored 329 

wetlands, pasture, and corn sites. The central line is the median, black square is the mean, edges 330 

of the box are the 25th and 75th percentiles and the whiskers represent the 95% confidence 331 
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interval. Blue, green and orange dots represent the environmental conditions where samples were 332 

collected.  333 

 334 

Figure 3. Average target gene proportions in percent in different land use types in the Delta. 335 

 336 

3.3. Relationship between target genes and soil parameters 337 

  338 

The principal component analysis (PCA) significantly differentiated pasture, corn, alfalfa, and 339 

wetland sites, while the difference between wetlands vegetated and open-water areas was less 340 

evident (Figure 4-A). However, differences were observable between older wetlands (8 and 21 341 

y.o.) and younger wetlands (3 and 5 y.o.; Figure 4-B). Older wetlands and corn differed from 342 

pasture and younger wetlands mainly by soil C and N content and the abundance of bacterial and 343 

archaeal 16S rRNA, nirS and nirK genes. The abundance of nosZI, nosZII, bacterial amoA and 344 

nrfA genes were positively related with each other but at the same time negatively related to the 345 

C/N ratio and water table. The availability of Fe, Al and Mn was highest in the pasture site and 346 

showed negative relationships with the abundance of nifH genes and soil pH. Overall, the N 347 

transforming genes, particularly those responsible for denitrification, nitrification and DNRA 348 
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were highest in the agricultural sites, whereas N fixation and ANAMMOX was strongly 349 

associated with the wetland sites (Figure 4-C).  350 

 351 

 352 

Figure 4. Ordination plots with 95% confidence ellipses based on principal component analysis 353 

(PCA) grouping sites and variables based on land management (A), the age of the restored 354 

wetlands (B), and soil physical, chemical and microbial parameters (C). 355 

 356 

Spearman’s rank correlation showed that bacterial amoA, archaeal amoA, nirK, nirS, nrfA, 357 

bacterial 16S rRNA and archaeal 16S rRNA genes had a significant positive correlation with soil 358 

pH in vegetated zones. In contrast, this correlation did not occur in open water zones, corn and 359 

pasture sites (Table S2). Soil C and N content had positive correlations with most of the N 360 

cycling genes in both vegetated and open water zones, but as like with pH, no correlation was 361 

observable in corn and pasture sites. In vegetated zones, Al had a significant negative correlation 362 

with nirK, nirS, bacterial amoA, archaeal amoA and archaeal 16S rRNA genes, while in open 363 
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water zones and agricultural sites, it did not affect the gene abundances. On the other hand, Fe 364 

had a significant negative effect on the abundance of nirK and nirS genes in both vegetated and 365 

open water zones. It also had a significant negative correlation with the abundance of bacterial 366 

and archaeal 16S rRNA genes in vegetated zones. From analyzed P compounds, we detected that 367 

NaHCO3-Pi and NaOH-Pi had both significant negative correlations with archaeal amoA and 368 

archaeal 16S rRNA gene abundances in vegetated zones. On the other hand, in open water zones, 369 

both of these genes were positively correlated with NaOH-Po (Table S2).  370 

 371 

4.     Discussion 372 

Nitrous oxide is the third most important well-mixed greenhouse gas, and its concentration in the 373 

atmosphere is strongly related to land management. Here we analyzed how the abundance of N-374 

cycling genes changes from intensively managed agricultural sites to restored wetlands of 375 

different ages in the Delta. Due to the extensive drainage, water table fluctuations, and fertilizer 376 

use, many agricultural sites in the Delta have been revealed to be significant N2O sources 377 

(Deverel et al., 2017; Hemes et al., 2019; Teh et al., 2011). At the same time, restored and 378 

natural marshes in the Delta have shown negligible N2O emissions (McNicol et al., 2017; Pärn et 379 

al., 2018) or even to be small sinks (Windham-Myers et al., 2018). Apart from management 380 

practices, several studies have concluded that the most important physico-chemical factors 381 

controlling N2O emissions from drained organic soils are soil nitrate content, soil moisture, pH, 382 

and temperature (Liang et al., 2018; Yang and Silver, 2016).  383 

The abundance of denitrification genes had a clear correlation with soil C and N content, both of 384 

which are important elements for denitrification. Another factor promoting denitrification in the 385 

Delta soils is the mean air temperature, which was above 14°C in all studied sites in 2018. The 386 

mean soil temperature even exceeded the mean air temperature at the dry and open water sites. 387 

Braker et al., (2010) showed that denitrification activity increased linearly from 4 to 25°C in 388 

incubated agricultural soils. They also noted that microbial activity did not increase after 389 

incubation at 37°C compared with 25°C, indicating an optimum temperature between 25-35°C. 390 

Other studies have also reported similar optimum temperatures (Kesik et al., 2006; Saad and 391 

Conrad, 1993; Saleh-Lakha et al., 2009). While the mean annual temperature at the Delta is 392 

below optimum, the summer and early autumn temperatures are significantly higher. For 393 

example, topsoil temperature measurements before sampling from a weeklong period showed 394 
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that the average temperatures at the alfalfa, corn, and pasture were 25.5°C, 23.1°C and 22.9°C, 395 

respectively with a corresponding maximum temperature of 38.4°C, 48.5°C and 31.6°C. At the 396 

same time, wetland soils showed significantly lower temperatures where the average values were 397 

between 17.6°C to 20.5°C and maximum values between 18.1°C to 30.1°C. The highest 398 

temperature was recorded at Sherman Wetland with extensive open and shallow water areas. 399 

Therefore, the Delta agricultural soils provide ideal conditions for denitrification, while the 400 

wetland sites are below optimum. Similar temperature regimes have been shown by (Hemes et 401 

al., 2018b), where restored wetlands had the potential to cool daytime surface temperature by up 402 

to 5.1°C as compared to a dominant drained agricultural land use. Hence, the wetlands systems 403 

can inhibit denitrification activity with lower temperatures.   404 

In addition to temperature, soil pH is another factor affecting successful denitrification (Baggs et 405 

al., 2010). Previous studies have shown that the optimal pH for denitrification is between 7.0 to 406 

8.0 (Knowles, 1982; Saleh-Lakha et al., 2009). The pH at the Delta sites was lower, with the 407 

highest values at Mayberry and Sherman Wetland, where the mean was close to 7. On the other 408 

hand, agricultural sites showed a more acidic condition, where the mean pH values were between 409 

4.78 to 5.55, being lowest at the pasture site. Many studies have reported that acidic soils have 410 

lower relative N2O reduction activities, resulting in higher N2O/N2 product ratios and, therefore, 411 

promoting N2O emission from soils (Liu et al., 2010; ŠImek and Cooper, 2002; Dörsch et al., 412 

2012).  413 

The abundance of denitrifying genes nirK and nirS was highest at the corn site, indicating a high 414 

N2O production and emission potential. High N2O emissions from corn and alfalfa sites at the 415 

Delta have been shown by Hemes et al., (2019), where the mean annual emissions were 3.28 ± 416 

0.12 g N2O-N m-2 yr-1 and 0.51 ± 0.07 g N2O-N m-2 yr-1, respectively. N2O measurements over 417 

alfalfa and corn fields in Canada showed similar results where corn was almost four times higher 418 

source than alfalfa (Wagner-Riddle et al., 2011). On the other hand, study carried out by 419 

McNicol et al., (2017) showed that Mayberry wetland has negligible N2O emissions. Overall, 420 

from the abundance nir genes, the abundance of nirK gene significantly outnumbered the 421 

abundance of most N cycling genes in studied ecosystems and was especially high at the corn 422 

site (Figure S3). At the corn site, even the abundance of nosZI and nosZII genes was also 423 

relatively high. Jones et al., (2013) also saw that both clades of nosZ genes were found in 424 

different environments, including lake sediments and drained agricultural soils. The high 425 
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quantity of denitrification genes at the corn site could be related to the irrigation systems and 426 

winter flooding practices that create occasionally or seasonally wet and anaerobic conditions. 427 

The specific corn cultivation cycle is often divided into three periods in the Delta: a short 428 

growing season followed by fallow and flooding (for wintertime bird habitat). Flooding has been 429 

shown to temporarily significantly increase N2O emissions (McNicol and Silver, 2014; Anthony 430 

et al., in prep.). Therefore, flooding could provide suitable anaerobic conditions for microbes 431 

with nosZI and nosZII genes and potential N2O reduction to N2 for a third of the year. However, 432 

the ratio of nosZ (nosZI + nosZII) genes to nir (nirK + nirS) genes was very low at the corn site 433 

compared with all other sites, indicating that incomplete denitrification and high N2O emissions 434 

are more likely to take place than complete denitrification (Ligi et al., 2014). Studies have also 435 

shown that the N2O sink capacity increases with the ratio of nosZII/nosZI abundance (Jones et 436 

al., 2014), suggesting that the pasture and Mayberry sites might have the highest potential for 437 

N2O reduction to N2, while Sherman Wetland and corn probably have the lowest. Jones et al., 438 

(2014) also noted that nosZ clade II genes were influenced more by low pH than nosZ clade I 439 

genes, which was observable at the corn site where nosZII gene abundance was significantly 440 

lower than nosZI gene abundance.   441 

The abundance of nitrification genes was also notable at the Delta sites. AOB had a lower 442 

abundance in most of the sites than AOA, except in the Sherman Wetland. The lower abundance 443 

of AOB in wetland sediments has been shown by many other studies (Cao et al., 2011; He et al., 444 

2018), which could be related to the lower dissolved oxygen concentration in wetlands with low 445 

water flow rates (Kayee et al., 2011; Limpiyakorn et al., 2013). Sherman Wetland with large 446 

shallow open water areas is more aerated and provides a suitable habitat for AOB. In addition, 447 

the average ratio of AOB to AOA was also significantly higher in Sherman Wetland compared 448 

with other sites. Some authors have shown that AOA prefers low-nutrient soils, whereas AOB is 449 

dominant in high-nutrient soils (Pratscher et al., 2011; Verhamme et al., 2011). Surprisingly in 450 

our case, AOB was highly abundant in a Sherman Wetland, which had the lowest amount of N 451 

and P. On the other hand, AOB prefers soils with a lower C/N ratio, as was seen in Sherman 452 

Wetland, which was one of the first islands in the Delta that was drained and used for cultivation 453 

and has the lowest layer of organic soils. This has resulted in fast and extensive decomposition 454 

and loss of C. All other wetland and agricultural sites experienced higher C/N ratios and hence 455 
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lower AOB abundances. Similar results have been shown by Regan et al., (2017) in grassland 456 

soils and by Truu et al., (2020) in forest soils.   457 

The abundance of nrfA gene responsible for the DNRA process was highest at the pasture site 458 

and almost absent at the West Pond and East End. The high abundance of nrfA gene in pasture 459 

soils is recently described by Friedl et al., (2018). They showed that high labile C availability 460 

under perennial pasture upon re-wetting increases heterotrophic soil respiration, reduces the soil 461 

redox potential, and shifts NO3
- consumption from denitrification to DNRA. Therefore, re-462 

wetting, which happens during late summer at the pasture, might be the main driver for the 463 

DNRA. However, the pasture site also had a relatively high concentration of Fe, and a recent 464 

study by Robertson et al., (2016) showed that DNRA might be linked to ferrous iron oxidation; 465 

nevertheless, this process has not sufficiently studied in natural ecosystems. Re-wetting of the 466 

fallow field in autumn could also explain the abundance of nrfA gene at the corn site, which also 467 

has a high availability of C. On the other hand, the ratio of nrfA/nir was significantly higher at 468 

the pasture than corn site, which indicates that DNRA could be more likely at the pasture site 469 

following re-wetting. Putz et al., (2018) noted that DNRA was lower in more fertilized soils, 470 

which would explain the difference at the nutrient-rich corn site compared to pasture.  471 

The abundance of ANAMMOX bacteria was highest in the Mayberry open water channels, 472 

which are much deeper than the surrounding vegetated zones. Deeper zones in the wetland could 473 

provide more consistent anaerobic conditions as vegetated areas will transport oxygen to the soil. 474 

Mayberry is also occasionally affected by saltwater intrusion, and since ANAMMOX bacteria 475 

are adapted to saline conditions, this condition could also favor their abundance. For example, 476 

Dapena-Mora et al., (2007) showed that higher concentrations of NaCl freshwater did not inhibit 477 

ANAMMOX bacteria and Windey et al., (2005) indicated that freshwater ANAMMOX strains 478 

could gradually adapt to high salt contents in water. Although the ANAMMOX bacteria were 479 

almost absent at the corn site, they were found in one sampling spot with high soil moisture 480 

content. This could indicate that when the corn site is flooded in the autumn, it can provide a 481 

suitable environment for the ANAMMOX bacteria. Another possible cause for low abundance is 482 

that only the top layer of the soils was sampled (0-15 cm), which would miss ANAMMOX 483 

bacteria if more abundant in deeper layers. For example, Humbert et al., (2012) indicated that 484 

ANAMMOX bacteria were few or absent in the topsoil (0-10 cm) but increased significantly 485 

with soil depth. Previous studies have indicated that oxygenation of topsoil’s, competition for 486 
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inorganic N by plants, or heterotrophic nitrate- and nitrite-reducing bacteria can limit the 487 

abundance of ANAMMOX bacteria in upper soil layers (Xu et al., 2011).  488 

The high abundance of nifH genes in the wetlands indicated that microbial N-fixation is an 489 

important process for acquiring N. The abundance of nifH genes is often high in presence of 490 

Azolla spp. (mosquito fern) (Ekman et al., 2008), which is found extensively in the Delta 491 

wetlands (Miller and Fujii, 2010; Valach et al., 2021). The symbiotic relationship with the 492 

cyanobacterium Anabaena azolae and Azolla spp. can fix large amounts of atmospheric N 493 

(Carrapiço, 2010), providing additional input to the system. East End and Mayberry have shown 494 

the highest growth of Azolla and represent the highest abundance of the nifH marker gene used to 495 

identify N-fixers (Silva et al., 2013). At the time of sampling, all the open water patches at East 496 

End were covered with floating Azolla mats, while at Mayberry, the mats were more common in 497 

areas with slow-flowing water, such as within vegetation stands. Since Azolla are found in still 498 

water with little flow (Trindade et al., 2011), there were few mats at Sherman Wetland, as the 499 

large open water areas are frequently disturbed by the wind. On the other hand, West Pond has 500 

very dense vegetation, making it also a less preferred habitat for Azolla, consistent with lower 501 

nifH gene abundance. The corn site showed a lower abundance of nifH genes, most likely due to 502 

the already available N that is added to the field during fertilization as well as the lack of 503 

symbiosis with N fixing bacteria. Although the nifH gene abundance was also relatively low in 504 

alfalfa soil samples, we can still estimate that close to the root zone, the abundance is probably 505 

slightly higher as alfalfa is yielding 5 - 7 harvests in a single year in a very poor soil condition. 506 

As the soil is low in both C and N, then the N fixation by microbes and mineral fertilizer addition 507 

is essential for a high production rate. At the same time frequent harvesting does not allow plants 508 

to enrich the soil with C and N; therefore, growing any other crop is challenging. Low N content 509 

in the soil probably also limited denitrification and N2O production, which is concordant with 510 

(Rochette et al., 2004). Another factor that could reduce the abundance of nifH gene abundance 511 

in alfalfa soils is relatively low pH. The major process leading to low pH during N cycling in 512 

soils is the imbalance of cation over anion uptake in the rhizosphere of plants that are actively 513 

fixing N2 (Bolan et al., 1991). When pH decreases below 6.5, it will reduce the ability of alfalfa 514 

plants to fix N2 (Rice et al., 1977). At the pasture site, the soil pH was even lower than at the 515 

alfalfa and corn site, with a mean value of 4.8. Therefore, the low nifH gene abundance at the 516 
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pasture site will show that atmospheric N fixation is negligible, and cattle grazing could be 517 

currently the main N input source (Wang et al., 2019).  518 

Another important factor controlling N2O emissions is the soil C/N ratio. According to several 519 

studies, the highest N2O emissions occur when soil C/N ratio is between 10-20:1, indicating that 520 

Delta soils, especially corn, have a high potential to emit N2O (Klemedtsson et al., 2005; Mu et 521 

al., 2014; Pärn et al., 2018). Drained soils provide ideal conditions for corn cultivation as C and 522 

N content is high. However, due to the aerobic conditions, organic matter and N will be lost as 523 

CO2 (oxidation) and N2O (incomplete denitrification), and what is left is acidic ecosystem with 524 

low nutrient and C content, which can be used either for alfalfa cultivation or for pasture (e.g. 525 

Sherman pasture before restored to Sherman Wetland; Baldocchi et al., (2012). Therefore, when 526 

drained and still rich in C, the agricultural sites are significant sources of CO2 and N2O (Hemes 527 

et al., 2019). On the other hand, based on the abundance of N transforming genes, we saw that 528 

wetland restoration will reduce the N2O production potential. Hence, the wetland restoration can 529 

be suggested as an important climate mitigation measure to capture C and reduce the N2O 530 

emissions. However, once wetland restoration projects are completed, they must be maintained 531 

to avoid potentially large N2O emissions (Lugato et al., 2018), as these systems are also effective 532 

to fix atmospheric N2.  533 

 534 

5.     Conclusions 535 

 536 

Drained and fertilized agricultural sites are globally important N2O sources, and their 537 

contribution to emissions of this ozone-depleting greenhouse gas is increasing annually as more 538 

land is converted for agricultural use. Our research has shown that the highest N2O production 539 

potential in the studied Delta ecosystems is from the intensively managed organic-rich 540 

agricultural sites. The abundance of nirS and nirK genes at the organic-rich corn site 541 

significantly exceeded the abundance at all other sites. At the same time, the abundance of nosZ 542 

genes at the corn site were significantly outnumbered by nir genes. This clearly shows that Delta 543 

agricultural sites rich in organic compounds have a high potential to be large N2O sources, 544 

exacerbating negative climate effects. Our results also confirmed the second hypothesis that 545 

wetland restoration would increase the abundance of N2O reducers and decrease the abundance 546 

of ammonia oxidizers, leading to lower N2O production potential. In addition, wetlands will help 547 
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keep the soil temperatures much lower than agricultural sites, reducing the potential N2O 548 

production as temperatures are below optimum for denitrification and nitrification even during 549 

the hottest days in summer. Therefore, wetland restoration is a promising solution to mitigate 550 

N2O emissions from intensively managed arable lands. 551 

 552 

 553 

6.     Acknowledgements  554 

 555 

This work was supported by the California Department of Water Resources through a contract 556 

from the California Department of Fish and Wildlife and the United States Department of 557 

Agriculture (NIFA grant #2011-67003-30371). Funding for the AmeriFlux core sites was 558 

provided by the U.S. Department of Energy’s Office of Science (AmeriFlux contract #7079856) 559 

and the aerial images and footprint mapping was funded by the Delta Science Program grant 560 

#R/SF-52. This research was supported by the Estonian Research Council (grants no PSG631, 561 

PRG352 and MOBERC20) and by the European Union (EU) through the European Regional 562 

Development Fund (Centre of Excellence EcolChange). The work conducted by the U.S. 563 

Department of Energy Joint Genome Institute, a DOE Office of Science User Facility, is 564 

supported by the Office of Science of the U.S. Department of Energy under Contract No. DE-565 

AC02-05CH11231. 566 

All Delta sites used in this analysis are part of the Ameriflux network, with data available at 567 

http://ameriflux.lbl.gov/.  568 

 569 

 570 

 571 

7.     References 572 

 573 

 574 

Baggs, E.M., Smales, C.L., Bateman, E.J., 2010. Changing pH shifts the microbial source as well 575 

as the magnitude of N2O emission from soil. Biol.Fert.Soil. 46, 793–805. 576 

https://doi.org/10.1007/s00374-010-0484-6 577 

Baldocchi, D., Detto, M., Sonnentag, O., Verfaillie, J., Teh, Y.A., Silver, W., Kelly, N.M., 2012. 578 

The challenges of measuring methane fluxes and concentrations over a peatland pasture. 579 

Agricultural and Forest Meteorology, Land-Atmosphere Interactions: Advances in 580 



 23

Measurement, Analysis, and Modeling – A Tribute to T. Andrew Black 153, 177–187. 581 

https://doi.org/10.1016/j.agrformet.2011.04.013 582 

Bolan, N.S., Hedley, M.J., White, R.E., 1991. Processes of soil acidification during nitrogen 583 

cycling with emphasis on legume based pastures. Plant Soil 134, 53–63. 584 

https://doi.org/10.1007/BF00010717 585 

Braker, G., Schwarz, J., Conrad, R., 2010. Influence of temperature on the composition and 586 

activity of denitrifying soil communities. FEMS Microbiology Ecology 73, 134–148. 587 

https://doi.org/10.1111/j.1574-6941.2010.00884.x 588 

Cao, H., Li, M., Hong, Y., Gu, J.-D., 2011. Diversity and abundance of ammonia-oxidizing 589 

archaea and bacteria in polluted mangrove sediment. Syst Appl Microbiol 34, 513–523. 590 

https://doi.org/10.1016/j.syapm.2010.11.023 591 

Carrapiço, F., n.d. Azolla as a Superorganism. Its Implication in Symbiotic Studies. Cellular 592 

Origin, Life in Extreme Habitats and Astrobiology 225–241. 593 

Chamberlain, S.D., Anthony, T.L., Silver, W.L., Eichelmann, E., Hemes, K.S., Oikawa, P.Y., 594 

Sturtevant, C., Szutu, D.J., Verfaillie, J.G., Baldocchi, D.D., 2018. Soil properties and 595 

sediment accretion modulate methane fluxes from restored wetlands. Glob Chang Biol  596 

Dapena-Mora, A., Fernández, I., Campos, J.L., Mosquera-Corral, A., Méndez, R., Jetten, 597 

M.S.M., 2007. Evaluation of activity and inhibition effects on Anammox process by 598 

batch tests based on the nitrogen gas production. Enzyme and Microbial Technology 4, 599 

859–865. https://doi.org/10.1016/j.enzmictec.2006.06.018 600 

Deverel, S., Jacobs, P., Lucero, C., Dore, S., Kelsey, T.R., 2017. Implications for Greenhouse 601 

Gas Emission Reductions and Economics of a Changing Agricultural Mosaic in the 602 

Sacramento–San Joaquin Delta. San Francisco Estuary and Watershed Science 15. 603 

https://doi.org/10.15447/sfews.2017v15iss3art2 604 

Dörsch, P., Braker, G., Bakken, L.R., 2012. Community-specific pH response of denitrification: 605 

experiments with cells extracted from organic soils. FEMS Microbiol Ecol 79, 530–541. 606 

https://doi.org/10.1111/j.1574-6941.2011.01233.x 607 

Dray, S., Dufour, A.-B., 2007. The ade4 Package: Implementing the Duality Diagram for 608 

Ecologists. Journal of Statistical Software 22, 1–20. https://doi.org/10.18637/jss.v022.i04 609 

Drexler, J.Z., de Fontaine, C.S., Deverel, S.J., 2009. The legacy of wetland drainage on the 610 

remaining peat in the Sacramento — San Joaquin Delta, California, USA. Wetlands 29, 611 

372–386. https://doi.org/10.1672/08-97.1 612 

Eichelmann, E., Hemes, K.S., Knox, S.H., Oikawa, P.Y., Chamberlain, S.D., Sturtevant, C., 613 

Verfaillie, J., Baldocchi, D.D., 2018. The effect of land cover type and structure on 614 

evapotranspiration from agricultural and wetland sites in the Sacramento–San Joaquin 615 

River Delta, California. Agricultural and Forest Meteorology 256–257, 179–195. 616 

https://doi.org/10.1016/j.agrformet.2018.03.007 617 

Ekman, M., Tollbäck, P., Bergman, B., 2008. Proteomic analysis of the cyanobacterium of the 618 

Azolla symbiosis: identity, adaptation, and NifH modification. Journal of Experimental 619 

Botany 59, 1023–1034. https://doi.org/10.1093/jxb/erm282 620 

Espenberg, M., Truu, M., Mander, Ü., Kasak, K., Nõlvak, H., Ligi, T., Oopkaup, K., Maddison, 621 

M., Truu, J., 2018. Differences in microbial community structure and nitrogen cycling in 622 

natural and drained tropical peatland soils. Scientific Reports 8, 4742. 623 

https://doi.org/10.1038/s41598-018-23032-y 624 

Firestone, M.K., Firestone, R.B., Tiedje, J.M., 1980. Nitrous Oxide from Soil Denitrification: 625 

Factors Controlling its Biological Production. Science 208, 749–751. 626 



 24

Friedl, J., De Rosa, D., Rowlings, D., Grace, P., Muller, C., Scheer, C., 2018. Dissimilatory 627 

nitrate reduction to ammonium (DNRA), not denitrification dominates nitrate reduction 628 

in subtropical pasture soils upon rewetting. Soil Biology and Biochemistry 125, 340–349. 629 

Graham, R.C., O’Geen, A.T., 2010. Soil mineralogy trends in California landscapes. Geoderma 630 

154, 418–437. https://doi.org/10.1016/j.geoderma.2009.05.018 631 

Han, P., Huang, Y.-T., Lin, J.-G., Gu, J.-D., 2013. A comparison of two 16S rRNA gene-based 632 

PCR primer sets in unraveling anammox bacteria from different environmental samples. 633 

Appl Microbiol Biotechnol 97, 10521–10529. https://doi.org/10.1007/s00253-013-5305-z 634 

Hartman, W.H., Ye, R., Horwath, W.R., Tringe, S.G., 2017. A genomic perspective on 635 

stoichiometric regulation of soil carbon cycling. ISME J 11, 2652–2665. 636 

https://doi.org/10.1038/ismej.2017.115 637 

He, H., Zhen, Y., Mi, T., Fu, L., Yu, Z., 2018. Ammonia-Oxidizing Archaea and Bacteria 638 

Differentially Contribute to Ammonia Oxidation in Sediments from Adjacent Waters of 639 

Rushan Bay, China. Front. Microbiol. 9. https://doi.org/10.3389/fmicb.2018.00116 640 

Hemes, K.S., Chamberlain, S.D., Eichelmann, E., Anthony, T., Valach, A., Kasak, K., Szutu, D., 641 

Verfaillie, J., Silver, W.L., Baldocchi, D.D., 2019. Assessing the carbon and climate 642 

benefit of restoring degraded agricultural peat soils to managed wetlands. Agricultural 643 

and Forest Meteorology 268, 202–214. https://doi.org/10.1016/j.agrformet.2019.01.017 644 

Hemes, K.S., Chamberlain, S.D., Eichelmann, E., Knox, S.H., Baldocchi, D.D., 2018a. A 645 

Biogeochemical Compromise: The High Methane Cost of Sequestering Carbon in 646 

Restored Wetlands. Geophysical Research Letters 45, 6081–6091. 647 

https://doi.org/10.1029/2018GL077747 648 

Hemes, K.S., Eichelmann, E., Chamberlain, S.D., Knox, S.H., Oikawa, P.Y., Sturtevant, C., 649 

Verfaillie, J., Szutu, D., Baldocchi, D.D., 2018b. A Unique Combination of Aerodynamic 650 

and Surface Properties Contribute to Surface Cooling in Restored Wetlands of the 651 

Sacramento-San Joaquin Delta, California. Journal of Geophysical Research: 652 

Biogeosciences 123, 2072–2090. https://doi.org/10.1029/2018JG004494 653 

Humbert, S., Zopfi, J., Tarnawski, S.-E., 2012. Abundance of anammox bacteria in different 654 

wetland soils. Environmental Microbiology Reports 4, 484–490. 655 

https://doi.org/10.1111/j.1758-2229.2012.00347.x 656 

Jones, C.M., Graf, D.R., Bru, D., Philippot, L., Hallin, S., 2013. The unaccounted yet abundant 657 

nitrous oxide-reducing microbial community: a potential nitrous oxide sink. The ISME 658 

Journal 7, 417–426. https://doi.org/10.1038/ismej.2012.125 659 

Jones, C.M., Spor, A., Brennan, F.P., Breuil, M.-C., Bru, D., Lemanceau, P., Griffiths, B., 660 

Hallin, S., Philippot, L., 2014. Recently identified microbial guild mediates soil N 2 O 661 

sink capacity. Nature Climate Change 4, 801–805. https://doi.org/10.1038/nclimate2301 662 

Kayee, P., Sonthiphand, P., Rongsayamanont, C., Limpiyakorn, T., 2011. Archaeal amoA genes 663 

outnumber bacterial amoA genes in municipal wastewater treatment plants in Bangkok. 664 

Microb Ecol 62, 776–788. https://doi.org/10.1007/s00248-011-9893-9 665 

Kesik, M., Blagodatsky, S., Papen, H., Butterbach‐Bahl, K., 2006. Effect of pH, temperature and 666 

substrate on N2O, NO and CO2 production by Alcaligenes faecalis p. Journal of Applied 667 

Microbiology 101, 655–667. https://doi.org/10.1111/j.1365-2672.2006.02927.x 668 

Klemedtsson, L., Arnold, K.V., Weslien, P., Gundersen, P., 2005. Soil CN ratio as a scalar 669 

parameter to predict nitrous oxide emissions. Global Change Biology 11, 1142–1147. 670 

https://doi.org/10.1111/j.1365-2486.2005.00973.x 671 

Knowles, R., 1982. Denitrification. Microbiol Rev 46, 43–70. 672 



 25

Kuypers, M.M.M., Marchant, H.K., Kartal, B., 2018. The microbial nitrogen-cycling network. 673 

Nature Reviews Microbiology 16, 263–276. https://doi.org/10.1038/nrmicro.2018.9 674 

Liang, L.L., Campbell, D.I., Wall, A.M., Schipper, L.A., 2018. Nitrous oxide fluxes determined 675 

by continuous eddy covariance measurements from intensively grazed pastures: 676 

Temporal patterns and environmental controls. Agriculture, ecosystems & environment. 677 

Ligi, T., Truu, M., Oopkaup, K., Nõlvak, H., Mander, Ü., Mitsch, W.J., Truu, J., 2015. The 678 

genetic potential of N2 emission via denitrification and ANAMMOX from the soils and 679 

sediments of a created riverine treatment wetland complex. Ecological Engineering, 680 

Special Issue: 5th international Symposium on Wetland Pollutant Dynamics and Control 681 

80, 181–190. https://doi.org/10.1016/j.ecoleng.2014.09.072 682 

Ligi, T., Truu, M., Truu, J., Nõlvak, H., Kaasik, A., Mitsch, W.J., Mander, Ü., 2014. Effects of 683 

soil chemical characteristics and water regime on denitrification genes (nirS, nirK, and 684 

nosZ) abundances in a created riverine wetland complex. Ecological Engineering, The 685 

Olentangy River Wetland Research Park: Two Decades of Research on Ecosystem 686 

Services 72, 47–55. https://doi.org/10.1016/j.ecoleng.2013.07.015 687 

Liimatainen, M., Voigt, C., Martikainen, P., Hytönen, J., Regina, K., Oskarsson, H., Maljanen, 688 

M., 2018. Factors controlling nitrous oxide emissions from managed northern peat soils 689 

with low carbon to nitrogen ratio. https://doi.org/10.1016/j.soilbio.2018.04.006 690 

Limpiyakorn, T., Fürhacker, M., Haberl, R., Chodanon, T., Srithep, P., Sonthiphand, P., 2013. 691 

amoA-encoding archaea in wastewater treatment plants: a review. Appl Microbiol 692 

Biotechnol 97, 1425–1439. https://doi.org/10.1007/s00253-012-4650-7 693 

Liu, B., Mørkved, P.T., Frostegård, A., Bakken, L.R., 2010. Denitrification gene pools, 694 

transcription and kinetics of NO, N2O and N2 production as affected by soil pH. FEMS 695 

Microbiol Ecol 72, 407–417. https://doi.org/10.1111/j.1574-6941.2010.00856.x 696 

Long, A., Heitman, J., Tobias, C., Philips, R., Song, B., 2013. Co-occurring anammox, 697 

denitrification, and codenitrification in agricultural soils. Appl Environ Microbiol 79, 698 

168–176. https://doi.org/10.1128/AEM.02520-12 699 

Lugato, E., Leip, A., Jones, A., 2018. Mitigation potential of soil carbon management 700 

overestimated by neglecting N 2 O emissions. Nature Climate Change 8, 219–223. 701 

https://doi.org/10.1038/s41558-018-0087-z 702 

McLean, E. O. (1982). Soil pH and Lime Requirement. In Page, A.L., Ed., Methods of Soil 703 

Analysis. Part 2. Chemical and Microbiological Properties, American Society of 704 

Agronomy, Soil Science Society of America, Madison, (pp. 199–224). 705 

McNicol, G., Knox, S.H., Guilderson, T.P., Baldocchi, D.D., Silver, W.L., 2020. Where old 706 

meets new: An ecosystem study of methanogenesis in a reflooded agricultural peatland. 707 

Glob Chang Biol 26, 772–785. https://doi.org/10.1111/gcb.14916 708 

McNicol, G., Silver, W.L., 2014. Separate effects of flooding and anaerobiosis on soil 709 

greenhouse gas emissions and redox sensitive biogeochemistry. Journal of Geophysical 710 

Research: Biogeosciences 119, 557–566. https://doi.org/10.1002/2013JG002433 711 

McNicol, G., Sturtevant, C.S., Knox, S.H., Dronova, I., Baldocchi, D.D., Silver, W.L., 2017. 712 

Effects of seasonality, transport pathway, and spatial structure on greenhouse gas fluxes 713 

in a restored wetland. Glob Chang Biol 23, 2768–2782. 714 

https://doi.org/10.1111/gcb.13580 715 

Miller, R.L., Fram, M., Fujii, R., Wheeler, G., 2008. Subsidence Reversal in a Re-established 716 

Wetland in the Sacramento-San Joaquin Delta, California, USA. San Francisco Estuary 717 

and Watershed Science 6. https://doi.org/10.15447/sfews.2008v6iss3art1 718 



 26

Miller, R.L., Fujii, R., 2010. Plant community, primary productivity, and environmental 719 

conditions following wetland re-establishment in the Sacramento-San Joaquin Delta, 720 

California. Wetlands Ecol Manage 18, 1–16. https://doi.org/10.1007/s11273-009-9143-9 721 

Mu, Z., Huang, A., Ni, J., Xie, D., 2014. Linking annual N2O emission in organic soils to 722 

mineral nitrogen input as estimated by heterotrophic respiration and soil C/N ratio. PLoS 723 

One 9, e96572. https://doi.org/10.1371/journal.pone.0096572 724 

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of 725 

phosphate in natural waters. Analytica Chimica Acta 27, 31–36. 726 

https://doi.org/10.1016/S0003-2670(00)88444-5 727 

Park, S., Croteau, P., Boering, K.A., Etheridge, D.M., Ferretti, D., Fraser, P.J., Kim, K.-R., 728 

Krummel, P.B., Langenfelds, R.L., van Ommen, T.D., Steele, L.P., Trudinger, C.M., 729 

2012. Trends and seasonal cycles in the isotopic composition of nitrous oxide since 1940. 730 

Nature Geoscience 5, 261–265. https://doi.org/10.1038/ngeo1421 731 

Pärn, J., Verhoeven, J.T.A., Butterbach-Bahl, K., Dise, N.B., Ullah, S., Aasa, A., Egorov, S., 732 

Espenberg, M., Järveoja, J., Jauhiainen, J., Kasak, K., Klemedtsson, L., Kull, A., 733 

Laggoun-Défarge, F., Lapshina, E.D., Lohila, A., Lõhmus, K., Maddison, M., Mitsch, 734 

W.J., Müller, C., Niinemets, Ü., Osborne, B., Pae, T., Salm, J.-O., Sgouridis, F., Sohar, 735 

K., Soosaar, K., Storey, K., Teemusk, A., Tenywa, M.M., Tournebize, J., Truu, J., Veber, 736 

G., Villa, J.A., Zaw, S.S., Mander, Ü., 2018. Nitrogen-rich organic soils under warm 737 

well-drained conditions are global nitrous oxide emission hotspots. Nature 738 

Communications 9, 1135. https://doi.org/10.1038/s41467-018-03540-1 739 

Pratscher, J., Dumont, M.G., Conrad, R., 2011. Ammonia oxidation coupled to CO2 fixation by 740 

archaea and bacteria in an agricultural soil. PNAS 108, 4170–4175. 741 

https://doi.org/10.1073/pnas.1010981108 742 

Putz, M., Schleusner, P., Rütting, T., Hallin, S., 2018. Relative abundance of denitrifying and 743 

DNRA bacteria and their activity determine nitrogen retention or loss in agricultural soil. 744 

Soil Biology and Biochemistry 123, 97–104. 745 

https://doi.org/10.1016/j.soilbio.2018.05.006 746 

Regan, K., Stempfhuber, B., Schloter, M., Rasche, F., Prati, D., Philippot, L., Boeddinghaus, 747 

R.S., Kandeler, E., Marhan, S., 2017. Spatial and temporal dynamics of nitrogen fixing, 748 

nitrifying and denitrifying microbes in an unfertilized grassland soil. Soil Biology &amp; 749 

Biochemistry 109, 214–226. 750 

Reyes, I., Torrent, J., 1997. Citrate-Ascorbate as a Highly Selective Extractant for Poorly 751 

Crystalline Iron Oxides. Soil Science Society of America Journal 61, 1647–1654. 752 

https://doi.org/10.2136/sssaj1997.03615995006100060015x 753 

RICE, W.A., PENNEY, D.C., NYBORG, M., 2011. EFFECTS OF SOIL ACIDITY ON 754 

RHIZOBIA NUMBERS, NODULATION AND NITROGEN FIXATION BY 755 

ALFALFA AND RED CLOVER. Canadian Journal of Soil Science. 756 

https://doi.org/10.4141/cjss77-024 757 

RStudio Team (2021). RStudio: Integrated Development Environment for R. RStudio, PBC, 758 

Boston, MA URL http://www.rstudio.com/ 759 

 760 

Robertson, E.K., Roberts, K.L., Burdorf, L.D.W., Cook, P., Thamdrup, B., 2016. Dissimilatory 761 

nitrate reduction to ammonium coupled to Fe(II) oxidation in sediments of a periodically 762 

hypoxic estuary. Limnology and Oceanography 61, 365–381. 763 

https://doi.org/10.1002/lno.10220 764 



 27

Rochette, P., Angers, D.A., Bélanger, G., Chantigny, M.H., Prévost, D., Lévesque, G., 2004. 765 

Emissions of N2O from Alfalfa and Soybean Crops in Eastern Canada. Soil Science 766 

Society of America Journal 68, 493–506. https://doi.org/10.2136/sssaj2004.4930 767 

Ruijter, J.M., Ramakers, C., Hoogaars, W.M.H., Karlen, Y., Bakker, O., van den Hoff, M.J.B., 768 

Moorman, A.F.M., 2009. Amplification efficiency: linking baseline and bias in the 769 

analysis of quantitative PCR data. Nucleic Acids Res 37, e45. 770 

https://doi.org/10.1093/nar/gkp045 771 

Saad, O.A.L.O., Conrad, R., 1993. Adaptation to Temperature of Nitric Oxide-Producing 772 

Nitrate-Reducing Bacterial Populations in Soil. Systematic and Applied Microbiology 16, 773 

120–125. https://doi.org/10.1016/S0723-2020(11)80256-0 774 

Saleh-Lakha, S., Shannon, K.E., Henderson, S.L., Goyer, C., Trevors, J.T., Zebarth, B.J., Burton, 775 

D.L., 2009. Effect of pH and Temperature on Denitrification Gene Expression and 776 

Activity in Pseudomonas mandelii. Appl. Environ. Microbiol. 75, 3903–3911. 777 

https://doi.org/10.1128/AEM.00080-09 778 

Schlegel, B., Domagalski, J.L., 2015. Riverine Nutrient Trends in the Sacramento and San 779 

Joaquin Basins, California: A Comparison to State and Regional Water Quality Policies. 780 

San Francisco Estuary and Watershed Science 13. 781 

https://doi.org/10.15447/sfews.2015v13iss4art2 782 

Silva, M.C.P. e, Schloter-Hai, B., Schloter, M., Elsas, J.D. van, Salles, J.F., 2013. Temporal 783 

Dynamics of Abundance and Composition of Nitrogen-Fixing Communities across 784 

Agricultural Soils. PLOS ONE 8, e74500. https://doi.org/10.1371/journal.pone.0074500 785 

ŠImek, M., Cooper, J.E., 2002. The influence of soil pH on denitrification: progress towards the 786 

understanding of this interaction over the last 50 years. European Journal of Soil Science 787 

53, 345–354. https://doi.org/10.1046/j.1365-2389.2002.00461.x 788 

Spiro, S., 2012. Nitrous oxide production and consumption: regulation of gene expression by 789 

gas-sensitive transcription factors. Philos Trans R Soc Lond B Biol Sci 367, 1213–1225. 790 

https://doi.org/10.1098/rstb.2011.0309 791 

Ta, J., Anderson, L.W.J., Christman, M.A., Khanna, S., Kratville, D., Madsen, J.D., Moran, P.J., 792 

Viers, J.H., 2017. Invasive Aquatic Vegetation Management in the Sacramento–San 793 

Joaquin River Delta: Status and Recommendations. San Francisco Estuary and 794 

Watershed Science 15. https://doi.org/10.15447/sfews.2017v15iss4art5 795 

Teh, Y.A., Silver, W.L., Sonnentag, O., Detto, M., Kelly, M., Baldocchi, D.D., 2011. Large 796 

Greenhouse Gas Emissions from a Temperate Peatland Pasture. Ecosystems 14, 311–325. 797 

https://doi.org/10.1007/s10021-011-9411-4 798 

Tian, H., Xu, R., Canadell, J.G., Thompson, R.L., Winiwarter, W., Suntharalingam, P., 799 

Davidson, E.A., Ciais, P., Jackson, R.B., Janssens-Maenhout, G., Prather, M.J., Regnier, 800 

P., Pan, N., Pan, S., Peters, G.P., Shi, H., Tubiello, F.N., Zaehle, S., Zhou, F., Arneth, A., 801 

Battaglia, G., Berthet, S., Bopp, L., Bouwman, A.F., Buitenhuis, E.T., Chang, J., 802 

Chipperfield, M.P., Dangal, S.R.S., Dlugokencky, E., Elkins, J.W., Eyre, B.D., Fu, B., 803 

Hall, B., Ito, A., Joos, F., Krummel, P.B., Landolfi, A., Laruelle, G.G., Lauerwald, R., Li, 804 

W., Lienert, S., Maavara, T., MacLeod, M., Millet, D.B., Olin, S., Patra, P.K., Prinn, 805 

R.G., Raymond, P.A., Ruiz, D.J., van der Werf, G.R., Vuichard, N., Wang, J., Weiss, 806 

R.F., Wells, K.C., Wilson, C., Yang, J., Yao, Y., 2020. A comprehensive quantification 807 

of global nitrous oxide sources and sinks. Nature 586, 248–256. 808 

https://doi.org/10.1038/s41586-020-2780-0 809 



 28

Tiessen, H., and Moir, J. O. (1993). Characterization of available P by sequential extraction. In 810 

M. R. Carter (Ed.). Soil sampling and methods of analysis, Canadian Society of Soil 811 

Science, Boca Raton, FL: Lewis Publishers, 75-86.  812 

Trindade, C.R.T., Albertoni, E.F., Palma-Silva, C., 2011. Temporal variation in the biomass and 813 

nutrient status of Azolla filiculoides Lam. (Salviniaceae) in a small shallow dystrophic 814 

lake. Acta Limnologica Brasiliensia 23, 368–375. https://doi.org/10.1590/S2179-815 

975X2012005000015 816 

Truu, M., Nõlvak, H., Ostonen, I., Oopkaup, K., Maddison, M., Ligi, T., Espenberg, M., Uri, V., 817 

Mander, Ü., Truu, J., 2020. Soil Bacterial and Archaeal Communities and Their Potential 818 

to Perform N-Cycling Processes in Soils of Boreal Forests Growing on Well-Drained 819 

Peat. Front. Microbiol. 11. https://doi.org/10.3389/fmicb.2020.591358 820 

US EPA. Global Anthropogenic Non-CO2 Greenhouse Gas Emis- sions: 1990–2030. 821 

Washington: U.S. Environmental Protection Agency, 2012.  822 

Valach, A.C., Kasak, K., Hemes, K.S., Anthony, T.L., Dronova, I., Taddeo, S., Silver, W.L., 823 

Szutu, D., Verfaillie, J., Baldocchi, D.D., 2021. Productive wetlands restored for carbon 824 

sequestration quickly become net CO2 sinks with site-level factors driving uptake 825 

variability. PLOS ONE 16, e0248398. https://doi.org/10.1371/journal.pone.0248398 826 

Verhamme, D.T., Prosser, J.I., Nicol, G.W., 2011. Ammonia concentration determines 827 

differential growth of ammonia-oxidising archaea and bacteria in soil microcosms. The 828 

ISME Journal 5, 1067–1071. https://doi.org/10.1038/ismej.2010.191 829 

Wagner-Riddle, C., Thurtell, G.W., Kidd, G.K., Beauchamp, E.G., Sweetman, R., 2011. 830 

Estimates of nitrous oxide emissions from agricultural fields over 28 months. Canadian 831 

Journal of Soil Science. https://doi.org/10.4141/S96-103 832 

Wang, R., Chen, H., Luo, Y., Moran, P., Grieneisen, M., Zhang, M., 2019. Nitrate Runoff 833 

Contributing from the Agriculturally Intensive San Joaquin River Watershed to Bay-834 

Delta in California. Sustainability 11, 2845. https://doi.org/10.3390/su11102845 835 

Windey, K., De Bo, I., Verstraete, W., 2005. Oxygen-limited autotrophic nitrification-836 

denitrification (OLAND) in a rotating biological contactor treating high-salinity 837 

wastewater. Water Res 39, 4512–4520. https://doi.org/10.1016/j.watres.2005.09.002 838 

Windham-Myers, L., Bergamaschi, B., Anderson, F., Knox, S., Miller, R., Fujii, R., 2018. 839 

Potential for negative emissions of greenhouse gases (CO 2 , CH 4 and N 2 O) through 840 

coastal peatland re-establishment: Novel insights from high frequency flux data at meter 841 

and kilometer scales. Environ. Res. Lett. 13, 045005. https://doi.org/10.1088/1748-842 

9326/aaae74 843 

Xu, X., Ouyang, H., Richter, A., Wanek, W., Cao, G., Kuzyakov, Y., 2011. Spatio-temporal 844 

variations determine plant–microbe competition for inorganic nitrogen in an alpine 845 

meadow. Journal of Ecology 99, 563–571. https://doi.org/10.1111/j.1365-846 

2745.2010.01789.x 847 

Yang, W.H., Silver, W.L., 2016. Net soil–atmosphere fluxes mask patterns in gross production 848 

and consumption of nitrous oxide and methane in a managed ecosystem. Biogeosciences 849 

13, 1705–1715. https://doi.org/10.5194/bg-13-1705-2016 850 

 851 

 852 

 853 

 854 




