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Abstract 18 

Fen peatlands represent a globally important carbon (C) store, while also providing highly 19 

productive agricultural land. Drainage of these organic soils is required to create conditions 20 

suitable for crop growth, but this results in substantial greenhouse gas (GHG) emissions. One 21 

potential GHG mitigation option is to raise the groundwater table to reduce the duration and 22 

volume of peat exposure to aerobic conditions. However, the trade-off between maintaining 23 

food production and securing ecosystem function under a high water table (WT) presents a 24 

serious challenge for both land managers and policy makers. Therefore, we conducted a 25 

controlled mesocosm experiment to investigate the effects of WT elevation (from -50 cm to -26 

30 cm) under three contrasting scenarios: (i) WT raised throughout the year, (ii) WT raised in 27 

the winter only, and (iii) WT raised in the growing season only. We measured GHG emissions, 28 

nitrate, ammonium and dissolved organic C concentrations in soil solution, alongside the yield 29 

of a commercially important crop (lettuce). Raising the WT throughout the year reduced lettuce 30 

yields by 37% and reduced CO2 emissions by 36% without changing the loss rates of N2O or 31 

CH4. Raising the WT only in the winter did not significantly reduce crop yield, but still 32 

suppressed CO2 emissions during the fallow period (by 30%). Raising the WT only in the 33 

growing season reduced root growth and CO2 emissions (by 27%), but had no major effect on 34 

lettuce yield. In conclusion, the present study shows that raising the groundwater table in the 35 

non-growing season reduced GHG emissions without negatively affecting lettuce yields, and 36 

may therefore represent a viable GHG mitigation option for agricultural peatlands.  37 

Key words:food security, Histosol, hydrological regime, nutrient cycling, sustainable 38 

agriculture 39 
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1. Introduction 40 

Peatland soils store >600 Gt carbon (C) globally and constitute the largest natural 41 

terrestrial C pool (Limpens et al., 2008; Yu et al., 2010). Therefore, changes in the peatland C 42 

pool can have substantial effects on atmospheric carbon dioxide (CO2) levels, and thus the 43 

global climate (IPCC, 2013). At present, extensive areas of peatlands are drained and cultivated 44 

for agriculture (Leifeld and Menichetti, 2018; Wijedasa et al., 2018). Lowering of groundwater 45 

tables by drainage aerates peat soils, stimulating microbial mineralisation of soil organic matter 46 

(SOM) and increasing losses of both CO2 and dissolved organic C (DOC) (Dawson et al., 2010; 47 

Evans et al., 2016). Oxidation of soil C in cultivated peatlands generates an estimated 0.9 to 48 

1.9 Gt CO2-eq yr-1, accounting for 2.5 to 5% of all anthropogenic greenhouse gas (GHG) 49 

emissions (IPCC, 2013; Leifeld and Menichetti, 2018). Given the extent of peatland drainage, 50 

there is an urgent need for information on how management practices can be modified to 51 

decrease drainage-induced GHG emissions whilst maintaining the current horticultural 52 

productivity in these economically important areas. 53 

 Raising the groundwater table could be an effective strategy for minimizing C losses from 54 

nutrient-rich cultivated peat soils (Musarika et al., 2017; Leifeld and Menichetti, 2018; 55 

Wijedasa et al., 2018; Wen et al., 2019a,b). This strategy can reduce oxygen diffusivity in soil 56 

pores, and subsequently suppress aerobic catabolism, limit rates of SOM mineralisation and 57 

reduce CO2 emissions (Dinsmore et al., 2009; Fenner and Freeman, 2011). However, the more 58 

anaerobic soil conditions created may increase the potential for denitrification and 59 

methanogenesis, leading to increased production of nitrous oxide (N2O) and methane (CH4) 60 

(Turetsky et al., 2011; Lee et al., 2017). For example, Wen et al. (2019a) reported a significant 61 

pulse of N2O emissions when groundwater tables were raised alongside incorporation of a 62 

highly nitrogenous cover crop (Vetch; Vicia sativa). Elevated groundwater tables are also 63 

liklely to favour denitrification and  thus produce substantial N2O emissions in the immediate 64 
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period following rewetting (Taft et al., 2018). However, N2O emissions might also decrease 65 

under saturated conditions due to the reduction of N2O by complete denitrification (Wen et al., 66 

2016). CH4 emissions can be very high when groundwater tables are close to or above the peat 67 

surface, but methanotrophy in aerobic surface peat generally limits CH4 emissions to negligible 68 

levels when groundwater table depths are maintaned below 20 cm (Dias et al., 2010; 69 

Couwenberg et al., 2011; Evans et al., 2017). Overall, it remains unknown to what extent the 70 

groundwater table elevation can mitigate net GHG emissions in cultivated peatland soils.   71 

For groundwater table management to be a viable option to decrease GHG emissions in 72 

intensive arable areas, it would need to be adopted by land managers. Raising groundwater 73 

tables too far is likely to produce anoxic conditions around the root zone, which can negatively 74 

impact root growth and thus lower crop yields (Wen et al., 2019b). A high groundwater table 75 

could also reduce the supply or availability of nutrients (e.g. N and P) due to the reduced rates 76 

of peat mineralisation (and the subsequent release of ammonium and inorganic P) under 77 

anaerobic conditions. This would also limit the conversion of ammonium (NH4
+) to nitrate 78 

(NO3
-) via nitrification. Thus, crop growth is likely to be restricted unless it can be offset by 79 

additional fertilisation. The effects of groundwater depth on the growth and yield of crops will 80 

depend on plant species and root architecture. The cover crops rye and vetch showed a 22% 81 

and 29% loss in yield, respectively, when the groundwater table was increased from -50 cm to 82 

-30 cm (Wen et al., 2019b). In addition, the yield of celery was 19% lower in mesocosms with 83 

a groundwater table maintained at -30 cm in comparison to -50 cm (Matysek et al., 2019). 84 

However, no change or even an increase of productivity has been reported for radish (Musarika 85 

et al., 2017) and ryegrass (Berglund and Berglund, 2011) under an elevated groundwater table 86 

regime. As impacts on yield vary between species, and relatively few studies have examined 87 

commercially important crops at different groundwater table depths, there is a need for further 88 
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work to inform land managers and policy makers on the influence of groundwater table 89 

adjustment on crop production. 90 

Previous studies of GHG mitigation in agricultural peatlands have to a large extent been 91 

limited to the growing season only, and/or carried out under constant light and temperature in 92 

a laboratory setting or have focused on one GHG only, ignoring the potential trade-offs 93 

between CO2, N2O and CH4 (e.g. Musarika et al., 2017; Matysek et al., 2019). The effects of 94 

seasonal variations in climate, hydrology and management on GHG emissions under field 95 

conditions thus represent a key knowledge gap. To address these issues, this study quantified 96 

the impacts of groundwater table management on GHG emissions and lettuce yield from peat 97 

mesocosms maintained under ambient climatic conditions. We examined four groundwater 98 

table management scenarios to investigate the effects of raising water levels for different 99 

periods. We hypothesised that an annual high groundwater table would decrease CO2 emissions, 100 

but might stimulate N2O emissions by favouring denitrification. Annual high groundwater table 101 

would also be expected to decrease root biomass and thus lettuce yield, by creating anaerobic 102 

root-zone conditions (hypothesis I). We also hypothesised that maintaining a high groundwater 103 

table only in winter would reduce GHG emissions during the winter period, whilst not 104 

significantly affecting crop yield (hypothesis II), as aerobic conditions would prevail in the 105 

rhizosphere during the growing period. However, for the treatments with a high groundwater 106 

table in summer, we hypothesised that this would produce a smaller GHG mitigation than 107 

annual high groundwater table, but a similar yield reduction (hypothesis III). 108 

 109 

2. Materials and methods 110 

2.1. Study site and experimental design 111 
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Our study site was located on a commercial farm at Southery, Nofolk, UK (52°31'N, 112 

0°23'E). The site is comprised of drained lowland fen that has been under intensive 113 

horticultural/arable production for ca. 75 years (Musarika et al., 2017). Typically, the winter 114 

water table lies 1.5-2.0 m below the soil surface in the winter, and is then raised up to ca. 0.5 115 

m during the growing season to provide an optimal water supply for salad crop production. 116 

Perforated pipes buried at ca. -1 m depth and spaced at 10 m horizontal intervals drain into a 117 

network of ditches and allow active management of groundwater at the site. Detailed soil 118 

properties are described in Wen et al. (2019a).  119 

We collected 16 intact soil cores in September 2017 and then transported them to 120 

Bangor University, UK (53°13'N, 4°07'W). The cores were collected in plastic pipes from 4 121 

independent field blocks located 50 m apart. These blocks represented the replicates for the 122 

experimental treatments. The cores were 55 cm high and 16 cm diameter. They were placed in 123 

modified outer containers in order to control water table depth, and maintained outdoors during 124 

the measurement period. The groundwater table was raised to -30 cm in eight cores, whilst the 125 

remainder were left at -50 cm. We selected these water table depths because -50 cm depth is 126 

standard management during the growing season, and -30 cm depth has been demonstrated to 127 

mitigate GHG emissions whilst maintaining crop productivity on fen peat soil (Musarika et al., 128 

2017). No crop was planted between November-April, to mimic the fallow period at the field 129 

site. In the middle of May, the water table treatments were reversed for half of the cores at each 130 

depth to simulate seasonal management changes. Four cores with -50 cm water table depth 131 

were rewetted to -30 cm (summer high WT) and four cores with -30 cm water table depth were 132 

drained to -50 cm (winter high WT). The remaining cores were maintained at their previous 133 

water table depths to simulate continuously high (annual high WT) and low (annual low WT) 134 

groundwater treatments. In the third week of June, three seeds of little gem lettuce (Lactuca 135 

sativa L.) were sown in each mesocosm. After ten days growth, this was thinned to one seedling 136 
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per mesocosm. No fertiliser was applied to the mesocosms throughout the experiment, as 137 

fertilisation may offset crop uptake to some extent and potentially reduce the effects of 138 

groundwater table management. 139 

2.2. Greenhouse gas flux measurements and calculations 140 

Ecosystem respiration, N2O, and CH4 flux measurements were conducted fortnightly 141 

during the winter fallow period (Nov-April; 6 months), using cylindrical opaque PVC 142 

chambers that fitted onto the top of the mesocosms. The chambers were 12 cm high and 16 cm 143 

diameter, and the top was fitted with a Suba-Seal® (Sigma-Aldrich Poole, UK) for gas 144 

collection via a syringe and needle. During the period when water tables were changed (May-145 

June; 1 month), we increased our sampling frequency to twice per week, in order to capture 146 

any transient changes in GHG emissions. We then sampled weekly throughout the crop growth 147 

period (June-July; 2 months). On each sampling occasion, three gas samples were collected 148 

from the 2.3 litre headspace of each chamber at 0, 20 and 40 minutes, and placed in pre-149 

evacuated 20 ml glass vials. Gas samples were analysed using a gas chromatograph equipped 150 

with ECD and FID detectors and a TurboMatrix 110 auto sampler (PerkinElmer Inc., Shelton, 151 

CT, USA). Gaseous fluxes were calculated from changes in headspace gas concentrations, 152 

accounting for air temperature, headspace volume and soil area (Wen et al., 2019a,b). The 153 

linearity of headspace GHG concentrations (R2 ≥ 0.90) within the duration of chamber closure 154 

were checked. Cumulative fluxes of CO2, N2O and CH4 were calculated for the fallow period 155 

by linear interpolation of measured flux rates (Wen et al., 2017). To compare total global 156 

warming impact, all cumulative fluxes were converted to CO2 equivalents based on 100-year 157 

Global Warming Potentials (GWPs) of 265 for N2O and 28 for CH4 (IPCC, 2013). 158 

2.3. Soil solution measurements 159 
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At each sampling event, soil solutions were collected non-destructively using Rhizon-160 

MOM® samplers (Rhizosphere Research Products B.V., Wageningen, The Netherlands). These 161 

samplers were inserted horizontally into the soil through the side of the cores at the beginning 162 

of the experiment and remained in situ throughout. Soil solution was collected from topsoil (15 163 

cm depth) and subsoil (40 cm depth) in the mesocosms. These samples were stored at -20 °C 164 

in sterile Vacutainers® (BD Life Sciences, Franklin Lakes, NJ) and later analysed for DOC, 165 

NO3
- and NH4

+, as described in Wen et al. (2019a,b).   166 

2.4. Lettuce crop biomass measurements 167 

The lettuce plants were harvested eight weeks after planting and fresh biomass was 168 

measured immediately. To measure plant root biomass, we destructively sampled the cores by 169 

separating the soil into five depth layers (0-10, 10-20, 20-30, 30-40 and 40-50 cm) and carefully 170 

removing roots from each layer by hand. Dry root and shoot biomass were measured by oven 171 

drying (48 h, 80 ℃). 172 

2.5. Statistical analysis 173 

 The data sets were tested for normal distribution using the Shapiro-Wilk test, and 174 

equality of variance using Levene’s test. For data with non-normal distributions or unequal 175 

variances, either square root or logarithmically transformation were conducted. Treatment 176 

effects were analysed using one-way analysis of variance (ANOVA). Treatment means were 177 

compared pairwise using Tukey’s post hoc tests with correction for multiple testing. 178 

Spearman’s rho was used to explore correlations between GHG fluxes and soil properties. All 179 

differences were considered significant at P ≤ 0.05. SPSS Statistics 24 (IBM Corp., NY, USA) 180 

was used to conduct all statistical analyses. 181 

 182 

3. Results 183 



9 

 

3.1. Ecosystem respiration  184 

Ecosystem respiration rates were relatively low and stable during the fallow period. 185 

Rewetting/drainage slightly increased the variability in respiration. CO2 fluxes were 186 

continuously elevated following the germination of lettuce plants (Fig. 2a). Over the fallow 187 

period, average CO2 fluxes were 33% greater from low groundwater table mesocosms than 188 

from high groundwater table mesocosms (P < 0.05; Table 1). Following groundwater table 189 

adjustment, summer high WT and winter high WT treatments had lower ecosystem respiration 190 

rates than the annual low WT treatment, but higher rates than the annual high WT treatment (P 191 

< 0.05). During the lettuce growth period, the CO2 flux was average 23% lower in the cores 192 

with elevated growing season groundwater tables (annual high WT and summer high WT) than 193 

in the seasonally low treatments (annual low WT and winter high WT; P < 0.05). 194 

3.2. N2O fluxes 195 

Average N2O fluxes of 172 ± 70 μg N m-2 h-1 were observed during the first sampling 196 

event in November 2017. There was a rapid decrease by the next sampling event and fluxes 197 

thereafter remained low throughout the winter fallow period. No clear trend was observed 198 

during the groundwater table change or lettuce growth periods (Fig. 2b). No significant 199 

differences were found between groundwater table treatments during the fallow period (Table 200 

1). During the groundwater table adjustment phase, raising the groundwater table decreased 201 

the soil N2O flux rate by 25% (relative to annual low WT), whilst drainage increased the soil 202 

N2O flux rate by 17% (relative to annual high WT). However, these differences did not prove 203 

significant. The highest fluxes during the groundwater table adjustment period were from the 204 

annual low WT treatment and these were significantly higher than both annual high WT and 205 

winter high WT treatments (P < 0.05). Although N2O emissions from the annual low WT 206 
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treatment were 35-64% higher than from the other treatments during the lettuce growth period, 207 

these differences were not statistically significant.   208 

3.3. CH4 fluxes 209 

In the fallow period, there was a small net uptake of CH4 from the atmosphere for all 210 

but the annual high WT treatment, which showed very low emissions (Fig. 2c). From the 211 

groundwater table adjustment period onwards, the soil became a slight CH4 source for the 212 

remainder of the experiment across all treatments. However, no significant differences in CH4 213 

fluxes were observed between treatments in any measurement period, and fluxes were 214 

invariably low.  215 

3.4. Soil solution DOC, NO3
- and NH4

+concentrations 216 

DOC concentrations slightly increased in all treatments over the course of the 217 

measurement period (Fig. 3). In the fallow period, the DOC concentrations in the topsoil were 218 

elevated in the seasonally higher water table treatments (Table 2). During the groundwater table 219 

adjustment period, DOC concentrations in the topsoil were significantly lower in the annual 220 

low WT treatment (P < 0.05), but no significant differences were observed between treatments 221 

in the lettuce growth period. No significant differences in DOC concentration were found 222 

between treatments during any measurement period (Table 2). 223 

In the topsoil, soil NO3
- concentrations decreased substantially, levelled off thereafter, and 224 

then gradually increased in mesocosms with seasonally low water tables from spring (March) 225 

onwards (Fig. 4a). NO3
- concentrations converged on zero during the lettuce growth period. 226 

The NO3
- concentrations were statistically higher in annual low WT than any other treatment 227 

during the groundwater table adjustment and lettuce growth phases of the experiment (P < 228 

0.05; Table 2). In the subsoil, NO3
- concentrations gradually decreased throughout the 229 
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experiment period (Fig. 4b). There were no significant differences between treatments for NO3
- 230 

concentrations in the subsoil in any phase of the experiment (Table 2). 231 

Soil NH4
+ concentrations in the topsoil were very low, approaching zero, throughout the 232 

experiment, and no significant differences were observed between groundwater table 233 

treatments in any measurement period (Fig. 5a; Table 2). NH4
+ concentrations in the subsoil 234 

were higher in seasonally high WT treatments during the fallow period (P < 0.05; Table 2). 235 

Rewetting of the summer high WT cores increased soil NH4
+ concentrations in the subsoil, 236 

whilst drainage of the winter high WT mesocosms decreased the concentration thereafter (Fig. 237 

5b).  238 

3.5. Correlation of soil GHG fluxes with measured environmental parameters 239 

GHG fluxes (ecosystem respiration, N2O and CH4) were positively correlated with air 240 

temperature and soil temperature over the entire measurement period and negatively correlated 241 

with soil moisture (Table 3). Ecosystem respiration was positively correlated with DOC 242 

concentration and negatively correlated with mineral N concentrations. Soil N2O flux was 243 

positively correlated with NO3
- concentration in the topsoil but no correlation was observed 244 

with NO3
- concentration in the subsoil. Additionally, no correlation was found between soil 245 

N2O flux and NH4
+ concentration in either layer. Soil CH4 flux was significantly correlated 246 

with DOC concentration in the subsoil and NO3
- concentration in both layers. 247 

3.6. Lettuce shoot and root biomass  248 

Biomass of lettuce shoots and roots were significantly influenced by groundwater table 249 

management (Table 4). The annual low WT treatment had a higher shoot biomass compared to 250 

the annual high WT treatment (P < 0.05). The seasonally adjusted groundwater table treatments 251 

(summer high WT and winter high WT) had shoot biomass intermediate between the two 252 

continuous depth treatments. Shallow (0-10 cm) root biomass was higher in the annual low 253 
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WT treatment than in either of the treatments with elevated water table during the lettuce 254 

growth period (annual high WT and summer high WT) treatment (P < 0.05; Table 4). The 255 

winter high WT treatment was intermediate between the others. No significant differences in 256 

root biomass were observed between treatments in the 10-20 and 20-30 cm layers. Whilst 257 

lettuce root biomass was low in the annual low WT and winter high WT treatments below 30 258 

cm, no roots were detected at all in the annual high WT and summer high WT treatments 259 

beyond this depth. Shoot N content was significantly higher in annual low WT than in the other 260 

treatments (P < 0.05; Table 4). Root N content and the C contents of both roots and shoots 261 

showed no significant differences between water table treatments. 262 

 263 

4. Discussion 264 

4.1. Effect of groundwater table management on CO2 fluxes 265 

The generally low CO2 fluxes during the fallow winter period are likely a result of lower 266 

temperatures limiting microbial metabolic rates (Evans et al., 2017; Taft et al., 2017). However, 267 

the relatively long duration of this period means cumulative emissions can still be substantial 268 

(3.3-5.5 t CO2 ha-1), which is up to 42% of cumulative annual CO2 fluxes when compared with 269 

a previous field study (Taft et al., 2017). The 33% lower ecosystem respiration rates of 270 

mesocosms with high groundwater tables (i.e. annual high WT and winter high WT) clearly 271 

demonstrate that groundwater management can mitigate winter CO2 emissions from cultivated 272 

peatlands compared to the low WT treatments (i.e. annual low WT and summer high WT). 273 

This reduction in ecosystem respiration corresponds with the decreasing volume of the oxic 274 

soil layer, which constrains relatively quicker and more efficient aerobic decomposition 275 

processes. 276 
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During the lettuce growth period, CO2 losses were much larger and clearly increased 277 

with time. We attributed this to lettuce-derived CO2 emissions (autotrophic respiration), which 278 

increases with plant growth. Taft et al. (2017) indicated that root respiration contributed ca. 30-279 

32% to total annual soil respiration at cultivated deep peat sites. As we only obtained total 280 

ecosystem respiration data in the current study, we could not separate the autotrophic and 281 

heterotrophic components. Consequently, we attribute lower ecosystem respiration rates under 282 

elevated groundwater tables to a combination of inhibited heterotrophic respiration and lower 283 

autotrophic respiration due to lettuce growth inhibition (ca. 19-38% reduction in biomass). This 284 

interpretation is supported by a strong positive correlation between ecosystem respiration and 285 

lettuce biomass (R = 0.67, P < 0.001). Future studies separating autotrophic respiration and 286 

heterotrophic respiration and the potential for SOM priming will help us obtain a better 287 

understanding of the complex interaction between roots and rhizosphere microorganisms under 288 

different groundwater table scenarios. 289 

The DOC concentrations observed in this study agree well with the ecosystem respiration 290 

rates. DOC concentrations can be elevated under conditions favouring anaerobic 291 

decomposition processes as these are less efficient than aerobic processes and so result in 292 

accumulation of water-soluble intermediate metabolites in soil solution (Kalbitz et al., 2003). 293 

Anaerobic conditions can also lead to decreased DOC adsorption and slower conversion of 294 

released DOC to CO2 (Moore and Dalva, 2001; Karki et al., 2016). This agrees with our 295 

observations that DOC concentrations were higher in seasonally elevated water table 296 

treatments.  297 

4.2. Effect of groundwater table management on N2O fluxes 298 

The lack of N2O flux measurements from recent studies of groundwater table elevation 299 

on lowland peat soils (e.g. Musarika et al., 2017; Matysek et al., 2019) leaves a substantial and 300 
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critical knowledge gap due to the relatively greater global warming potential of N2O than CO2 301 

and CH4. Field observations suggest that N2O emissions can constitute a substantial proportion 302 

(20-50%) of total GHG emissions in agricultural peatlands (Couwenberg et al., 2011; Evans et 303 

al., 2017; Taft et al., 2017). The low N2O emissions we observed through the winter fallow 304 

period and positive correlation with temperature suggest low winter temperatures may play a 305 

key role in limiting N2O producing processes. However, the length of the fallow period means 306 

that the contribution of N2O from this period to the overall GHG budget is significant. As we 307 

did not apply N fertiliser throughout the measurement period, the total N2O emissions (0.5-0.8 308 

t CO2-eq ha-1 yr-1) was lower compared to the field study (5.0-13.9 t CO2-eq ha-1 yr-1; Taft et 309 

al., 2017). In this study, groundwater table management did not appear to affect winter N2O 310 

emissions. Soil NO3
- concentrations began to increase in the low groundwater table treatments 311 

from March onwards as temperatures began to rise. This suggests that increased temperature 312 

induced an increase in nitrification rates as the soil became drier soil and may explain the brief 313 

pulse in N2O emissions observed in these treatments at the end of the fallow period (Rochette 314 

et al., 2010).  315 

Groundwater table fluctuation has been found to be a key predictor of N2O emissions 316 

from cultivated lowland peats (Tiemeyer et al., 2016). Changes in groundwater table will 317 

directly alter soil redox potential and thus the soil’s capacity for nitrification and denitrification. 318 

As nitrification produces substrate (NO3
-) for denitrification, sudden wetting after prolonged 319 

dry periods can rapidly shift soil conditions to favour denitrification in the presence of a large 320 

substrate pool and has the potential to produce N2O emission pulses (Butterbach-Bahl and 321 

Wolf, 2017). In the groundwater table adjustment period, N2O emissions were elevated 322 

substantially in summer high WT treatment but not statistically significantly above annual high 323 

WT and winter high WT treatments. The lack of statistical significance could result from the 324 

combination of the short-lived nature of denitrification pulses and our non-continuous GHG 325 
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measurement approach. Additionally, the substantial reduction of N2O to N2 under anaerobic 326 

condition (Wen et al., 2017) may also lead to lower N2O emissions.  327 

During lettuce growth, soil N2O emissions were low and no difference was found 328 

between treatments. This results from the crop taking up available N from the soil and thus 329 

temporarily removing the substrate for denitrification and nitrification (Sepehri et al., 2020). 330 

However, in this study we did not follow farmer practice to apply a small amount (top-dressing) 331 

of fertiliser in the spring, which could potentially reduce the net effect of water table 332 

management on soil N2O flux.  333 

4.3. Effect of groundwater table management on CH4 fluxes 334 

Carbon losses from CH4 emissions (0.002 – 0.02 t CO2-eq ha-1 yr-1) were much smaller 335 

than from CO2 emissions. This is consistent with both field and mesocosm studies at the same 336 

site (-0.02 – 0.04 t CO2-eq ha-1 yr-1; Musarika et al., 2017; Taft et al., 2017, 2018; Matysek et 337 

al., 2019). It has been found that CH4 emissions from UK lowland peat soils are usually 338 

negligible when the groundwater table is more than 20 cm below the surface (Evans et al., 339 

2017). In this study, although average CH4 fluxes were negative or near zero during the winter 340 

period, they became positive from around early summer (May) onwards even with a low (-50 341 

cm) groundwater table. This is likely due to the combined effect of temperature and vegetation. 342 

Matysek et al. (2019) also found low rates of CH4 emission from celery planted peat cores with 343 

-50 cm water table. The relatively low levels of CH4 emissions from cultivated peats and their 344 

resilience to management changes suggest that they are unlikely to increase problematically 345 

under the elevated water tables proposed for mitigation of either CO2 or N2O. 346 

4.4. Effect of groundwater table management on lettuce yield  347 

Lettuce yield was decreased under a continuously elevated groundwater table, consistent 348 

with findings on celery yield in another study on the same soil (Matysek et al., 2019). The 349 
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reduced lettuce yields in high groundwater table treatments can be attributed to partial flooding 350 

of the root system. Elevation of the groundwater table could submerge active roots and create 351 

anoxic conditions hostile to root development (Armstrong and Drew, 2002). Therefore, lettuce 352 

roots did not extend below the groundwater table in this study. Nutrient limitation may lower 353 

above and belowground biomass under raised groundwater tables, because (i) plants and 354 

associated symbionts cannot access deeper nutrient pools (Oomes et al., 1996), and (ii) the 355 

supply of nutrients from peat mineralisation is reduced. Matysek et al. (2019) found that 356 

fertiliser addition mitigated the effects on celery yield of groundwater table elevation from -50 357 

cm to -30 cm. Our experiment did not involve fertiliser addition, which may have exacerbated 358 

the negative effects of raised groundwater table on yields.   359 

The seasonal adjustment of groundwater tables also influenced lettuce shoot and root 360 

biomass. The relatively low yield from the winter high WT treatment indicates that the 361 

preceding groundwater table conditions can have a negative effect on later crop growth. SOM 362 

mineralisation and nitrification would be constrained under high groundwater table conditions 363 

(i.e. N mineralisation was ca. 80 and 48 kg N ha-1 for annual low WT and annual high WT 364 

treatments, respectively) as evidenced by the low NO3
- concentrations in this treatment at the 365 

start of the growing period. The lower N content of lettuce shoots under all elevated 366 

groundwater table treatments further confirms that reduced soil NO3
- concentrations limits 367 

plant N availability. Reductions in soil N content following elevated groundwater table periods 368 

could require farmers to increase fertilisation rates to support economically viable yields. This 369 

has the potential to increase N2O emissions, especially during the heavily irrigated and warm 370 

growth period (Evans et al., 2017). However, if this increase is smaller (in climate impact terms) 371 

than the accompanying reduction in CO2 emissions demonstrated in our experiment (or if N2O 372 

emissions could be mitigated through the use of slow-release fertilisers or nitrification 373 

inhibitors), then higher groundwater tables combined with compensatory fertilisation could 374 
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represent a viable management strategy to reduce GHG emissions without an accompanying 375 

yield penalty.  376 

Winter elevation of groundwater tables creates several issues for farm management, which 377 

can negatively impact crops. Low trafficability under wet winter conditions can restrict access 378 

for vehicles to cultivate fields. Soil worked when wet can become heavily compacted and this 379 

damages the structure, preventing creation of fine-grained planting beds required for salad 380 

crops and creating potentially anaerobic conditions (Chamen et al., 2015). This could be 381 

overcome, however, with a new generation of autonomous robotic vehicles with low ground 382 

pressures (Hameed, 2018). These considerations do not rule out groundwater table 383 

management as a GHG mitigation option for lowland peats, but they do highlight the 384 

complexity and scale of the challenges involved.  385 

 386 

5. Conclusions 387 

Raising the groundwater table from -50 cm to -30 cm was effective at reducing rates of 388 

ecosystem respiration in cultivated drained peatland soil. However, permanently elevated water 389 

tables can reduce crop yield and this is likely to be major economic obstacle preventing farmer 390 

adoption of this strategy. Raising groundwater levels during fallow periods could substantially 391 

reduce overall GHG emissions (especially CO2), without reducing yields during cropping 392 

periods. Thus, it represents a viable alternative strategy. A number of practical risks, however, 393 

are also associated with elevated winter water tables. Here we observed a reduction in soil NO3
- 394 

concentrations (reducing N availability to crops), which would necessitate increased 395 

fertilisation rates with associated emission risks. The complexity of the system means that if 396 

winter water table elevation is to be seriously considered as a GHG mitigation option then field 397 



18 

 

scale experimental studies under working farm conditions will be required to identify and 398 

address challenges.  399 

 400 

Acknowledgements 401 

This work was funded by the UK Natural Environment Research Council’s (NERC) Soil 402 

Security Programme [NE/P0140971/1]. BF was supported by a NERC PhD studentship via the 403 

STARS Centre for Doctoral Training, while CDE and DLJ received additional support from 404 

the UK Department for Environment, Food and Rural Affairs (Defra). We also thank Emma 405 

Garfield and Martin Hammond at G’s Growers and G’s Fresh for the provision of field sites 406 

and technical assistance. 407 

 408 

References 409 

Armstrong, W., Drew, M.C., 2002. Root growth and metabolism under oxygen deficiency. In: 410 

Waisel, Y. et al. (Eds.), Plant Roots: The Hidden Half, 3rd edn, Marcel Dekker, New York, 411 

pp. 729–762. 412 

Berglund, Ö, Berglund, K., 2011. Influence of water table level and soil properties on emissions 413 

of greenhouse gases from cultivated peat soil. Soil Biology and Biochemistry 43, 923–414 

931. 415 

Butterbach-Bahl, K., Wolf, B., 2017. Warming from freezing soils. Nature Geoscience 10, 416 

248–249. 417 

Chamen, W.C.T., Moxey, A.P., Towers, W., Balana, B., Hallett, P.D., 2015. Mitigating arable 418 

soil compaction: A review and analysis of available cost and benefit data. Soil and Tillage 419 

Research 146, 10–25. 420 



19 

 

Couwenberg, J., Thiele, A., Tanneberger, F., Augustin, J., Bärisch, S., Dubovik, D., 421 

Liashchynskaya, N., Michaelis, D., Minke, M., Skuratovich, A., Joosten, H., 2011. 422 

Assessing greenhouse gas emissions from peatlands using vegetation as a proxy. 423 

Hydrobiologia 674, 67–89. 424 

Dawson, Q., Kechavarzi, C., Leeds-Harrison, P.B., Burton, R.G.O., 2010. Subsidence and 425 

degradation of agricultural peatlands in the Fenlands of Norfolk, UK. Geoderma 154, 426 

181–187.  427 

Dias, A.T.C., Hoorens, B., Van Logtestijn, R.S.P., Vermaat, J.E., Aerts, R., 2010. Plant species 428 

composition can be used as a proxy to predict methane emissions in peatland 429 

ecosystems after land-use changes. Ecosystems 13, 526–538 430 

Dinsmore, K.J., Skiba, U.M., Billett, M.F., Rees, R.M., 2009. Effect of water table on 431 

greenhouse gas emissions from peatland mesocosms. Plant and Soil 318, 229–242  432 

Evans, C. D., Renou-Wilson, F, Strack, M., 2016. The role of waterborne carbon in the 433 

greenhouse gas balance of drained and re-wetted peatlands. Aquatic Sciences 78, 573–434 

590. 435 

Evans, C., Morrison, R., Burden, A., et al., 2017. Lowland peatland systems in England and 436 

Wales – evaluating greenhouse gas fluxes and carbon balances. Report to Defra for project 437 

SP1210, Centre for Ecology and Hydrology, 170 pp. 438 

Fenner, N., Freeman, C., 2011. Drought-induced carbon loss in peatlands. Nature Geoscience 439 

4, 895–900. 440 

Hameed, I.A., 2018. A coverage planner for multi-robot systems in agriculture. Proceedings of 441 

2018 IEEE International Conference on Real-Time Computing and Robotics (IEEE 442 



20 

 

RCAR), Institute of Electrical and Electronics Engineers, Piscataway, NJ, USA. pp. 698-443 

704. 444 

IPCC, 2013. Climate Change 2013: The Physical Science Basis. Cambridge University Press, 445 

Cambridge. 446 

Kalbitz, K., Schmerwitz, J., Schwesig, D., Matzner E., 2003. Biodegradation of soil-derived 447 

dissolved organic matter as related to its properties. Geoderma 113, 273–291. 448 

Karki, S., Elsgaard, L., Kandel, T.P., Lærke P., E., 2016. Carbon balance of rewetted and 449 

drained peat soils used for biomass production: a mesocosm study. GCB Bioenergy 8, 450 

969–980. 451 

Lee, A., Winther, M., Prieme, A., Blunier, T., Christensen, S., 2017. Hot spots of N2O emission 452 

move with the seasonally mobile oxic-anoxic interface in drained organic soils. Soil 453 

Biology & Biochemistry 115, 178–186. 454 

Leifeld, J., Menichetti, L., 2018. The underappreciated potential of peatlands in global climate 455 

change mitigation strategies. Nature Communications 9, 1071. 456 

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N.T., 457 

Rydin, H., Schaepman-Strub, G., 2008. Peatlands and the carbon cycle: from local 458 

processes to global implications - a synthesis. Biogeosciences 5, 1475–1491. 459 

Matysek, M., Leake, J., Banwart, S., Johnson, I., Page, S., Kaduk, J., Smalley, A., Cumming, 460 

A., Zona, D., 2019. Impact of fertiliser, water table, and warming on celery yield and CO2 461 

and CH4 emissions from fenland agricultural peat. Science of the Total Environment 667, 462 

179–190. 463 

Moore, T.R., Dalva, M., 2001. Some controls on the release of dissolved organic carbon by 464 

plant tissues and soils. Soil Science 166, 38–47. 465 



21 

 

Musarika, S., Atherton, C.E., Gomersall, T., Wells, M.J., Kaduk, J., Cumming, A.M.J., Page, 466 

S.E., Oechel, W.C., Zona, D., 2017. Effect of water table management and elevated CO2 467 

on radish productivity and on CH4 and CO2 fluxes from peatlands converted to agriculture. 468 

Science of the Total Environment 584–585, 665–672. 469 

Oomes, M.J.M., Olff, H., Altena, H.J., 1996. Effects of vegetation management and raising the 470 

water table on nutrient dynamics and vegetation change in a wet grassland. Journal of 471 

Applied Ecology 33, 576–588. 472 

Rochette, P., Tremblay, N., Fallon, E., Angers, D. A., Chantigny, M.H., MacDonald, J.D., 473 

Bertrand, N., Parent, L.É., 2010. N2O emissions from an irrigated and non-irrigated 474 

organic soil in eastern Canada as influenced by N fertilizer addition. European Journal of 475 

Soil Science 61, 186–196. 476 

Sepehri, A., Sarrafzadeh, M., Avateffazeli, M., 2020. Interaction between Chlorella vulgaris 477 

and nitrifying-enriched activated sludge in the treatment of wastewater with low C/N ratio. 478 

Journal of Cleaner Production 247, 119164. 479 

Taft, H.E., Cross, P.A., Edwards-Jones, G., Moorhouse, E.R., Jones, D.L., 2017. Greenhouse 480 

gas emissions from intensively managed peat soils in an arable production system. 481 

Agriculture, Ecosystems and Environment 237, 162–172. 482 

Taft, H.E., Cross, P.A., Jones, D.L., 2018. Efficacy of mitigation measures for reducing 483 

greenhouse gases emissions from intensively cultivated peatlands. Soil Biology & 484 

Biochemistry 127, 10–21. 485 

Tiemeyer, B., Albiac Borraz, E., Augustin, J., Bechtold, M., Beetz, S., Beyer, C., Drösler, M., 486 

Ebli, M., Eickenscheidt, T., Fiedler, S., Förster, C., Freibauer, A., Gieblels, M., Glatzel, 487 

S., Heinchien, J., Hoffmann, M., Höper, H., Jurasinski, G., Leiber-Sauheitl, K., Peichl-488 

Brak, M., Roßkopf, N., Sommer, M. and  Zeitz, J., 2016. High emissions of greenhouse 489 



22 

 

gases from grasslands on peat and other organic soils. Global Change Biology 22, 4134–490 

4149. 491 

Turetsky, M.R., Donahue, W.F., Benscoter, B.W., 2011. Experimental drying intensifies 492 

burning and carbon losses in a northern peatland. Nature Communications 2, 1–5. 493 

Wen, Y., Chen, Z., Dannenmann, M., Carminati, A., Willibald, G., Kiese, R., Wolf, B., 494 

Veldkamp, E., Butterbach-Bahl, K., Corre, M.D., 2016. Disentangling gross N2O 495 

production and consumption in soil. Scientific Reports 6, 36517.  496 

Wen, Y., Corre, M.D., Rachow, C., Chen, L., Veldkamp, E., 2017. Nitrous oxide emissions 497 

from stems of alder, beech and spruce in a temperate forest. Plant and Soil 420, 423–434. 498 

Wen, Y., Zang, H., Freeman, B., Ma, Q., Chadwick, D.R., Jones, D.L., 2019a. Rye cover crop 499 

incorporation and high watertable mitigate greenhouse gas emissions in cultivated 500 

peatland. Land Degradation & Development 30, 1928–1938.  501 

Wen, Y., Zang H., Ma, Q., Freeman, B., Chadwick, D.R., Evans, C.D., Jones, D.L., 2019b. 502 

Impact of water table levels and winter cover crops on greenhouse gas emissions from 503 

cultivated peat soils. Science of the Total Environment, in press. 504 

Wijedasa, L.S., Sloan, S., Page, S.E., Clements, G.R., Lupascu, M., Evans, T.A., 2018. Carbon 505 

emissions from South-East Asian peatlands will increase despite emission-reduction 506 

schemes.  Global Change Biology 24, 4598–4613.  507 

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W., Hunt, S.J., 2010. Global peatland dynamics 508 

since the Last Glacial Maximum. Geophysical Research Letters 37, L13402. 509 



23 

 

Figure captions 510 

Fig. 1 Temporal variation of air temperature and precipitation at the experimental site (a), and 511 

water-filled pore space in the soil mesocosms (b). Management events (rewetting/drainage, 512 

lettuce planting) are indicated by arrows. Values represent means ± standard errors (n = 4). 513 

Fig. 2 Temporal variation of ecosystem respiration (a), soil N2O flux (b), and soil CH4 flux (c) 514 

from the mesocosms in response to water table management. Management events 515 

(rewetting/drainage, lettuce planting) are indicated by arrows. Values represent means ± 516 

standard errors (n = 4). 517 

Fig. 3 Temporal variation of dissolved organic C in soil solution sampled from topsoil (a) and 518 

subsoil (b) in the mesocosms. Management events (rewetting/drainage, lettuce planting) are 519 

indicated by arrows. Values represent means ± standard errors (n = 4). 520 

Fig. 4 Temporal variation of NO3
--N concentration in soil solution sampled from topsoil (a) 521 

and subsoil (b) in the mesocosms. Management events (rewetting/drainage, lettuce planting) 522 

are indicated by arrows. Values represent means ± standard errors (n = 4). 523 

Fig. 5 Temporal variation of NH4
+-N concentration in soil solution sampled from topsoil (a) 524 

and subsoil (b) in the mesocosms. Management events (rewetting/drainage, lettuce planting) 525 

are indicated by arrows. Values represent means ± standard errors (n = 4). 526 
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Table 1: Mean GHG fluxes from different groundwater table treatments during the three measurement periods. 527 

  Fallow period Groundwater table adjustment Lettuce growth Global warming impact 
 

Variables Treatments Phase I (6 months) Phase II (1 months) Phase III (2 months) 
 

Phase I+II (7 months) 

(mg C m-2 h-1) (μg N m-2 h-1) (μg C m-2 h-1) 
 

 (t CO2-eq ha-1) 

CO2 flux Annual low WT 21.7±2.4 a 67.3±6.3 a 456.7±50.1 a  5.50±0.44 a 

 Annual high WT 15.5±2.2 b 20.9±5.4 c 312.8±29.6 b  3.28±0.40 b 

 
Summer high WT 23.9±0.7 a 56.9±6.7 ab 311.0±32.6 b  5.37±0.19 a 

Winter high WT 15.1±1.3 b 42.1±6.3 b 355.4±19.5 ab  3.66±0.32 b 

N2O flux Annual low WT 25.8±1.1 68.8±9.8 a 28.3±12.8  0.68±0.07 

 
Annual high WT 26.0±9.5 21.4±4.8 b 18.2±5.7  0.40±0.11 

 Summer high WT 32.8±8.0 51.6±16.1 ab 10.3±5.1  0.72±0.14 

Winter high WT 29.2±9.5 25.1±5.0 b 16.1±8.3  0.43±0.11 

CH4 flux Annual low WT  -2.5±2.0 6.9±5.3 12.4±3.5  -0.002±0.005 

 
Annual high WT   0.7±1.8 13.2±5.1 23.6±9.3  0.004±0.003 

 Summer high WT  -5.9±0.7 15.0±11.8 6.1±5.5  -0.006±0.003 

Winter high WT  -3.5±3.4 11.6±4.8 16.4±3.4 <0.001±0.005 

Annual low WT, constant groundwater table at -50 cm depth; Annual high WT, constant groundwater table at -30 cm; Summer high WT, 528 

groundwater table altered from -50 cm to -30 cm before cropping; Winter high WT, groundwater table level altered from -30 cm to -50 cm 529 
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before cropping.  Values represent means ± standard errors (n = 4). Lower case letters indicate significant differences between treatment means 530 

(P ≤ 0.05).531 
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Table 2: Mean soil solution concentrations of DOC, NO3
- and NH4

+ in the topsoil and subsoil 532 

under different water table treatments during the three measurement periods. 533 

Variable Treatment Fallow  Water table adjustment Lettuce growth 

Dissolved organic C Annual low WT  80±3 b 75±1 b 132±7 

in the topsoil Annual high WT 98±7 a 119±9 a 115±14 

(mg C L-1) Summer high WT 93±2 ab 109±8 a 130±12 

 Winter high WT  102±4 a 117±4 a 139±9 

Dissolved organic C Annual low WT  96±13 153±18 164±17 

in the subsoil Annual high WT 86±5 145±13 155±18 

(mg C L-1) Summer high WT  96±12 148±12 181±23 

 Winter high WT 85±5 133±10 116±16 

NO3
--N Annual low WT  21±2 58±5 a 15±3 a 

in the topsoil Annual high WT 19±6 2.7±2.5 c 1.1±1.4 b 

(μg N L-1) Summer high WT  21±3 31±9 b 0.4±0.4 b 

 Winter high WT 21±2 13±5 bc 16.4±3.4 b 

NO3
--N Annual low WT 39±6 0.3±0.3 <0.01 

in the subsoil Annual high WT 39±13 0.7±0.7 <0.01 

(μg N L-1) Summer high WT 37±3 0.1±0.0 <0.01 

 Winter high WT 37±4 0.2±0.2 <0.01 

NH4
+-N Annual low WT  0.2±0.0 0.1±0.0 0.1±0.0 

in the topsoil Annual high WT  0.2±0.0 0.1±0.0 0.1±0.0 

(μg N L-1) Summer high WT  0.2±0.0 0.1±0.0 0.1±0.0 

 Winter high WT  0.3±0.0 0.2±0.1 0.1±0.0 

NH4
+-N Annual low WT  0.2±0.1 b 0.4±0.2 b 0.6±0.4 b 

in the subsoil Annual high WT 1.4±0.4 a 3.0±0.6 a 4.0±0.6 a 

(μg N L-1) Summer high WT 0.2±0.0 b 1.1±0.2 b 2.4±0.3 ab 
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 Winter high WT 1.3±0.1 a 1.7±0.5 ab 1.4±0.7 b 

 534 

Annual low WT, constant groundwater table at -50 cm depth; Annual high WT, constant 535 

groundwater table at -30 cm; Summer high WT, groundwater table altered from -50 cm to -30 536 

cm before cropping; Winter high WT, groundwater table level altered from -30 cm to -50 cm 537 

before cropping. Values represent means ± standard errors (n = 4). Lower case letters indicate 538 

significant differences between treatment means (P ≤ 0.05). 539 
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Table 3: Spearman correlations of ecosystem respiration, N2O and CH4 fluxes with measured 540 

environmental variables. 541 

 
Ecosystem respiration Soil N2O flux Soil CH4 flux 

Tair 0.84*** 0.25* 0.27** 

T5cm 0.81*** 0.42*** 0.24* 

WFPS -0.43*** -0.27** -0.05 

DOC_topsoil 0.38** 0.18 0.14 

DOC_subsoil 0.72*** 0.07 0.33** 

NO3
-_topsoil -0.24* 0.25* -0.25* 

NO3
-_subsoil -0.62*** -0.05 -0.37** 

NH4
+_topsoil -0.55*** 0.06 -0.22 

NH4
+_subsoil 0.17 0.03 0.17 

Correlations represented by Spearman’s rho statistic. *, P≤0.05; **, P≤0.01; and ***, P≤0.001. 542 

Environmental variables: Tair, air temperature; T5cm, soil temperature at 5 cm depth; WFPS, 543 

water-filled pore space; DOC_topsoil and DOC_subsoil, dissolved organic carbon content of 544 

soil solution at -15 cm and -40 cm depths, respectively; NO3
-_topsoil and NO3

-_subsoil means 545 

soil solution nitrate concentration at indicated depths; NH4
+_topsoil and NH4

+_subsoil means 546 

soil solution ammonium concentration at indicated depths. 547 
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Table 4: Lettuce plant dry biomass, C and N contents for both shoots and roots under different water table treatments. 548 

 
Annual low WT Annual high WT Summer high WT Winter high WT 

Total plant biomass (g) 

Shoot  biomass (g) 

10.7±0.7 a 

8.1±0.7 a 

6.6±0.8 b 

5.1±0.6 b 

8.6±0.7 ab 

6.7±0.6 ab 

8.6±0.4 ab 

6.4±0.4 ab 

0-10 cm root biomass (g) 2.28±0.26 a 1.41±0.22 b 1.63±0.08 b 2.02±0.08 ab 

10-20 cm root biomass (g) 0.16±0.08 0.12±0.02 0.23±0.12 0.08±0.02 

20-30 cm root biomass (g) 0.06±0.02 0.05±0.01 0.05±0.01 0.05±0.00 

30-40 cm root biomass (g) 0.04±0.01 N.a. N.a. 0.05±0.01 

40-50 cm root biomass (g) 0.01±0.01 N.a. N.a. 0.02±0.01 

Shoot C content (%) 41.3±2.4 40.5±1.9 40.3±1.8 40.7±21.9 

Shoot N content (%) 2.4±0.2 a 1.9±0.1 b 1.8±0.1 b 1.9±0.0 b 

Root C content (%) 43.2±0.1 43.0±0.3 42.9±0.2 43.5±0.1 

Root N content (%) 1.2±0.1 1.3±0.1 0.7±0.2 0.9±0.1 

Lettuce C (t C ha-1) 2.2±0.2 a 1.4±0.2 b 1.8±0.2 b 1.8±0.1 ab 

Lettuce N (t N ha-1) 0.11±0.01 a 0.06±0.01 b 0.07±0.01 b 0.07±0.004 b 

Annual low WT, constant groundwater table at -50 cm depth; Annual high WT, constant groundwater table at -30 cm; Summer high WT, 549 

groundwater table altered from -50 cm to -30 cm before cropping; Winter high WT, groundwater table level altered from -30 cm to -50 cm before 550 



30 

 

cropping. Values represent means ± standard errors (n = 4). Lower case letters indicate significant differences between treatment means. N.a. 551 

indicates roots were not detectable. 552 
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