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ARTICLE INFO ABSTRACT

Handling Editor - J.E. Fernandez Carbon sequestration in soil has been extensively sought in the agroecosystems through practices which increase
organic carbon inputs and/or decrease soil organic carbon (SOC) degradation processes. Less is known about the
extent of shallow water table influences in mineral soils, despite being soil moisture a major driver in modifying
the C cycle. To examine its effects, a 4-yr lysimetric experiment was set up to measure the C balance components
under free drainage and shallow water table at 60 and 120 cm depth. Two levels of N input (250 and 368 kg N
ha~! y1) were also studied, using dry manure in 2011 and 2012 and fresh manure in 2013 and 2014. Carbon
balance was estimated through the difference between inputs (C from organic inputs and root residues and
exudates) and outputs (heterotrophic respiration, methane, and C leaching). A negative C balance was measured
under all treatments (—3487 kg C ha™), being respiration not compensated by the consistent C input of organic
fertilizer. Furthermore, high N inputs increased SOC mineralization, decreasing the C balance. The role of soil
was also observed by the SOC analyses, which confirmed the losses estimated through C balance. The study
substantiated also the interacting effect between shallow water table and type of organic carbon, which was
revealed crucial for C balance in mineral soils. To conclude, results suggested that water table level around 120-
cm depth could limit SOC depletion.
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1. Introduction

There is growing interest in sustainable soil management practices
that promote soil carbon sequestration (Guo and Gifford, 2002; Kampf
et al., 2016; Minasny et al., 2017). Best practices in this area aim to
achieve a positive balance in soil organic carbon (SOC) stock by
increasing organic C inputs and/or reducing SOC degradation processes.
Soil carbon dynamics are influenced by both agronomic management
and natural drivers, such as temperature, water availability, and soil
texture. Among these drivers, soil moisture plays a particularly impor-
tant role in regulating physical and biochemical processes (Hender-
son-Sellers, 1996). The water-filled pore space (WFPS) is a key factor
that determines microbial respiration rates, with optimal values often
found at 60 %, but highly variable depending on soil characteristics
(Schjgnning et al., 2003). Below this threshold, respiration is limited by
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water stress (Aon et al., 2001), while high values limit respiration due to
low oxygen levels (Chen et al., 2017; Mukumbuta et al., 2019). Methane
(CH4) production in soils also occurs under strictly anaerobic conditions
(Khalil and Baggs, 2005), while methanotrophic microorganisms that
require oxygen and CH4 for their metabolism constrain CH4 emissions
under aerobic conditions (Dutaur and Verchot, 2007). As a result, CHy
emissions are primarily associated with ponded conditions, such as rice
paddies (Sanchis et al., 2012; Uprety et al., 2011) and poorly drained
soils. However, even local anoxic conditions can lead to CH4 emissions
(Robertson et al., 2000), particularly when associated with fertilizer N
applications that may inhibit CH4 oxidation (Hu et al., 2013; Mosier
et al., 1991). By creating heterogenous WFPS conditions along the soil
profile, water table level is a key variable that affects the C cycle and
greenhouse gas (GHG) emissions by influencing both C input and mi-
crobial processes. On the one hand, capillary rise from groundwater is a
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valuable contributor to crop production (Xu et al., 2013). On the other
hand, excessively shallow water tables can impair crop growth (Mueller
et al., 2005), which can in turn reduce the input of C derived from roots
and residues. Water table fluctuations also play a role in regulating
organic matter depletion by affecting redox oscillations (Rezanezhad
et al., 2014), particularly in relation to the residence and return times of
organic matter (Jeanneau et al., 2020). Increasing the depth of the water
table can promote greater CH4 oxidation by lengthening the diffusion
pathway of gases to the surface and increasing their residence time in
the soil profile, thereby boosting gas oxidation rates (Crézé and
Madramootoo, 2019).

Shallow water table influences 22-32% of the world global land
area, including major production regions (Fan et al., 2013). In partic-
ular, a considerable portion of the Veneto low plain (NE, Italy) is
occupied by a water table (ARPAV, 2014) that fluctuates between — 0.8
and — 1.0 m in the winter and — 2.0 and — 3.0 m in the summer. In this
region, the Veneto Regional Government has subsidized in past Rural
Development Programs several agri-environmental schemes aimed at
promoting sustainable use of organic and mineral fertilizers. These
measures were designed to increase SOC stocks and mitigate GHG
emissions and N water pollution (Dal Ferro et al., 2016; Longo et al.,
2021). Their effects, however, are strongly influenced by the interaction
between C and N input and water table level. In a recent meta-analysis,
Huang et al. (2020) noted that N addition can stimulate the storage of
soil organic C through two mechanisms: by increasing C input and, at
high N rates, by reducing the decomposition of old SOC. Conversely,
when C-rich biomass inputs are associated with low N availability, mi-
croorganisms can produce a priming effect by decomposing soil organic
matter to acquire N, which can lead to SOC depletion (Blagodatskaya
and Kuzyakov, 2008).

Unfortunately, to the best of our knowledge, there is currently a lack
of robust literature on the effects of fertilization practices on the SOC
cycle and GHG emissions under shallow water table conditions in min-
eral soils. Most studies have focused on organic soils, and there is a need
to fill this research gap. To address this, we conducted a four-year
lysimeter experiment starting in 2011 to investigate how the interac-
tion between shallow water table and fertilization practices affects the
SOC balance and C-derived GHG emissions, including CO3 and CHy4. Our
hypothesis was that the high anaerobic conditions associated with high
N input under shallow water table could limit SOC sequestration,
leading to an increase in CO3 release from mineral soils.

2. Materials and methods
2.1. Experimental Site

The experiment was conducted over a 4-year period from 2011 to
2014 at the L. Toniolo Experimental Farm of the University of Padova in
Northern Italy (45°19'N, 11°31 E). The site consists of 12 free draining
lysimeters, each with a volume of 1.5 m® (surface area of 1 m? and depth
of 1.5 m). The lysimeters are buried and delimited by cement side walls,
and the soil level within each is aligned with that of the surrounding
landscape. The soil is a Fluvic-Calcaric Cambisol (35% sand, 48% silt,
17% clay), a widespread typology extending over almost 50% of the low
Veneto plain at an estimated 420,922 ha. The typical pH is 8.1 and SOC
content is 0.9%. Each lysimeter is filled while preserving the original soil
horizons from an adjoining experimental farm. Each lysimeter (with
dimension 100 x100 x 150 H) is filled with 20 cm of draining layer (i.e.,
gravel 3-5 cm diameter) at the base, and 130 cm of excavated soil. The
bottom is funnel-shaped and connected via an underground drainage
pipe (1%o slope) to an external cylinder of height (150 cm) filled with
water. The water level inside the cylinder is maintained at the targeted
value using an electronic water level sensor; this design allows fine
tuning of the water table level, as well as collection of percolation water.
A piezometer spans the center of each lysimeter and allows measure-
ment of the water table level and sampling of groundwater.
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Each lysimeter is buried at the center of a plot area of 200 x 200 cm.
Lysimeter and surrounding plot area are managed in the same way
except for the water table depth treatments.

The experimental site is also equipped with a sliding automatic rain
shelter; this is used to prevent unintended inputs of rainwater, protect
against hail and avoid shading.

2.2. Treatments and management techniques

A full factorial design was chosen combining two experimental fac-
tors: i) N input (250 N and 365 N); and ii) Water table depth (Free
Drainage (i.e., no water table)(FD), deeper water table (WT) at — 120 cm
(WT120) and shallow Water table at — 60 cm (WT60) from soil surface).
Three levels of water table conditions and two levels of fertilization
resulted in a total of six treatments each with two completely random-
ized replicates. The number of replicates was limited by the high cost of
the equipped lysimeters, as already reported in Cocco et al. (2018).

Maize (Zea mays L.) was grown in succession throughout the 4-year
study. The N input doses were defined following rules for Nitrate
Vulnerable Zones (NVZs) according to the Nitrates Directive 91/676/
EEC (European Commission, 2018). The two levels at which N was
applied were: 170 kg organic N ha! + 80 kg mineral N ha! (“250 N”)
and 250 kg organic N ha! 4+ 118 kg mineral N ha! (“368 N*). Mineral N
was applied as urea in three split doses (30% incorporated at sowing in
spring, 35% top-dressed in mid-May, and 35% top-dressed in mid-June).
Organic N was applied in a single dose before sowing. Two types of
organic fertilizers were tested to evaluate the effects of agri-
environmental schemes aiming at replacing mineral N with organic N.
It was a commercial mix of beef cattle manure and poultry litter (84% d.
m., 5.2% OC, 2.8% N) in 2011-2012 and as fresh cattle slurry (8% d.m.,
3.6% 0OC, 0.26% N) in 2013-2014. After the distribution of mineral and
organic N fertilizer before sowing, the soil was tilled manually with a
spring spade to a 25-cm depth to simulate harrowing. Maize was sown in
two rows (with an interrow distance of 70 cm) at a density of 8 plants m”
2, Plants were harvested at commercial maturity stage removing all
aboveground crop residues. Sowing in 2011 was delayed due to set up of
the instrumentation. Consequently, a short cycle corn variety was
planted (FAO class 300). In 2012-2014, a medium-late cycle variety was
planted (FAO class 600). Every crop cycle received two pesticide treat-
ments: Clorpirifos at seeding and Deltamethrin at pollen shed. In 2014,
treatment with Lambda-cyhalothrin was also included. Total annual
water input was 900 mm and was provided by a series of irrigation
events during the spring-summer growing season (according to average
crop need in FD treatments) and by rainfall simulations during the post-
harvest period (randomly distributed over the typically rainy months).
Water table levels were manually adjusted daily during the summer and
every three days in other seasons. The maximum allowed fluctuation
was + 10 cm from the set reference level (Cocco et al., 2018).

2.3. Soil moisture and temperature monitoring

A time domain reflectometry (TDR) sensor (Moisture Point MP-917,
ESI Environmental Sensors Inc., Canada) connected to vertical wave
guides monitored water content across three soil profiles: 0-15, 15-30,
and 60-90 cm. Starting in 2013, every lysimeter was equipped with an
automated monitoring system that allowed the continuous measure-
ment of soil water content. The system was composed of CS635 TDR
probes (Campbell Scientific, USA) installed at 15-, 30-, and 60-cm
depths connected to a CR-10X datalogger (Campbell Scientific)
through a series of multiplexers. Total porosity was derived from soil
bulk density and particle density, with the latter measured by a helium
pycnometer (Micro Ultrapyc 1200e, Quantachrome, Austria). Water-
filled pore space (WFPS, %) was calculated as the ratio between water
content and total porosity. A thermocouple system monitored soil
temperature at a depth of 5-30 cm (Model 107 temperature probe,
Campbell Scientific).
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2.4. C balance component measurements

2.4.1. Root and manure C input

At harvest, maize grain and crop residues were weighed, shredded
and dried at 65 °C. C input from above-ground crop residues and roots,
including rhizodeposition, was estimated on the basis of total above-
ground biomass at harvest, following the procedure of Kitterer et al.
(2011). A C concentration of 0.45 g C g~! d.m. in all plant parts was
assumed. To limit lysimeter disturbance, root biomass was measured
only at the end of experiment using the monolith method (25 cm x 25
cm x 30 cm) (Bohm, 1979). The vertical root distribution was then
estimated using such measurements of root derived biomass in a
Michaelis Menten-type function (Katterer et al., 2011). Root C input was
then adjusted to account for exudates, considered as 9% of the total
assimilated C (Derrien et al., 2004).

For organic fertilizers, the C input was estimated through elemental
analysis method (VARIO MACRO, Elementar Analysensysteme GmbH,
Germany), leading to a total input in cumulative periods equal to 7710
and 11346 kg C ha! under 250 N and 368 N, respectively.

2.4.2. COg Soil respiration and CH4 emission

To monitor emissions of carbon dioxide (CO5) and methane (CHy)
from the soil, an automated closed dynamic chamber system was
installed (Delle Vedove et al., 2013, 2007); twelve chambers were
installed (i.e., one per lysimeter) in the center row of each lysimeter
between plants and oriented to south in order to prevent any shadowing
effect on the soil surface’s temperature inside the chamber. The closed
chamber is a top-closed and base-open steel cylinder (20 cm inner
diameter and 10 cm high) placed over a collar inserted in the soil at a
depth of around 7 cm. A motorized steel lid, with a neoprene sheet on
the inner surface, and a rubber O-ring on the cylinder’s perimeter,
warrant a tight seal of the chamber volume. A vent installed on the lid,
maintains equilibrium with external pressure variations and reduces
temperature and humidity differences between chamber headspace air
and the surrounding atmosphere during chamber deployment (Hutch-
inson and Livingston, 2001; Xu et al., 2006). For more detailed meth-
odological features refer to Delle Vedove et al. (2013).

Analysis of CO, gas emissions was performed by means of an infrared
gas analyzer (IRGA). A datalogger (CR1000, Campbell Sci. Inc., USA)
controlled all monitoring operations (chamber closure, activation and
heating of the IRGA analyzer, air circulation pumps, and aperture/
closure of chamber valves). Air circulation within the system was
regulated by two pumps and 26 solenoid valves. Each of the 12 cham-
bers took six measurements a day (every 4 h, i.e., 0:00, 4:00, 8:00, 12:00,
16:00, 20:00) for a deployment time of 180 s and took 120 measure-
ments of CO5 concentration during that time. This resulted in 8640 gas
concentration readings daily. Measurements of CO, concentration were
taken every 1.5 s, beginning 10 s before chamber closure (150 s). For
each measurement, the system recorded the fraction of water vapor (W,
mmol mol-1), air temperature (T, °C) and pressure (P, kPa). The dry air
CO4 molar fraction during chamber deployment time C; was fitted by the
following non-linear equation:

C(y = Cx—(Cx — Co)e -0 €h)

Where C(y is CO, concentration at time t (umol CO-mol? dry air),
corrected for the molar fraction of vapor, pressure and temperature. Cq
is the initial concentration of CO; at chamber closure (the intercept of a
linear interpolation of the last 10 points of the mixing). Cx and a are
regression parameters that define the horizontal asymptote and the form
of the function. Finally, ty is the time at which Cx equals Co.

The rate of CO, gas exchange over time (dC/dt) was obtained by
deriving the previous equation for time:
ac

o a(C, — Cy)e) 2
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The flux of CO; (i.e., soil respiration) was expressed as follows:

(V) [dC Py
Sk = <§> (E) R(T, + 273.15) 3)

Where SR is soil respiration (umol CO4 m> s'l), Py is pressure at to (kPa),
To is temperature at ty (Celsius) R is the universal gas constant
(8.31 J mol™! K'l), V is the volume of the system (cms, chamber +
tubing) and S is chamber area (cm?).

Analysis of CHy4 gas emissions was performed by means of a gas auto-
sampler connected to the 12-chamber automated system by high-density
PE tubing (10 m L, 4/6 mm in inner/outer diameter). After chamber
closure, air circulated between the chamber and vials for 90 s. For each
deployment time after chamber closure, three 20-mL samples (taken at
0, 15 and 30 min after closure) were withdrawn from the chamber
headspace air and injected into pre-evacuated 20-mL crimped glass
vials, each with a gas-tight butyl rubber septum. Gases contained in the
vials were analyzed using a gas chromatograph (7890 A model G3440A,
Agilent, USA), equipped with a flame ionizer detector (FID) to determine
CH4 concentration. The three concentration points were linearly inter-
polated, and the slope is the dCH,4-dt ' molar change rate. The CH, flux
rate (umol CH,4 m™ s1) was then computed using Eq. 3.

For CHy analysis, a daily gas sampling was performed two days prior
to fertilizer application and during the following eight days. Thereafter,
the frequency decreased to twice per month until harvest, except for the
periods of topdressing N fertilization, when frequency was again
intensified. During the winter-spring period, sampling was performed
once per month, except when the soil was frozen (i.e., January). On
average, each growing season provided 23 sampling events.

2.4.3. Autotrophic versus Heterotrophic soil respiration

The SR is the sum of both autotrophic respiration (roots derived soil
CO4, efflux) and heterotrophic respiration (SOC derived CO; efflux). The
soil C balance was calculated considering only heterotrophic respiration.
To separate and quantify the two types of respiration, an approach based
on the Arrhenius law was used. This model expresses the relationships
between kinetic reaction and temperature and have been shown to
accurately represent soil respiration (Guo et al., 2019; Xu and Baldocchi,
2004). In our study, soil moisture was also considered. Thus, hetero-
trophic respiration (Rh) was estimated according to:

Rhrg) = (f+b9)€k(7-77-“) ()]

Where Rh is heterotrophic respiration as a function of soil temperature
(T) and moisture (¢), f and b are calibration parameters, 6 is the volu-
metric soil moisture in the 0-30 cm layer, k the reaction rate constant,
and Ty the soil threshold temperature above which microbial reactions
are active. Volumetric soil water content in each lysimeter was
measured using TDR.

The Eq. (4) was calibrated using an independent data set obtained
with an EGM-4 environmental gas analyzer (PP Systems, USA) during
the 2014 growing season. The EGM-4 is a portable instrument with a
chamber for static and dynamic measurements of CO; fluxes, an air
pumping system connected to an infrared analyzer, and external sensors
for the measurement of agri-environmental parameters (in this case, soil
temperature). EGM-4 measurements were compared with those of the
automatic 12-chamber system, with favorable results (R? =0.75).
Following this, two lysimeters (not instrumented with automatic
chambers) were used to precisely determine CO3 respiration fluxes. Both
lysimeters were cultivated with maize (as previously described) and
assigned the treatments 368 N FD and 368 N WT60, respectively.
Autotrophic respiration of maize was calculated as the difference be-
tween total respiration (in the presence of roots) and respiration
measured in undisturbed PVC soil cores (15 cm ID) previously inserted
to a depth of 90 cm. Model parameters were calibrated using Excel
Solver with the objective of minimizing the average square deviations
between observed and calculated respiration.



M. Longo et al.

2.4.4. C leached

Water samples were collected from percolation water, stored at
— 20 °C, and later analyzed for dissolved organic C (DOC) through the
Walkley-Black method (Walkley and Black, 1934). Organic carbon lost
through leaching and measured in percolation water (Crcy) was calcu-
lated using the sum of leached organic C for each i-th percolation event:

Cien =Y PDOC; )
where P; is the percolation (L) for each individual i-th event and DOC; is
the respective concentration of C (mg C LY.

2.5. Net C balance

In this study, the system boundaries include the main components of
the C balance of the mesocosm studied. The soil C balance was calcu-
lated as the difference between inputs and outputs:

AC = Cmanum + Cruors - CRh - CCH4 - CLCH (6)
Where AC is the change of the organic C soil stock in the considered
range (kg ha'l) and Cpanyre is the C input from the manure (kg ha'l), Croots
is the C input from roots and exudates (kg ha™h), Crnand Ccp,are the C
loss through heterotrophic respiration and methane (kg hal), and C;cy
is the C loss through leaching (kg ha™).
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In addition, AC was compared to the SOC stock change measured by
soil analysis. Lysimeter soil profiles were sampled at the beginning (May
2011) and at the end of the experiment (December 2014). Soil samples
were taken at the following depths: 0-5, 5-30, 30-55, 55-75, 75-95,
95-120 cm. The samples were air-dried, sieved to 500 ym and analyzed
for SOC using the elemental analysis method (VARIO MACRO, Ele-
mentar Analysensysteme GmbH, Germany). Bulk density was measured
with the core method.

2.6. Statistical analyses

Both daily and yearly cumulated daily values of SR were tested for
each treatment (organic C input and mineral N fertilizer dose). All data
were investigated for normality using the Shapiro-Wilk or Anderson-
Darling (sample number >5000) normality test. Furthermore, daily SR
was split into three periods: bare ground soil (from harvest to following
organic C fertilization), 20 days interval between organic C addition and
crop emergence, and the crop growing season period (from 20 days after
C addition to harvest). Daily SR were tested with a linear mixed model
with a repeated statement to account for repeated measurements
considering WFPS and temperature as continuous factors and N dose as
categorical factors. Post-hoc pair-wise comparisons of least-squares
means were performed using the Tukey test to adjust for multiple
comparisons. The non-parametric Kruskal-Wallis test was used for daily
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values of C leaching and methane emissions, being their distribution not
normal. Cumulative values for all balance components (roots, SR, Rh,
CHy, Crcy) were tested through ANOVA and post-hoc pair-wise com-
parisons of least-squares means were performed. Statistical analysis
were performed using R (R Core Team, 2017).

3. Results
3.1. Water-filled pore space and temperature

In 2011-2014, water applied through irrigation and rainfall equaled
791, 959, 937 and 837 mm, respectively (Fig. 1a). The WFPS at the
topsoil (0-15 cm) appeared to be intensively affected by evapotranspi-
ration, water up-flux and infiltration. Similar dynamics were also
observed in the intermediate soil layer (15-30 cm), which was influ-
enced by surface water supply. Considering all depths, WFPS showed to
be affected by WT (p < 0.001, WT60 >WT120 >FD) but not by fertil-
ization. Different trends were identified in the WFPS dynamics. During
growing season, WFPS in the upper 15 cm averaged 25%, 34%, and 43%
for FD, WT120, and WT60, respectively, and 32%, 47%, and 67% at the
15-30 layer. In the deeper (60-90 cm) layer, WFPS fluctuated depend-
ing on deep water input, and produced averages of about 51% (FD), 92%
(WT120), and 99% (WT60) (Fig. 1b). During base fertilizer application,
WEFPS of the top 0-30 cm layer measured about 32% in FD, 43% in
WT120, and 52% in WT60; at top N dressing, 36 (FD), 46 (WT120), and
61% (WT160). Finally, during the winter period (November to
February), values showed marked increases and reached 75% (FD), 83%
(WT120), and 100% (WT60) in the deepest (60-90 cm) layer (Fig. 1b).

Soil temperatures in the 0-30 cm layer averaged 23 °C during the
growing season (April-September) and fell below 10 °C during winter,
with a few days in January and February 2012 below 0 °C (Fig. 1c). In
summer, W60 and WT120 soil temperatures decreased by about 0.9 °C
with respect to FD. Considering winter months alone, soil temperatures
were similar across all treatments and averaged 9.7 °C.

3.2. Carbon in root biomass

The ratio between root (including exudates) and aboveground
biomass (R/S) averaged 0.22, being minimum under 368 N-WT (0.16)
and maximum under 250 N-FD (0.31) (Table 1). Root C input was
influenced by the water table and fertilization treatments in both periods
(dry manure in 2011-2012 and fresh manure in 2013-2014), with a
significant interaction in 2011-2012 (Table S1). Despite a short cycle
maize hybrid being planted in 2011, root C input was greater using dry
manure than fresh manure, ranging from 3971 in FD to 6718 kg Cha™ in
WT120 with a more pronounced difference among 368 N lysimeters
(Fig. 2). On the other hand, using fresh manure, the combination of free
drainage and lower N fertilization (250 N) stimulated root growth,
6231 kg C hal vs 5516 and 4703 kg C ha' in WT120 and WT6O0,
respectively (Fig. 2).

3.3. Total and heterotrophic soil respiration

Total soil respiration (SR) showed a pronounced seasonal cyclicity
for all treatments, with lower emissions during the colder months (bare
soil) and higher values in summer (cropping season).

During cropping season, which lasted on average 181 days, emission
peaks originated from the implementation of management practices

Table 1
Root-to-shoot (R/S) ratio estimated according to the Michaelis Menten-type
function.

Fertilization level FD WT120 WT60
250 N 0.31 0.25 0.25
368 N 0.20 0.16 0.16
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(Fig. 3). An early spring peak of about 20 days followed the addition of
manure/slurry and its incorporation. It was exceptionally high in 2012,
when emissions reached values up to 224 kg C-CO, ha ! d! (Fig. 3). A
second lower peak was observed 50-60 days after sowing, dominated by
the combined effect of temperature and plant development. Peaks
ranged from 75 to 125kg C-CO, ha ! d! and decreased down to
1.3 kg C-CO ha ! d'! before harvesting. For the whole cropping season,
high fertilization treatment (368 N) showed slightly greater emissions
than 250 N, especially during 2011-2012, when SR averaged 75.8 and
58.2 kg C-CO, ha ! d! in the 20 days after fertilization, respectively (p-
value=0.06, Table S2). Emission peaks also occurred during the post-
harvest period, observed just one-two days after the harvest opera-
tions and lasting for about 20 days. Emissions were particularly high
after harvesting in 2012, peaking up to 150 kg C-CO2 ha® dl. In
2013-2014, in spite of lower values compared to the first period, the
greater emissions recorded under 368 N after harvesting led to higher
averages than 250 N (12.0 vs. 9.3 kg C-CO2 ha! d!, p-value=0.02).
Small oscillations still occurred due to changes in soil temperature and
water content (Fig. 3).

Daily emissions were always affected by WEPS (Table S2). The effect
was positive in the growing season using both dry and fresh manure
(Fig. 4). On the other hand, the WFPS effect on the other periods differed
based on the fertilizer type. Just after manure application, it was
negative using dry manure and positive using fresh manure and vice
versa during the bare period, even if at lower extent. Emissions also
increased with increasing temperature (p-value <0.001, Table S1).

Average cumulative SR emissions equaled 17175 kg C-CO5 ha™! in
2011-2012, significantly higher under shallow water table conditions
(19128 kg C-CO; ha! in WT vs 13269 kg C-CO; ha! in FD, p-value<
0.05), while no differences were observed between fertilization levels. In
2013-2014, the behavior was reversed, being total emissions (mean of
17893 kg C-CO, hal) mainly driven by the fertilization factor
(p < 0.05), 368 N (19321 kg C-CO, hal) > 250N (kg C-CO, ha™l)
(Fig. 2) rather than water table level. Although WT was not significant, it
ranked as follows for both N levels, WT120 >W60 >FD.

Considering heterotrophic respiration (Rh), cumulative values
averaged 11590 kg C-CO, ha™! in 2011-2012 and 11806 kg C-CO, ha'
in 2013-2014 (Fig. 2). Application of dry manure in FD resulted in
significantly lower Rh than WT60 (250 N-FD= 9944 kg C ha’ and
250 N-WT60 =12366 kg C ha™!), while the opposite was observed using
fresh manure (250 N-FD= 12165 and 250 N-WT60 =10820 kg C ha™!)
(Fig. 2). Furthermore, during the second time span also N level affected
Rh (p-value=0.03), being greater under 368 N than 250 N (12316 vs
11296 kg C ha™).

3.4. Carbon as Methane

Daily methane fluxes were negligible (from —0.12 to 0.97 kg C-CH4
d! hal) under all treatments and did not vary according to fertilization
nor water table level in the 2011-2012 period (Table S3). Fluxes were
slightly greater in the 2013-2014 period compared to 2011-2012
(Fig. 5) and varied according to WT. Indeed, despite daily values being
mainly negative in the initial period, indicating the soil served as a sink
of CH,4 rather than a source, sudden peaks recorded in 2014 after manure
distribution led to positive cumulative fluxes in the last two years, which
averaged 0.69 kg C-CH4 ha ! (Fig. 2). No statistical differences were
observed for cumulative values (Table S1).

3.5. Carbon Leaching

Dissolved C loss through percolation water depends on C concen-
tration and amount of percolation water. In the entire period, percola-
tion water was collected and analyzed at 41 events (304 samples in
total), averaging 26 mm per percolation event. Total percolation was
similar among the WT treatments, with higher values in 250 N-WT120
(1074 mm) and 368 N-WT60 (963 mm). To note, in 2011-2012 no
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percolation was observed in FD treatments, while it was 198 mm
(250 N) and 213 mm (368 N) in the 2013-2014.

In 2011-2012, median C concentration in groundwater was
1.8 mg C L. No differences emerged among fertilization treatments nor
WT (Table S3), despite concentration followed the trend WT60 >WT120
(median values were 1.9 and 1.8 mg C LY (Fig. 6a). Daily amount of C
leaching during percolation events varied between WT60 (0.4 kg C ha'
d!) and WT120 (0.2 kg C hal d1) (Fig. 6b), which corresponded to
cumulative values equal to 11.9 and 8.7 kg C ha™! for WT60 and WT120,
respectively.

In 2013-2014, the lower volumes of percolation water under FD
(12 mm d?! vs 30 mm d? as average in WT60 and WT120) resulted in
higher dissolved C concentration (median=3.0, 1.7 and 1.5 mg C L! for
FD, WT60, and WT120, respectively) (Fig. 6a). In 2013-2014, daily loss
medians ranged from 0.3 (FD-250 N) to 0.4 kg C hald! (WT60-250 N)

(Fig. 6b); peaks > 1.5kg C hal d! were observed during the post-
harvest period. Cumulative Cpcy losses were lower under FD (5.7 kg C
hal) than WT120 (9.4 kg C hal) and WT60 (11.3 kg C hal) (p-val-
ue<0.001)(Fig. 2).

3.6. Soil Organic Carbon

SOC concentration varied between 0.47 and 1.09 g 100 g%, accord-
ing to the profile depths and sampling events (p-value<0.001 for both,
Table S4). Across all treatments, highest SOC concentrations were
measured in the top 30 cm (0.840 g 100 g1), likely due to incorporation
of organic fertilizer, and deeper layers (95-120 cm, 0.78 g 100 g'1). SOC
decreased in the four years, from 0.79 g 100 g* in 2011-0.72 g 100 g'!
in 2014 or expressed in terms of C stocks (from 137.2 to 124.6 Mg C ha™!
considering 0-120 cm depth). Change in soil carbon (AC) stock was
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consistently negative for all depths, indicating conditions of depletion in
the whole profile (Table 2). Fertilization level influenced AC, being
depletion greater for 368 N treatments. (e.g., —16.9 vs —5.0 Mg ha! at
W120 cm for 368 N and 250 N, respectively). Conversely, WT levels did
not statistically affect AC, despite WT120 and WT60 showed an
apparent smaller depletion than FD under 250 N.

3.7. Carbon Balance

The algebraic sum of all C balance components provides an estimate
of the change in soil C (AC) for the period considered. Positive values
suggest C immobilization, while negative values indicate loss of C from
the lysimeter profile.

Using dry manure, C contributions from fertilizations overly excee-
ded root C in the 368 N treatments (9286 vs. 4830 kg C ha'l, on average)
(Table 3) while inputs were aligned under 250 N as a result of the lower

fertilization (6314 kg C ha) and greater root input (6472 kg C ha™).
Manure C in 2013-2014 was lower, equaling 1396 kg C ha (250 N)
and 2060 kg C ha™! (368 N) in the two years. Considering the C output,
Rh was the most significant item while both C leaching and methane
emissions were negligible. In the first time span all treatments resulted
in a considerable increase of C, averaging 1857 kg C ha™, while the
lower C inputs from fertilizers led to the opposite in the second span,
whose losses averaged 5333 kg C ha™! (Table 3). In 2011-2012, C
accumulation appeared to increase accordingly with water table depth,
ranking FD>WT120 >WT60 for both N levels, with greater accumula-
tion under 368 N, where the greater fertilizer inputs balanced the lower
C root. Furthermore, using fresh manure, the large Rh of FD led to a
higher C depletion at 368 N (7372 kg C ha!) while comparable values
were observed at 250 N (4563 kg C ha’l). Considering the whole 4-yr
period, the average C loss was 3487 kg C ha! and lower values were
observed under WT120 for both fertilization levels. Soil sampling
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analysis in the 0-60 cm layer also found high C losses showing a general
agreement (R? = 0.46) with the balance method (Table 3). Both methods
indicated higher depletion in 368 N than 250 N over the 4-yr period.
However, some discrepancies were observed between the two methods,
as the balance method overestimated C depletion at 250 N-WT120 and
underestimated it at 368 N WT120 and WT60 with respect to soil
sampling.

4. Discussion

Components of C balance in the soil system are driven by various
chemical, biological, and environmental factors such as CO fertiliza-
tion, land use change, and N addition (Tian et al., 2011). In our study a
crucial role was played by the water table depth, which differently
affected the final AC as a result of complex interactions between fertil-
ization, WFPS and crop growth. Total soil respiration (Sr, autotrophic +
heterotrophic) augmented under WT60 and WT120, which could be
attributed to the response of the rewetting conditions (Barnard et al.,
2020) caused by the upward fluxes, ranging from 269 to 670 mm h’!
(Longo et al., 2021b). Shallow water table creates indeed heterogenous
conditions in the soil environment with three distinct zones, saturated,
semi-saturated (i.e., capillary fringe due to capillary rise) and
non-saturated (i.e., vadose zone) (Baird and Low, 2022). In particular,
capillary rise is associated with redox oscillations and acts as hot-spots
and hot-moments, being of great importance to chemical cycling
(Zhang and Furman, 2021). Rezanezhad et al. (2014) demonstrated that
water table fluctuations directly increased CO2 emissions because of the
consociated changes in Oy availability and water saturation. Recently,
also Jeanneau et al. (2020) and Pronk et al. (2020) found that water
table dynamics positively affected CO, fluxes and organic C oscillations.
The former study explained the effect as due to the destabilization of
organic matter caused by WFPS fluctuations, suggesting that limiting
large variations in WFPS, and in turn wet-dry cycles, by a throughout
management of the water table level, could help reducing CO, emis-
sions. Other studies have also shown that management practices such as
controlled drainage may have significant effects on soil respiration.
Similar to our findings, Nangia et al. (2013) observed greater CO3 fluxes

under controlled tile drainage compared to freely drained fields. Despite
Crézé and Madramootoo (2019) did not find any significant correlation
to seasonal changes in soil WFPS, CO» fluxes under shallow WT (75 cm)
were 21% greater than under FD after mineral fertilization. Similarly,
Kruse et al. (2004) found a significant moisture effect on C mineraliza-
tion, and previous studies by Doran et al. (1990) and Linn and Doran
(1984) have reported a close relationship between respiration and water
content or WFPS. In our study, we observed a 20-days CO5 bursts after
manure incorporation (both using dry and fresh manure) which can be
related to the combined effect of the input of C (Lai et al., 2017) and the
tillage operation, which possibly increased aeration and exposed pre-
viously protected organic matter by aggregates (Six et al., 2004).
Interestingly, we observed a contrasting effect of soil WFPS on CO,
fluxes, depending on the type of fertilizer used. Specifically, the WFPS
effect was negative for dry manure and positive for fresh manure. We
speculate that this contrasting effect may be due to differences in the
amount of recalcitrant C in the two types of manure. This is substanti-
ated by the study of Piccoli et al. (2022), which also observed a con-
trasting interaction between the type of organic fertilizer and the WT
conditions. The use of fresh beef manure in shallow WT conditions with
WEFPS > 80% was associated to higher CO; fluxes in the 2 weeks
following application. On the contrary, the distribution of solid digestate
originated higher CO5 emission in free drainage conditions with WFPS
levels averaging at 55%. Those differences were explained by the greater
content of labile C forms in fresh manure than solid digestate, that
promoted C degradation under anoxic conditions. Lai et al. (2017)
confirmed the effect of the fertilizer source on soil respiration rate,
which was related to the proportion of mineral to total N. The authors
cited studies (Abalos et al., 2013; Kaur et al., 2008) indicating that
farmyard manure and slurry applications impact soil organic matter
pools and result in a high concentration of soil dissolved organic C,
which are strongly associated with soil microbial and enzymatic activity
(Kiikkila et al., 2014).

Effect of fertilizer was also observed on denitrification dynamics,
concurrently monitored at the same time of this experiment, with 368 N
having greater cumulative N0 losses when applying fresh manure but
not when applying dry manure (Cocco et al., 2018). There is no clear
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Table 2
SOC stocks in the 0-120 cm profiles at the beginning and the end of the
experiment.

SOC AC
Mg C ha'! Mg C ha'!
Fertilization WT 2011 2014
250 N FD 121.7 106.5 -15.2
WT120 141.9 136.9 -5.0
WT60 141.0 134.4 -6.6
368 N FD 140.7 126.6 -14.1
WT120 143.8 126.9 -16.9
WT60 134.5 116.2 -18.3

evidence about the role of N input on soil respiration. Previous studies
have suggested that emissions may decrease as a result of fertilization
(Foereid et al., 2004; Giardina et al., 2004) due to the potential for N
addition to suppress the decomposition of native SOC (Al-Kaisi et al.,
2008).

Plant growth may alter C dynamics being the percentage transfer of
recently assimilated C from shoot into the root-soil system based on the
developmental stages and greater in the young plants (Hoffmann et al.,
2018; Remus and Augustin, 2016). We hypothesize that fertilization
may have stimulated plant growth, leading to an increase in
root-translocated C, which could have been used as exudates for mi-
crobial respiration or root respiration, as suggested by Kou et al. (2007).
In support of this, Yan et al. (2021) found that root respiration

contributed more to the total increase in CO; after N application than
microbial respiration, being related to the increase of leaf area index.
This is also in accordance with Amos and Walters (2006) who identified
the primary maize root growth between 20 and 70 days after emergence.

The substantial increase in soil respiration observed under 368 N
fertilization significantly contributed to the final C balance, with the
highest C losses observed under high N input. Daily NoO emissions
measured at this site shown to be promoted by high N doses and high
WFPS, which could also have fostered CO5 emission (Cocco et al., 2018).
These findings are also consistent with previous studies by Poffenbarger
et al. (2017) and Singh et al. (2018), which demonstrated that excessive
N fertilization leads to depletion of SOC. Ding et al. (2010) also sup-
ported these results, showing that N fertilization can increase the
decomposition of native SOC by up to 6.5%. Even high-C input organic
fertilization may result in a significantly negative soil C balance in
Mediterranean regions, as shown by Lai et al. (2017).

C leaching and CH4 emissions were two minor items of C balance.
Jeanneau et al. (2020) reported that water table dynamics drove C
leaching (Crcy), which some authors consider a crucial component of
the C balance (Kindler et al., 2011; Nakhavali et al., 2021). However, in
our experiment, Cycy was negligible due to low C concentration in
groundwater, which was 50 times lower than that reported by Kindler
etal. (2011). Similarly, C loss as CH4 was a minor component of the final
AC, with soil acting as a sink rather than a source. Median daily CH4
values were consistent with those reported by Franco-Luesma et al.
(2020) and simulated by Longo et al. (2021), except for positive
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Table 3
Carbon balance components and C changes measured by flux differences and soil sampling.
Fertilizer N level WT Manure Roots Heterotrophic Leaching CH,4 AC? AcCP
kg C ha! kg C ha! kg C ha! kg C ha! kg C ha! kg C ha! kg C ha!
Dry manure 250N FD 6314 6231 -9944 0.0 0.3 2602
(2011-2012) WT120 6314 6718 -10962 -4.1 0.4 2067
WT60 6314 6469 -12366 -6.3 0.2 411
368 N FD 9286 3971 -10702 0.0 0.4 2555
WT120 9286 5597 -12779 -4.9 0.1 2099
WT60 9286 4922 -12788 -5.9 0.4 1414
Fresh manure 250 N FD 1396 6212 -12165 -6.0 0.2 -4563
(2013-2014) WT120 1396 5516 -10904 9.7 -0.2 -4002
WT60 1396 4703 -10820 -11.4 -1.5 -4734
368 N FD 2060 4102 -13529 -5.5 -0.4 -7373
WT120 2060 4346 -11749 9.1 -1.0 -5352
WT60 2060 3642 -11669 -11.2 -0.6 -5979
Dry + fresh manure 250 N FD 7710 12443 -22109 -11.6 0.4 -1968 -2394
WT120 7710 12234 -21867 -26.7 0.3 -1949 -318
WT60 7710 11173 -23186 -34.3 -1.1 -4339 -3298
368 N FD 11346 8073 -24230 -10.7 -0.1 -4823 -6268
WT120 11346 9943 -24528 -27.3 -0.9 -3267 -7986
WT60 11346 8564 -24458 -33.1 -0.2 -4581 -8264

@ C differences estimated according to the C balance method
b ¢ differences estimated according to the soil samplings in the 0-60 cm depth

emissions observed in 2014, likely due to volatilization of CH4 from
fresh manure, which had been stored previously (Dalby et al., 2021).

In their meta-analysis, Mathew et al. (2020) identified maize as one
of the crops with the greatest allocation to the soil, and roots were found
to play a significant role in the C balance in our study, especially under
the low fertilization treatment where C-root constituted the primary
input. This result is consistent with the idea proposed by Ordonez et al.
(2021) that plants may allocate more C belowground to support shoot
growth when resources are more limited. However, excessive soil water
content can inhibit root growth and reduce the R/S ratio (Ren et al.,
2016). Nichols et al. (2019) also found that the depth to the water table
is a strong predictor of maize root investment in the top 30 cm of soil.
Additionally, plant allocation between above and belowground organs is
influenced by nutrient availability (Farrar and Jones, 2000). Research
by Pausch and Kuzyakov (2018) showed that root biomass is negatively
correlated with soil mineral N, which is consistent with the resource
optimization hypothesis that increased nutrient availability reduces the
carbon costs for nutrient acquisition (/Q\gren and Franklin, 2003; Farrar
and Jones, 2000). This principle can also explain the low R/S ratio
observed under optimal soil moisture conditions in our study.

Lower root C input under high N input (368 N), associated to the
higher Rh, explains the higher C depletion estimated by both C balance
and SOC stocks methods.

The crucial role of roots in the carbon balance of agricultural soils
has been well documented in the past (Hirte et al., 2018; Keel et al.,
2017; Wilts et al., 2004), with estimates suggesting that they can ac-
count for 30-90% of total organic carbon inputs. However, the role
played by roots in the long-term soil storage has been recently recon-
sidered (Wang et al., 2023), which helps explaining the substantial SOC
reduction observed in our experiment even considerable amount of C
was returned to the soil.

As a final remark, it was evident that fresh manure played a funda-
mental role in the overall C loss measured over the 4-year period. The
increase in SOC decomposition following fresh organic matter addition
is often reported (Fontaine et al., 2003) and practices which enhance
organic matter quality such as composting, biochar addition or anaer-
obic digestion have shown to limit C depletion with agronomic perfor-
mances comparable to those of mineral fertilizers (Kok et al., 2022;
Lerch et al., 2019; Piccoli et al., 2022, 2023). Moreover, fresh manure
effect was already observed on long-term experiments conducted in the
same soils. Indeed, a SOC depletion was measured after replacing
farmyard manure with slurry (Morari et al., 2006), which was attributed
by the authors as also the result of the combined addition of easily
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mineralizable N and organic matter. On the other hand, mature farm-
yard manure increased SOC stocks (Dal Ferro et al., 2020) and showed
humification coefficient roughly double that of slurry (Berti et al.,
2016), producing high-quality humus with a higher degree of poly-
condensation and resistance to microbial attack (Nardi et al., 2004),
which is essential for building stable SOC stocks, and substantiating our
findings about the positive effect of dry manure. This stresses the
importance of a careful choice of management practices for limiting SOC
losses.

5. Conclusions

A four-year lysimeter experiment was set-up in order to evaluate the
effect of shallow water table and its interaction with fertilization prac-
tices on GHGs emission and C balance.

Pivotal roles on C balance were played by root biomass, organic
fertilizer and heterotrophic respiration while C leaching and CH4
emission were less noticeable. A C depletion was measured under all
treatments when heterotrophic respiration was not compensated by the
consistent C input of organic fertilizer. Furthermore, high fertilization
doses with fresh liquid manure and urea increased SOC mineralization
and, in turn, decreased the C balance. These results confirm the critical
conditions of the soils of Veneto Region whose SOC level has been
decreasing in the last decades. As already demonstrated by previous
studies conducted in the same region (e.g., Dal Ferro et al., 2020; Morari
etal., 2006), the use of the solid manure (e.g. farmyard manure), even at
high doses, is one or the most effective way to increase the SOC in the
soils. By promoting or integrating incorporation of solid digestate pro-
duced by anaerobic digestion in soils could be a viable alternative,
providing new insight into a circular economy model. This experiment
confirmed also the importance of the interaction between shallow water
table and type of organic carbon that is crucial for C balance in mineral
soils, affecting both the root C input and heterotrophic respiration. It is
important to note that this lysimeter study allowed us to strictly control
experimental factors and monitor their effects on the C balance. How-
ever, the results are limited in validity to one type of soil and climate
regime. Additionally, the study investigates the biogeochemical pro-
cesses and their interactions with farming practices at the mesocosm
scale. Therefore, further studies are needed to confirm the effects of a
shallow water table in mineral soils under different pedo-climatic con-
ditions, while considering real farming management practices at the
field scale. To conclude, our initial hypothesis that C losses would in-
crease at increasing WFPS and high N input was partially accepted,
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being C losses ranking FD>WT60 >WT120. On the other hand, results
suggest that maintaining water table level around 120-cm depth could
limit SOC depletion.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

Data will be made available on request.

Acknowledgments

The authors are grateful to Elisa Cocco, Riccardo Polese, and all the
staff of the Experimental Farm “L. Toniolo” for their precious support
during the investigation operations. This research was co-funded by the
Rural Development Programme for Veneto 2007-2013.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agwat.2023.108508.

References

Abalos, D., Sanz-Cobena, A., Garcia-Torres, L., van Groenigen, J.W., Vallejo, A., 2013.
Role of maize stover incorporation on nitrogen oxide emissions in a non-irrigated
Mediterranean barley field. Plant Soil 364, 357-371. https://doi.org/10.1007/
s11104-012-1367-4.

/‘-’\gren, G.L, Franklin, O., 2003. Root:shoot ratios, optimization and nitrogen
productivity. Ann. Bot. 92, 795-800. https://doi.org/10.1093/aob/mcg203.

Al-Kaisi, M.M., Kruse, M.L., Sawyer, J.E., 2008. Effect of nitrogen fertilizer application on
growing season soil carbon dioxide emission in a corn-soybean rotation. J. Environ.
Qual. 37, 325-332. https://doi.org/10.2134/JEQ2007.0240.

Amos, B., Walters, D.T., 2006. Maize root biomass and net rhizodeposited carbon. Soil
Sci. Soc. Am. J. 70, 1489-1503. https://doi.org/10.2136/SSSAJ2005.0216.

Aon, M.A,, Sarena, D.E., Burgos, J.L., Cortassa, S., 2001. Interaction between gas
exchange rates, physical and microbiological properties in soils recently subjected to
agriculture. Soil Tillage Res. 60, 163-171. https://doi.org/10.1016/50167-1987(01)
00191-X.

ARPAV, 2014. STATO DELLA FALDA NEI SUOLI DI PIANURA NEL VENETO [STATE OF
GROUNDWATER PLAIN SOILS IN THE VENETO REGION] [WWW Document]. Serv.
Oss. suolo e bonifiche. URL https://www.arpa.veneto.it/temi-ambientali/suolo/file-
e-allegati/documenti/carta-dei-suoli/FALDA_SUOLI_VENETO_2014.pdf/view
(accessed 2.22.21).

Baird, A.J., Low, R.G., 2022. The water table: its conceptual basis, its measurement and
its usefulness as a hydrological variable. Hydrol. Process. 36, 1-18. https://doi.org/
10.1002/hyp.14622.

Barnard, R.L., Blazewicz, S.J., Firestone, M.K., 2020. Rewetting of soil: revisiting the
origin of soil CO, emissions. Soil Biol. Biochem. 147, 107819 https://doi.org/
10.1016/J.SOILBIO.2020.107819.

Berti, A., Morari, F., Dal Ferro, N., Simonetti, G., Polese, R., 2016. Organic input quality
is more important than its quantity: C turnover coefficients in different cropping
systems. Eur. J. Agron. 77, 138-145. https://doi.org/10.1016/j.€ja.2016.03.005.

Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming effects
and their dependence on soil microbial biomass and community structure: Critical
review. Biol. Fertil. Soils 45, 115-131. https://doi.org/10.1007/500374-008-0334-y.

Bohm, W., 1979. Methods of studying root systems, 33. Springer Science & Business
Media.

Chen, Z., Xu, Y., Zhou, X., Tang, J., Kuzyakov, Y., Yu, H., Fan, J., Ding, W., 2017.
Extreme rainfall and snowfall alter responses of soil respiration to nitrogen
fertilization: a 3-year field experiment. Glob. Chang. Biol. 23, 3403-3417. https://
doi.org/10.1111/gcb.13620.

Cocco, E., Bertora, C., Squartini, A., Delle Vedove, G., Berti, A., Grignani, C., Lazzaro, B.,
Morari, F., 2018. How shallow water table conditions affect N20 emissions and
associated microbial abundances under different nitrogen fertilisations. Agric.
Ecosyst. Environ. 261, 1-11. https://doi.org/10.1016/j.agee.2018.03.018.

Core Team, R., 2017. R: A Lang. Environ. Stat. Comput.

Crézé, C.M., Madramootoo, C.A., 2019. Water table management and fertilizer
application impacts on CO 2, N 2 O and CH 4 fluxes in a corn agro-ecosystem. Sci.
Rep. 9 (1), 13. https://doi.org/10.1038/541598-019-39046-z.

Dal Ferro, N., Cocco, E., Lazzaro, B., Berti, A., Morari, F., 2016. Assessing the role of agri-
environmental measures to enhance the environment in the Veneto Region, Italy,

11

Agricultural Water Management 289 (2023) 108508

with a model-based approach. Agric. Ecosyst. Environ. 232, 312-325. https://doi.
org/10.1016/j.agee.2016.08.010.

Dal Ferro, N., Piccoli, L., Berti, A., Polese, R., Morari, F., 2020. Organic carbon storage
potential in deep agricultural soil layers: evidence from long-term experiments in
northeast Italy. Agric. Ecosyst. Environ. 300, 106967 https://doi.org/10.1016/j.
agee.2020.106967.

Dalby, F.R., Hafner, S.D., Petersen, S.O., Vanderzaag, A.C., Habtewold, J., Dunfield, K.,
Chantigny, M.H., Sommer, S.G., 2021. Underst. methane Emiss. Stored Anim.
Manure.: A Rev. Guide Model Dev. https://doi.org/10.1002/jeq2.20252.

Delle Vedove, G., Bertora, C., Grignani, C., 2013. Greenh. Gases Emiss. Soils, Handb.
Stand. Ecosyst. Protoc. http://www.expeeronline.eu/outputs/expeer-protocols.html.

Delle Vedove, G., Alberti, G., Zuliani, M., Peressotti, A., 2007. Automated monitoring of
soil respiration: an improved automatic chamber system. Ital. J. Agron. 2, 377-382.
https://doi.org/10.4081/ija.2007.377.

Derrien, D., Marol, C., Balesdent, J., 2004. The dynamics of neutral sugars in the
rhizosphere of wheat. An approach by 13C pulse-labelling and GC/C/IRMS. Plant
Soil 267, 243-253. https://doi.org/10.1007/s11104-005-5348-8.

Ding, W., Yu, H., Cai, Z., Han, F., Xu, Z., 2010. Responses of soil respiration to N
fertilization in a loamy soil under maize cultivation. Geoderma 155, 381-389.
https://doi.org/10.1016/J.GEODERMA.2009.12.023.

Doran, J.W., Mielke, L.N., Power, J.F., 1990. Microbial activity as regulated by soil
water-filled pore space. In: Transactions 14th International Congress of Soil Science,
Volume III. Kyoto,, Japan, pp. 94-99. August 1990.

Dutaur, L., Verchot, L.V., 2007. A global inventory of the soil CH4 sink. Glob.
Biogeochem. Cycles 21, 1-9. https://doi.org/10.1029/2006GB002734.

Fan, Y., Li, H., Miguez-Macho, G., 2013. Global patterns of groundwater table depth.
Science 339 (80), 940-943. https://doi.org/10.1126/science.1229881.

Farrar, J.F., Jones, D.L., 2000. The control of carbon acquisition by roots. New Phytol.
147, 43-53. https://doi.org/10.1046/j.1469-8137.2000.00688.x.

Foereid, B., De Neergaard, A., Hpgh-Jensen, H., 2004. Turnover of organic matter in a
Miscanthus field: effect of time in Miscanthus cultivation and inorganic nitrogen
supply. Soil Biol. Biochem. 36, 1075-1085. https://doi.org/10.1016/J.
SOILBIO.2004.03.002.

Fontaine, S., Mariotti, A., Abbadie, L., 2003. The priming effect of organic matter: a
question of microbial competition? Soil Biol. Biochem. 35, 837-843. https://doi.
org/10.1016/50038-0717(03)00123-8.

Franco-Luesma, S., Cavero, J., Plaza-Bonilla, D., Cantero-Martinez, C., Arrde, J.L.,
Alvaro-Fuentes, J., 2020. Tillage and irrigation system effects on soil carbon dioxide
(CO,) and methane (CH4) emissions in a maize monoculture under Mediterranean
conditions. Soil Tillage Res 196, 104488. https://doi.org/10.1016/J.
STILL.2019.104488.

Giardina, C.P., Binkley, D., Ryan, M.G., Fownes, J.H., Senock, R.S., 2004. Belowground
carbon cycling in a humid tropical forest decreases with fertilization. Oecologia 139,
545-550. https://doi.org/10.1007/s00442-004-1552-0.

Guo, H,, Li, S., Kang, S., Du, T., Tong, L., Ding, R., 2019. Annual ecosystem respiration of
maize was primarily driven by crop growth and soil water conditions. Agric. Ecosyst.
Environ. 272, 254-265. https://doi.org/10.1016/J.AGEE.2018.11.026.

Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: a meta analysis.
Glob. Chang. Biol. 8, 345-360. https://doi.org/10.1046/j.1354-1013.2002.00486.x.

Henderson-Sellers, A., 1996. Soil moisture: a critical focus for global change studies.
Glob. Planet. Change 13, 3-9. https://doi.org/10.1016/0921-8181(95)00034-8.

Hirte, J., Leifeld, J., Abiven, S., Oberholzer, H.R., Mayer, J., 2018. Below ground carbon
inputs to soil via root biomass and rhizodeposition of field-grown maize and wheat
at harvest are independent of net primary productivity. Agric. Ecosyst. Environ. 265,
556-566. https://doi.org/10.1016/J.AGEE.2018.07.010.

Hoffmann, M., Pohl, M., Jurisch, N., Prescher, A.K., Mendez Campa, E., Hagemann, U.,
Remus, R., Verch, G., Sommer, M., Augustin, J., 2018. Maize carbon dynamics are
driven by soil erosion state and plant phenology rather than nitrogen fertilization
form. Soil Tillage Res. 175, 255-266. https://doi.org/10.1016/j.still.2017.09.004.

Hu, X.K,, Su, F., Ju, X.T., Gao, B., Oenema, O., Christie, P., Huang, B.X., Jiang, R.F.,
Zhang, F.S., 2013. Greenhouse gas emissions from a wheat-maize double cropping
system with different nitrogen fertilization regimes. Environ. Pollut. 176, 198-207.
https://doi.org/10.1016/J.ENVPOL.2013.01.040.

Huang, X., Terrer, C., Dijkstra, F.A., Hungate, B.A., Zhang, W., van Groenigen, K.J., 2020.
New soil carbon sequestration with nitrogen enrichment: a meta-analysis. Plant Soil
454, 299-310. https://doi.org/10.1007/s11104-020-04617-x.

Hutchinson, G.L., Livingston, G.P., 2001. Vents and seals in non-steady-state chambers
used for measuring gas exchange between soil and the atmosphere. Eur. J. Soil Sci.
52, 675-682. https://doi.org/10.1046/j.1365-2389.2001.00415.x.

Jeanneau, L., Buysse, P., Denis, M., Gruau, G., Petitjean, P., Jaffrézic, A., Flechard, C.,
Viaud, V., 2020. Water table dynamics control carbon losses from the destabilization
of soil organic matter in a small, lowland agricultural catchment. Soil Syst. 4 (1), 17.
https://doi.org/10.3390/soilsystems4010002.

Kampf, L., Holzel, N., Storrle, M., Broll, G., Kiehl, K., 2016. Potential of temperate
agricultural soils for carbon sequestration: a meta-analysis of land-use effects,
428-435 Sci. Total Environ. 566-567. https://doi.org/10.1016/J.
SCITOTENV.2016.05.067.

Kétterer, T., Bolinder, M.A., Andrén, O., Kirchmann, H., Menichetti, L., 2011. Roots
contribute more to refractory soil organic matter than above-ground crop residues,
as revealed by a long-term field experiment. Agric. Ecosyst. Environ. 141, 184-192.
https://doi.org/10.1016/J.AGEE.2011.02.029.

Kaur, T., Brar, B.S., Dhillon, N.S., 2008. Soil organic matter dynamics as affected by long-
term use of organic and inorganic fertilizers under maize-wheat cropping system.
Nutr. Cycl. Agroecosyst. 81, 59-69. https://doi.org/10.1007/s10705-007-9152-0.


https://doi.org/10.1016/j.agwat.2023.108508
https://doi.org/10.1007/s11104-012-1367-4
https://doi.org/10.1007/s11104-012-1367-4
https://doi.org/10.1093/aob/mcg203
https://doi.org/10.2134/JEQ2007.0240
https://doi.org/10.2136/SSSAJ2005.0216
https://doi.org/10.1016/S0167-1987(01)00191-X
https://doi.org/10.1016/S0167-1987(01)00191-X
https://doi.org/10.1002/hyp.14622
https://doi.org/10.1002/hyp.14622
https://doi.org/10.1016/J.SOILBIO.2020.107819
https://doi.org/10.1016/J.SOILBIO.2020.107819
https://doi.org/10.1016/j.eja.2016.03.005
https://doi.org/10.1007/s00374-008-0334-y
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref10
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref10
https://doi.org/10.1111/gcb.13620
https://doi.org/10.1111/gcb.13620
https://doi.org/10.1016/j.agee.2018.03.018
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref13
https://doi.org/10.1038/s41598-019-39046-z
https://doi.org/10.1016/j.agee.2016.08.010
https://doi.org/10.1016/j.agee.2016.08.010
https://doi.org/10.1016/j.agee.2020.106967
https://doi.org/10.1016/j.agee.2020.106967
https://doi.org/10.1002/jeq2.20252
http://www.expeeronline.eu/outputs/expeer-protocols.html
https://doi.org/10.4081/ija.2007.377
https://doi.org/10.1007/s11104-005-5348-8
https://doi.org/10.1016/J.GEODERMA.2009.12.023
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref22
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref22
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref22
https://doi.org/10.1029/2006GB002734
https://doi.org/10.1126/science.1229881
https://doi.org/10.1046/j.1469-8137.2000.00688.x
https://doi.org/10.1016/J.SOILBIO.2004.03.002
https://doi.org/10.1016/J.SOILBIO.2004.03.002
https://doi.org/10.1016/S0038-0717(03)00123-8
https://doi.org/10.1016/S0038-0717(03)00123-8
https://doi.org/10.1016/J.STILL.2019.104488
https://doi.org/10.1016/J.STILL.2019.104488
https://doi.org/10.1007/s00442-004-1552-0
https://doi.org/10.1016/J.AGEE.2018.11.026
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1016/0921-8181(95)00034-8
https://doi.org/10.1016/J.AGEE.2018.07.010
https://doi.org/10.1016/j.still.2017.09.004
https://doi.org/10.1016/J.ENVPOL.2013.01.040
https://doi.org/10.1007/s11104-020-04617-x
https://doi.org/10.1046/j.1365-2389.2001.00415.x
https://doi.org/10.3390/soilsystems4010002
https://doi.org/10.1016/J.SCITOTENV.2016.05.067
https://doi.org/10.1016/J.SCITOTENV.2016.05.067
https://doi.org/10.1016/J.AGEE.2011.02.029
https://doi.org/10.1007/s10705-007-9152-0

M. Longo et al.

Keel, S.G., Hirte, J., Abiven, S., Wiist-Galley, C., Leifeld, J., 2017. Proper estimate of
residue input as condition for understanding drivers of soil carbon dynamics. Glob.
Chang. Biol. 23, 4455-4456. https://doi.org/10.1111/gcb.13822.

Khalil, M.I., Baggs, E.M., 2005. CH4 oxidation and N20 emissions at varied soil water-
filled pore spaces and headspace CH4 concentrations. Soil Biol. Biochem. 37,
1785-1794. https://doi.org/10.1016/J.SOILBIO.2005.02.012.

Kiikkila, O., Kanerva, S., Kitunen, V., Smolander, A., 2014. Soil microbial activity in
relation to dissolved organic matter properties under different tree species. Plant Soil
377, 169-177. https://doi.org/10.1007/s11104-013-1988-2.

Kindler, R., Siemens, J., Kaiser, K., Walmsley, D.C., Bernhofer, C., Buchmann, N.,
Cellier, P., Eugster, W., Gleixner, G., Grunwald, T., Heim, A., Ibrom, A., Jones, S.K.,
Jones, M., Klumpp, K., Kutsch, W., Larsen, K.S., Lehuger, S., Loubet, B., Mckenzie, R.,
Moors, E., Osborne, B., Pilegaard, K., Rebmann, C., Saunders, M., Schmidt, M.W.L.,
Schrumpf, M., Seyfferth, J., Skiba, U., Soussana, J.F., Sutton, M.A., Tefs, C.,
Vowinckel, B., Zeeman, M.J., Kaupenjohann, M., 2011. Dissolved carbon leaching
from soil is a crucial component of the net ecosystem carbon balance. Glob. Chang.
Biol. 17, 1167-1185. https://doi.org/10.1111/j.1365-2486.2010.02282.x.

Kok, D.D., Scherer, L., de Vries, W., Trimbos, K., van Bodegom, P.M., 2022. Relationships
of priming effects with organic amendment composition and soil microbial
properties. Geoderma 422, 115951. https://doi.org/10.1016/j.
geoderma.2022.115951.

Kou, T., Zhu, J., Xie, Z., Hasegawa, T., Heiduk, K., 2007. Effect of elevated atmospheric
CO3 concentration on soil and root respiration in winter wheat by using a respiration
partitioning chamber. Plant Soil 299, 237-249. https://doi.org/10.1007/s11104-
007-9380-8.

Kruse, J.S., Kissel, D.E., Cabrera, M.L., 2004. Effects of drying and rewetting on carbon
and nitrogen mineralization in soils and incorporated residues. Nutr. Cycl.
Agroecosystems 69, 247-256. https://doi.org/10.1023/B:FRES.0000035197.57441.
cd.

Lai, R., Arca, P., Lagomarsino, A., Cappai, C., Seddaiu, G., Demurtas, C.E., Roggero, P.P.,
2017. Manure fertilization increases soil respiration and creates a negative carbon
budget in a Mediterranean maize (Zea mays L.)-based cropping system. Catena 151,
202-212. https://doi.org/10.1016/j.catena.2016.12.013.

Lerch, T.Z., Dignac, M.F., Thevenot, M., Mchergui, C., Houot, S., 2019. Chemical changes
during composting of plant residues reduce their mineralisation in soil and cancel
the priming effect. Soil Biol. Biochem. 136, 107525 https://doi.org/10.1016/].
s0ilbi0.2019.107525.

Linn, D.M., Doran, J.W., 1984. Effect of water-filled pore space on carbon dioxide and
nitrous oxide production in tilled and nontilled soils. Soil Sci. Soc. Am. J. 48,
1267-1272. https://doi.org/10.2136/ss5aj1984.0361599500480006001 3x.

Longo, M., Dal Ferro, N., Lazzaro, B., Morari, F., 2021. Trade-offs among ecosystem
services advance the case for improved spatial targeting of agri-environmental
measures. J. Environ. Manag. 285, 112131 https://doi.org/10.1016/j.
jenvman.2021.112131.

Longo, M., Jones, C.D., Izaurralde, R.C., Cabrera, M.L., Dal Ferro, N., Morari, F., 2021b.
Testing the EPIC Richards submodel for simulating soil water dynamics under
different bottom boundary conditions. Vadose Zo. J. 20, 1-18. https://doi.org/
10.1002/vzj2.20142.

Mathew, 1., Shimelis, H., Mutema, M., Minasny, B., Chaplot, V., 2020. Crops for
increasing soil organic carbon stocks — A global meta analysis. Geoderma 367,
114230. https://doi.org/10.1016/j.geoderma.2020.114230.

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, A.,
Chaplot, V., Chen, Z.S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., Hedley, C.B.,
Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, B.G., Mulder, V.L.,
O’Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., Paustian, K., Pan, G.,
Poggio, L., Savin, 1., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C.C.,
Végen, T.G., van Wesemael, B., Winowiecki, L., 2017. Soil carbon 4 per mille.
Geoderma. https://doi.org/10.1016/j.geoderma.2017.01.002.

Morari, F., Lugato, E., Berti, A., Giardini, L., 2006. Long-term effects of recommended
management practices on soil carbon changes and sequestration in north-eastern
Italy. Soil Use Manag 22, 71-81. https://doi.org/10.1111/j.1475-2743.2005.00006.

X.

Mosier, A., Schimel, D., Valentine, D., Bronson, K., Parton, W., 1991. Methane and
nitrous oxide fluxes in native, fertilized and cultivated grasslands. Nature 350,
330-332. https://doi.org/10.1038/350330a0.

Mueller, L., Behrendt, A., Schalitz, G., Schindler, U., 2005. Above ground biomass and
water use efficiency of crops at shallow water tables in a temperate climate. Agric.
Water Manag. 75, 117-136. https://doi.org/10.1016/J. AGWAT.2004.12.006.

Mukumbuta, I., Shimizu, M., Hatano, R., 2019. Short-term land-use change from
grassland to cornfield increases soil organic carbon and reduces total soil respiration.
Soil Tillage Res 186, 1-10. https://doi.org/10.1016/J.STILL.2018.09.010.

Nakhavali, M., Lauerwald, R., Regnier, P., Guenet, B., Chadburn, S., Friedlingstein, P.,
2021. Leaching of dissolved organic carbon from mineral soils plays a significant role
in the terrestrial carbon balance. Glob. Chang. Biol. 27, 1083-1096. https://doi.org/
10.1111/gcb.15460.

Nangia, V., Sunohara, M.D., Topp, E., Gregorich, E.G., Drury, C.F., Gottschall, N.,
Lapen, D.R., 2013. Measuring and modeling the effects of drainage water
management on soil greenhouse gas fluxes from corn and soybean fields. J. Environ.
Manag. 129, 652-664. https://doi.org/10.1016/j.jenvman.2013.05.040.

Nardi, S., Morari, F., Berti, A., Tosoni, M., Giardini, L., 2004. Soil organic matter
properties after 40 years of different use of organic and mineral fertilisers. Eur. J.
Agron. 21, 357-367. https://doi.org/10.1016/].€ja.2003.10.006.

Nichols, V.A., Ordénez, R.A., Wright, E.E., Castellano, M.J., Liebman, M., Hatfield, J.L.,
Helmers, M., Archontoulis, S.V., 2019. Maize root distributions strongly associated
with water tables in Iowa, USA. Plant Soil 444, 225-238. https://doi.org/10.1007/
511104-019-04269-6.

12

Agricultural Water Management 289 (2023) 108508

Ordénez, R.A., Castellano, M.J., Danalatos, G.N., Wright, E.E., Hatfield, J.L., Burras, L.,
Archontoulis, S.V., 2021. Insufficient and excessive N fertilizer input reduces maize
root mass across soil types. F. Crop. Res. 267, 108142 https://doi.org/10.1016/J.
FCR.2021.108142.

Pausch, J., Kuzyakov, Y., 2018. Carbon input by roots into the soil: quantification of
rhizodeposition from root to ecosystem scale. Glob. Chang. Biol. 24, 1-12. https://
doi.org/10.1111/gcb.13850.

Piccoli, L., Francioso, O., Camarotto, C., Delle Vedove, G., Lazzaro, B., Giandon, P.,
Morari, F., 2022. Assessment of the short-term impact of anaerobic digestate on soil
C stock and CO; emissions in shallow water table conditions. Agronomy 12, 504.
https://doi.org/10.3390/agronomy12020504.

Piccoli, I., Grillo, F., Longo, M., Furlanetto, I., Ragazzi, F., Obber, S., Bonato, T.,
Meneghetti, F., Ferlito, J., Saccardo, L., Morari, F., 2023. A farm-scale sustainability
assessment of the anaerobic digestate application methods. Eur. J. Agron. 146,
126811 https://doi.org/10.1016/j.eja.2023.126811.

Poffenbarger, H.J., Barker, D.W., Helmers, M.J., Miguez, F.E., Olk, D.C., Sawyer, J.E.,
Six, J., Castellano, M.J., 2017. Maximum soil organic carbon storage in Midwest U.S.
cropping systems when crops are optimally nitrogen-fertilized. PLoS One 12, 1-17.
https://doi.org/10.1371/journal.pone.0172293.

Pronk, G.J., Mellage, A., Milojevic, T., Smeaton, C.M., Engel, K., Neufeld, J.D.,
Rezanezhad, F., Van Cappellen, P., 2020. Carbon turnover and microbial activity in
an artificial soil under imposed cyclic drainage and imbibition. Vadose Zo. J. 19,
1-16. https://doi.org/10.1002/vzj2.20021.

Remus, R., Augustin, J., 2016. Dynamic linking of 14C partitioning with shoot growth
allows a precise determination of plant-derived C input to soil. Plant Soil 408,
493-513. https://doi.org/10.1007/s11104-016-3006-y.

Ren, B., Zhang, J., Dong, S., Liu, P., Zhao, B., 2016. Root and shoot responses of summer
maize to waterlogging at different stages. Agron. J. 108, 1060-1069. https://doi.
org/10.2134/agronj2015.0547.

Rezanezhad, F., Couture, R.M., Kovac, R., O’Connell, D., Van Cappellen, P., 2014. Water
table fluctuations and soil biogeochemistry: an experimental approach using an
automated soil column system. J. Hydrol. 509, 245-256. https://doi.org/10.1016/J.
JHYDROL.2013.11.036.

Robertson, G.P., Paul, E.A., Harwood, R.R., 2000. Greenhouse gases in intensive
agriculture: contributions of individual gases to the radiative forcing of the
atmosphere. Science 289 (80), 1922-1925. https://doi.org/10.1126/
science.289.5486.1922.

Sanchis, E., Ferrer, M., Torres, A.G., Cambra-Lopez, M., Calvet, S., 2012. Effect of water
and straw management practices on methane emissions from rice fields: a review
through a meta-analysis. Environ. Eng. Sci. 29, 1053-1062. https://doi.org/
10.1089/ees.2012.0006.

Schjgnning, P., Thomsen, I.K., Moldrup, P., Christensen, B.T., 2003. Linking soil
microbial activity to water- and air-phase contents and diffusivities. Soil Sci. Soc.
Am. J. 67, 156-165. https://doi.org/10.2136/ss5aj2003.1560.

Singh, M., Sarkar, B., Sarkar, S., Churchman, J., Bolan, N., Mandal, S., Menon, M.,
Purakayastha, T.J., Beerling, D.J., 2018. Stabilization of soil organic carbon as
influenced by clay mineralogy. Adv. Agron. 148, 33-84. https://doi.org/10.1016/
BS.AGRON.2017.11.001.

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link
between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil Tillage
Res 79, 7-31. https://doi.org/10.1016/j.still.2004.03.008.

Tian, H., Melillo, J., Lu, C., Kicklighter, D., Liu, M., Ren, W., Xu, X., Chen, G., Zhang, C.,
Pan, S., Liu, J., Running, S., 2011. China’s terrestrial carbon balance: contributions
from multiple global change factors. Global Biogeochem. Cycles 25, 1-16. https://
doi.org/10.1029/2010GB003838.

Uprety, D.C., Baruah, K.K., Borah, L., 2011. Methane in rice agriculture: a review. J. Sci.
Ind. Res. (India). 70, 401-411.

Walkley, A., Black, I.A., 1934. An examination of the Degtjareff method for determining
organic carbon in soils: effect of variation in digestion conditions and of inorganic
soil constituents. Soil Sci. 63, 251-263. https://doi.org/10.1097/00010694-
194704000-00001.

Wang, G., Xiao, L., Lin, Z., Zhang, Q., Guo, X., Cowie, A., Zhang, S., Wang, M., Chen, S.,
Zhang, G., Shi, Z., Sun, W., Luo, Z., 2023. Most root-derived carbon inputs do not
contribute to long-term global soil carbon storage. Sci. China Earth Sci. https://doi.
org/10.1007/s11430-022-1031-5.

Wilts, A.R., Reicosky, D.C., Allmaras, R.R., Clapp, C.E., 2004. Long-term corn residue
effects: harvest alternatives, soil carbon turnover, and root-derived carbon. Soil Sci.
Soc. Am. J. 68, 1342-1351. https://doi.org/10.2136/ss5aj2004.1342.

Xu, L., Baldocchi, D.D., 2004. Seasonal variation in carbon dioxide exchange over a
Mediterranean annual grassland in California. Agric. . Meteorol. 123, 79-96. https://
doi.org/10.1016/J.AGRFORMET.2003.10.004.

Xu, L., Furtaw, M.D., Madsen, R.A., Garcia, R.L., Anderson, D.J., McDermitt, D.K., 2006.
On maintaining pressure equilibrium between a soil CO 2 flux chamber and the
ambient air. J. Geophys. Res. 111, D08S10 https://doi.org/10.1029/2005JD006435.

Xu, X., Huang, G., Sun, C., Pereira, L.S., Ramos, T.B., Huang, Q., Hao, Y., 2013. Assessing
the effects of water table depth on water use, soil salinity and wheat yield: searching
for a target depth for irrigated areas in the upper Yellow River basin. Agric. Water
Manag. 125, 46-60. https://doi.org/10.1016/J. AGWAT.2013.04.004.

Yan, W., Zhong, Y., Liu, J., Shangguan, Z., 2021. Response of soil respiration to nitrogen
fertilization: evidence from a 6-year field study of croplands. Geoderma 384,
114829. https://doi.org/10.1016/J.GEODERMA.2020.114829.

Zhang, Z., Furman, A., 2021. Redox dynamics at a dynamic capillary fringe for nitrogen
cycling in a sandy column. J. Hydrol. 603, 126899 https://doi.org/10.1016/j.
jhydrol.2021.126899.


https://doi.org/10.1111/gcb.13822
https://doi.org/10.1016/J.SOILBIO.2005.02.012
https://doi.org/10.1007/s11104-013-1988-2
https://doi.org/10.1111/j.1365-2486.2010.02282.x
https://doi.org/10.1016/j.geoderma.2022.115951
https://doi.org/10.1016/j.geoderma.2022.115951
https://doi.org/10.1007/s11104-007-9380-8
https://doi.org/10.1007/s11104-007-9380-8
https://doi.org/10.1023/B:FRES.0000035197.57441.cd
https://doi.org/10.1023/B:FRES.0000035197.57441.cd
https://doi.org/10.1016/j.catena.2016.12.013
https://doi.org/10.1016/j.soilbio.2019.107525
https://doi.org/10.1016/j.soilbio.2019.107525
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.1016/j.jenvman.2021.112131
https://doi.org/10.1016/j.jenvman.2021.112131
https://doi.org/10.1002/vzj2.20142
https://doi.org/10.1002/vzj2.20142
https://doi.org/10.1016/j.geoderma.2020.114230
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1111/j.1475-2743.2005.00006.x
https://doi.org/10.1111/j.1475-2743.2005.00006.x
https://doi.org/10.1038/350330a0
https://doi.org/10.1016/J.AGWAT.2004.12.006
https://doi.org/10.1016/J.STILL.2018.09.010
https://doi.org/10.1111/gcb.15460
https://doi.org/10.1111/gcb.15460
https://doi.org/10.1016/j.jenvman.2013.05.040
https://doi.org/10.1016/j.eja.2003.10.006
https://doi.org/10.1007/s11104-019-04269-6
https://doi.org/10.1007/s11104-019-04269-6
https://doi.org/10.1016/J.FCR.2021.108142
https://doi.org/10.1016/J.FCR.2021.108142
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1111/gcb.13850
https://doi.org/10.3390/agronomy12020504
https://doi.org/10.1016/j.eja.2023.126811
https://doi.org/10.1371/journal.pone.0172293
https://doi.org/10.1002/vzj2.20021
https://doi.org/10.1007/s11104-016-3006-y
https://doi.org/10.2134/agronj2015.0547
https://doi.org/10.2134/agronj2015.0547
https://doi.org/10.1016/J.JHYDROL.2013.11.036
https://doi.org/10.1016/J.JHYDROL.2013.11.036
https://doi.org/10.1126/science.289.5486.1922
https://doi.org/10.1126/science.289.5486.1922
https://doi.org/10.1089/ees.2012.0006
https://doi.org/10.1089/ees.2012.0006
https://doi.org/10.2136/sssaj2003.1560
https://doi.org/10.1016/BS.AGRON.2017.11.001
https://doi.org/10.1016/BS.AGRON.2017.11.001
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.1029/2010GB003838
https://doi.org/10.1029/2010GB003838
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref79
http://refhub.elsevier.com/S0378-3774(23)00373-6/sbref79
https://doi.org/10.1097/00010694-194704000-00001
https://doi.org/10.1097/00010694-194704000-00001
https://doi.org/10.1007/s11430-022-1031-5
https://doi.org/10.1007/s11430-022-1031-5
https://doi.org/10.2136/sssaj2004.1342
https://doi.org/10.1016/J.AGRFORMET.2003.10.004
https://doi.org/10.1016/J.AGRFORMET.2003.10.004
https://doi.org/10.1029/2005JD006435
https://doi.org/10.1016/J.AGWAT.2013.04.004
https://doi.org/10.1016/J.GEODERMA.2020.114829
https://doi.org/10.1016/j.jhydrol.2021.126899
https://doi.org/10.1016/j.jhydrol.2021.126899

	How water table level influences C balance under different fertilization regimes
	1 Introduction
	2 Materials and methods
	2.1 Experimental Site
	2.2 Treatments and management techniques
	2.3 Soil moisture and temperature monitoring
	2.4 C balance component measurements
	2.4.1 Root and manure C input
	2.4.2 CO2 Soil respiration and CH4 emission
	2.4.3 Autotrophic versus Heterotrophic soil respiration
	2.4.4 C leached

	2.5 Net C balance
	2.6 Statistical analyses

	3 Results
	3.1 Water-filled pore space and temperature
	3.2 Carbon in root biomass
	3.3 Total and heterotrophic soil respiration
	3.4 Carbon as Methane
	3.5 Carbon Leaching
	3.6 Soil Organic Carbon
	3.7 Carbon Balance

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


