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Abstract

Surface soil under various land uses/covers plays an important pool of N discharge in
a watershed. Soil temperature and moisture drive soil N cycling, especially important
for the watersheds with anthropogenic manipulations. Not all of the ongoing process-
based models consider topographic factors of known importance when simulating soil
moisture but most of them simulate soil temperature typically derived from empirical
relations with air temperature. These assumptions might lead to underestimate the N
discharge in the watersheds. This study employed an energy balanced soil temperature
module and a slope introduced soil moisture module in coupling with a conceptual
model of hydro-bio-geochemical process-based watershed life cycle analysis, i.e. the
Watershed Inorganic Nitrogen Dynamic (WIND), to simulate soil N cycling across
forest land, farmland, and urban bare land in an urbanizing watershed in southern
China. The model was calibrated and validated by two individual survey events in
2013 and 2016-17 respectively using moisture and inorganic N in surface soil (0-10
cm) of the watershed with determination coefficients (R?) above 0.7. Significantly
higher soil temperature arose when using the energy balanced module in comparison
to the air temperature module. Meanwhile, soil moisture declining with land slope

became significant above 15° steepness. Estimates of surface soil N cycling across all
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land uses were significantly altered. Importantly, land uses determined the extents of
their alterations. The WIND provides insights into drivers of hot - spot/hot - moment
hydro-bio-geochemical processes of soil inorganic N for land uses in the watershed.
More generally, as the findings inform a better constraint of parameters in other
physics-based watershed-scale water quality models they also potentially directly
contribute to improved strategies for sustainable management of inorganic N

discharges under the predicted climate changes.

Keywords: Inorganic N dynamics; Surface soil; Dynamic life cycle analysis; Soil

moisture; Land use type; Watershed

1. Introduction

Nitrogen (N) is one of the essential elements stabilizing natural ecosystems
(Vitousek and Howarth, 1991). Human activities, however, have dramatically altered
the global N cycle with increasing N loads in the environment (Galloway and
Cowling, 2002). Nitrogen in surface soil of various land use types serves as a source
of N loading in the aquatic ecosystem of a watershed (Gao et al., 2013). Excess N
from surface soil with increasing anthropogenic N inputs (e.g., extensive N deposition
and N fertilization) have caused serious ecological and environmental problems in
watersheds, including greenhouse gas emission (Congreves et al., 2016) and water
eutrophication (Kaushal et al., 2011), threatening the watershed sustainability and
eventually putting human health at risk. The N source-sink complexity in a watershed
can be elaborated by water confluence via integrating spatiotemporal distribution of N
loading, hydrological regime, soil physicochemical properties, and biogeochemical
processes (Lin et al., 2018). Understanding how to best manipulate the N source-sink
relationship is of considerable concern for water quality and watershed sustainable
management worldwide (Congreves et al., 2016).

Besides N substrates, N biogeochemical processes are highly regulated by
environmental abiotic factors, such as soil temperature and moisture (Yu and
Ehrenfeld, 2010; Ehrenfeld and Yu, 2012; Ahmed et al., 2019; Morugan-Coronado et
al., 2019). For example, potentials of biological N fixation and denitrification in
orchard soils were improved by increased soil moisture in the proximity of the
dripping irrigation (Morugan-Coronado et al., 2019). Soil moisture, in turn, has a
dynamic relationship with soil temperature, partitioning energy and radiation that
reach land surface (Berg et al., 2014; Hauser et al., 2016). Surface soil moisture is, on
the other side, highly influenced by land slope (Qiu et al., 2001) which determines the
routing of water either infiltrating the soil profile or as surface runoff during rainfall
or irrigation events. In other words, the land slope changes soil moisture and runoff

hydrological regime simultaneously (Stieglitz et al., 2003; Vaezi et al., 2017). Steep
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topography can result in rapid surface runoff and considerable subsurface drainage,
which lead to substantial N loss into watershed aquatic ecosystems (Wu et al., 2018).
Numerous process-based models have been used to track N dynamics at a
watershed scale, including the Agricultural Nonpoint Source Pollution
(AGNPS/AnnAGNPS; Li et al., 2015), the Soil-Water-Plant-Drainage Systems
(SWPD; Matinzadeh et al., 2017), the Soil and Water Assessment Tool (SWAT;
Arnold et al., 2012), the Model of Acidification of Groundwater in Catchments
(MAGIC; Oulehle et al., 2012), and the Integrated Nitrogen in Catchments (INCA;
Wade et al., 2002). Among them, soil N biogeochemical processes are highly
considered and incorporated with distributed hydrological models, such as SWAT,
INCA, and AnnAGNPS. The existing watershed N dynamic models provide
comprehensive simulations on water and N movements but simplify soil N
biogeochemical processes in various ways, such as AnnAGNPS only including
mineralization and denitrification processes, and INCA and SWAT with
mineralization, nitrification, and denitrification processes (Costa et al., 2020).
Meanwhile, soil temperature and moisture are critical factors of soil N
biogeochemical processes (Agehara and Warncke, 2005; Butterbach-Bahl et al., 2013)
as well as hydrological processes (Nanda et al., 2019). Simulations on soil
temperature and moisture are diverse among these existing models as well. Except the
SWAT and AnnAGNPS, most of the watershed N dynamic models seldom consider
the indirect effect of land slope on soil moisture, not even on associated N dynamic
processes although its effect on hydrological regime has been well recognized (Wade
et al., 2002). Soil temperature, however, is included in most of the process-based
models for soil hydro-thermal processes, soil mass transportation, soil structure, and
soil microbes mediating N processes (Agehara and Warncke, 2005; Butterbach-Bahl
et al., 2013; Costa et al., 2020; Zhao et al., 2020). Given constraints of scaling up field
observations tempo-spatially to a watershed scale, soil temperature has often been
simulated by a variety of empirical approaches mainly using air temperature (Bai et
al., 2014; Huang et al., 2018a). For instance, INCA uses a sine function of air
temperature and average annual temperature amplitude to simulation soil temperature,
and SWAT uses weighting functions based on average annual air temperature and
current day’s soil surface temperature (Costa et al., 2020; Wade et al., 2002). Kwon
and Koo (2017) found that surface soil temperature was simultaneously determined
by air temperature and solar radiation and the air temperature only empirical models
led to soil temperature consistently lower than air temperature. However, the field
measurement found that surface soil temperature was higher than the air temperature
during the daylight time (Qi et al., 2019). Energy balance models with solar radiation
further revealed that soil temperature is correlated to soil moisture and heat flux (Herb

et al., 2008; Kettridge and Baird, 2008). On the other side, land use/cover type
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determines an intensity of solar radiation to reach surface soil (Herb et al., 2008).
Therefore, the air-temperature based simulation might lead to underestimates of
surface soil temperature, in turn which might further impede the accuracy of the
above-mentioned various models in simulating N cycling in a watershed with mixed
land use/cover.

As fundamental parameters in controlling watershed N cycling, accuracy of soil
temperature and soil moisture simulations is of fundamental importance for the model
output. This study developed a slope-introduced soil moisture module and an energy-
balanced soil temperature module to integrate a watershed inorganic N dynamic
(WIND) model, materialized from the hydro-bio-geo-chemical process-based LCA
conceptual model (Lin et al., 2018). The WIND model was calibrated and validated
by two field survey events in 2013 and 2016-2017 respectively in an urbanizing
watershed in Xiamen, southeastern China. With the energy-balanced soil temperature
and the slope-introduced soil moisture, the WIND model is hypothesized to delineate
differences of N cycling processes across various land use/cover types (i.e. forest,
farmland, and urban bare land) in the studied watershed except their differences from
the empirical air temperature-based soil temperature routine and non-slope introduced
soil moisture (i.e. the slope at 0°). Meanwhile, rates of the N cycling processes in
surface soil from the studied watershed were freshly measured by a consecutive N
transformation approach (i.e. mineralization, nitrification, and denitrification) using
urea as the only N source instead of the traditional and individual substrate enriched
potential methods. It assumed to provide “real” parameters for the simulations.
Findings from this study will contribute strategies and tools for sustainable watershed
N cycle via manipulating hot spot - hot moment of N source - sink relationships
(Groffman et al., 2002) to mitigate against their adverse effects under the predicted
global warming.

2. Materials and methods
2.1. Study region

An urbanizing watershed, the Bantou Reservoir watershed in Jimei District,

Xiamen, southeastern China, was chosen to test the hypotheses (24°39'12" N, 1180’

58" E; Fig. 1). The study watershed has two cascading reservoirs as headwaters built

in 1957 for an agricultural irrigation purpose and shifted as a drinking water source
for the Xiamen municipal since 2002. The watershed covers approximately 205 km?
and is characterized by the Asian Subtropical Monsoon Climate with a mean annual
precipitation of 1,462 mm and a mean annual daily temperature of 22°C during 2013 -

2017. An obvious urbanization in the watershed started since 2005 according to the
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time-series satellite image interpretation. The watershed is dominated by lateritic soil
and is consisted of four types of the 1% categorical land uses interpreted in 2013 and
2017, as farmland (mainly vegetable and orchard upland, 108 patches with median
size of 0.21 km? and 22.3 km? in total), forest land (mainly mature and full canopy
pine forest, 5 patches with median 6.08 km? and 90.8 km? in total), urban land
(impervious surfaces and bare land (permeable surface), 320 patches with median
0.02 km? and 70.9 km? in total) and water surface. Slope of land use patches differs
among the land use types, i.e. 2 - 30° (median at 15°) for forest land patches, 0 - 27°
(median at 5°) for farmland patches, and 0 - 12° (median at 5°) for urban bare land
patches, respectively.
2.2. Soil sampling and chemical analysis

Surface soil is the most active layer involving input/output of nutrient cycles in a
watershed. Two sampling events of surface soil (0 - 10 cm) were undertaken during
March - April, 2013 and November 2016 - March, 2017, respectively. In total, 137
sites were sampled from patches of the three land use types (25 surface soil samples
from forest land; 49 surface soil samples from farmland; and 63 surface soil samples
from urban bare land) for each sampling event (Fig. 1). At each site, five samples
were taken from a 10 m x 10 m quadrate and mixed as one composite soil sample.
One cutting ring sample for bulk density measurement was randomly selected from
the quadrate at each site. All samples were sealed in Ziploc polyethylene bags and
transported to the laboratory on ice. Each composite soil sample was divided into
three subsamples: one was passed through a Mesh-10 sieve and oven-dried at 105 °C
to reach a constant weight for soil moisture measurement; one passed through the
Mesh-10 sieve to measured rates of microbial N transformation processes
(denitrification, nitrification, and mineralization) in a sealed microcosm incubation
system with helium substitution to nitrogen in headspace; the remaining subsample
was air-dried and passed through the Mesh-10 and Mesh-100 sieve for chemical

analyses.
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Bulk density was determined by oven-drying the cutting ring samples at 105 °C to
reach a constant weight. Total nitrogen (TN) and carbon (TC) in surface soil samples
were determined using an element analyzer (Vario MAX, Elementar GmbH,
Germany). Nitrate (NO3-N) and ammonium (NH4"-N) were measured in filtrates
through a 0.45-um membrane filter after an extraction with 2 M KCl for one-hour
reciprocatory shaking using a flow injection analyzer (FIA QC5000, Lachat, USA).
The contents of soil NH4"-N and NOs™-N were calculated as mg N per kg oven-dried
soil and then converted into kg km™ with soil bulk density. The microbial N
transformation rates were measured based on aerobic incubation of 10 g homogenized
field moisture soil samples in a sealed air-water-soil microcosm. Headspace of the
microcosm was vacuumed and flushed 3 times with pure helium gas. One milliliter of
urea was injected into each vacuumed microcosm to reach the N content at 1 mg N
per microcosm and an equal volume of deionized water was injected into the control
microcosm for each surface soil sample. Then, the helium gassed headspace of the
microcosm was balanced with a syringe of 50 mL O by push-and-pull for 5 minutes.
The microcosms were incubated in the dark for 72, 96, and 120 hours at room
temperature. The headspace air of the timed microcosms was then determined for Na,
N20, CO», and CH4 using a gas chromatography system (Agilent® 7890A, Agilent
Technologies, Santa Clara, CA, USA) equipped with a capillary column (HP-5, 30-m
long with internal diameter of 0.32-mm and film thickness of 0.25-um) and an
electron capture detector (ECD). Then the microcosms were injected with 40 mL 2M
KCl and one-hour reciprocatory shaking. The supernatant was filtered through a 0.45-
um membrane filter and the filtrates were analyzed for NH4"-N and NO3™-N using the
flow injection analyzer (FIA QC5000, Lachat, USA).

2.3. Data preparation

Interpretation of land use/land cover into forest, farmland, urban land, and water
surface was initially done visually on the Landsat ETM+ images in August 2010,
downloaded from the Geospatial Data Cloud Site at the Computer Network

Information Center, Chinese Academy of Sciences at http://www.gscloud.cn/. The

land use /land cover changes were corrected with the ETM+ images and field visits in
2013 and 2017. Slope of the watershed was extracted from the GDEMV?2 data at the
Geospatial Data Cloud Site website with a 30-m resolution. Meteorological data were
downloaded from the National Meteorological Information Center at

http://data.cma.cn. The detailed sources of parameters and datasets for the simulations

were listed in Table 1.
2.4. Model description

The conceptual diagram of Watershed Inorganic Nitrogen Dynamic (WIND)
model was depicted as a putative network of N dynamic life cycle in a watershed (Fig.

2, Zhao et al., 2011; Lin et al., 2018). The WIND model simulated daily changes in
6



inorganic N (NH4"-N and NO3™-N) dynamics in surface soil under three land uses
(forest, farmland, and urban bare land uses). Briefly, external inputs of soil inorganic
N include atmospheric deposition, lightning N> fixation, and fertilization while
internal transformations of soil N are assumed mostly as mineralization of organic N
into NH4", which is thereafter taken up by plants and lost via NH3 volatilization,
surface runoff and infiltration, or oxidized into NO;3™ through nitrification under
aerobic condition. NOj3™ can be also taken up by plants, exported via surface runoff
and infiltration to surface and ground water, or returned to the atmosphere by
denitrifiers under hypoxic or anaerobic condition (Fig. 2). Mathematical equations of
these mentioned processes in the WIND model were labeled in Fig. 2 and detailed in

Table S1 with parameters in Table S2 of the Supplementary Materials.
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Fig. 2. Conceptual diagram for the Watershed Inorganic Nitrogen Dynamic (WIND) Model. Energy
balanced soil temperature module (the upright frame) and slope introduced soil moisture module (the
downright frame) are employed to estimate soil temperature and soil moisture in surface soil of forest
land, farmland, and urban bare land uses. The adjusted soil temperature and soil moisture were used to
simulate changes of inorganic N dynamic processes in surface soil of three land use types.
Corresponding equations can be found in Table S1 by the equation number near the arrows.

An energy-balanced soil temperature module (EnTemp, Fig. 2, the upper right
frame) and slope-introduced soil moisture module (SMoist, Fig. 2, the lower right
frame) were included in this study to simulate inorganic N cycling in surface soil
under different land use types, i.e. forest land, farmland, and urban bare land. The
simulated results were compared with those by air temperature-based soil temperature
module (AirTemp) and slope-introduced soil moisture module when slope equals 0°
(NSMoist). The energy-balanced soil temperature module includes net radiation flux,
sensible heat flux, latent heat flux, and soil heat flux (Kwon and Koo, 2017) detailed
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in Fig. 2 and Table S1 (Egs. 1.1 - 1.6), incorporated with topography and land use
type, soil moisture, air temperature, and rainfall (Table S2). The empirical soil
temperature module, i.e. air temperature-based module (AirTemp), is adopted from
Wade et al. (2002) with details in Table S1 (Eq. 1.7). Meanwhile, the slope-introduced
soil moisture module includes rainfall, evapotranspiration (moisture from soil to air
pathway), infiltration, and surface runoff (Fig. 2 and Table S1, Egs. 2.1 - 2.5; Fox et
al., 1997; Allen et al., 1998; Huang et al., 2016). The median patch slope (°) of each
land use type in the watershed was used for simulation. The daily rainfall volume
(mm) was set from 0 mm to the maximum daily rainfall volume during the studied
period of 2013-2017. The slope-introduced daily soil moisture was simulated as well.
Then, NH4"-N and NOs™-N in surface soil (0-10 ¢cm) of the three land use types were
simulated by a mass balance method with the simulated soil temperature and moisture
as Egs. 1 -2 and Table S1 (Egs. 3.3 - 3.21; Zhao et al., 2011). The dynamic balances
of inorganic N cycling among sources, sinks, and transport/transformation processes
over time were conducted in a dynamic modelling software package of iThink and
STELLA (Ver. 9.1.3, www.iseesystems.com).

dNHS
dt + = NHdep + Nerr + NHmin - NHm't - NHvol - NHupt - NHinf - NHrun (1)
dNO3
dt > = Nodep + NOfer + NOfix + NHnit - NOden - NOupt - NOinf - NOrun (2)
dNO3 dNO3 . -
Where % and % represent daily mass rates of NHJ and NO3; NHge,

and NOg,, represent daily atmospheric deposition rates of NHJ and NO3; NHg,,
and NOy,, represent daily average input rates of NHS and NOj fertilizers;
NH,,;, represents daily mineralization rate; NH,,; represents daily NH;
volatilization loss rate; NH,;, represents daily NH; nitrification rate; NOg;,
represents daily lightning NO5 fixation rate; NOg,., represents daily NO3
denitrification loss rate; NH,,, and NO,,, represent plant uptake rates of NH,
and NO3; NHy,; and NO;,; represent daily filtration loss rates of NH; and
NO3; NH,,, and NO,,, represent daily surface runoff loss rates of NH; and
NOj, respectively. All the rates were expressed with a unit of kg N km™ day™.

All of the parameters of the WIND model were listed in Table S2.
2.5. Model calibration and validation

For both configurations of the WIND model the parameter sets consisting of 12
parameters for soil water balances and 22 parameters for soil inorganic N dynamic
balances were manually calibrated and validated against the soil measurement data
from 2013 and 2016/2017, respectively (Table S2). The parameters (plant potential
factor, model coefficient of runoff generation and infiltration rate) used for simulating

soil moisture of each land use type were collected from literatures, while maximum
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water storage used for simulating the soil moisture of each land use type were based
on the measurements of this study. The parameters (mineralization, nitrification and
denitrification rates) used for simulating the soil inorganic N cycling of each land use
type according to the measurement of this study but rates of volatilization, deposition,
and plant uptake rates were collected from literatures. More detailed parameters of the
WIND model can be found in Table S2.

The WIND model parameters with both corresponding determination coefficient
(R?) and a Nash-Sutcliffe efficiency (NS) values greater than 0.7 were selected
during the calibration with the measurement datasets in 2013 and model performance
for the three land use types were evaluated during the WIND model validation by the
measurement dataset in 2016/2017. Akaike information criterion (4/C) index and sum
of R? and NS (F) were calculated for the model performance evaluations. The R?, NS,

F, and AIC were calculated as following equations,

Y(obs Aobs)x(sim—Asim)

R? = 3)
\/Z(sim—Asim)ZXN/Z(obs—Aobs)z
o Y (sim—obs)?
NS =1 Y (obs—Aobs)? (4)
F =R?+ NS (5)
AIC = nin (Z2) + 2k (6)

Where sim and obs represent the simulated and observed values, respectively,
while Aobs is an average of the observed values and Asim is an average of the
simulated values. RSS is the residual sum of squares of the model, » is the sample size
and £ is the number of fitted parameters in the model.

2.6. Statistical analysis

Data were transformed using a Box-Cox method to meet the normality using
Shapiro-Wilk test. The t - test was employed to explore statistical significance of
differences in daily surface soil temperature between EnTemp and AirTemp, and daily
inorganic N pool in surface soil between the two soil temperature simulations in the
period of 2013-2017. One-way analysis of variance (ANOVA) was carried out for soil
moisture and inorganic N pool in surface soil along a land slope gradient of 0°-30° for
each land use type with Tukey’s post hoc test (significance level alpha = 0.05) while
N-way ANOVA was applied to testify effects of land use types and the land slope
gradient (significance level alpha = 0.05). Multiple linear regression analysis was
used to explore the contributions of soil moisture and temperature to the daily changes
of inorganic N pools, N cycling processes’ rates, and N loss rates in surface soil of
forest land, farmland, and urban bare land uses. The ‘circlize’ package in R was used

to construct “circos plot” of each land use to analyze the input, output, and
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transport/transformation pathways of N. All statistical analyses were carried out in the

R system (Version 3.5.1, The R Foundation for Statistical Computing).

3. Results
3.1. Performance of the WIND model and slope-introduced soil moisture module

The validated WIND model with the energy-balanced daily soil temperature
(EnTemp) module and the slope-introduced daily soil moisture (SMoist, a median
slope at 15° for forest land and 5° for farmland and urban bare land, respectively)
module demonstrated promising performance (Fig. 3 upper) with better fitness of the
validations (red line, all /" values above 1.6 and slight small 4/C values) for inorganic
N pools in surface soil than the ones with the air temperature-based daily soil
temperature (AirTemp) and soil moisture at slope of 0° (NSMoist) (black line,
values ranging from 1.063 to 1.669 and slight large AI/C values). Both inorganic N
forms (NHs"-N or NO3™-N) in the three land use types showed the same trend. Evident
difference between combined daily soil temperature and soil moisture was found for
NH4"-N in farmland and for NO3™-N in urban bare land (Fig. 3 upper), suggesting

inorganic N cycling in different land use types might have differing sensitive
processes to soil temperature and moisture.
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Fig. 3. Fitness of the Watershed Inorganic Nitrogen Dynamic (WIND) model on soil inorganic N pool
(NH4™-N and NOs™-N, upper) and of the slope-introduced soil moisture (SMoist) module on soil
moisture (lower) under forest land, farmland, and urban bare land use types in an urbanizing watershed,
Xiamen, China. The WIND model and SMoist module were calibrated with the 2013 field
measurement dataset and validated by the 2016-2017 field measurement dataset. The line in red (i.e.
with adjustment) represents the simulation results using energy - balanced soil temperature (EnTemp)
and SMoist while the black line (i.e. w/o adjustment) is simulated by air temperature - based soil
temperature (AirTemp) and soil moisture at slope of 0° (NSMoist). A median slope of each land use

type was applied for the soil moisture calibration and validation, i.e. 15° for the forest land, and 5° for
farmland and urban bare land.
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The slope-introduced soil moisture module also had good validation fitness for
surface soil moisture of the three land use types (F values: forest land (1.692) >
farmland (1.552) > urban bare land (1.483) and A/C values: forest land (29.69) <
farmland (31.42) < urban bare land (36.57), Fig. 3 lower). The large difference of F/
values and A/C values of soil moisture simulation between the median slope and 0°
slope was found in forest land (F = 1.692 versus 1.601, AIC = 30.67 versus 29.69) and
urban bare land (F = 1.472 versus 1.423, AIC = 37.37 versus 26.57) while the farm
land had similar fitness (F' = 1.55 and A/C = 31.4, Fig. 3 lower), suggesting that land
use/cover and topological condition might influence soil moisture.

3.2. Slope Effect on soil moisture and inorganic N pools in surface soil of various
land use types

The three land use types showed a similar declining pattern of daily soil moisture
under daily rainfall in 2013-2017 along the land slope gradient of 0° to 30°, simulated
by the slope - introduced soil moisture module (SMoist, Fig. 4 upper). The daily soil
moisture declines with the land slope became significant when daily rainfall volume
above 50 mm and the land slope above 15° (urban bare land use even significantly
above 10°, Fig. 4 upper) according to ANOVA with Tukey’s post hoc test (p < 0.05).
Under the maximum daily rainfall (173 mm) of 2013-2017, the daily soil moisture
declined with land slope from 65 (0°-10°) to 41.3 mm (30°) for forest land, from 64.7
(0°) to 34.5 mm (30°) for farmland, and from 54.8 (0°) to 24.4 mm (30°) for urban
bare land (Fig. 4 upper). However, the daily soil moisture without rainfall was
relatively stable over the land slope gradient, i.e. soil moisture of forest land and
farmland consistently at 13.1 mm and 10.6 mm, respectively while urban bare land
had a relatively wide range of soil moisture of 13.8 (0°) -11.0 (30°) mm (Fig. 4 upper).
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In response to the slope-introduced soil moisture change, inorganic N pools in
surface soil showed significant declines with increasing soil moisture but varied with
land use type and inorganic N form (Fig. 4 lower). A steep decline of daily inorganic
N pools was observed as soil moisture increased from 10 to 40 mm, then gradually
down when soil moisture above 40 mm for forest land and farmland and above 30
mm for urban bare land. Similarly, the declines of daily inorganic N pools became
quick with land slope increasing from 0° to 30° (Fig. 4 lower). The decrease in median
NH4*-N for forest land from 907 kg km (0°) to 772 kg km (30°) was greater than
for farmland (from 756 to 714 kg km™) and urban bare land (from 425 to 335 kg km’
%). Whereas, the decrease in median NOs™-N for urban bare land from 1323 kg km™
(0°) to 1038 kg km™2 (30°) was greater than forest land (from 459 to 399 kg km™) and
farmland (from 877 to 802 kg km™).

3.3. Differences of soil temperature simulated by EnTemp and AirTemp and its effects
on inorganic N pools in surface soil of various land use types

Surface soil temperature simulated by the energy-balanced soil temperature
module (EnTemp) was significantly higher than when simulated by the air
temperature - based soil temperature module (AirTemp) in the period of 2013-2017
with the sampling events (1825 days, p < 0.001, Fig. 5 upper). The increment of
surface soil temperature between EnTemp and AirTemp is dependent upon land use
type, i.e. surface soil of urban bare land had a greater increment of soil temperature
than those of farmland and forest land. The median increments between EnTemp and
AirTemp were 2 °C for forest land, 5 °C for farmland, and 6 °C for urban bare land

over the period.
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With the increase of soil temperature (EnTemp versus AirTemp) at the median
slope of each land use type as above-mentioned, the simulated inorganic N pools in
surface soil were significantly but differently shifted by land use type in the period of
2013-2017. Both NH4"-N and NOs3™-N pool sizes were significantly increased in
surface soil of forest land and urban bare land but declined in surface soil of farmland
with fertilization over the period with EnTemp versus AirTemp (1825 days, p < 0.001,
Fig. 5 lower). The median increment of NH4"-N pool size between EnTemp and
AirTemp was 2-3 times greater in farmland (148 kg km™) than in the forest land (50
kg km) and urban bare land (68 kg km). Whereas, the median increment of NO3™-N
pool size was the greatest in urban bare land (235 kg km™?), which was almost 12
times higher than in the forest land (19 kg km2) and farmland (20 kg km).

3.4. Nitrogen cycling in surface soil under various land use types of the studied
watershed simulated by the WIND model with EnTemp and SMoist modules

Differences in moisture, temperature, inorganic N pool (NH4"-N and NOs3™-N),
multi-process rates of N cycling, and daily N losses in surface soil of the three land
use types in the studied watershed were consecutively simulated in the period of
2013-2017 by the WIND model with EnTemp and SMoist modules (Fig. 6). The slope
for the SMoist simulation used the median value of each land use type in the
watershed, i.e. 15° for forest land, 5° for both farmland and urban bare land. The daily
NO3™-N pool in surface soil (median at 1318 kg N km™) was consistently and
remarkably greater than the daily NH4"-N pool (median at 423 kg N km™) in the
urban bare land (1825 days, p <0.001) while the forest land had a reverse pattern with
a nearly double daily pool size of NH4"-N (median at 875 kg N km™) as that of daily
NOs™-N pool (median at 446 kg N km™) in surface soil (1825 days, p < 0.001). The
farmland was balanced with comparative daily pools of NH4"-N (median at 755 kg N
km) and NOs™-N (median at 875 kg N km?) in surface soil. Meanwhile, the urban
bare land had the greatest daily NO3™-N pool in surface soil among the three land use
types in the studied watershed.

Daily rates of N cycling processes, mineralization, nitrification, and volatilization,
were significantly shifted with soil temperature (EnTemp) pattern (partial R? ranging
from 0.117 to 0.937) and slightly integrated with soil moisture (SMoist) pattern
(partial R? ranging from 0.008 to 0.414, 1825 days, p < 0.0001, Fig. 6; Table S3). The
farmland with fertilization and cropping practices had the most active and diverse N
cycling processes, even denitrification, which contributed negligibly to N cycling in
upland surface soil of forest land and urban bare land. Daily medians of
mineralization, nitrification, volatilization, and denitrification rates in surface soil of
the farmland were 68 kg N km™ day!, 43 kg N km? day!, 30 kg N km day!, and 4
kg N km™ day’!, respectively. Daily N cycling in surface soil of forest land was

dominated by mineralization (median at 57 kg N km™ day™'") and followed by
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nitrification (median at 16 kg N km day™!) and volatilization (median at 8 kg N km™
day™!). On the other hand, daily N cycling in surface soil of urban bare land was
integratively dominated by mineralization (median at 43 kg N km day™') and
nitrification (median at 30 kg N km™ day’!, 1825 days, p < 0.001, Fig. 6).
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Fig. 6. Simulations of the WIND model for daily changes of inorganic N pools, N transformation rates,
and N losses in surface soil of forest land, farmland, and urban bare land uses in an urbanizing
watershed, Xiamen, China with adjustments of energy - balanced soil temperature and slope -
introduced soil moisture. The simulation period covered from 2013 to 2017 when daily average air
temperature and rainfall volume were also shown.

Surface runoff was the predominant daily N loss pathway from surface soil,
regardless of land use types, with means of 39 kg N km™ day™! for forest land, 44 kg N
km day™! for farmland, and 57 kg N km™ day! for urban bare land (Fig. 6).
Vegetation uptake was a considerable daily N loss pathway from surface soil of
farmland (median at 102 kg N km day™!), over 6 times that of forest land (median at
17 kg N km™ day™!). Without the vegetation uptake, infiltration became a major
pathway of daily N loss from surface soil of urban bare land (median at 9 kg N km™
day™), greater than farmland (median at 8 kg N km™ day!) and forest land (median 6
kg N km day™).

Annual N fluxes in surface soil can be classified as input and output for the three
land use types in the study watershed (Fig. 7). Except fertilization in farmland,
mineralization contributed a profound NH4"-N input to the inorganic N pool of
surface soil, average annual at 262 kg N ha! yr! (54.2% of annual total inorganic N
(ATIN) pool) for farmland, 214 kg N ha™! yr'! (79.7% of ATIN pool) for forest land,
and 169 kg N ha! yr'! (62.4% of ATIN pool) for urban bare land, which significantly
differed among the three land use types (p < 0.001, n =5, Fig. 7) as the daily

mineralization rates mentioned above (Fig. 6). Other sources, such as NO3™-N air
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deposition and N lightning fixation, were important for inorganic N pool in surface
soil of urban bare land (58.4 kg N ha™! yr'! and 21.5% of ATIN pool, and 21.9 kg N
ha! yr'! and 8.1% of ATIN pool, respectively) but negligible for forest land and
farmland (< 12.2% of ATIN pool, Fig. 7).Average annual output flux of NO3™-N via
surface runoff was considerably high in urban bare land (158 kg N ha! yr'! and 58.1%
of ATIN pool), significantly greater than farmland (86 kg N ha™! yr'! and 12.4% of
ATIN pool) and forest land (47 kg N ha™! yr'! and 17.5% of ATIN pool, p < 0.001, n =
5, Fig. 7). At the same time, surface runoffs also exported NH4*-N annually from
surface soil of forest land (mean of 94 kg N ha™ yr'! and 34.9% of ATIN pool,
significantly less than NO3™-N output via surface runoff, p <0.001, n = 5), farmland
(75 kg N ha! yr'! and 10.8% of ATIN pool), and urban bare land (48 kg N ha! yr'!
and 17.7% of ATIN pool), which significantly differed among the land use types (p <
0.05, n = 5). On the other hand, average annual NH4"-N output via NH3 volatilization
was significantly greater in surface soil of farm land (107 kg N ha! yr'! and 15.6% of
ATIN pool), which was over three times of forest land (31 kg N ha™! yr'! and 11.8% of
ATIN pool) and near 6 times of urban bare land (18 kg N ha! yr! and 7.1% of ATIN
pool, Fig. 7, p <0.001, n = 5). Average annual N loss via denitrification was relatively
small in comparison with above-mentioned processes, 16 kg N ha™! yr'! in surface soil
of farmland, 5 kg N ha! yr'! in surface soil of forest land, and 3 kg N ha! yr'! in
surface soil of urban bare land, respectively, which were significantly differentiated
among land use types (p < 0.001, n = 5). With vegetation, annual plant uptake
accounted for 202 kg NH4*-N ha™! yr! and 175 kg NOs™-N ha! yr'!, consisting of
36.0% NH4"-N and 59.9% NOs™-N outputs from surface soil of farmland,
respectively; while surface soil N in forest land was taken up by plants annually at 31
kg NH4"-N ha! yr'! (13.3% of output) and 32 kg NOs™-N ha'! yr'! (34.6% of output,
Fig. 7).
—— I~ N Fig. 7. Average annual fluxes of
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and urban bare land uses in an

urbanizing watershed, Xiamen,
China between 2013 - 2017

2 \\ ' simulated by the WIND model
% bl with adjustments of energy -
020160 V> balanced soil temperature and
Taput (kg N ha yr) slope - introduced soil moisture
== i — - e e (15° of median slope for forest
Output (kg N ha yr!) land use and 5° of median slope
[ NH, uptake [J NO; uptake [ NH,"runoff B NOj runoff [ Nitrification for both farmland and urban

R Volatilization EE NH," infiltration (E NOj infiltration =3 Denitrification
bare land uses).

4. Discussion
As hypothesized that nitrogen in surface soil (0 - 10 cm) is actively involved in

watershed N cycle, the WIND model, with EnTemp and SMoist modules, evidently
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differentiates the inorganic N pool of surface soil under three land use types not only
in speciation and flux but also in process and process-based annual contribution to
inorganic N cycle (Figs. 6, 7). Urban bare land was characterized with higher NO3™-N
flux in surface soil and greater NO3™-N loss via surface runoff by the WIND, which is
coincident to greater NO3™-N export via surface runoff from urban subwatersheds
(2.49+0.35 mg N L) than forest ones (1.10+ 0.45 mg N L) in the Jiulong river
watershed, Fujian, China (Huang et al., 2018b). Shi et al. (2019) also confirmed that
inorganic N export to waterways was often enhanced by land use change due to
urbanization, up to 15.6 mg N L' in the Wei river watershed, northwest China.
Upland agriculture with fertilization also exported considerable NO3™-N in surface
water. With the WIND simulation in the studied watershed, farmland with
fertilization, mainly agricultural uplands, had a comparable pool size between NO3™-N
and NH4"-N (medians at 875 and 755 kg N ha! in 2013-2017, respectively) but with
considerable NO3™-N loss via surface runoff from its surface soil (averagely 86 kg N
ha! yr'! and 12.4% of ATIN pool, Figs. 6, 7). It is comparable but greater than NO3™-N
loss via surface runoff in Baltimore LTER watershed, USA where average output at
39 kg N ha'! yr'! was observed (Kaushal et al., 2008).

Considerable surface runoff losses of NH4"-N from surface soil of agricultural
land have also been observed: 2.87 mg N L! in an agricultural subwatershed
(Heidingzi) of the Songhua river, Jilin Province, China (Zhao et al., 2017), 0.53 £0.6
mg N L in agricultural subwatersheds of Jiulong river, Fujian Province, China
(Huang et al., 2018b), and 1.8 mg N L! in an agricultural catchment of the Lake
Poyang watershed, Jiangxi Province, China (Tang et al., 2008). The simulation in the
studied watershed, interestingly, indicated that despite surface soil of farmland and
forest land having comparable daily NH4"-N pool sizes (1825 day medians of 755 kg
N km and 875 kg N km™ respectively yet farmland had less NH4"-N loss via surface
runoff at 75 kg N ha! yr! (10.8% of ATIN pool) than forest land (94 kg N ha'! yr'!
and 34.9% of ATIN pool, averages of 1825 days, Figs. 6, 7). This was double the flux
from urban bare land. We observed that inorganic N in stream water of the studied
watershed was dominated by NH4"-N back to 2012 (Gao et al., 2013) when the
watershed (with over 45% forest coverage) had experienced an escalating
urbanization.

Interactions between pools and losses of inorganic N in surface soil are
multifactor dependent but mainly driven by microbial processes in soil and soil-plant
root interface (Buckeridge and Jefferies, 2007; Zhang et al., 2016; Zhang et al., 2018).
Most process-based soil N cycling models fixed the microbial process rates or were
considered only as a parameter (Li et al., 2000; Arnold et al., 2012; Oulehle et al.,
2012). In this study, a new approach of measuring rates of soil N processes was

employed and enable to provide “real” process-based simulation for N cycling in
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surface soil under various land use types, especially for denitrification including both
N2 and N>O fluxes (Fig. 6). With the WIND model, a clear pattern differed among
three land use types in the period of 2013-2017, i.e. daily N cycling in farmland
surface soil predominantly driven by mineralization, nitrification, and volatilization
while daily soil N cycling was dominated by mineralization for forest land and by
both mineralization and nitrification for urban bare land (Fig. 6). The simulated
mineralization rates in surface soil of the studied watershed, a subtropical zone, were
comparable to the rates in agricultural lands of southwestern Spain (Vazquez et al.,
2019), in the 65 arable cropping field experiments in France (Clivot et al., 2017), and
in forest lands in Alberta, Canada (Lang et al., 2019) and in subtropical Australia
(Zhang et al., 2018) (Table 2). Meanwhile, net soil nitrification rate in farmland by the
WIND simulation in this study ranged from 8.36-116.96 kg N km™ day™! (equivalent
to 0.10-0.88 mg N kg™ day™!), comparable to the rates of paddy soils (0.36-0.48 mg N
kg! day!) in Jiangxi, China (Yang et al., 2018). However, the simulated nitrification
rate in surface soils of forest and urban bare lands was less than rates of
corresponding land uses in Minhang District, Shanghai, China (Yan et al., 2019) and
in Archipelago, Japan (Urakawa et al., 2015). Given that net denitrification rate was
calculated by the sum of No+N>O-N in this study, the simulated net denitrification rate
in surface soil of urban bare land and forest land were greater than those in Xiamen by
measuring N2O-N alone (urban soil: 0.08-0.46 kg N,O-N km™ day™!, Xu et al., 2019)
and Guangdong, China (forest soil: 0.0001-0.003 mg kg™! day™!, Tang et al., 2019).
But, the simulated denitrification rate in surface soil of farmland of this study was less
than the Xiamen agricultural soil (0.6 - 444 kg NoO-N km™ day!, Xu et al., 2019) and
paddy soil from Yingtan, China (0.33 +0.08 mg N kg! day’!, Lan et al., 2015). All the
comparisons of inorganic N transformation rates were listed in Table 2.

Soil microbial N processes are temperature-sensitive (Guntirias et al., 2012; Sun
et al., 2013) and mostly high temperature within its certain extent promotes N
metabolic activity of microbes (Schimel et al., 2004). Findings from the WIND model
that EnTemp by the energy - balance module was greater than AirTemp by the air
temperature module (Fig. 5), by which soil temperature was consistently lower than
air temperature, were confirmed by field measurements and simulations from other
studies, for instance, soil temperature higher than air temperature during daylight time
(Qietal., 2019). The increment between EnTemp and AirTemp in this study differed
among land use types, i.e. 2.1 +£0.9°C for forest land, 6.3 +3.5°C for farmland, and
7.2 £3.3°C for urban bare land, all greater than that in surface soil (5-10 cm) of the
Choptank River watershed, Maryland, USA (0.4 to 1.1°C, averagely 0.6+0.2°C, Qi et
al., 2019) (Table 2). On the other hand, differences of daily soil temperature among
land use types found in this study, for example, 0.2 to 18°C and averagely 5°C

between forest land and urban bare land, were coincident to the simulated daily soil
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surface temperature increments between forest land and bare land in Albertville,
Minnesota, USA by the energy balance (-1 - 12°C, Herb et al., 2008). The temperature
increments between vegetated and bare soil is determined by short wave length
radiation which is blocked by vegetation (Herb et al., 2008; Ni et al., 2019). Findings
from this study and others suggest that the energy-balance simulation might be
appropriate for surface soil temperature rather than the air temperature module.
Meanwhile, the energy balance module for surface soil temperature includes soil
moisture as an important factor, which is highly determined by soil water holding
capacity (Chen et al., 2007). In this study, the forest soil had higher moisture than
urban bare soil because of larger soil water holding capacity (Fig. 4). On the other
hand, soil moisture is influenced by land slope, a hydrological factor, which
determines surface runoff and water infiltration under various land coverage (Table
S1). A negative relationship between soil moisture and land slope has been reported in
few studies, including farmland and forest land of hilly Jiegou catchment in Shanxi,
China (Yu et al., 2018) and Yan River catchment in Shanxi, China (Yang et al., 2017).
This study also demonstrated the negative relationship between soil moisture and land
slope which was influenced by daily rainfall volume (Fig. 4). Evapotranspiration by
vegetation is another important pathway influencing soil moisture (Gémez-Plaza et
al., 2001; Ni et al., 2019). The forest land and farmland in this study had greater soil
moisture in surface soil than urban bare soil even though forest land had the greatest
land slope (Fig. 4). The findings of the present study suggest that soil moisture is
strongly determined by water holding capacity instead of land slope and vegetation
(land cover). However, land slope critically determined surface runoff and infiltration
of water as well as N movement (Zhu et al., 2018).

As a model, the WIND model has its assumptions and limitations. The WIND
only estimates inorganic N dynamics in surface soil and does not touch organic N
speciation because most N losses are inorganic forms via surface runoff (and surface
soil erosion) and gaseous emissions. Therefore, organic N cycling and N dynamics in
subsurface soil are not considered, which is one of the limitations for the WIND
model. Meanwhile, the slope introduction to soil moisture simulation is specific to a
mountainous watershed or catchment as this study explored that the slope effect on
soil moisture and associated N transformation becomes evident at a steepness above
15 degree and varies by vegetation covers (Fig. 3). It suggests that in a flat watershed
or catchment, the WIND might have similar estimates as other models which consider
solar radiation for soil moisture simulation. At last, the current study successfully
testified the WIND model differentiating the land use types on inorganic N cycling
processes, but scaling these results up to a watershed or catchment should considered
more aspects of various land use patches, such as exposure and length of slope, and

inter- and intra- drainage networks. In short, the WIND model also requires a
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conditional application as other models.

5. Conclusions

Land use type shifts soil N cycling due to its effects on altering soil temperature
and moisture. For an urbanizing case study watershed, the WIND model which
included an energy-balanced soil temperature module (EnTemp) and slope-introduced
soil moisture module (SMoist) clearly illustrated the differences of inorganic N pools,
and N transformation rates and pathways in surface soil under three land uses (Figs. 6,
7). Influences of soil temperature, soil moisture, and land slope on inorganic N pools
were also testified and clarified using the WIND model for forest land, farmland, and
urban bare land (Figs. 4, 5). Besides giving better simulation on watershed N cycling,
findings from the modelling will assist strategies for watershed N management under
climate changes. Although some uncertainties should be considered for this study,
hopefully, these findings of the WIND might also be useful to constrain
parameterization of SWAT and AGNPS and the other catchment nutrient models, such
as that the energy balanced simulation might be appropriate for surface soil

temperature rather than the air temperature module.
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Table 1

Sources of parameters and datasets used for the Watershed Inorganic Nitrogen Dynamic (WIND) Model.

Item

Description

Data Source

Land use type

Land elevation and slope

Temperature, solar radiation, rainfall,
relative humidity, wind speed, etc.

Parameters for evapotranspiration,
potential evaporation, surface runoff
and infiltration rate

Contents of moisture, ammonia and
nitrate in soil and soil bulk density

Rates of N cycling processes, i.e.
mineralization, nitrification,
denitrification, filtration, and
volatilization etc.

Atmospheric N deposition rate and
fertilization rate

Satellite image interpretation (Landsat 7 ETM+ in
August 2010) using ArcGIS

Digital elevation model (ASTGTM2_N24E118)
using ArcGIS

Soil temperature simulation

Soil moisture partitioning

Calibration and validation of the WIND model for
moisture and inorganic N in surface soil

Parameters of the WIND model for soil N cycling
processes

Parameters of the WIND model for soil N inputs

Geospatial Data Cloud Site
(http://www.gscloud.cn)

Geospatial Data Cloud Site
(http://www.gscloud.cn)

National Meteorological Information Center
(http://data.cma.cn)

Published literature, e.g. Allen et al. (1998),
Chen et al. (2002), Cai et al. (2007) and
Huang et al. (2016)

Two sampling events of surface soil in the
studied watershed in 2013 and 2016/17 and
measurements of this study

Measurements of the sampling event in
2016/17 of this study and published
literature, e.g. Wade et al. (2002), Zhao et al.
(2011), and Lu et al. (2017)

Published literature, e.g. Huang et al. (2018),
Xiao et al. (2010) and Huang et al. (2008)
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Table 2

Comparisons of rates of soil N cycling processes and soil temperature increment (against to air-temperature based empirical simulation of soil temperature)
between the WIND simulation and the published literature. Rate units of the measurements in this study have been converted into the same as the literature
ones.

Parameter Time Land use Simulated Published Unit Source
resolution

Mineralization — Daily Farmland 0.14 - 1.40 0.28 - 1.63 mg N kg! day™! Vazquez et al. (2019)
Daily Farmland (arable) 19-185 17 - 167 kg N km? day™! Clivot et al. (2017)
Daily Forest land 0.18-0.90 0.29-0.92 mg N kg'! day™! Lang et al. (2019)
Daily Forest land 0.40 0.53+0.08 mg N kg! day™! Zhang et al. (2018)
Daily Forest land 0.40 0.62+0.68 mg N kg! day™! Urakawa et al. (2015)

Nitrification Daily Farmland (paddy soils) 0.10-0.88 0.36-0.48 mg N kg! day™! Yang et al. (2018)
Daily Forest land 0.05-0.27 0.07-0.13 mg N kg! day™! Tang et al. (2019)
Daily Forest land 0.12 0.25+0.45 mg N kg! day™! Urakawa et al. (2015)
Daily Urban soil 0.21 0.25+0.04 mg N kg! day™! Yan et al. (2019)

Denitrification ~ Daily Farmland 1.7-11.4 0.6 - 444 kg N km? day™! Xu et al. (2019)
Daily Farmland (paddy soils) 0.03 0.33+£0.08 mg N kg! day™! Lan et al. (2015)
Daily Forest land 0.004 - 0.02 0.0001 - 0.003 mg N kg'! day™! Tang et al. (2019)
Daily Utrban soil 0.35-2.55 0.08 - 0.46 kg N km? day! Xu et al. (2019)

Soil temperature  Daily Forest land 2.1+0.9 04-11 °C

increment Da?ly Farmland 6.3+3.5 (Mean, 0.6 £02) :C Qi etal.(2019)
Daily Urban bare land 72+33 C
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