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Excess nitrogen (N) export from lowland artificial watersheds (polders) is often assumed to be a major
contributor to the cultural eutrophication of downstream aquatic ecosystems. However, the complex
transport processes characterizing lowland areas pose significant challenges in accurately quantifying
their actual role. In this study, we developed a dynamic model to track N sources and transport pathways
in lowland polders. The model is able to accommodate all the unique characteristics of polder dynamics,
including artificial drainage, and interactions among surface water, groundwater and soil water. Our
model was calibrated and validated against water level data and nitrogen concentrations measured in a
lowland polder (Polder Jian) in China during the 2014—2016 period. Model performance was satisfactory
with an R? value of 0.55 and an NS value of 0.53 for total N concentrations. The characterization of the
various components of water budget and N cycle derived by the model was on par with local empirical
estimates. N export from Polder Jian was approximately 57 kg ha~! yr~! and was distinctly higher than
values reported from nearby non-polder areas. The largest fraction of N export stemmed from seepage.
To our knowledge, this is the first dynamic model to quantify N export from a watershed with artificial

drainage network and can be used to design remedial measures of ecosystem degradation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Polder is a reclaimed lowland area with manual control of runoff
and water levels using pumping systems (Segeren, 1983). It is
widely constructed at the lowland areas of large aquatic systems
around the world, such as 60% of Netherlands' land surface (van der
Grift et al,, 2016), the lower reach of Yangtze River (Huang et al.,
2016), the upper Rhine River and Elbe River (Lindenschmidt et al.,
2009). Polders functionally resemble to artificial watersheds char-
acterized by significantly different water transport dynamics
compared with free drainage watersheds. Runoff water is freely
flowed through the river network within the watershed. Polders
are enclosed by dikes with artificial drainage systems (e.g., culverts
and pumping stations). During rainfall events, runoff water flows
into the surface water area (ditches and ponds), and may be
exported into surrounding rivers through culverts or pumping
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stations to reduce flood risk. Compared with free drainage water-
sheds, polders are characterized by a strong interplay among sur-
face water, groundwater, and soil water in farmlands (Brauer et al.,
2014; Yan et al., 2016). Water transport within a polder is pre-
dominantly driven by water level difference, which could result in a
changing flow direction through time.

Nitrogen (N) export from lowland polders is a thorny issue due
to their ability to modulate the nature and severity of eutrophica-
tion problems in adjacent aquatic ecosystems (van der Grift et al.,
2016). Tracking N dynamics in polders can thus be helpful to
pinpoint the major N sources to their surrounding lakes and rivers.
However, the unique N transport pathways in polders pose signif-
icant challenges in accurately characterizing all the major sources
and sinks of the N cycle. In particular, polder N transport is signif-
icantly affected by artificial drainage. During rainfall events, runoff
water may be manually retained in the surface water area (e.g.,
ponds and ditches), rather than exported into their surrounding
rivers (Huang et al., 2016). Such water retention within polders can
profoundly change N dynamics through sedimentation and/or
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other biogeochemical processes. Polder N transport is also signifi-
cantly affected by strong interactions among surface water,
groundwater, and soil water in farmlands.

Many process-based watershed models have been developed to
simulate watershed N dynamics, such as the Soil and Water
Assessment Tool (SWAT) (Arnold et al., 2012), Integrated Nitrogen
in CAtchments model (INCA) (Wade et al., 2002) and Annualized
Agricultural Non-Point Source Pollution (AnnAGNPS) model (Li
et al., 2015). These watershed models cannot be directly applied
to simulate polder N dynamics for two basic reasons. First, none of
these models is structurally equipped to determine flow direction
in lowland polders. One of their fundamental assumptions is that
the watershed is spatially divided into hydrologic response units
(HRUs) or grid cells, whereby flow direction is determined based on
elevation differences among these HRUs/cells. However, flow di-
rection in lowland polders is generally determined by water level
rather than elevation differences. Second, the commonly-used
watershed models do not include the process of artificial
drainage, such as culvert and pumping stations, although there is
ample evidence in the literature that they can play a significant role
in N transport within polders.

In this context, our study aims to address a major knowledge
gap in the modelling literature by presenting the Nitrogen Dynamic
Polder (NDP) model to characterize N sources, sinks, and transport/
reaction pathways. The model aims to accommodate, both
conceptually and operationally, the unique processes underlying
polder water balance and N transport. Our case study to illustrate
the key features of the NDP model is the Polder Jian located in the
lowland area of Lake Taihu Basin, China. Our analysis involves all
the major methodological steps during model development,
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including a sensitivity analysis exercise and model optimization
with genetic algorithms. Our model is then used to shed light on all
the major components of the water budget and N cycle, and our
derived projections are compared against existing empirical and/or
modeling estimates in the area. We conclude by discussing the
prospect of the model to guide management decisions as well as
the potential directions for future model augmentations.

2. Model description

NDP included five water balance modules and three N dynamic
modules using a daily time step. Compared with existing watershed
models (e.g., SWAT), NDP includes specific mechanisms to describe
water balance and N transport in lowland polders. These mecha-
nisms considered the artificial drainage and water exchange pro-
cesses among surface water, groundwater and soil water in
farmlands. Mathematical equations for the processes in NDP can be
found in Table A1 based on the equation numbers in Fig. 1. NDP
comprises three N forms, i.e., oxidized (or nitrate/nitrite) nitrogen
(NO), reduced nitrogen (NH) and particulate nitrogen (PN). Dis-
solved nitrogen (DN) is the sum of NO and NH. Total nitrogen (TN) is
the sum of NO, NH and PN. NDP consists of 10 state variables, 31
input variables, 82 intermediate variables and 53 parameters
(Tables A2 and A3). Details regarding the model implementation
can be found in the Supporting Information section.

2.1. Water balance modules

Five water balance modules are used to describe the hydrolog-
ical processes of polders. These modules were originally developed
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Fig. 1. Conceptual diagram for the Nitrogen Dynamic Polder (NDP) model. NO, oxidized nitrogen; NH, reduced nitrogen; PN, particulate nitrogen. Corresponding equations can be

found in Table A1 based on the equation numbers near the arrows.
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by Huang et al. (2016) in a phosphorus dynamic model for polders
(PDP). Four water balance modules aim to simulate the water bal-
ance in four land-use types (residential area, surface water area,
paddy and dry lands). A fifth water management module is also
included aiming to describe the artificial drainage in polders, such
as irrigation, culvert, and flood drainage. To better describe water
balance in polders, three improvements on the water balance
modules were made.

2.1.1. Interaction between groundwater and surface water

Previous studies identified a strong interaction between farm-
land groundwater and surface water (Brauer et al., 2014; Yan et al.,
2016). The interaction resulted in quick water flow among different
water layers that significantly influenced polder water balance. The
interaction process was added into the water balance modules
using the following exponential equation.

HL )
kq < :ILT](;) Hyye > Hy
X
kExchange = PR (1 )
HT
ka <HTX ) Hyye <Hy

where Kexchange i the water exchange rate between farmland
groundwater and surface water (m d~1). H;uc; and H] are the water
storage (m) of the farmland groundwater and surface water. k; and
ky are the maximum water exchange rate (m d~!) affected by the
hydraulic conductivity of soil layers. 4; and 4, are the exponential
order to estimate water exchange rate. This equation describes the
water exchange rate between surface water and farmland
groundwater based on their water head differences, and is an
application of Darcy's law (Sophocleous, 2002). A larger difference
of water head would result in a larger water exchange rate (Fig. 2).
Spatial variability of groundwater level was not considered.

2.1.2. Interaction between groundwater and soil water

In lowland areas, groundwater level is generally high and
showed significant fluctuations over time (Cheng et al., 2006),
indicative of a strong interaction between groundwater and soil
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water in farmlands. The water exchange rate between groundwater
and soil water in paddy and dry lands is estimated using Equation
(1). A higher difference between groundwater level (m) and soil
water storage (m) would result in greater water exchange rate.

2.1.3. Artificial drainage

Artificial drainage (e.g., irrigation, culvert and flood drainage)
was described in the water management module developed by
Huang et al. (2016). The improvement of this study is the devel-
opment of two approaches to describe the irrigation and pumping
processes. One approach used five thresholds for water levels to
describe the artificial drainage (Huang et al., 2016). This approach
can be used in case that irrigation and pumping data are unavai-
lable. More details can be found in the Supporting Information
section. The second approach directly uses the measured irriga-
tion and pumping water amount as model inputs. The present
study used the latter approach as both irrigation and pumping data
were available (Section 3).

2.2. Paddy and dry-land nitrogen modules

Two nitrogen modules were developed to describe the chemical
and biological processes related to N dynamics in the paddy and dry
lands. These nitrogen modules were developed, based on the
farmland N cycle, as depicted in the Integrated Nitrogen in
CAtchments (INCA) model, and soil erosion quantification, as
approximated by the Universal Soil Loss Equation (USLE).

INCA is a process-based model that was originally developed by
Wade et al. (2002). In this study, it was selected due to its detailed
mechanisms for describing NO and NH dynamics in the soil zone of
agricultural farmlands (Lazar et al, 2010; Wade et al., 2006;
Whitehead et al., 2016). NO concentrations in soil water are
determined by fertilization, deposition, atmospheric nitrogen (N)
fixation, nitrification, denitrification and crop uptake. NH concen-
trations in soil water are driven by fertilization, deposition,
mineralization (organic N to NH), nitrification and crop uptake. NO
and NH dynamics in the soil water of the dry and paddy lands can
be described using the following equations.
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Fig. 2. Water exchange rate between surface water and groundwater in paddy (a) and dry lands (b). Positive value represents water flow from surface water to paddy and dry-land
groundwater. Negative value represents water flow from paddy and dry-land groundwater to surface water. The figure was drawn based on Equation (1) and the potential ranges of

groundwater level and surface water level.
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where NOT and NH] are NO and NH concentrations in the soil water
of the dry and paddy lands at time T. HY is soil water storage of the
dry and paddy lands at time T. 4NOI,,, and ANHY,. are mass
change of NO and NH in the soil water of the dry and paddy lands
due to fertilization at time T. ANO;,,, and 4NH;p,,,, are mass change
of NO and NH in the soil water of the dry and paddy lands due to dry
and wet deposition at time T. kynorix iS N2 fixation rate in the dry
and paddy lands. 4NHZ,. and ANO?,_ .. are mass change of NO in
the soil water of the dry and paddy lands due to nitrification and
denitrification at time T. ANO)fUpmke and ANHI, .. are mass
change of NO and NH in the soil water of the dry and paddy lands
due to crop uptake at time T. ANH;MI-He is mass change of NH in the
soil water of the dry and paddy lands due to mineralization at time
T.

USLE was used to estimate the annual sediment yield (kg ha™!
yr~!) from paddy and dry lands as a function of rainfall, soil erod-
ibility, topography, cropping and soil conservation practices
(Equation 6.15 in Table A1). PN concentrations in the dry and
paddy-land runoff were then estimated using the annual sediment
yield (Equation 6.14 in Table A1). USLE was chosen because its ca-
pacity to predict soil erosion has been examined in watersheds
worldwide (Kinnell, 2010), and is integrated into many watershed
models, such as SWAT (Neitsch et al., 2005) and AGNPS (Young
et al., 1989). Detailed description of the associated equations can

be found in Neitsch et al. (2005).

2.3. Water-area nitrogen module

Polders included a large area of surface water (ponds and
ditches) for retention, and therefore a water-area nitrogen module
is necessary to describe N sedimentation and other biogeochemical
processes in polder surface waters. The water-area nitrogen module
aimed to describe N dynamics in the surface water, and was
developed based on two existing aquatic models: Environmental
Fluid Dynamics Code (EFDC) (Tetra Tech, 2007) and the eutrophi-
cation model for Lake Washington (Arhonditsis and Brett, 2005).
The water-area nitrogen module included the processes of atmo-
spheric deposition, nitrification, denitrification, decomposition, PN
settling and resuspension, N release from sediments, N uptake by
plants (Fig. 1). Limitations imposed by ambient temperature, DO,
and N concentrations on nitrification, denitrification, and plant
uptake were described, postulating Michaelis-Menten kinetics with
half saturation constants provided by the vast body of literature
available (Arhonditsis and Brett, 2005; Park et al., 2008; Tetra Tech,
2007). Compared with existing complex aquatic models, the water-
area nitrogen module has two simplifications of N biogeochemical
processes: (i) We considered only three N forms (NO, NH and PN),
while existing lake models generally include more forms of N (e.g.,
five N forms in EFDC). (ii) We did not explicitly include a dynamic
representation of the nutrient-phytoplankton interface (e.g.,
nutrient uptake, phytoplankton growth, basal metabolism,

settling), which is generally an important component in existing
lake models. These structural simplifications had the advantage of
reducing input data and parameters, and were deemed defensible
because this study involved polder N export rather than surface
water eutrophication.

3. Model application
3.1. Study area

Polder Jian (10.6 ha) is located in the lowland area of Lake Taihu
Basin, China. It is a typical lowland polder enclosed by dikes with
artificial drainage and complex ditch-pond network. The main
difference with free drainage watersheds is that the polder uses
artificial drainage systems (one culvert and three pumping sta-
tions) for water exchange with surrounding rivers. During heavy
rainfall events, the culvert and flood pumping stations (Fig. 3) are
used to control surface water level to minimize flood risk. Another
two pumping stations are used for irrigation during rice season. A
complex ditch-pond network has been developed by local farmers
for water transport and retention purposes. The ditch network
transports irrigation water to agricultural farmlands for crop water
requirements during the dry periods, and receives runoff from
different land uses to ponds during heavy rainfall events.

The polder has a diversity of land-use types including paddy
land (50.1%), dry land (21.7%), residential areas (19.2%), and surface
water (9%). The paddy land has a double-cropping system of rice in
summer and wheat in winter. Inorganic fertilizers, including urea
(46.4% N) and compound fertilizers (16% N and 16% P), has been
used for crops in dry and paddy lands. Organic fertilizers are
scarcely used for crops.

3.2. Data collection

To investigate the polder nutrient dynamics, an intensive
monitoring program has been conducted since 2014 within the
study area (Polder Jian). Based on the monitoring program, a three-
year (2014—2016) dataset was collected to calibrate and validate
the NDP model. This dataset included land use, fertilization rates,
meteorological, hydrological and water quality data with their
detailed information in Table 1. The land use and meteorological
data were used as model inputs, while the hydrological and water
quality data were mainly used for model calibration and validation.

The land use data were based on satellite images. The fertiliza-
tion data were collected from local farmers. The meteorological
data were measured using an automatic rain gauge (HOBO RG3-M)
at Polder Jian and the national weather station (Liyang) near the
polder. The hydrological data included water level, irrigation, and
flood drainage. Water level data were collected during 2015—2016
using a water level logger (HOBO U20) at Polder Jian. There were
several data gaps in 2015 due to some instability issues with the
water level logger. Irrigation and flood drainage data were derived
based on the recorded pumping time. All the meteorological and
hydrological data were averaged to a daily time scale. The water
quality data were collected by water and sediment sampling at W1-
4 and S1-3 (Fig. 3), respectively.

3.3. Model calibration and validation

NDP included two parameter sets consisting of 28 parameters
for the water balance modules and 25 parameters for the N dy-
namic modules. These two parameter sets were sequentially cali-
brated using the time-series water level and water quality data
(Table 1). The parameter set for the water balance module was
calibrated and validated against the 2015 and 2016 water level data,
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Table 1
Data collected for the Nitrogen Dynamic Polder (NDP) model.

Type Indicator Source Time period Temporal resolution Sampling site (Fig. 3)
Land use Land use type Satellite image and surveying 2014-2016 - -
Fertilization Fertilizer amount Survey 2014-2016 - -
Fertilization date
Meteorology Tmax» Tmvin, Tave» Wet, WS and Hsyp Weather station 2014-2016 Daily Liyang
Pr Rain gauge 2014-2016 Hourly w4
Hydrology WL Water level logger 2015-2016 Hourly WL1
Irrigation and flood drainage Monitoring 2014—-2016 Daily W2-3
Water quality DN and PN Water sampling 2014-2016 Twice a month W1-4
N Sediment sampling 2014 - S1-3

Note: Twviax, Thin and Taye: daily maximum, minimum and average of air temperature (°C); Wet: daily average humidity (%); WS: daily average wind speed (m s~ '); Hsyn: daily
sunshine hours (h); Pr: daily precipitation (mm); WL: water level (mm); DN: dissolved nitrogen concentration (mg L™'); PN: particulate nitrogen concentration (mg L™1).

respectively. The parameter set for the N dynamic module was
calibrated against a two-year (2014—2015) dataset and was sub-
sequently validated against water quality data from 2016. Model
implementation in Polder Jian involved four critical steps: pre-
liminary calibration, sensitivity analysis, model optimization, and
model validation (Fig. 4). Preliminary calibration aimed to obtain an
initial parameter set, resulting in an acceptable model perfor-
mance, which formed the basis for the rest three methodological
steps. Sensitivity analysis identified the ten most sensitive param-
eters for the water balance and N dynamic modules. These twenty
sensitive parameters were further used for model optimization.
Model validation evaluated model agreement with an independent
dataset, reflecting different conditions from those used during our
calibration exercise.

3.3.1. Preliminary calibration

Our goal with the preliminary model calibration was to identify
a parameter vector, resulting in an acceptable model fit to the
observed data, which formed the basis for the subsequent model
sensitivity analysis and optimization. We used Latin Hypercube to
efficiently sample the multidimensional parameter space and
generate 1000 parameter vectors (Table A2). The selection of the
single best parameter set was not based solely on model fit but also
on the plausibility of the water and N balance budgets relative to
reported ranges from previous studies within the Lake Taihu Basin
(See Supporting Information section). In doing so, we ensured that
each component of the water and N dynamics (e.g., farmland
evapotranspiration and crop N uptake) was comparable with

literature values, and thus our local sensitivity analysis was based
upon a plausible base process characterization (3.3.2).

3.3.2. Sensitivity analysis

To reduce the NDP calibration parameter vector, influential pa-
rameters in the water balance and N dynamic modules were
identified using a local sensitivity analysis (One-At-a-Time, OAT)
method. We identified the top ten most influential parameters in
the water balance and N dynamic modules using the water storage
of surface water (Hponq) and TN concentrations in surface water as
the targeted variables, respectively. Each parameter value was
increased or decreased by 10%, while all other parameters were
kept fixed. A total of 2m (m is the number of the testing parameter)
simulations were compared against the base simulation. The
sensitivity value (Sy) of the tested parameter x was calculated by the
relative change of the simulated Hpong and TN induced by its 10%
change.

_ 1 m(p17~"7pX+A7~"7pm) 7ﬁ(p17"~7pX7'~~7pm)|
S =Y z
=1 znﬁ(p1»p27--~:PX»-~7pm)lTX
+ 1 (m(p17~~~7px—4|7~~~:pm) _.fi(pl’--prw--apm)l)
; 4
=1 znfl'(plvpz’"'7pX7~"7pm)p

(4)

where py is the value of the testing parameter x. f;(p1, ..., Dx; ---, Dm)
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is the simulation Hpong on i™ (i=1, 2, ..., n) day from the base
simulation. fj(pq,...,Px + A, ...,pm) and fi(p1,....,px — A, ...,pm) are
the simulation Hpong or TN on it day from the test simulations by
increasing/decreasing by A (4 = 0.1(pxpax — Pxmin) ), respectively.
DxMax and pxvin are the maximum and minimum values of the
tested parameter x. A larger value of S, implies a higher sensitivity
of parameter x. Further implementation details of the OAT method
could be found in Cariboni et al. (2007).

3.3.3. Parameter optimization using genetic algorithms

Genetic Algorithms (GA), originally proposed by Goldberg
(1989), are increasingly used in environmental modeling practice
for parameter estimation due to their ability to achieve global
optimization (Kim et al., 2007; Liu et al., 2007). Following our
sensitivity analysis exercise, two parameter sets (top ten influential
parameters in water balance and N dynamic modules) were sub-
sequently optimized using GA with water level and water quality
data (Table 1). GA optimization of each parameter set required the
following steps.

1. Population initialization. 200 initial parameter sets (popu-
lation) were generated for the first generation of GA runs. In each
parameter set, parameter values were randomly generated within
their literature-based ranges (See Supporting Information section).

2. Fitness evaluation. During the training period, the fitness (F)
of each individual was evaluated based upon the corresponding
coefficient of determination (R?) and Nash-Sutcliffe efficiency (NS)
values.

F=R*>+NS (5)

An individual with a higher Fvalue implied a higher fitness. R? is
expressed as the squared ratio between the covariance and the
multiplied standard deviations of the observed and simulated
values. As such, it estimates the combined dispersion against the
single dispersion of the observed and simulated series. However,
the fact that only the dispersion is quantified is one of the major
drawbacks of R? as a model that systematically over- or under-
predicts will still result in good R? values (Krause et al., 2005). On
the other hand, NS is defined as one minus the sum of the absolute
squared differences between predicted and observed values
normalized by the variance of the observed values during the
period under investigation. Although a popular goodness-of-fit
measure in hydrology that accounts for linear bias of the model
examined, the Nash-Sutcliffe efficiency is prone to overestimate
model performance with large values (e.g., peak flows) in a time
series, whereas the impact of lower values (e.g., low flow condi-
tions) tends to be downplayed (Legates and McCabe, 1999). Addi-
tional insights into the model fitness function values against
parameter variations along with the covariance patterns of the two
measures of fit (R? versus NS) are provided in the Supporting
Information section.

3. Reproduction. Reproduction aiming to select the individuals
with higher fitness values to create the next generation. An indi-
vidual with a higher fitness (F) value, i.e., higher R? and NS value,
had a higher chance for reproduction. Thus, the overall model fit of
the individuals would be gradually improved over the course of 100
generations.

4. Crossover and mutation. For each generation, crossover was
used to generate new individuals by exchanging parameter values.
80% of the individuals were used in the crossover processes. Mu-
tation was a randomly induced change of an individual's parameter
value(s) with a low probability (5%). Both crossover and mutation
processes were expected to generate dissimilar individuals
(parameter sets) with high model fit.

5. Optimization. Repeat steps 2—4 until the generation number
reached its maximum value of 100. The individual with highest
fitness in the 100™ generation was the best parameter set in this
run.

6. Repeated run. Repeat steps 1-5 for 100 times. The best
parameter set from these 100 runs was compared to evaluate the
GA's stability.

7. Mass balance evaluation. The plausibility of the character-
ization of the water cycle and N budget was evaluated by
comparing the associated fluxes with literature reported values.
This step aimed to settle for a calibration parameter set that
effectively balances between optimal model performance and
realistic representation of the water cycle and N dynamics in Polder
Jian.

3.3.4. Calibration and validation results

Identification of the top ten most influential parameters in the
water balance modules and the N dynamic modules can be found in
the Supporting Information section. The calibrated parameters are
given in Table A2. The water balance modules in NDP were well
calibrated with an R? value of 0.75 and an NS value of 0.73. During
the validation period (2016), the model captured the general water
level trends. Several peak values were also closely reproduced.
However, model fit during the validation period declined relative to
that derived from model calibration (Fig. 5). The inferior perfor-
mance was due to the occurrence of several extremely high/low
values (e.g., Jul. 21, 2016 and Sep. 27, 2016) that were not well
predicted. There were also instances of over-estimated water level
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Fig. 5. Simulated and measured water level and nitrogen concentrations at station W1 during the calibration and validation domain of the NDP model. DN, dissolved nitrogen; PN,

particulate nitrogen. TN, total nitrogen.

peaks during both calibrated and validation periods.

During the calibrated period, TN in surface waters was accu-
rately simulated with an R? value of 0.46 and the resulting NS value
of 0.46. Measured TN showed a decreasing trend from February to
June, and an increasing trend from October to December. These
trends were also closely reproduced by the model (Fig. 5). Inter-
estingly, model fit for TN concentrations during the validation
period was slightly better than that for the calibration period. The
NDP model also accounted for DN and PN dynamics in the polder
(Fig. 5¢). The agreement between simulated and measured DN data
was slightly better than with the TN data, whereas PN was char-
acterized by higher discrepancies which also reflected in an NS
value less than 0.1 during the calibration and validation periods.

3.4. Water balance

In Polder Jian, the main water sources were precipitation and
irrigation. Precipitation mainly occurred in summer and autumn
(Fig. 5), and showed a large year-to-year variability ranging from
1376.8 to 1506.5mmyr~". The annual precipitation in 2016

(1506.5 mm) was the highest over the past twenty years
(1996—2015) with an average annual precipitation of 1139.9 mm.
The annual irrigation was 536.0mm for the polder, i.e.,
1069.8 mmyr~! for paddy land. In previous studies of double-
cropping (rice and wheat) farmlands in Lake Taihu Basin, Xu et al.
(2012) reported an irrigation rate of 878 mmyr~!, while Zhao
et al. (2012) reported an irrigation level of 507.9—572.6 mmyr~!
without considering the water loss through ditches during irriga-
tion period. The large use of irrigation water for the polder was
mainly due to the large water surface area (9% of Polder Jian) and
low elevation of dry land that caused a disproportionally high
movement of irrigation water downstream.

The water in Polder Jian is lost through surface water evapora-
tion, farmland evapotranspiration, seepage, culvert, and flood
drainage (Fig. 6). The annual farmland evapotranspiration was
491.5 mm for the polder or 679.2 mmyr~! for paddy and dry lands.
This estimate was very close to reported value (632 mmyr~!) from
an experimental study in Lake Taihu Basin (Xu et al., 2012). Flood
drainage had a value of 118.3 mmyr~!, and mostly occurred during
extreme precipitation period. As shown in Fig. 6, flood drainage was
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high (251.4mm) in 2016 due to several extreme precipitation
events. Culvert drainage and seepage were responsible for a large
proportion of water export out of Polder Jian with values of 703.0
and 556.2 mmyr~ !, respectively. Culvert was closed during the rice
season and thus the associated drainage occurred only during the
rest of the year. Seepage had a large value in the summer mainly
due to the large water level differences between surface water and
surrounding rivers (Fig. 5).

3.5. Nitrogen balance

Our modeling analysis showed that fertilization and minerali-
zation were the major N sources for Polder Jian (Fig. 7). Fertilization
contributed 73.3% (450kgha~! yr~!) of total N sources to the
polder. The inter-annual variability was negligible based on the
survey from local farmers over the course of the study. Minerali-
zation had an estimated contribution of 116.1kgha™! yr—! for
agricultural farmlands. This estimate lies within the reported range
from previous studies in Lake Taihu Basin (Table 2). Deposition,
irrigation, and N, fixation represented a small fraction (<8.0%) of N
input in the polder. It is also worth noting that although irrigation is
a major source of water (Fig. 6), its contribution as N source appears
to be fairly low (<2.0%).

The major N sinks for Polder Jian were crop uptake, volatiliza-
tion, and denitrification (Fig. 7). Crop N uptake was the largest N
sink with an estimated value of 365.6 kg ha~! yr~. Previous studies
provided evidence of large variability associated with crop N uptake
rate ranging from 246 to 375kgha~! yr~! in Lake Taihu Basin
(Table 2). Volatilization and denitrification had an estimated rate of
117.7 and 89.7 kgha~! yr—. Seepage mostly occurred in summer,
and had an N export rate of 40.6 kgha~' yr~'. Culvert and flood
drainage accounted for a small proportion (<5%) of total N sinks.

From a management perspective, N export into surrounding
rivers is a critical facet of the polder functioning that could be used
to determine the appropriate remedial measures for alleviating the
eutrophication severity downstream. Based on the N balance in
Polder Jian, N export rates from Polder Jian were estimated by
subtracting N import through irrigation from the sum of N export

through seepage, culvert and flood drainage. The resulting value
could be used as a proxy for the polder N contribution to sur-
rounding rivers. Our estimated N export coefficient (56.7 kg ha™!
yr~ 1) in Polder Jian was distinctly higher than N export coefficients
(6.0-20.4kgha~! yr~!) reported for Lake Taihu Basin from past
studies (Lai et al., 2006; Li et al., 2015; see also Table 2). Seepage was
characterized by a larger N export than surface discharge (culvert
and flood drainage). Polder N export mainly occurred in the sum-
mer and displayed greater year-to-year variability.

4. Discussion

Despite decades of research on nutrient export dynamics from
watersheds, non-point sources of excess nutrients continue to be
primarily responsible for the impairment of the quality of receiving
water bodies. The recognition of this problem invites the devel-
opment of watershed models that can support water quality
management goals, such as the estimation of non-point source
nutrient loads and the examination of alternative land use sce-
narios. Nonetheless, the field of process-based, distributed water-
shed modeling is dominated by a handful of models (SWAT, INCA,
AGNPS/AnnAGNPS, HSPF, and HBV), which have fairly similar rep-
resentations of spatial variability, relevant flow paths, and nutrient
biogeochemistry (Wellen et al., 2015). It is thus argued that existing
model structures fail to accommodate contemporary ideas of
observational hydrology/biogeochemistry, and have an unproven
ability to reproduce the complex interplay among hydrological
factors, morphological features, and mechanisms that modulate
nutrient and contaminant attenuation rates in artificial watersheds
(e.g., polders). Being subjected to significantly different water
transport dynamics compared with free drainage systems, the
latter issue provided the motivation for the application of our N
dynamic model in the Polder Jian in Lake Taihu Basin, China.

4.1. Model performance

The key augmentations of our dynamic model involved the
representation of artificial drainage, as well as the water
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interactions among surface water, groundwater, and soil water in
farmlands (Section 2.1). These two mechanisms were particularly
important due to their significant impact on polder water balance
and our results rendered support to our strategy (Fig. 5). In
particular, the water level was decreased by 0.55 m within 6 days
during June 3-8, 2015, suggestive of flood pumping and/or water
exchange between surface water and other layers of water (i.e.,
groundwater and soil water). On the other hand, although no major
rainfall events had occurred, the water level was increased by
0.69m within 5 days during June 20—24, 2016, which likely
stemmed from artificial irrigation.

We implemented standard methodological steps (i.e., sensitivity
analysis, parameter optimization, and validation) during the
application of our model in order to identify the most influential
parameters, to maximize model fit to the calibration dataset, and to
examine its reliability in drawing predictions in the extrapolation
domain (Arhonditsis and Brett, 2004). Nonetheless, this method-
ological consistency does not appear to be the norm in the
contemporary watershed modeling practice. For example, based on
a sample of 257 watershed models published in the peer-reviewed
literature, Wellen et al. (2015) found that 57% of the studies con-
ducted model validation, while only 17% implemented parameter
optimization. Compared with these 257 surveyed models, the NS
value of our TN simulations (0.53) was indicative of model perfor-
mance that is better than more than half of the published body of
watershed modeling work (Wellen et al., 2015). We also found that
DN matched closely the observed data relative to PN. PN was not

well predicted especially during the validation period (Fig. 5). We
hypothesize that the limited capacity of our model to capture the
PN concentrations stems from the highly dynamic nature of the
settling-minus-resuspension processes and consequently the
inherent unpredictability of their net effect on the particulate
matter in the surface waters of Polder Jian. However, the inferior
model performance with PN concentrations is not particularly
troublesome in this study, because DN accounted for 80% of the
ambient TN levels. Thus, the satisfactory model fit to TN predomi-
nantly reflects its ability in predicting DN. Counter to many previ-
ous studies that evaluated model reliability only on the basis of
model fit to observed data, our study explicitly recognized the fact
that complex overparameterized models can give “good results” for
the “wrong reasons” (Arhonditsis et al., 2007), and we thus eval-
uated the plausibility of the water and N cycle characterization in
Polder Jian (see Sections 3.4 and 3.5). The values of critical pro-
cesses (e.g., irrigation and fertilization) assigned during our model
calibration were comparable with estimates reported from previ-
ous studies in Lake Taihu Basin (Table 2; see also following section).

In a similar manner, our model performance was also on par
with the results presented by previous N modeling work within the
Lake Taihu Basin. An earlier study by Lai et al. (2006) used the SWAT
model to provide preliminary estimates of N export from the entire
Lake Taihu Basin, and reported model fit with R? values varying
from 0.40 to 0.85 and NS values within the 0.53—0.78 range. Zhao
et al. (2011b) simulated TN loading from six monitoring sites in
the Xitiaoxi catchment in Lake Taihu Basin using a PCRaster-based
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Table 2

Comparison of the quantitative estimates of various components of the water and nitrogen cycles in Polder Jian with previous studies within

Lake Taihu Basin.

Process Polder Jian Previous studies within Lake Taihu Basin
Water balance components (mm yr—')
Irrigation 1069.8 878 (Xu et al.,, 2012)

507.9—572.6 (Zhao et al., 2012)
Farmland evapotranspiration 679.2 632 (Xu et al,, 2012)

Nitrogen balance components for farmlands (kg ha ! yr 1)

Fertilization 450
N, Fixation 43
Irrigation 12.2
Deposition 31.0
Mineralization 116.1
Crop uptake 365.6
Denitrification 89.7
Volatilization 117.7
Seepage 40.6
Nitrogen export coefficient (kg ha—' yr~!)

Nitrogen export 56.7

510 (Qiao et al., 2012)

465-635 (Richter and Roelcke, 2000)
452 (Hofmeier et al., 2015)

425-635 (Zhao et al., 2011b)

500 (Zhao et al., 2012)

550 (Zhao et al., 2009)

394-569 (Zhang et al., 2013)

13 (Hofmeier et al., 2015)

4.3 (Zhao et al., 2011b)

12 (Hofmeier et al., 2015)

10.0—14.4 (Zhao et al., 2012)
9.0—19.5 (Richter and Roelcke, 2000)
28 (Hofmeier et al., 2015)

9.2—-11.5 (Zhao et al., 2011b)

30.5 (Zhao et al., 2012)

165 (Zhang et al., 2013)

74—167.3 (Zhao et al., 2011b)

311.5 (Zhang et al,, 2013)

257-320 (Richter and Roelcke, 2000)
358 (Hofmeier et al., 2015)

246-375 (Zhao et al., 2011b)
263-304 (Zhao et al., 2012)

341.7 (Zhao et al., 2009)

18.4—39.6 (Zhao et al., 2011b)
121.9—144 (Zhao et al., 2012)
71.5—147.9 (Zhao et al., 2012)
>125.27 (Xu et al., 2012)

>103.56 (Liang et al., 2007)
12.4—65.6 (Zhao et al., 2011b)

6.0—6.7 (Li et al., 2015)
20.4 (Lai et al., 2006)

model of nutrient mobilization and transport, founded upon the
integration of the Xinanjiang rainfall-runoff model with the Inte-
grated Nitrogen CAtchment model and the Modified Universal Soil
Loss Equation. The model displayed satisfactory agreement to the
TN concentrations at the downstream sites with a NS range of
0.38—0.59 and a R? range of 0.52—0.62, although the measured data
were characterized by a broader range (0.5—5.2 mg L™ !) relative to
the upstream locations. Interestingly, model performance declined
at the latter sites with a NS range of 0.25—0.27 and a R? range of
0.42—0.54. The same analysis indicated that the fertilizer imple-
mentation (425—635 kg N ha~'yr~!) and the atmospheric deposi-
tion (22—25.8kgN ha~'yr'!) were the dominant N input
processes, whereas N removal from the catchment was mainly
attributed to plant uptake, ammonium volatilization, denitrifica-
tion, and leaching through runoff.

4.2. Polder nitrogen sources and sinks: implications for
management

During the past decade, a significant body of literature has
attempted to establish causal linkages between severe algal blooms
in Lake Taihu and nutrient loading from the surrounding watershed
(Huang et al., 2012; Qin et al., 2010). The simulated results of Polder
Jian using NDP revealed that fertilization and bacteria-mediated
mineralization were the major N sources, whereas crop uptake,
volatilization and denitrification were the major N sinks (Fig. 7). N
fertilizer implementation in farmlands in Polder Jian was
450kgha~! yr~! during 2014-2016. N plant uptake rate

demonstrated substantial variability, ranging from 246 to
375kgha~! yr-! (Table 2). After the harvest, when grain and chaff
have been removed, the dry stalks of cereal plants partly remain
within the farmlands, where they are subjected to mineralization
and replenish the soil N pool available for crop uptake. N volatili-
zation mostly occurs after fertilization with a particularly high rate,
when conditions of low soil water, high air temperature, wind
speed, and radiation prevail (Xu et al., 2012). Although volatiliza-
tion does not directly pose threats to the adjacent water bodies,
increased N emissions are likely to elevate the atmospheric con-
centrations, which in turn could conceivably lead to enhanced N
deposition in the long-run (Liu et al., 2013). Conversion of nitrate
into N3 via denitrification is another major N sink pathway from the
Polder Jian and typically occurs under flooded water conditions
(Wang et al., 2017).

By comparing the characterization of N cycle relative to reports
of previous studies in Lake Taihu Basin (Table 2), two unique pat-
terns of N dynamics were found in this study.

e Annual N export (56.7kgha~! yr™!) in the Polder Jian was
higher than existing estimates (6.0—20.4 kg ha~! yr~!) from the
rest of the Lake Taihu Basin (Table 2). The elevated polder N
export likely accentuates the severity of eutrophication in the
downstream waterbodies, and can be attributed to large farm-
land areas and intensive farming with excessive N fertilizer
application (Hofmeier et al., 2015). Interestingly, N fertilizer
application rates in Polder Jian (=450 kgha~! yr~!) were at the
lower end of those typically reported in Lake Taihu Basin during
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the 1990s (465—635kgha! yr~!; see Richter and Roelcke
(2000)). In the same context, it is also worth noting that a
recent study by Hofmeier et al. (2015) argued in favour of a
reduction in N fertilizer application rates by 15—25% for summer
rice and by 20—25% for winter wheat without significant
decrease in mean grain yields.

e Seepage had the largest N export among the major pathways
(seepage, culvert and flood drainage) from the studied polder
system. The high seepage rate in Polder Jian was probably due to
the large water level differences between polder surface water
and the streams surrounding the system. This pattern was
particularly pronounced during the dry summer period, when
polder surface water levels were fairly high due to irrigation and
stream water levels reached their seasonal minima. The high
seepage rate also implied that N removal from polder surface
water is critical for mitigating excessive N export.

4.3. Potential uses of the Nitrogen Dynamic Polder model

Compared with existing watershed models, our NDP model
effectively described the processes underlying water balance and N
fate and transport in lowland areas with artificial drainage, and can
thus be used in other lowland polders with strong interactions
among surface water, groundwater, and soil water. After the char-
acterization of the water budget and N cycle, including the quan-
titative description of the relationship between polder N balance
and environmental conditions (e.g., weather, irrigation, and fertil-
ization conditions), the model can be used to answer important
management questions, such as “What is a realistic reduction target
of polder N export, given the increasing demand for a higher crop
production from an ever-growing population?”, “What are the best
management practices to mitigate N export, based on the current
characterization of the water and N cycles in Polder Jian?” or “How
effective can these remedial measures be, given the presence of an
active nutrient regeneration feedback loop in the polder?” Such
investigation will not only help water managers to identify the
important factors controlling polder N export, but can also assist
with the design of the optimal management strategies for pro-
tecting our precious water resources.

To implement NDP in a new case study, model users can simply
specify their input data based on the template prepared for the case
study in Polder Jian, China. Sensitivity analysis, calibration, and
validation for the new case study are strongly encouraged in order
to establish a reliable modelling tool that can effectively guide
environmental management. Sensitivity analysis will allow iden-
tifying the most sensitive parameters for the new case, while model
calibration and validation based on time-series data collected from
the targeted polder are critical for obtaining an optimal parameter
set and ideally achieving a defensible process characterization
(Arhonditsis and Brett, 2004).

4.4. Model uncertainty

In the context of model-based environmental management,
there are several compelling reasons to rigorously quantify model
uncertainty and effectively communicate the robustness of pre-
dictive statements in policy analysis frameworks (Arhonditsis et al.,
2007). N balance analysis (Section 3.5) showed that fertilization,
mineralization, crop uptake, volatilization and denitrification were
the main N sources and sinks for Polder Jian. Interestingly, a post-
hoc exercise revealed that fertilization and crop uptake
contribute more to the overall model uncertainty relative to the rest
of the processes considered (Section 5.1. in Supporting

Information). This result provides evidence of the importance to
further improve our estimates of fertilization rates in the studied
basin as well as to design field experimentation that will causally
connect crop uptake rates with soil characteristics (e.g., texture,
porosity, organic matter or nutrient content) and weather condi-
tions typically prevailing in the area.

We also conducted another post-hoc exercise to connect the
model fitness function F with the variations in the values of the
twenty most influential parameters (Section 5.2. in Supporting
Information). The corresponding panels in Fig. SI-5 offer proxies
of the marginal parameter distributions and their fairly uninfor-
mative (flat) patterns are reflective of the well-known equifinality
(poor model identifiability) problem, where several distinct choices
of model inputs lead to the same model outputs (many sets of
parameters fit the data about equally well) (Beven, 2006). A main
reason for the equifinality problem is that the ecological processes/
causal mechanisms used for understanding how the system works
internally is of substantially higher order than what can be exter-
nally observed. In fact, our exercise was able to narrow down the
behavioural range, associated with acceptable model performance,
for only three parameters, i.e, maximum water storage of the
surface water controlled by the culver (HM® ) maximum water

Culvert
export rate through culvert (I%"ljjm), coefficient of temperature
influence on the processes related to N dynamics in the dry and
paddy lands (6x).

A thorough uncertainty analysis was so far not implemented, as
is the case with the majority of the studies presenting complex
over-parameterized models, like NDP, that tend to overlook the
issue of equifinality. Instead, they usually strive for the identifica-
tion of a global optimum in the parameter space that will maximize
model fit to the observed data. Reflecting the popular stance that
any scientific endeavour should aspire to achieve a single correct
description of the reality, issues related to model parametric un-
certainty or even to the adequacy of a model structure are typically
downplayed (Beven, 2006). Although the present analysis was
conceptually consistent with the latter practice, we must empha-
size that our optimization exercise identified multiple local optima
and led to moderate model fit improvement after 100 generations
(see Fig. SI-3 in our Supporting Information section). To overcome
this problem, we opted for an examination of the plausibility of the
water and N cycle specifications, as depicted by the optimum
calibration vector, but the credibility of the model in guiding
management decisions about future investments to the environ-
ment can be significant leveraged by conducting a more compre-
hensive uncertainty analysis. To this end, recognizing that complex
models may not be easily subjected to uncertainty analysis, there is
a growing field of research aiming to develop methods that effec-
tively overcome their large computational demands (e.g., advanced
numerical methods, adaptive Markov chain Monte Carlo tech-
niques, statistical emulators), thereby enabling rigorous uncer-
tainty assessment on even the most complex environmental
models (Castelletti et al., 2012; Kim et al., 2014; Reichert et al.,
2011).

5. Conclusions

We presented the NDP model specifically designed to charac-
terize N sources, sinks, and transport/reaction pathways in lowland
artificial watersheds (polders). The model was applied to a typical
lowland polder (Polder Jian) in China, and achieved a satisfactory
model fit along with a realistic characterization of the water budget
and N cycle. Our modeling exercise revealed that polders have
higher N export potential than non-polder areas and seepage may
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have the largest contribution among the pathways considered in
our model. Our study highlighted the significant impact of artificial
drainage practices on water balance, which are manually controlled
and thus can be easily recorded. For example, the culvert is
generally closed during the rice season to keep the water inside the
polder, but culvert managers may export some water out of the
polder to minimize the risk of flooding before a heavy rainfall
event. A systematic record of such external interventions will be
beneficial for our model, as these knowledge gaps may rectify some
of the discrepancies between empirical and simulated patterns
reported in our study. Human disturbances, such as land use
changes and aquatic plant harvest at ditches, can also significantly
influence polder N dynamics. Improving our understanding of the
impact of these processes will also bolster the predictive capacity of
our model by reducing both structural and parametric uncertainty.
Conceptually, the present modeling exercise draw parallels with
viewpoints that render support to the use of complex over-
parameterized models, even though their structure could be an
impediment for rigorous and complete error analysis. Complex
models offer excellent heuristic tools allowing insights into the
direct, indirect, and synergistic effects of a multitude of ecological
mechanisms that form the foundation of system behaviour. The
Nitrogen Dynamic Polder model can be particularly useful in this
direction.

Table A1
Main equations of the Nitrogen Dynamic Polder (NDP) model.
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Appendix A

No. Equation Description and reference
1 Water-area water balance module
T T—AT T T T i
11 HPond - HPund +4H, Pond T HPondlrr HPump - HCulvert Water level dynamics
1.2 T T . Hion Stown | HpagayqSraday | Hb, T T T T Water balance
AHPand =Pr T p?,,.d + - ’ii,d + DSJ:al,,d EPand HPondSeep + HPondPaddyUGExchange + HPondDryUGExchange
13 ET - foenman (Tae oy Ty WetT H ) WST PrT P Lat) Surface water evaporation (Chen et al., 2005)
Pond — gy
14 oo HE L ) e ST\ Water exchange between paddy-land
HT _ exp\*Pond> " " PaddyUG Pond PaddyUG groundwater and surface water
PondPaddyUGExchange HT HT ApaddyUG2pond HT HT
fexP( Pond> PaddyUC) Pond < PaddyUG
1.5 oo (L HT pI— I T Water exchange between dry-land
HT _) - exp (Hpona» Hbryuc) Pond > HDryuc groundwater and surface water
PondDryUGExchange T T ADryuG2pond T T
Jexp(Hpong, Hpryuc) Hpona <Hpryue
1.6 Apondseey Water seepage in the surface water
H;andSeep = kPundSeepMuxfexp (Hl]’-ond) fondser pag
2 Residential-area water balance module
. T T i ial- i . ; i
2.1 H% _ [ reromnPr PrcTum > Hypwnil ]:gzl%ir;tsltael azl'()eg41')unoff(R0551 et al.,, 2004; Taebi
ownQ 0 PrCum < HTownFiIl !
3 Paddy-land water balance module
T _ T i - i
3.1 HPaddy = Hpaddy + AHPaddy + HPaddyltT HPaddyQ Soil water balance in paddy land
T
32 AHPaddy =PrT - EPaddy + HPaddyUGExchange Water balance
T T T yr T ppT pT - irati
33 El @y = kCPa dd nyenman TAW T Tl WetT HEL  WST PrT PL  Lat) Paddy lapd evapotranspiration (Allen et al.,
1998; Cai et al., 2007)
34 T T T—AT T T Sat Water exchange between groundwater and soil
BT _J —kpaddyimpaxfexo (Hpagays Hpadayuc)  Hpaddy + Pr' — Epaaay = Hpaday ter i ddg land (Li tg 1, 2014)
PaddyUGExchange = | f, Sexp(HL o HT HT-AT 4 pT _gT psat water 1n paddy land (L1 et al,,
PaddyCapMa: exp( Paddy> PaddyUG) Paddy T Paddy <Paddy
35 HT _ Vi Paddy-land irrigation
Paddylrr — S,,addy
3.6 AT T Flood — pT—AT T Flood Paddy-land runoff (Huang et al., 2016
HT (Hbaddy + AHpgqay) — Hogy HPaddy + AHPuddy 2 HPuOdOdy v ( & )
PaddyQ = AT Fl
addyQ 0 HPaddy + AHPaddy < HPaUdUdy
3.7 T T T ApaddyvGsee Water balance
HPaddyUG = HPaddyUG HPaddyUGExchange - HPandPaddyUGExchange - kUGSEEPMHXfEXD (HPaddyUG) e
4 Dry-land water balance module
T T— AT T i i
4.1 Hb,y = HbAT + AHDry Hbo Soil water balance in dry land
T _ .
42 AHL. = Pr —E}, T HDryUGExchange Water balance
43 ELT) - kCD,nyenman<TA,,e TMM -[I\T/' i WetT ngn wsT prT PZ.,e Lat) Dr_y-land evapotranspiration (Allen et al., 1998;
Cai et al., 2007)
_ Water exchange between groundwater and soil
K HL HT HI=AT | pfT _ ET > Hsat
44 Y uGexchange = Dryinasfexs Dry PWG) by . gj’ry water in dry land (Chen and Liu, 2002)
kprycapmaxfexp (Hpry: Hpryuc) HD +Prl - E <Hp,
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No. Equation Description and reference
4.5 oo HLT)’U,AT + AHEry _ S’ggd HIT);‘T + AHLT)U/ > Hslggd Dry-land runoff (Huang et al., 2016)
bryQ 0 HE AT + AHE,, < HEood
4.6 T _ yT-AT T T T Abryucsee Water balance
HDryUG = HDryUG - HDryUGExchange - HPandDryUGExchange - kUGSeepMMfEXP (HDryuc) e
5 Water management module
5.1 HT = Vi Flood drainage
Pump ™ Spona
52 HT _ (—am)Vi, Irrigation
Pondlrr — Spond
5.3 T—AT T Max \ Aculiert Culvert drainage (Huang et al., 2016)
H + 4H, —H
[T Kiert (—Pond HMIZ”d C'”""") Wheat season
Culvert — Culvert
0 Rice season
6 Paddy and dry-land nitrogen modules
)T~ AT T AT )T T . )T 4 )T 3 ,)< i A T .y T .y )T 1 M M
6.1 NOT — NOL-4THI-4T +NO, , HI, +0.1NOL, . + Noﬁ§p+0 Tkvorix+ANH}y, —ANOL, i —ANOL, i, (xe [Paddy, Dry]) NO dynamics in soil water
6.2 ANHE = kenpnicferfow NHTHY Nitrification (Wade et al., 2002)
6.3 ANOI i = Kenopenitfxrfuw NOLHY Denitrification (Wade et al., 2002)
6.4 ANOL prake = O-Thanouptakefr fiwfs NO uptake by crops (Wade et al., 2002)
NHI-4THT-4TNHT HT 10.INHI, +ANH! +ANHT, —ANH!. —ANHT —ANHT, ics i i
6.5 NHT = M N e pert I-ZTP +ANH, e i wola wiike (x & [Paddy, Dry)) NH dynamics in soil water
6.6 ANHY o = 0.1 kywiminefirfiw Mineralization (Wade et al., 2002)
6.7 ANHIUpmke = 0.1kynpuptakefxtfiwfis NH uptake by crops (Wade et al., 2002)
6.9 ANHY, 10 = knmvoiafirfiow NHEHY NH volatilization
6.10 fer = (ﬁx)(TS'mFZO) Temperature limitation (Wade et al., 2002)
6.11 T T . 3nd Soil water estimation (Wade et al., 2002)
Tsoit = Tave = Tviaxmin SIN{ 3363
6.12 Hy* —Hoy Soil moisture limitation (Wade et al., 2002)
fw = THTE
6.13 . d-d Seasonal plant growth influence (Wade et al.,
fxs =0.66 + 0.34 sin (277—;@) 2002)
6.14 PNgynofy = f(TNsojy, Sed) Farmland runoff
6.15 Sed = RysieKusteLusieSusieCustePuste Soil erosion (Kinnell, 2010)
7 Water-area nitrogen module
T _ T T T T T
71 ATNPolder - ATNPump + ATNCulvert + ATNInf - ATNIrr - ATNDep N balance
7.2 ATN] = 103TNE, VI N import due to irrigation
73 ATN[T)EP = (10-3PrT (PN} + NHJ. + NOF.) + 0.1Kprypep ) Spolder N deposition
T -3y4T T i
7.4 ATN}ymn = 107 Hpy 0 Spond TNpong N export due to flood drainage
T _ 10-3HT T i
75 ATNE ere = 1073HE o1 Spond TND g N export due to culvert drainage
T _10-3(H4T T T T T T
7.6 ATNSeep =10 <HPandSeep5P0"dTNPand + HPaddyUGExchﬂngeSpﬂddyTNPaddy + HDryUGExchangeSD’}’TNDry) N export due to seepage
7.7 T NO it Haard' +NOhier Hponaier + ANOape, T T T NO dynamics in the surface water
NOPond = RPMP “ rondlep - ANHPondNit - ANOPondDem't - ANOPondUptuke+
T T T T T T
NODtyQHDryQSDW + NOPaddyQHPaddstPﬂddy + NOToanHToanSTOWH
HIEondsP‘?”d
7.8 ANHT | nie = KponanticfeondrSoonicfnrnie NHb g Nitrification (Arhonditsis and Brett, 2005;
Omlin et al., 2001; Tetra Tech, 2007)
7.9 ANOY - ipenic = KpondnopenitfponarSpopenitfNopenitNOb g Denitrification (Arhonditsis and Brett, 2005;
Tetra Tech, 2007)
7.10 ANORuptake = kponanouptakefNouptakefseasonNOpg NO uptake by aquatic plant (Hu et al., 2006)
Pond 2 1 M 1 H 1
7.11 Fronar = e T =20) Temperature limitation (Arhonditsis and Brett,
2005)
7.12 foonic = DO} DO limitation for nitrification (Tetra Tech, 2007)
DONit = KHponic +DO},
7.13 funic = NH} NH limitation for nitrification (Tetra Tech, 2007)
NHNit = KHyynic+NHJ,
7.14 foopenit = i Hbopenic DO limitation for denitrification (Tetra Tech,
enit = KHpopenir+DO0%,
2007)
7.15 f, o NOJ 4 NO limitation for denitrification (Tetra Tech,
NODenit = KHyopenie-+NOF, 4 2007)
7.16 f . NOJ, NO limitation for plant uptake (Tetra Tech,
NOUptake = KHyouptake +NO},, 2007)
7.17 T NH} ATHE AT+ NHE, o HE o +ANHE oo+ ANHE e T T T NH dynamics in the surface water
NHPond = o . PH[;,’M S Fondile - APNI’ondDecam - ANHPandNit - ANHPondUptake+
T T T T T T
NHp,yo Hpryo Sory + NHpagayq Hpaddyq Spaddy + NHrowng HrownqSTown
Hll;ondspond
718 APN - 5ecom = KpondpNpecomfrondtfpopecomPNhyng Decomposition (Hu et al., 2006)
7.19 NH releasing from sediment

T
4 NHPundRelg = Kpondsedrele TNPondsed

(continued on next page)
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Table A1 (continued )

No. Equation Description and reference
7.20 ANHEduptake = KpondnHuptakefuptakefseasonNHpopg NH uptake by aquatic plant (Hu et al., 2006)
7.21 1, _ DO}y DO limitation for decomposition (Tetra Tech,

DODecom = KHpopecom+DO0%, g 2007)
7.22 f _ NH} NH limitation for plant uptake (Tetra Tech,

NHUptake = KHniuptare +NH 4 2007)
7.23 f T} o~ Taemin Seasonal change of aquatic plant

Season = TManm
7.24 T PNIATHI AT+ PNE, o HE e +APND o T T T PN dynamics in the surface water

PNPond =—" — H pondp “ fondler — APNPondDecom + APNPondResu - APNPondSerrling+

T T T T T T
PNpryo Hpryo Spry + PNpadayq Hpaddyq Spaddy + PNTown Howng STown
HltundSPU"d

725 APNogpesu = kP‘Bdi:m Season PN resuspension
7.26 PN settling

T __ Kponapnseuting p\T
APNPondSeming ~ H PNI’ond

Pond

Note: DO, dissolved oxygen; NO, nitrate/nitrite nitrogen; NH, reduced nitrogen; PN, particulate nitrogen; TN, total nitrogen (TN = NO + NH + PN); N, nitrogen.

Table A2
Parameters of the Nitrogen Dynamic Polder (NDP) model and their initial values for the case study in Polder Jian.
Symbol Parameter Value Unit Values from previous references
Parameters in the water-area water balance module
Qg Ratio between reference evapotranspiration and surface water evaporation 0.572 0.4—0.8 (Chen et al., 2005)
kpondseepmax  Maximum seepage rate of the surface water area 0.0004 md!
Apondseep Exponential order for seepage in the surface water area 0.17
Apond2pryuc  EXponential order for water transport from surface water to dry-land groundwater 0.013
Apryucarond  EXponential order for water transport from dry-land groundwater to surface water 0.085
Apond2paddyuc EXponential order for water transport from surface water to paddy-land groundwater 0.218
Apaddyuc2pond EXPonential order for water transport from surface water to dry-land groundwater 0.624
Parameters in the residential-area water balance module
TCTown Runoff coefficient for the residential area 0.685 0.75 (Rossi et al., 2004)
0.40—0.93 (Barrett et al., 1998)
0.55 (Taebi and Droste, 2004)
Hrownrill Water fill amount of the residential area 0.002 m 0.002—0.01 (Cheng et al., 2006)
Parameters in the paddy-land water balance module
Kpaddyimpax ~ Maximum infiltration rate of the paddy land 0.005 md! 0.003-0.007 (Li et al., 2014)
Kpaddycapmax  Maximum capillary rise rate of the paddy land 0006 md!
Hf;ﬁ&dy Saturated soil water of the paddy land 0.120 m 0.08—0.17 (Zhao et al., 2011a)
HIF,IGOdti%’ Maximum water storage of the paddy land 0.158 m
H;addyMax Upper limit of appropriate water storage for the paddy land 0.13 m 0.12—0.16 (Cheng et al., 2006)
-0.17
H,{addymm Lower limit of appropriate water storage for the paddy land 0.10 m 0.12—0.14 (Cheng et al., 2006)
—0.11
kC:T’addy Crop factor of the paddy land 0.5-14 0.9—1.2 (Liang et al., 2014)
1.0—1.5 (Cheng et al., 2006)
0.38—1.42 (Liu et al., 2002)
kucseepmax ~ Maximum seepage rate of the paddy and dry-land groundwater 0.0088 md!
Apaddyucseep EXPonential order for seepage in the paddy-land groundwater 2.989
Parameters in the dry-land water balance module
Kprympvax Maximum infiltration rate of the dry land 0.003 md!
kprycapmax ~ Maximum capillary rise rate of the dry land 0.004 md!
Hg% Saturated soil water of the dry land 0.088 m 0.08—0.17 (Zhao et al., 2011a)
HE‘,‘;}"’ Maximum water storage of the dry land 0.101 m
kCEW Crop factor of the dry land 05-14 0.38—1.42 (Liu et al., 2002)
ADryUGseep Exponential order for seepage in the paddy-land groundwater 1.160
Parameters in the water management module
CMutﬁm Maximum water storage of the surface water controlled by the culvert 1.443 m
k%ﬂlfm Maximum water export rate through culvert 0.040 md!
Aculvert Exponential order for water export through culvert 2.862
Qprr Irrigation efficiency 0.50
Parameters in the paddy and dry-land nitrogen module
kyNoFix N, fixation rate in the dry and paddy lands 0.012 kg ha™'  0.036 (Hofmeier et al., 2015)

d-! 0.012 (Zhao et al., 2011b)
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Table A2 (continued )

Symbol Parameter Value Unit Values from previous references
KyNHNit Maximum nitrification rate in the dry and paddy lands 0.07 d-! 0.01 (Wade et al., 2002)
0.02—2.0 (Liang et al., 2014)
KyNoDenit Maximum denitrification rate in the dry and paddy lands 0.73 d!
kxnouptake ~ Maximum NO uptake rate of crops in the dry and paddy lands 1.31/ kgha™!  0.85 (Zhang et al, 2013)
1.88 d-! 0.98 (Hofmeier et al., 2015)
0.94 (Zhao et al., 2009)
KyNHMine Maximum mineralization rate in the dry and paddy lands 0.36 kgha™!  0.45 (Zhang et al,, 2013)
d-! 0.2—0.46 (Zhao et al., 2011b)
kiNHuptake ~ Maximum NH uptake rate of crops in the dry and paddy lands 0.85/ kgha=!  0.85 (Zhang et al,, 2013)
0.52 d-! 0.98 (Hofmeier et al., 2015)
0.94 (Zhao et al., 2009)
KyNHVola Maximum NH volatilization rate in the dry and paddy lands 0.04 d! 0.043—0.8 (Liang et al., 2014)
Ox Coefficient of temperature influence on the processes related to N dynamics in the dry and 1.025 1.047 (Wade et al., 2002)
paddy lands
Hgief}x Maximum soil moisture deficit in the dry and paddy lands 130/142 mm 140 (Wade et al., 2002)
Parameters in the Water-area nitrogen module
Kponangnie  Maximum nitrification rate in the surface water 0.0052 d! 0.005—0.05 (Bonnet and Wessen, 2001)
0.005—0.013 (Hamilton and Schladow,
1997)
Kpondnopenic  Maximum denitrification rate in the surface water 0.012 d! 0.005—0.05 (Bonnet and Wessen, 2001)
kponanouptake Maximum NO uptake rate of plants in the surface water 0.044 0.1 (Hu et al., 2006)
Kpondpnpecom Maximum decomposition rate in the surface water 0.003 d! 0.015 (Hu et al., 2006)
Kpondsedrele Maximum releasing rate of NH from sediment 0.032 d!
KpondNHuptake Maximum NH uptake rate of plants in the surface water 0.098 0.3 (Hu et al., 2006)
Kponapnresy ~ Resuspension rate of PN from sediment 0.005 gm2d!
Kpondpnsettiing Settling rate of PN to sediment 0.008 md!
Opond Coefficient of temperature influence on the processes related to N dynamics in the surface 0.002 ~ °C~2 0.004 (Arhonditsis and Brett, 2005)
water
KHponit Half saturation constant of DO for nitrification 04 mg L' 0.4 (Omlin et al., 2001)
2.0 (Bonnet and Wessen, 2001)
0.1-1.0 (Wu and Xu, 2011)
KHnpnie Half saturation constant of NH for nitrification 0.3 mg L' 0.5 (Omlin et al., 2001)
0.1-1.0 (Wu and Xu, 2011)
KHpopenit Half saturation constant of DO for denitrification 0.2 mg L! 0.5 (Arhonditsis and Brett, 2005)
0.1 (Bonnet and Wessen, 2001)
KHyopenit Half saturation constant of NO for denitrification 0.1 mg L! 0.2 (Arhonditsis and Brett, 2005)
0.1 (Wu and Xu, 2011)
KHnouptake ~ Half saturation constant of NO for plant uptake 0.2 mgL! 0.2 (Hu et al., 2006)
KHpopecom  Half saturation constant of DO for decomposition 0.8 mg L~! 0.8 (Hu et al., 2006)
KHppuptake  Half saturation constant of NH for plant uptake 0.08 mg L~! 0.2 (Hu et al., 2006)
Note: DO, dissolved oxygen; NO, nitrate/nitrite nitrogen; NH, ammonium nitrogen; PN, particulate nitrogen.
Table A3
Variables in the Nitrogen Dynamic Polder (NDP) model and their initial values for the case study in Polder Jian.
Symbol Variable (Initial) Unit
Value
State variables
H;on d Water storage of the surface water 1.40 m
Hll;a ddy Soil water storage of the paddy land 0.13 m
ngy Soil water storage of the dry land 0.10 m
Hll;a ddyUG Groundwater storage of the paddy land 0.40 m
HEryUG Groundwater storage of the dry land 0.40 m
PNIZon d PN concentration of the surface water 0.022 mg L'
No'T,’Jn " NO concentration of the surface water 0.052 mg L!
NH;und NH concentration of the surface water 0.052 mg L~!
NOT NO concentration in the soil water of the dry and paddy lands 0.052 mg L!
NHI NH concentration in the soil water of the dry and paddy lands 0.052 mg L~!
Input variables
Lat Latitude 31.485 °
Spond Area of surface water 9607.16 m?
Stown Residence area 20,385.11 m?
Spaddy Paddy-land area 53,305.00 m?
Spry Dry-land area 23,096.71 m?

(continued on next page)
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Symbol Variable (Initial) Unit
Value
T/‘{ve Daily average air temperature -6—34.5 °C
Thox Daily maximum air temperature -2.8-39.2 °C
TAT/“n Daily minimum air temperature -85-30.7 °C
ThaxMin Maximum difference of average air temperature between summer and winter 40.5 °C
TaveMin Minimum daily average air temperature during the simulation period -6 °C
WetT Daily average humidity 37-98 %
HsTun Daily sunshine hours 0-12.7 h
wsT Daily average wind speed 0.1-5.6 ms™!
prT Daily precipitation 0-0.138 md~!
nge Daily mean atmospheric pressure 996.1 kPa
—1042.1
PNI%Wr PN concentration of the surrounding river 0.06—2.71 mglL!
NHITQ-iver NH concentration of the surrounding river 0.34-2.71 mg L!
No};l_ver NO concentration of the surrounding river 034-2.71 mglL™!
VI Irrigation water amount 0-9506 m?d!
Vi Pumping water amount 0-22232 mPd!
Kprybep Dry deposition rate of TN 0.028 kgha=1d™!
NOT,,., NO fertilization in the dry and paddy lands 0-0.56 kgha 'd™!
NHI,., NH fertilization in the dry and paddy lands 0-2.22 kgha 'd!
PNIZr PN concentration of the rainfall water 0.25 mg L'
NHIZr NH concentration of the rainfall water 0.08 mg L'
No};r NO concentration of the rainfall water 1.10 mg L'
TNpondsed TN concentration of the sediment pore water 8.0 mgL!
d Day number 1-366
dg Day number of the start of the growing season 1-366
TNy N content in the soil 0.10 gkg!
poL, ., Dissolved oxygen 43-112 mglL’!
Intermediate variables
AT Time step d
Spolder Polder area m?
A H;m d Water storage change of the surface water due to nature factors (precipitation, evaporation, infiltration and runoff from md-!
other areas)
A HI-I;u ddy Soil water storage change of the paddy land due to nature factors (precipitation, evapotranspiration and infiltration) md!
A HLTny Soil water storage change of the dry land due to nature factors (precipitation, evapotranspiration and infiltration) md!
H;own 0 Runoff depth of the residential area md!
H;addyQ Runoff depth of the paddy land md!
HD o Runoff depth of the dry land md!
Hlton (APaddyUGExchange Water exchange rate between paddy-land groundwater and surface water md!
Hﬁan ADryUCGEchange Water exchange rate between dry-land groundwater and surface water md!
H;Ea ddyUGExchange Water exchange rate between soil water and paddy-land groundwater md-!
H[T>ryu (GExchange Water exchange rate between soil water and dry-land groundwater md!
Hftan dseep Actual seepage rate of the surface water area md!
H;a ddyir Soil water storage change of the paddy land due to irrigation md!
H;T)ump Water storage change of the surface water due to flood drainage md!
Prgum Accumulated precipitation in a rainfall event m
Egon " Surface water evaporation md!
Ega ddy Paddy-land evapotranspiration md!
E[T)ry Dry-land evapotranspiration md!
HZulvert Water storage change through the culvert md!
TNgon " TN concentration of the surface water mg L'
TN’EI.’/Er TN concentration of the surrounding river mg L'
TN'}'—own 0 TN concentration of the residence-area runoff mg Lt
TN,ZH ddyQ TN concentration of the paddy-land runoff mg L~}
TNLT);yQ TN concentration of the dry-land runoff mg L'
ATND jor TN export amount from the polder kg
ATN;ump TN export amount due to flood drainage kg
ATNEHIUM TN export amount due to culvert drainage kg
ATNsTeep TN export amount due to seepage kg
ATNlTn TN import amount due to irrigation kg
ATNI])-ep TN import amount due to deposition kg
A NOIDep Mass change of NO in the soil water of the dry and paddy lands due to deposition gm?
ANHT Mass change of NO in the soil water of the dry and paddy lands due to nitrification gm2

xNit
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Symbol Variable (Initial) Unit
Value

A NoIDeni[ Mass change of NO in the soil water of the dry and paddy lands due to denitrification gm 2

A NOIUprake Mass change of NO in the soil water of the dry and paddy lands due to crop uptake gm 2

fir Temperature limitation factor in the dry and paddy lands

fiw Soil moisture limitation factor in the dry and paddy lands

fxs Seasonal plant growth index in the dry and paddy lands

ANHIDep Mass change of NH in the soil water of the dry and paddy lands due to deposition gm?

4 1\]1-1)2\/",.e Mass change of NH in the soil water of the dry and paddy lands due to mineralization gm?

ANHIUptake Mass change of NH in the soil water of the dry and paddy lands due to crop uptake gm?

ANH;VOM Mass change of NH in the soil water of the dry and paddy lands due to volatilization gm?

TsTa " Soil water temperature °C

T&/a or Surface water temperature °C

Hpes The soil moisture deficit m

PNgunoft PN concentration of the dry and paddy-land runoff mg L'

Sed Annual sediment yield kg ha!

yr!

Rusie Rainfall erosion factor

Kuste Soil erodibility factor

Lyste Topographic factor

SusLE Coarse fragment factor

CusLe Cover and management factor

Pysie Support practice factor

ANOIT’undDep Mass change of NO in the surface water due to deposition gm?

4 NHI]’-on dNit Concentration change of NO in the surface water due to nitrification mg L1

4 N()IT)U“ dDenit Concentration change of NO in the surface water due to denitrification mg L'
T . . 1

ANOY dUptake Concentration change of NO in the surface water due to plant uptake mg L

No%)W71 Q NO concentration of the residence-area runoff mg L~!

NO'T)uddyQ NO concentration of the paddy-land runoff mg L~!

NOEryQ NO concentration of the dry-land runoff mg L!

4 NH[T)M Dep Mass change of NH in the surface water due to deposition gm?

Y PNI]’-un dDecom Concentration change of NH in the surface water due to decomposition mg L'

4 NHIEon dRele Mass change of NH in the surface water due to sediment releasing gm?
T : : -1

ANH}, dUptake Concentration change of NH in the surface water due to plant uptake mg L

NHioan NH concentration of the residence-area runoff mg L!

NH‘EG ddyQ NH concentration of the paddy-land runoff mg L'

NHEryQ NH concentration of the dry-land runoff mg L™!

4 pN‘[on dDep Mass change of PN in the surface water due to deposition gm?

4 PNIIM dResu Concentration change of PN in the surface water due to PN resuspension mg L™!

. . . -1

4 PNI-"-on dSettling Concentration change of PN in the surface water due to PN settling mg L

pN%an PN concentration of the residence-area runoff mg L'

pN‘{addyQ PN concentration of the paddy-land runoff mg L~!

pNEryQ PN concentration of the dry-land runoff mg L'

Srondr Temperature limitation factor in the surface water

foonit DO limitation factor for nitrification

Snnnie NH limitation factor for nitrification

fpopenit DO limitation factor for denitrification

fnopenit NO limitation factor for denitrification

fnouptake NO limitation factor for plant uptake

INHUptake NH limitation factor for plant uptake

fpopecom DO limitation factor for decomposition

fseason Seasonal change of aquatic plant

Note: DO, dissolved oxygen; NO, nitrate/nitrite nitrogen; NH, reduced nitrogen; PN, particulate nitrogen; TN, total nitrogen (TN = NO + NH + PN); N, nitrogen.
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1. Water exchange between polder systems and surrounding rivers

Water exchange between polder systems and surrounding rivers differs from freely
draining catchments, in the sense that it is predominantly controlled by anthropogenic
interventions. The manual control of water included the processes of agricultural
irrigation, flood and culvert drainage. To describe these processes, four threshold
water levels, as well as a culvert to control the water exchange between the polder
system and its surrounding rivers, were included in the water management module
(Fig. SI-1). As a typical water management practice in polder systems, the culvert is
closed without any water exchange during the rice season, because the rice land
required a relatively high water level. On the other hand, the farmland does not
require high water levels during the non-rice season, and therefore the culvert is open

for water export from the polder system to its surrounding rivers.

During the rice season, an irrigation event would occur when the water level is as low
as Hu (or threshold water level to start irrigation pump), and would stop when the
water level increased to HZ®" (or threshold water level to stop irrigation pump).
During the flood period, the water level of the polder system is lower than its
surrounding rivers. The pump would export the water out of the polder system when

the water level is as high as H3=®== (or threshold water level to start flood pump),

and would stop when the water level decreased to HS=>" (or threshold water level

to stop flood pump).
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Fig. SI-1: Threshold water levels used to control water exchange between the polder and its

surrounding rivers

2.

Empirical relationship between water temperature and air temperature

Surface water temperature (T, . in Equation 6.10) was calculated based on air

temperature. Their relationship was estimated based on measured water and air

temperatures during the period between Feb. 1 and Dec. 31, 2016 (Fig. SI-2).

Air temperature (°C)

32

24

(a)

(b)

Twaier=0.0084* Tg* T4 +0.6519* T4;+48935
R*=0.90

40

v
]
\

24 | 2

Estimated water temperature (°C)

0 8 16 24
Water temperature (°C)

40 0 8 16 24 32 40
Measured water temperature (°C)

Fig. SI-2: (a) The fitted curve between air temperature and water temperature; (b) Measured and
estimated temperature in surface water. Tyuer, Water temperature (°C); Tair, air temperature (°C).

3. Sensitivity analysis results

Based on our sensitivity analysis exercise, the top ten most influential parameters in

the water balance and nitrogen (N) dynamic modules of the Nitrogen Dynamic Polder

(NDP) model are provided in Table SI-1, where we also present their ranges along

with their initial values and those assigned after optimization (calibrated values).



61  Table SI-1: Value range and sensitivity value of the parameters in the Nitrogen Dynamic Polder (NDP) model.

Symbol Parameter Ser\]/?lﬂ\é'ty Value range Initial value Calibrated value
Parameters in the water-area water balance module
A, Ratio between reference evapotranspiration and surface water evaporation 0.002 0.4-0.8 0.572 0.572
kPorldSeepMax Maximum seepage rate of the surface water area (m d™) 0.035 0-0.01 0.001 0.0004
Apondseep Exponential order for seepage in the surface water area 0.016 0-2.0 0.20 0.17
Apond 20ryU6 Exponential order for water transport from surface water to dry-land groundwater 0.016 0-2.0 0.10 0.013
Aoryus2pond Exponential order for water transport from dry-land groundwater to surface water 0.013 0-2.0 0.12 0.085
Apond 2paddyuc Exponential order for water transport from surface water to paddy-land groundwater 0.042 0-2.0 0.25 0.218
Apaddyuc 2pond Exponential order for water transport from paddy-land groundwater to surface water 0.015 0-2.0 0.74 0.624
Parameters in the residential-area water balance module
ICroun Runoff coefficient for the residential area 0.001 0.55-0.75 0.685 0.685
H i ounril Water fill amount of the residential area (m) 0.004 0.002-0.01 0.002 0.002
Parameters in the paddy-land water balance module
kpaddy.mMax Maximum infiltration rate of the paddy land (m d'l) 0.004 0.003-0.007 0.005 0.005




kpa,,,,yCapMax Maximum capillary rise rate of the paddy land (m d%) 0.001 0.003-0.007 0.006 0.006
H §:},dy Saturated soil water of the paddy land (m) 0.001 0.08-0.17 0.120 0.120
H ey Maximum water storage of the paddy land (m) 0.005 0.15-0.17 0.158 0.158
H ;addyMax Upper limit of appropriate water storage for the paddy land (m) 0.005 0.12-0.17 0.13-0.17 0.13-0.17
H ;addme Lower limit of appropriate water storage for the paddy land (m) 0.005 0.10-0.12 0.10-0.11 0.10-0.11
KCpaay Crop factor of the paddy land 0.004 0.38-1.5 0.5-1.4 05-1.4
kU63eepMax Maximum seepage rate of the paddy and dry-land groundwater (m d) 0.028 0-0.01 0.006 0.0088
ipaddyUGSeep Exponential order for seepage in the paddy-land groundwater 0.001 1-3 2.989 2.989
Parameters in the dry-land water balance module
kDrylnfMaX Maximum infiltration rate of the dry land (m d'l) 0.002 0.003-0.007 0.003 0.003
kDryCapMaX Maximum capillary rise rate of the dry land (m d'l) 0.001 0.001-0.005 0.004 0.004
H Sf; Saturated soil water of the dry land (m) 0.001 0.08-0.17 0.088 0.088
Hoo Maximum water storage of the dry land (m) 0.001 0.10-0.11 0.101 0.101

Dry



Kepy, Crop factor of the dry land 0.002 0.38-1.42 05-1.4 05-1.4
lD,yUGSeep Exponential order for seepage in the paddy-land groundwater 0.002 1-3 1.160 1.160
Parameters in the water management module
H ivert Maximum water storage of the surface water controlled by the culvert (m) 0.037 13-15 1.46 1.443
kéﬂ?jm Maximum water export rate through culvert (m d'l) 0.040 0.01-0.04 0.03 0.040
Acunert Exponential order for water export through culvert 0.006 1-3 2.78 2.862
)\ Irrigation efficiency 0.002 0-0.50 0.50 0.50
Parameters in the paddy and dry-land nitrogen module
K orix N, fixation rate in the dry and paddy lands (kg ha™ d™) 0.000 0.012-0.036 0.012 0.012
K i Maximum nitrification rate in the dry and paddy lands (d™%) 0.221 0.02-0.1 0.08 0.07
K opent Maximum denitrification rate in the dry and paddy lands (d™) 0.002 0-0.8 0.73 0.73
|<XNOUmake Maximum NO uptake rate of crops in the dry and paddy lands (kg ha* d) 0.000/0.001 0.5-2 1.31/1.88 1.31/1.88
K anine Maximum mineralization rate in the dry and paddy lands (kg ha™ d™) 0.002 0.2-0.46 0.36 0.36
K uptate Maximum NH uptake rate of crops in the dry and paddy lands (kg ha™* d™) 0.069/0.159 0.5-2 0.82/0.42 0.86/0.52




K v Maximum NH volatilization rate in the dry and paddy lands (d™) 0.001 0.043-0.8 0.04 0.04
) Coefficient of temperature influence on the processes related to N dynamics in the dry 0.283 1.0-1.1 1.030 1.025
and paddy lands
How Maximum soil moisture deficit in the dry and paddy lands (mm) 0.000/0.000 130-150 130/142 130/142
Parameters in the Water-area nitrogen module
< A—— Maximum nitrification rate in the surface water (d™) 0.378 0-0.05 0.005 0.0052
Kpondnopenit Maximum denitrification rate in the surface water (d™) 0.003 0-0.05 0.012 0.012
kpondNOUptake Maximum NO uptake rate of plants in the surface water 0.048 0-0.05 0.042 0.044
K pondprmecom Maximum decomposition rate in the surface water (d%) 0.023 0-0.02 0.003 0.003
R Maximum releasing rate of NH from sediment (d‘l) 0.732 0-0.1 0.030 0.032
kpondNHUptake Maximum NH uptake rate of plants in the surface water 0.657 0-0.1 0.090 0.098
Keondpnrest Resuspension rate of PN from sediment (g m™ d*) 0.035 0-0.01 0.005 0.005
kpondeSeming Settling rate of PN to sediment (m d'l) 0.466 0-0.125 0.007 0.008
P Coefficient of temperature influence on the processes related to N dynamics in the 0.037 0-0.01 0.002 0.002

Pond

surface water (°C%)




KH 5onit Half saturation constant of DO for nitrification (mg L™) 0.016 0.1-2.0 0.4 0.4

KH yonit Half saturation constant of NH for nitrification (mg L) 0.025 0.1-1.0 0.3 0.3
KH 5 openit Half saturation constant of DO for denitrification (mg L) 0.001 0.1-0.5 0.2 0.2
KH ooenit Half saturation constant of NO for denitrification (mg L™) 0.001 0.1-05 0.1 0.1
KH \ouptake Half saturation constant of NO for plant uptake (mg L™) 0.011 0-0.5 0.2 0.2
KH 5006com Half saturation constant of DO for decomposition (mg L) 0.001 0-1.0 0.8 0.8
KH \iuptake Half saturation constant of NH for plant uptake (mg L) 0.088 0-0.3 0.09 0.08

62 Note: DO, dissolved oxygen; NO, oxidized nitrogen; NH, reduced nitrogen; PN, particulate nitrogen. Ten most sensitive parameters for the water balance and nitrogen
63  dynamic modules have grey background.
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4. Parameter optimization results using a Genetic Algorithm (GA)

During the 100 generations of parameter optimization using a Genetic Algorithm, the
model fit for water level and nitrogen modules was gradually improved with average
fitness value (Equation 2) increasing from 1.44/0.94 (1% generation) to 1.48/1.09
(100" generation) (Fig. SI-3). The fitness range of 100 best individuals was also
reduced with a standard deviation decreasing from 0.014 to 0.004. A careful
inspection of Fig. SI-3 also reveals that the model fit did not improve dramatically
from the 1% to 100" generation of GA. The latter pattern suggests that there are many
locally optimal solutions for NDP, which is similar with the behaviour reported for

other complex overparameterized models.

(a) Water level (b) Nitrogen
1.49 1.25
1.48 - 1.15
E 147 ERKE
2 2
5 E
1.46 - 0.95 4
1.45 0.85
0 20 40 60 80 100 0 20 40 60 80 100

Generation Generation

Fig. SI-3: Individual evolution over the 100 generation of parameter optimization using a Genetic
Algorithm. The graph presents the 100 fitness value from the best individual of each repeated run.
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5. Uncertainty analysis

5.1. Model uncertainty on key N sources and sinks

The N balance analysis (Section 3.5) revealed that the key N sources and sinks in

Polder Jian were fertilization, mineralization, crop uptake, volatilization, and

denitrification. In order to investigate the relative importance of the uncertainty

underlying these factors on N export, we conducted a simple uncertainty analysis
based on a two-step Monte Carlo simulation procedure:

e Step 1. Generate 1000 samples (simulations) based on random perturbations of
fundamental processes of N dynamics (fertilization, mineralization, crop uptake,
volatilization, and denitrification). Each sample represented random perturbations
of these five processes simultaneously within a £ 10% range relative to the values
assigned after model optimization.

e Step 2. Run all these 1000 simulations and calculate the resulting annual N
export.

Our uncertainty analysis results suggested that the uncertainty associated with the

fertilization and crop uptake rates is responsible for considerable variability of the

annual N export. Increasing use of NO/NH fertilizer resulted in a higher (nearly linear
increase) N export (Fig. SI-4a). Likewise, increasing NO/NH uptake rates from crops
resulted in a lower N export (Fig. SI-4e). This finding implies that accurate estimates
of the amount of NO/NH fertilizers implemented on annual basis (NO,, and NH]., ),

xFert

as well as the maximum NO/NH uptake rates from crops (k and k ) are

XNOUptake XNHUptake

critical in reducing model uncertainty.
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Random perturbations of mineralization, volatilization, and denitrification resulted in
negligible variations of annual N export (Fig. Sl-4b-d), implying that a +10%
uncertainty relative to the optimal values assigned to the three parameters
characterizing mineralization, volatilization, and denitrification, i.e., k. (maximum
mineralization rate in the dry and paddy lands), k... (maximum NH volatilization

rate in the dry and paddy lands), k (maximum denitrification rate in the dry and

XNODenit

paddy lands), may not have profound implications for the derived N export fluxes.

70
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s
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Z 554
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Fig. SI-4: NEC levels (N export coefficient, kg ha™ yr') driven by the uncertainty associated with
fertilization (a), mineralization (b), volatilization (c), denitrification (d) and crop uptake (e). The
examination of the impact of uncertainty was based on the generation of 1000 samples of the five
factors collected from their £ 10% range relative to the values assigned after model optimization.

5.2. Uncertainties from parameters
The uncertainties from model parameters were investigated using a two-step Monte

Carlo simulation procedure similar to that described in Section 5.1.
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* Step 1. Generate 1000 samples based on random perturbations of twenty most
influential parameters, i.e., the ten most sensitive parameters for the water
balance and nitrogen dynamic modules (Table SI-1). Each sample represented
random perturbations of these parameters within the £ 10% range relative to the
values assigned during model optimization.

e Step 2. Run all these 1000 simulations and calculate the corresponding F values.

The scatter plots (F versus parameter values) for these twenty influential parameters

represent proxies of the marginal parameter distributions. As shown in Fig. SI-5h, the

model was more likely to achieve a high model fit with HY> ~ (maximum water
storage of the surface water controlled by the culvert, m) values lower than 1.143. The
maximum water export rate through culvert (m d™), k" , and the coefficient of
temperature influence on the processes related to N dynamics in the dry and paddy
lands, ¢, , displayed a unimodal pattern (Fig. SI-5i and n). Their average values were
very close to their calibrated values, 0.04 and 1.025, respectively (Table SI-1. The
uninformative patterns for the rest 17 marginal distributions (Fig. SI-5) are suggestive
of an interplay among the multiple parameters, characterized by distinctly different
parameter combinations that provide a similar model fit. This finding is consistent

with the conclusion drawn from the parameter optimization exercise (Section 4; see

also Fig. SI-3).
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Fig. SI-5: Parameter values versus model fitness (F) for total nitrogen (TN) during the 2014-2017
period based on 1000 Monte Carlo samples of the twenty most sensitive parameters, i.e., ten sensitive
parameters for the water balance and nitrogen dynamic modules, respectively. Parameter symbols can
be found in Table SI-1.

The 1000 simulations also delineate a relatively large width of the 90% uncertainty
zone (Fig. SI-6). It is also interesting to note that several measured TN concentration
were still not captured by the uncertainty bounds, indicative of a more systematic
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error probably stemming from model structural deficiencies or (most likely) bias

introduced by model inputs or forcing functions.
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Fig. SI-6: Measured versus simulated TN concentrations along with the 90% uncertainty bounds (blue
lines). The uncertainty zone was obtained by 1000 Monte Carlo samples of the twenty most sensitive
parameters. The latter samples were collected from their = 10% range relative to the values assigned
after model optimization.

6. Model fitness function

In this study, the model fitness to evaluate model performance was based on the sum
of the coefficient of determination (R%) and Nash-Sutcliffe efficiency (NS) rather than
solely R? or NS. Figure SI-7 shows that F is indeed better in describing model fit as
the two metrics are characterized by a unimodal pattern. Simply put, many individual
simulations (or parameter vectors) displayed high R? values but low NS values and
vice versa. Thus, the use of both measures of fit offers a superior goal function to

guide our optimization exercise.
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Fig. SI-7: Coefficient of determination (R?) versus Nash-Sutcliffe efficiency (NS) for the water levels
during the 2015-2016 period, based on the Monte Carlo analysis presented in Figures SI-5 & 6.

7. Model implementation and availability

NDP was developed as a joint endeavor with other contributors including water
managers and local farmers. Water managers provided their experience on manual
operations of irrigation, flood and culvert drainage for polder systems, which were not
adequately described in previous literature. Agricultural regulations for describing
water and N dynamics in NDP were provided by local farmers residing in Polder Jian,
China.

The coding and integration work of NDP were implemented using the programming
language of Python. The model can be freely used by researchers, managers, and
other stakeholders. The software package for running NDP, as well as its manual and
data collected from Polder Jian, China, can be downloaded freely from
http://www.escience.cn/people/elake/index.html. Further information can be obtained

by contacting Jiacong Huang (jchuang@niglas.ac.cn).
15
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