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Acronyms and Abbreviations

Rn

RO

SOM

TN

N rate

Xk

Cropland N runoff

Background N runoff

Soil organic matter

Soil total nitrogen

Nitrogen (N) fertilizer application

rate per unit sowing area

Environmental variables

RR

pH

Clay

Temp

w

CE

Rrn per unit N fertilizer additions

Soil pH value

Soil clay content

Mean air temperature

Sum of precipitation and irrigation

within observation period

Correction coefficient
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Abstract

Reliable detection and attribution of changes in nitrogen (N) runoff from croplands are
essential for designing efficient, sustainable N management strategies for future.
Despite the recognition that excess N runoff poses a risk of aquatic eutrophication,
large-scale, spatially detailed N runoff trends and their drivers remain poorly
understood in China. Based on data comprising 535 site-years from 100 sites across
China’s croplands, we developed a data-driven upscaling model and a new simplified
attribution approach to detect and attribute N runoff trends during the period of 1990-
2012. Our results show that N runoff has increased by 46% for rice paddy fields and
31% for upland areas since 1990. However, we acknowledge that the upscaling model
is subject to large uncertainties (20% and 40% as coefficient of variation of N runoff,
respectively). At national scale, increased fertilizer application was identified as the
most likely driver of the N runoff trend, while decreased irrigation levels offset to some
extent the impact of fertilization increases. In southern China, the increasing trend of
upland N runoff can be attributed to the growth in N runoff rates. Our results suggested
that increased SOM led to the N runoff rate growth for uplands, but led to a decline for
rice paddy fields. In combination, these results imply that improving management
approaches for both N fertilizer use and irrigation is urgently required for mitigating
agricultural N runoff in China.

Keywords: Nitrogen runoff; temporal trend; spatial pattern; attribution analysis;

Bayesian inference
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Capsule
Cropland N runoff in China increased by 30% over the past two decades mainly due to

increased fertilization and decreased irrigation.

Highlights

e Adata-driven upscaling model can effectively and reliably detect N runoff trends

e N runoff has increased by 46% for rice paddy fields and 31% for uplands since
1990

e SOM change results in inverse trend of N runoff rates between upland and rice

fields
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1. Introduction

Meeting food security targets while simultaneously reducing reactive nitrogen losses
has drawn attention from both scientists and the public (Chen et al., 2014; Mueller et
al., 2012; Tilman et al., 2011; Zhang et al., 2015). Large amounts of anthropogenic
nitrogen (N) inputs have resulted in excess N being lost in runoff from croplands to
water bodies and the atmosphere worldwide (Cui et al., 2014; Leip et al., 2011,
Seitzinger et al., 2010). As one of the consequences, increased occurrences of aquatic
eutrophication and ecosystem degradation were observed, particularly in China and
South Asia (Paerl et al., 2014). Reliable detection and attribution of cropland N runoff
are crucial for policy makers and farmers to develop site-specific N management
strategies (Cherry et al., 2008). Although cropland N runoff is substantial in China (e.g.,
2.140.2 or 0.8 Tg N yr! estimated by Gu et al., (2015) and Wang et al., (2014),
respectively), large-scale, spatially detailed N runoff trends and its attribution remain

poorly understood.

Cropland N runoff, defined as a generation process of N loss via surface runoff, depends
on environmental conditions and agricultural management practices (Zhang et al.,
2016). This complexity makes large-scale N runoff difficult to estimate using empirical
models. Plot-scale N runoff flux data from croplands are also difficult to scale up into
spatially detailed maps because of spatio-temporally varying results (Shen et al., 2012).

Currently, an export coefficient approach has been widely used to estimate cropland N
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runoff (Hao, 2006; Liu et al., 2010; Velthof et al., 2009; Wang et al., 2014). For example,
the first National Pollution Census Program of China (NPCP) provided a collection of
N runoff flux coefficients for different geographical regions in China, determined by
fitting cross-sectional site data to an export-coefficient model (Wang et al., 2014).
Nevertheless, substantial evidence gathered from field observations indicates that linear
and homogeneous models are rarely capable of capturing the spatial variability of N
runoff at regional scale (Schaefer and Alber, 2007; Sobota et al., 2009; Hou et al., 2016).
This highlights the difficulty of accurately predicting its future evolution as well as

quantifying the impacts on aquatic ecosystems.

While it is still challenging to attribute contributions of each individual driving factor
(e.g., climate condition, agricultural management practices) to the cropland N runoff
trend assessment, statistical correlation or regression analyses have been widely applied
(Korsaeth and Eltun, 2000; Stalnacke et al., 2015) over past decades. However, this
approach has two potential limitations. Firstly, statistical analyses of historical Rtn
generally characterizes the related major drivers, thus includes the signals not only from
the temporal trends, but also from inter-annual or decadal variability. Secondly, the use
of statistical analysis generally assumes that the effects of drivers on N runoff are linear
and independent of each other (Piao et al., 2015). However, a growing number of
studies based on both data from field experiments and theoretical analyses indicated

non-linear responses of N runoff to changes in driving factors as a consequence of
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complex interactions (Hou et al., 2016). Although these limitations in attribution
analysis could be overcome through the application of process-based models (Hao,
2006; Abbaspour et al., 2015, Liu et al. 2016), core limitations of such simulation
models are the large uncertainties arising from model structure and parameter choice
(Schulz et al., 1999). One way to separate the contribution of natural and anthropogenic
controls is to use the Kaya Identity concept developed in economics (Raupach et al.,
2007), which is adopted when studying climate change and hydrological science

(Streimikiene and Balezentis, 2016; Wang et al., 2015b).

To quantify and attribute cropland N runoff trends during past decades, we analyzed the
data in this study is based on a upscaling model following a new simple attribution
approach. Synthesized field measurements were used for model calibration and cross-
validation based on the Bayesian Recursive Regression Tree algorithm version 2.0
(BRRT v2, Zhou et al., 2015), utilizing high-resolution gridded datasets including
climate conditions, soil attributes, and agricultural management practices. First, we
assessed inter-annual dynamics of cropland N runoff derived from the data-driven
upscaling model to detect trends for the period from 1990 to 2012. Second, we
compared the proportional change rate of each driver to upscaling results of Rtn, which
allowed us to diagnose the contributions of different drivers. Finally, we discussed how
each driver modulates the temporal trend of Rtn and the implications for site-specific

N management.
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2. Data and methodology

2.1 Dataset

Based on the National Pollution Census Program of China (NPCP) and datasets
published by the scientific community, in situ measurements of N runoff and associated
variables in each plot were collated from 100 experimental sites for both rice paddy and
upland fields (i.e., as a flooded parcel of arable land used for growing rice and non-rice
crops, respectively). Water samples were collected in the drainage outlet for each
rainfall event in most of the measurements, where the runoff volume was consecutively
measured within the observation period. N concentrations in water samples were
analyzed using ultraviolet spectrophotometric methods, following the Standard
Methods for the Examination of Water and Wastewater approach for China (SEPA,
2002). Precipitation within the observation period and soil properties (0-20 cm depth)
at the beginning of the experiment were synchronously monitored. Missing values of
soil properties or climatic factors at a few sites were supplemented with data from the
China Soil Scientific Database (http://vdb3.soil.csdb.cn/) based on the corresponding
soil type of the county or from the 0.1-degree China Meteorological Forcing Dataset
(CMFD) v0106 (http://data.cma.cn/) depending on its geographic coordinates.
Information on agricultural management practices including N fertilizer application
rate, irrigation amount, fertilizer types, and crop types were recorded, including the

timing of the application. The dataset comprised 535 site-years data (293 for upland
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and 242 for rice paddy fields) (Fig. 1a and Supplementary Data S1), and can be

considered representative of most major cropping areas except northwestern China (Fig.

1.
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Figure 1. Location of experimental sites on cropland N runoff in China. Sixty-two
experimental sites for upland are illustrated as black solid circles, whereas thirty-eight
sites for paddy field are indicated as red solid circles. The ranges of each individual
variable is illustrated as a light red bar for observational datasets and a dark red bar for
croplands for the whole of China in panel b. The variables are Nrate (kg N ha™), clay
content (Clay, %), water input (W, mm), soil pH, soil organic matter (SOM, g kg™),

soil TN (g kg™1) and air temperature (Temp, °C).

2.2 Data-driven upscaling model
We developed an upscaling model which accounts for the effects of environmental
conditions and agricultural management (Eg. 1). Specifically, N fertilizer application

rate (Nraee) and environmental conditions (xk) are directly included as independent
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variables, whereas fertilizer application and crop types are considered as correction

terms in the model:

RNl = RRI(Xk)-Nraet+ RA(Xk)+g VI=1,2,...,.L, XkeQ (1a)
where

RRI = RRI"(xx) x CEi(RR) x CEj(RR), (1b)

R% = Ri%"(xk) x CE;j(R?), (1c)

RRI*(Xk) = f(X«)-Nraetg(X«), RIO’*(Xk) = h(x«), (1d)

and i and j represent the index of fertilizer types and crop types, respectively; | and L
are the index and number of piecewise functions. x« is climatic condition or soil attribute.
Observations (Fig. S1) of air temperature, water input and soil clay content can be used
as proxies to reflect the variations of soil temperature and water content within the
observation period, respectively. RR™ and R%" are the reference values when urea is
applied and where wheat or rice are cultivated on experimental sites. Both are then
adjusted to reflect different fertilizer and crop types to develop a specific RR and R° for
a given scenario. The details of correction coefficients (CEs) can be found in Table S1.
It should be noted that fertilizer types considered include urea, compound fertilizers,
manure and/or crop residues, and ammonium bicarbonate. In addition, crop types

distinguish between rice, wheat, maize, soybean, cotton, and other corps.

The Bayesian Recursive Regression Tree version 2 (Zhou et al., 2015), was
subsequently used with observational data to determine optimal L, f(xk), g(xk), and h(xx).

The detailed methodological approach of the BRRT v2 is described by Zhou et al. (2015)
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and Text S2 in the Suppl. Mat.. The resulting calibrated model was applied to simulate
spatial patterns of N runoff over Chinese croplands from 1990 to 2012 at a spatial
resolution of 1 km. The details on input data used in this model, including Nrae by
fertilizer and crop types, water input, clay content, air temperature, soil pH, soil organic
matter (SOM), and soil N, are described in Table S2 and Fig. S2. Due to the lack of
detailed information on the spatio-temporal changes in fertilization methods, timing,
and cultivation practices in China, this information was not included in the data-driven

upscaling model simulation presented here.

2.3 Structural decomposition analysis

We further applied a simplified attribution approach, ‘Runoff Identity’ (analogous to
the Kaya Identity in economics), to assess the contribution of water input changes (W,
the sum of precipitation and irrigation amounts), the fertilizer-to-water ratio (the ratio
of fertilizer used to water input) and N runoff rate (i.e., the ratio of annual N runoff flux
to fertilizer addition) to the relative rate of change of Rtn in China. The Runoff Identity
combines the variables of regional averaged water inputs and fertilizer addition in a
causal relationship to cropland N runoff (Rtn). Rtn is therefore regarded as the

integration of the three variables:

RTN :W(Nratej( RTN]:\N.f e (2)
W Nrate

We then defined the proportional change rate of a quantity X(t) as r(X)=X-dX/dt (with

units [time]%). Because ((dRtw/dt)/Rtw) = ((dRww/dt)/(wfe))= ((dw/dt)iw) + ((dffdt)/f) +
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((de/dt)/e) , the Runoff Identity for proportional change rate can be rewritten as
r(Rm)=r(w)+r(f)+r(e) (3)
Using time-series data of w, f and e, we applied this approach to quantify the role of
each driver in relation to changes of the Rrn trend. The theoretical proportional change
rate, which was a sum of factors w, f and e, closely approximates the rate of Rtn that
actually occurred. We calculate their rates of change over the whole period from 1990
to 2012 using a linear regression method, and normalized them by corresponding mean
values, respectively. The relative contribution of each factor is the ratio of its

proportional change rate to the proportional change rate of Rrn during the same period.

3. Results

3.1 Model performance

The data-driven upscaling model (Table S3) was evaluated by reviewing the coefficient
of determination (R?) and coefficient of variation (CV, calculated as the ratio of root-
mean-squared error to mean value), which were 0.85 and 39% for rice paddy fields
(n=242, Fig. 2a), and 0.85 and 50% for upland grain crops (n=293, Fig. 2b), respectively.
The evaluation results suggest that most of the variance of Rtn could be explained by
the model with acceptable bias. Model performance for Rtn per unit N fertilizer
additions (RR) (R? = 0.71 and n=75 for rice paddy fields, Fig. 2c; R> = 0.40 and n =
146 for uplands, Fig. 2d) further indicate that our model is able to capture the sensitivity

of Rt to N inputs. Regionally, there are no evident differences in model performance
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of Rrn across the 7 regions (Fig. 2), but RR simulated by our model shows differences

compared to observations in East China in particular. Additionally, a few simulated RR

were different from the observations (Fig. 2), mainly due to the lack of spatially detailed

data on specific fertilization methods, cultivation practices, or rainfall intensity in our

models (Liu et al., 2016; Miyazato et al., 2010; Wang et al., 2015a; Xu et al., 2013).
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Figure 2. Calibration of Rtn, RR for paddy fields (panels a and c¢) and upland

(panels b and d). The slope, R?, and coefficient of variation (CV) are indicated in the

insets at the bottom right of each panel. Dots are colored in Fig. 2 to indicate model

performances in different regions in China.
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3.2 N runoff trends and their spatial patterns

Figures 3a and 3b show the annual N runoff or runoff rate from China’s rice paddy and
upland soils from 1990 to 2012, respectively. In 1990, Rtn was 1.69 + 0.80 Tg N yr?
in China (o is the standard deviation of N runoff due to the uncertainties of input data
and model parameters), splitting into 0.46 + 0.08 Tg N yr~! for paddy field and 1.23 +
0.51 Tg N yr for upland (Fig. 3). More details of uncertainty estimation approach
using Monte Carlo ensemble simulations can be found in Text S3. Rtn had increased
by 2012 by 46 + 11% for rice paddy fields and 31 + 14% for uplands (o is the standard

deviation of N runoff changes occurring over a 23-year period; Fig. 3a and 3b).
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Figure 3. Temporal trend of cropland N runoff during 1990-2012. (a) paddy field,;
(b) upland; (c) spatial pattern of N runoff trend for paddy field; (d) the same as for ¢ but
for upland; (e) frequency distribution of the significance level (P-value) of N runoff
trend for paddy field; (f) the same as for e but for upland. The P -value of N runoff
trends for each pixel is estimated based on T test. The gray shaded areas in panels ()

and (b) reflect standard deviations based on uncertainty assessments (see Text S2).

Spatial patterns of the N runoff trends across China for the period from 1990 to 2012
were for the land area of China by applying the upscaling model are displayed in Figs.
3c and 3d. Both simulation results for rice paddy fields and uplands consistently showed
that N runoff trend increased in most regions of China (P < 0.01 according to the Mann—
Kendall test), while the magnitude of the Rrn trend varied for different croplands in
China. For rice paddy soils, regions with the largest Rt trend are generally found in
southern China and parts of northeastern China (i.e., Amour-Ussuri-Songhua River
Plain, defined in Fig. S3), where the trend of Rtn is generally larger than 0.4 kg N ha?
yr2. However, regions that experienced a decreasing trend (14% of croplands) were
located in the lower reaches of the Yangtze River Basin, Ningxia Plain, and part of the
Sichuan Basin (Fig. S3), where the trend of Rt is —0.12 kg N ha=t yr-2, For uplands,
the highest values of the Rt trend (>0.4 kg N ha~! yr=2) are found in northeast China,
the Guanzhong Plain, and parts of the North China Plain and Sichuan Basin. In contrast,

regions with a decreasing R trend (16% of croplands) include the Shandong Peninsula,
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upper reaches of the Huaihe River Basin, and northwest China (=0.14 kg N ha™t yr-2).
The Rt trend is statistically insignificant (P>0.05) in less than 40% of croplands,
mainly in the Yangtze River Basin, Shandong Peninsula and Shanxi province (Fig. 3e

and 3f).

3.3 Attribution of N runoff trends at national scale

For rice paddy fields (Fig. 4a), the relative rate of change of Rtn at national scale was
1.2 % yr! over the last 23 years, which was primarily driven by a growing fertilizer-
to-water ratio, but partly offset by the decline of water input (28%). For upland, the
trend of Rtn also showed an increase (1.9% yr*; Fig. 4b) during the period 1990-2012,
with the largest attributable contribution of fertilizer-to-water ratio and a positive
proportional change rate of 2.4 % yr-* which was partially offset by the decreased water
input (0.5 % yr1). Fig. 4 also illustrates the trend of each identity for rice paddy fields
and uplands during different periods. The relative Rtn change rate for rice paddy field
was 2.4 % yr! prior to the year 2000, but gradually reduced to 1.4 % yr! during the
period of 1990-2005 and then less than 1.2 % yr-* during 1990-2012, primarily due to
the decreased growth rate of fertilizer-to-water ratio (3.0 to 1.5% yr). However, the
trend of Rrn for uplands increased from 0.15 % yr-! before 2000 to 0.19 % yr during
the whole period. This could primarily be explained by the fact that the decrease of
growing fertilizer-to-water ratio (from 2.9 to 2.4 % yr-1) was totally offset by the change

in the N runoff rate (from —0.9 to 0.01 % yr ™).
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Figure 4. Proportional change rate of cropland N runoff and its drivers. (a) Paddy
field; (b) upland. Contributions of the N runoff identity factors during the years 1990-
2000, 1990-2005 and 1990-2012, including the water input of precipitation and

irrigation (w), N runoff rate (e) and fertilizer-to-water ratio (f).

3.4 Spatial patterns of N runoff trend attributed to different drivers

As demonstrated in Fig. 5, the contributions from three main driving factors to the trend
of Rtn were highly spatially heterogeneous across different provinces. For rice paddy
fields, fertilizer-to-water ratio was the dominant factor for Rrn trends in most regions
in China, whereas N runoff rate and water input could be attributed to drive the trends
in N runoff in eastern coastal regions, and Weihe River Basin (inset plot of Fig. 5a).
More specifically, fertilizer-to-water ratio factor alone increased N runoff at a rate of
1.14 + 1.05 % yr-! in most rice-cropping areas in southeastern China (Fig. 5a) while N
runoff rate had a positive effect on the Rt~ trend in most regions in southern China at

an average of change rate of 1.32 + 0.98% yr. However, N runoff rate had a more
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substantial negative effect on the Rtntrend in the other regions and the average trend
of Rt attributed to N runoff rate is —1.12 + 1.07 % yr. In contrast to those two driving
factors, the relative contribution of water input to the Rtn trend was minor, but remained
consistently negative for rice paddy fields across the whole country (<—0.14 % yr™),

except for Taiwan (1.06 % yr?), Shaanxi (0.99 % yr?), and Ningxia provinces (0.31 %

yr?).
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Figure 5. Trends in N runoff and its drivers during the period 1990-2012 at

provincial scale. (a) Paddy fields; (b) upland. The dominant driving factors for the Rtn
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trend in each province are shown in the insets above the maps. The grey area shows the

spatial pattern of upland or paddy fields in China.

Fertilizer-to-water ratio contributed more to the Rt trend for uplands than for rice
paddy fields in the North China Plain and northeast Plain only. A positive effect of
fertilizer-to-water ratio on the Rrn trend was largely offset by N runoff rate changes
across southern China and western China, where the trends of Rt attributed to N runoff
rate averaged at 4.36 + 1.67 % yr~! and —3.08 + 2.40 % yr~!, respectively. On the other
hand, the model estimates indicate that N runoff rate changes may result in Rtn
increases in southern China (except for Hainan and Taiwan), which were one-fold
higher than the negative effect found across most of northern China. Although there
was no apparent difference in spatial patterns as to water input trends between upland
and paddy field (Fig. 5), the relative contribution of water input to the Rt~ trend for
upland was less than that for paddy field. In contrast to other regions, water input in
Shaanxi, Taiwan and Hainan provinces has significantly increase (P < 0.01). The
increase in trend of Rtn due to water input change in Shanxi was larger than due to N
runoff rate and fertilizer-to-water ratio for both crop types. The observations in Taiwan
and Qinghai show that water input change played an important role in Rtn increase,
albeit less than the other two driving factors, accounting for 1.2 % yr-* and 1.1 % yr!
of the trend of Rrn. In summary, the effects of agricultural management practices,

including fertilization and irrigation schemes, outweigh the influence of current climate



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

change on model-derived Rt~ trend increase for both paddy field and upland.

4. Discussion

Our findings generally agree well with most prior works, with a few exceptions. For
example, Gu et al. (2015) applied an integrated N budget model to constrain the
magnitude and trend of N runoff from China’s croplands, with an estimate of Rtn of
2.14+0.2 Tg yr* with a relative change rate of 1.8 % yr* during the period 1990-2010.
In our study, we explicitly incorporated the non-linear and spatially varied responses of
an Rt~ model at multiple N input levels and reached very similar estimates of total N
runoff (1.7+0.2 Tg yr 1) and trend (1.7 % yr1) while explicitly accounting for spatial
variability during the same period (Fig. S4). In addition, Ti and Yan (2013) indicated
that the fertilizer-induced N runoff in the Huanghe River Basin, the Yangtze River Basin,
and the Paerl River Basin was 1.06 Tg yr—! in 2010 with a relative change rate of 1.4 %
yr-t during the period from 1990-2010, which is also comparable to our results (0.72
Tg yrtin 2010 and 1.7 % yr1). In general, using a new data-driven upscaling model,
our estimates derived from a large network of cropland N runoff observations, provide

novel insights into the spatially detailed N runoff trend for China’s croplands.

By developing a novel structured decomposition approach for a ‘Runoff Identity’ (see
section 2.3), we are able to accurately identify and quantify the contribution from each

individual driver including climatic and human-induced variables to Rtn trend. Our
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results suggest that fertilization (or fertilizer-to-water ratio) is the dominant driver of
R~ trends for both rice paddy fields and uplands across most of the country, which is
consistent with experimental results at multiple N input levels (Liang et al., 2005; Shi
et al., 2010; Yu, 2011). Indeed, over the last two decades, China experienced a growth
rate in N fertilizer application of more than 4.0 kg N ha! yr~! on average in response
to a continuous increase in crop production (Fig. S5a). Previous studies suggest that
this high rate of N additions to agricultural systems resulted in an increase in soil
residual N (Yan et al., 2014). Such accumulated residual N was eventually transferred
into aquatic ecosystems (Rasouli et al., 2014). Conversely, eastern and southern coastal
regions in Mainland China remained largely unchanged with regard to N application
rates and even rates even decreased in Taiwan (Fig. S5a). The N runoff rate in these

regions therefore becomes the primary driving force for R trends.

Likewise, we quantified the contribution of water input to the Rt~ trend increase in
China. For rice paddy fields, our model suggests that the decreasing water input offsets
27% of the impact of fertilization on the increasing Rt trend at the national scale, and
this offset effect is more clearly observed in northern China than in south (Fig. 5).
Previous studies indicated that Rrn tends to increase with water input (Gao et al., 2016;
Hou et al., 2016), because high precipitation and irrigation events in turn resulted in
large runoff pulses (Sorooshian et al., 2014). As we illustrated, the decline in water

input mainly occurred due to the decrease in irrigation inputs, rather than a marked
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change in precipitation patterns, except in Taiwan, Hainan and parts of northwestern
China (Fig. S6a). Improving the irrigation efficiency could be an effective measure to
reduce the overall amount of water used for irrigation in most provinces, whereas the
expansion of irrigated area dominates the growth of irrigation mainly in the Northeast
Plain, Sichuan Basin, and Yunnan-Guizhou Plateau. Similar drivers and patterns of
irrigation trends are found for upland all over the country (Fig. S6b). It should be noted
that our per-area irrigation dataset was compiled based on total values at municipal
level, rather than on crop-specific amounts (Fig. S5b). Therefore, it would be valuable
if future research focused on surveys to address this issue by gathering data per-area

irrigation among different crops in each municipal area.

Our results attributing the contribution by different factors also indicate that the N
runoff rate positively affected the Rrn trend for uplands across most of southern China,
but in general had a negative effect for rice paddy fields (Fig. 5). To interpret such
distinct effects on N runoff rates, we conducted two types of scenario assessments to
separate the impact of changes in environmental conditions or agricultural management
practices: a control simulation with all conditions and practices varying from 1990 to
2012 and an experimental simulation with one condition or practice fixed at year 1990
levels. The difference was considered as the response to one change in conditions or
practices. SOM was identified as the dominant factor for the trends of N runoff rate for

both uplands and rice paddy fields nationwide, followed by Nrate and water input (Fig.
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S7). Increased SOM led to N runoff rate growth for uplands, but a decline for rice paddy
fields at provincial level during the period1990-2012 (Fig. S8). This result was also
confirmed by observations from 63 field sites across China (Fig. S9), and could be
explained by the difference in the generation process of N runoff. Upland N runoff
begins when raindrops hit the ground and detach soil particles by splash. The sediments
eroded from upland fields carry adsorbed N that is subsequently transported
downstream. Therefore, high SOM may increase the risk of upland N runoff during
rainfall events (Liu et al., 2014). In contrast, N runoff from paddy fields increases when
rainfall input exceeds its storage capacity. Overflow through the paddy field levee
carries dissolved N into ponding water and rainfall-driven interstitial runoff of nitrate
at the soil-water interface to the surrounding water bodies (Huang et al., 2014;
Higashino and Stefan, 2014). High SOM improves the adsorption of soil N in ponding
water thus lowers the magnitude of N runoff from paddy fields. Additionally, high SOM
benefits upland N mineralization under aerobic environment, resulting in increases in
soil inorganic N availability and hence N runoff. Little inorganic N, however, will be
released from SOM in paddy field under anaerobic environment, which helps reducing

N runoff (Wu et al., 2017).

In this study, we comprehensively quantified and analyzed the attribution factors for N
runoff trends in China’s croplands. However, we found that some results for simulated

N runoff were significantly different from observations (Fig. 2). Previous experiments
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showed that N runoff or N runoff rate were also changed following different fertilization
(e.g., methods, timing), irrigation schemes, or rainfall intensity (Liu et al., 2016;
Miyazato et al., 2010; Wang et al., 2015a; Xu et al., 2013). For example, field trials
highlighted that the application of controlled release N fertilizers significantly reduced
N runoff by 48-72% compared to top-dressing fertilization for paddy fields. Similarly,
the application of optimized irrigation methods significantly reduced N runoff by 24%
compared to flooding irrigation (YYang et al., 2015); N runoff from paddy fields was not
only passively generated by monsoon rain in China, but also a consequence of human-
induced drainage before transplanting (Yan et al., 2016). However, the current
upscaling model did not fully consider such management practices. Meanwhile, air
temperature and clay content were used in this study as proxies for soil temperature and
soil water content within the experimental period, respectively, due to the lack of long-
term observations across China. Although previous works have found a significant
linear relationship between air and soil temperatures or between clay and water contents
(Zheng et al., 1993; Waldchen et al., 2012), more robust estimations of soil temperature
and water content become another question to be undertaken by future studies. In
addition, in situ measurements of N runoff are scarce in Northwest China (e.g., Xinjiang
province), leading to large uncertainty in Rtn estimates in this regions. Previous studies
indicated that the dominant pathways of N losses would be ammonia volatilization to
the atmosphere and N leaching to aquifers (Gao et al., 2016; Van Damme et al., 2017),

rather than surface N runoff. More importantly, this region accounts for only 8.6% of
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N fertilizer application and 11% of the sowing area in China and has a low N runoff
rate observed in the NPCP (0. 34 + 0.26 %). Therefore, N runoff in Northwest China
makes a small overall contribution to the total N runoff of Chinese croplands. To
confirm the contribution from Northwest China, more observations should be
conducted in the future to verify Rrn estimates. Furthermore, data from field
manipulation experiments on the response of Rtn to environmental conditions (e.g.,
SOM) is lacking and would be useful to constrain our upscaling model. Therefore,
further efforts to make widespread measurements and to carry out field manipulation

experiments for Rtn are necessary to improve the reliability of such model simulations.

In summary, cropland N runoff has been increasing significantly in China for the period
1990-2012. At a national scale, increases in fertilizer application and decreases in
irrigation amounts were identified as the most likely causes for the N runoff trend. The
positive contribution of N runoff rate to the Rrn trend is more evident in southern China
than in the north. We expect a continuously decreasing trend in irrigation amounts into
the future, and fertilizer application rates likely to plateau, since China aims to improve
water use as well as fertilizer N application efficiencies through the action plans like
clean water and “zero-increase fertilizer use” (Ju et al., 2016). However, current
projections on climate change suggest that precipitation, particularly extreme rainfall
events, will increase. This might further lead to N runoff and N runoff rate increase in

the future. In addition to the expected improvements on N use efficiency and water use
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efficiency in China’s croplands, applying effective management approaches that
generate benefits for both N runoff and crop yields are urgently required to design more
efficient and sustainable agricultural N management. Improving the representations
associated with the effects of agricultural management practices and understanding the
response of N runoff to environmental conditions should be the priorities for the

agricultural modeling.
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