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ARTICLE INFO ABSTRACT
Keywords: Excessive nitrogen and phosphorus inputs to land and subsequent export to water via runoff leads to aquatic
NANI&NAPI ecosystem deterioration. The WRB is the world’s largest karst basin which is characterized by a fragile ecosys-
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tem coupling with high population pressure, and the transformation of intensive agriculture. Quantifying
different sources of pollution in karst regions is challenging due to the complexity of landscape topography and
geology coupled with high transmissivity and connectivity of subsurface hydrological systems. This results in
large uncertainty associated with nitrogen (N) and phosphorus (P) flow pathways. This combination of factors
contributes to the WRB being a high priority for quantitatively understanding the contribution of regional
nutrient inputs and those of other major water quality determinants. Here we applied the latest statistical data
(2000-2018) and simple quasi-mass-balance methods of net anthropogenic nitrogen and phosphorus inputs
(NANI and NAPI) to estimate spatio-temporal heterogeneity of N and P inputs. The results show that while NANI
and NAPI are first decreasing, this is followed by an increasing trend during 2000-2018, with average values of
11262.06 + 2732 kg Nkm™~ 2 yr ! and 2653.91 + 863 kg P km ™2 yr~! respectively. High N and P concentrations
in the river drainage network are related to the spatial distribution of excessive inputs of N and P. Rapid ur-
banization, livestock farming and the conflicts between economic development and lagged-environmental
management are the main reasons for the incremental regional N and P inputs. Management decisions on
nutrient pollution in karst regions need careful consideration to reduce ecological impacts and contamination of
karst aquifers. This study provides new insight for policy and decision making in the WRB, highlighting policy
options for managing nutrient inputs and providing recommendations for closing the science-policy divide.

1. Introduction fertilizers, explosive growth of fossil fuels and high stocking rates of
livestock have resulted in patterns of N and P use becoming increasingly

Nitrogen (N) and phosphorus (P) are limiting nutrients, providing an inefficient and dissipative. For example, the reactive N flux imposed to
indispensable role to support the functions and processes that operate the Earth system by anthropogenic dominating inputs has soared to
within dynamic natural ecosystems (Guignard et al., 2017; Vitousek and more than 180 Tg N year ?, far exceeding the N fixed by natural pro-
Howarth, 1991). The ubiquitous availability of cheap synthetic cesses (Fowler et al., 2013). Phosphorus flows in the environment have
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Fig. 1. Boundaries of WRB.

accelerated four-fold over the past six decades (Nesme et al., 2018). N
and P cycles in the Earth system have therefore been distorted by human
activity, which have exceeded the so-called“planetary boundary”
(MacDonald et al., 2011; Scholz and Wellmer, 2013; Steffen et al.,
2015). In turn, global aquatic ecosystems have suffered irreversible
cascade effects, such as eutrophication of surface waters (Carpenter,
2005), toxic algal blooms (Brooks et al., 2016; Rabalais, 2002), low
dissolved oxygen (Diaz, 2001), and loss of aquatic biodiversity (Allan
et al., 2020). Differences in catchment characteristics of global rivers
can result in varying contributions of N and P to aquatic systems from
multiple sources, with their spatio-temporal characteristics determined
by, e.g., hydrology, climate change, population density, land—use and
sewage treatment technology (Seitzinger et al., 2005; Vilmin et al.,
2018).

Karst is a globally distributed landscape occupying approximately
15% of the Earth’s ice-free continent area, accommodating 20% of the
world’s population and contributing to 50% or more of regional fresh-
water supplies (Ford and Williams, 2007; Chen et al., 2017; Hartmann
et al., 2014). The WRB is situated in typical of subtropical regions and
the world’s largest continuous karst landscape. Uneven seasonal distri-
bution and high frequency of heavy rainfall is coupled with fragile karst
landscape features e.g., steep terrains and thin, easily erodible soils with
low natural vegetation cover, which often leads to land degradation.
Improper land use practices (cropping on sloping land and overgrazing)
can accelerate rocky desertification, which is considered a major envi-
ronmental hazard and an obstacle to the development of agriculture.
Indeed, declines in soil productivity force the expansion of farmland to
less suitable land, e.g., edge of slopes and ridges, which exacerbate the
mobilization and transport of anthropogenic N and P from land to rivers,
lakes and open waters (Powers et al., 2016; Sinha and Michalak, 2016).

The WRB is experiencing multiple stressors from population in-
crease, the decoupling between crop production and import-dependent

livestock production, industrial structure changes and dam construction,
all of which have increased over the last two decades. According to the
water quality report from the Environmental Protection Bureau of
Guizhou Province, more than 60% of rivers in the WRB fail to reach the
required water quality level (Class IV). A dual isotopic approach has also
demonstrated that nitrate pollution of groundwater in the WRB is
derived from fertilizers, livestock manures and wastewater sources due
to the high permeability of the karstified zone below the soil (Li et al.,
2021a; Zeng et al., 2020; Wang et al., 2019; Hartmann et al., 2015).
Determining the components of N and P loading in complex and het-
erogeneous landscapes is therefore an important stage of nutrient
management planning because it can help to pinpoint the primary
sources of pollution for targeted alleviated strategies (Jean-Olivier et al.,
2016).

Physical process-based models e.g., SWAT, AGNPS, HSPF can simu-
late nutrient cycling and pathways with high accuracy but require
numerous parameters in the fitting process (Arhonditsis et al., 2007;
Hashemi et al., 2016; Ding et al., 2010; Mayorga et al., 2010; Singh
et al., 2005). Furthermore, in karst basins, the complex subsurface sys-
tem is comprised of karst pipelines, caves and fissures, which can
facilitate the leakage of surface water to groundwater resulting in high
uncertainty with respect to unknown nutrient flow pathways (Song
et al., 2019; Fiorillo et al., 2015; Jiang et al., 2014). There is also much
uncertainty in model parameterization or inadequate observational data
to support calibration and validation, which further hinders the appli-
cation of process-based models in karst watersheds (Hartmann et al.,
2015; Malago et al., 2016; Fiorillo et al., 2015; Li et al., 2021b). Based on
mass balance, the Net Anthropogenic Nitrogen Inputs (NANI) (Howarth
et al., 1996) and Net Anthropogenic Phosphorus Inputs (NAPI) models
(Russell et al., 2008) are one of the most widely adopted conceptual
approaches used around the world for estimating nutrient budgets,
which can be established for a region without using an intricate N and P
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Fig. 2. Material flow conceptual diagram for anthropogenic nitrogen and phosphorus inputs estimation.

model (Han and Allan, 2008; Russell et al., 2008; Sobota et al., 2013;
Swaney et al., 2015). NANI and NAPI can therefore unequivocally
evaluate regional sources of N and P and their variations at different
temporal and spatial scales, which helps to inform environmental
management approaches to minimize environmental pollution around
the world (Metson et al., 2017; Goyette et al., 2019). NANI and NAPI
calculations can be modified to suit varying features for different regions
of the world and differences in data accessibility and availability (Hong
et al., 2012; Goyette et al., 2016; Swaney et al., 2015).

Excessive Human-induced N and P inputs that result in environment
degradation in ecologically fragile areas clearly warrants investigation.
In response, studies have investigated correlations between N and P
loads and socioeconomic factors including e. g., population, societal
policy, per capita GDP, urbanization, diet choice, and energy con-
sumption (Cui et al., 2021a; Sinha et al., 2019). A variety of methods
have been applied to study factors governing N and P pollution, such as
Logarithmic Mean Divisia Index LMDI (Gao et al., 2015) and Redun-
dancy Analysis RDA (Cui et al., 2021c); however, the Geographical
Detector Method (GDM), proposed by Wang et al. (2010) has rarely been
used. The GDM does not need a linear hypothesis to reveal the driving
factors behind spatial stratified heterogeneity. Thus, if the values of two
variables have similar geographical distribution and are spatially
correlated, the interactive influences of these factors can be detected and
high intercorrelations among two or more independent variables need
not be considered (Wang et al., 2010).

The overarching aim of this study, therefore, was to use socio-
economic data and apply the NANI/NAPI methods to quantify long-
term (2000-2018) nutrient budgets at a county scale in the WRB.
Then, we utilized GDM to analyze the power of determinants for each
driving factor according to data and findings from previous studies to
inform the driving factors for NANI and NAPI. In addition, we used grid
fractal dimension to investigate spatial responses in the water environ-
ment to NANI and NAPI, with the results providing new information to
support decision-makers and stakeholders responsible for environ-
mental management in such ecologically fragile areas.

2. Materials and methods
2.1. Study area
The WRB (105°36'30”-105°46'30"E, 25°39'13"~25°41'00"N) is

located in Guizhou province and plays an important role of an ecological
security barrier for maintaining the ecosystem balance and biodiversity

in the Yangtze River Basin (Fig. 1). It covers a total area of 80300 km?
and runs 1037 km in length from west to east. The WRB experiences a
subtropical humid monsoon climate with an average annual tempera-
ture of 13 ~ 18°C and average annual precipitation between 800 and
1600 mm. Cultivated land, grassland, and forest are the three dominant
land use types in the WRB. The whole basin is typical of mixed-land-use
paddy farming in the karst areas of south China with approximately half
of the land used for growing crops such as rice, rapeseed, maize, soy-
beans and fruits and vegetables.

The WRB provides agricultural irrigation, urban development, river
navigation and other functions for more than 35 million people in 54
counties in Guizhou Province. The population density has an extremely
high heterogeneity from 78 to 1048 people/km?in 2015, with a
decreasing trend in population density from southwest to northeast
(Cheng and Li, 2020). The WRB has high social, economic and ecological
importance and is considered as a key transportation hub to the eco-
nomic hinterland of Southwest China. A large cascade hydropower
station had been built in the WRB, which has changed local biogeo-
chemical cycles and elevated the accumulation of nutrients in reservoirs
(Kunz et al., 2011; Harrison et al., 2009). There have been several re-
ports about the retention effects of cascade reservoirs on nutrient ele-
ments, which may also influence biodiversity and promote
eutrophication in rivers (Yang et al., 2020). In the past ten years, owing
to strict farmland protection policies, the percentage of cropland areas in
the WRB remains stable although construction has been increasing along
with fertilizer use and more livestock has been raised to feed a more
affluent and growing human population. As described above, the water
environment situation in WRB faces a huge crisis.

2.2. Data resources

Social and economic data sets including crop yields, fertilizer use,
livestock density, and population and GDP are derived from Prefectural
Bureau of Statistics and the Agricultural Census in Guizhou province, the
Statistical Bulletin of national economic and social development, and
the 13th and 14th five-year plan in Guizhou province. Data on point
wastewater discharge was provided by the first (in 1995) and second (in
2015) pollution census in Guizhou province. Missing data within our
long-term dataset was estimated using linear interpolations (Hong et al.,
2017). The atmospheric deposition raster format data sets in 1995 and
2015 were available open access from the Regional Emission inventory
in China with a spatial resolution of 1 km (Yu et al., 2019a) http://www.
sciencedb.cn /dataSet/handle/607htm). Land use data for 2015 was
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Table 1
Calculation of each nitrogen and Phosphorus source.
Items Non-point source inputs calculation methods Description Items Point source inputs calculation methods Description
NANIL,/ NANIn = Nchem +Nfix +Ndep +Nr - im (2) This method refers Zhang ~ NANI,/ NANIp = (Nind +Nurban)(1 —Isewlrem - tn) (3) This method proposed by Zhang et al.
NAPI, Ncnemis the amount of N in N synthetic ertilizer application; Ny, is th et al. (2019b). NAPI, Ninq referred to the product of industrial sewage effluent flow; (2019b).

sum of symbiotic N in crop N fixation by cultivation of legume crops NurbanWas estimated as the product of urban population and average
and non-symbiotic N fixation in agricultural ecosystem); nitrogen consumption per capita;l,, is the percentage of sewage
Ngeprepresents the amount of atmospheric ntrogen deposition (No,) ( discharged from the treatment plants; Iyem.tn is the average N processing
Howarth et al., 2012); Ng., is defined as total N consumption (by rate by a sewage plant.
livestock and humans) minus total N production (by crops and NANIp = (Pind +Purban)(1 —Isewlrem - tp) (5)
livestock) (Schaefer et al., 2009). Pjq is the amount of phosphorus in industrial wastewater; Pypqy, is the
NAPIn = Pfet+Pnon+PR - im (4) amount of phosphorus in urban domestic wastewater; Ly g is the
Py, is Phosphorus content in P fertilizers; Ppo, refers to the phosphorus average P processing rate by a sewage plant.
containing detergent used for household cleaning;
Pr.im is the total P consumption (by livestock and humans) minus total
P production (by crops and livestock)

Nehem / Nchem = Nf +(Cf x 32%) (6) An average N and P Nina / Wing is NInd = Wind x 25 (8) We use the parameters reported in

Pehem Nys the N content in yearly N fertilizer application; Cyis the N content content of 32% of Ping PInd = Wind x 2 (9) the amount of industrial sewage. YZB to evaluated the industrial N

in yearly N fertilizer application consumption of fertilizers. compound fertilizer in discharge (25 mg/L) and Industrial P
Pchem = Pf x P205 x 436.4 (7) China (Zhang et al., discharge (2 mg/L), respectively (
Py is P fertilizer application to kg P by multiplying by 436.4 kg P per 2009). Yang et al., 2003).
ton P,0s applied.

Nix Nfix = Nsfix +Nnon - sfix (10) Relevant coefficients are Nurban / NUrban = WUrban x 4.77 (11)

Nsfixand Nnon-sfix were symbiotic N fixation (leguminous crops, shown in Supplementary Purban PUrban = WUrban x 0.52 (12) The average N emission (4.77 kg N

soybean and peanut). material (ST1) Warban refer to the population in urban region. yr~!) and average P emission 0.52kgP
yr-'per capita by urban inhabitant of
China was refered respectively (Han
et al., 2014; Han et al., 2013; Jing
et al., 2008)

Pnon Pnon = Wurban x 1.6 (13) FNPSC (2010) Lew Irem-m refer to average reported value of 0.6 referred to (zhang et al., According to the research results of
Wurban refer to the population in urban region; 1.6 refer to Non food 2019b) Qiu et al. (2010) the average removal
phosphorus consumption coefficient. rate

Niep We defined as the NO, comes considered as a regional input of The data of atmospheric Lrem-m Irem-tp was set at 0.7(Zhang et al., 2019b) According to the research results of
nitrogen. nitrogen deposition Qiu et al. (2010) the average removal

derived from Yu et al. rate
(2019a)
Ng.im / NR - im = Nrural +Nanimal —Ncrop —Npro (14) Relevant conversion Iremp
Pr.im NrurafNgnimar Were the food nitrogen consumption of rural residents coefficients are shown in

and livestock and poultry respectively; N, refers to nitrogen in crops;
Npro was the nitrogen content of animal products

PR - im = Prural +Panimal —Pcrop —Ppro (15)

Pryrai and Pgpimar Were the food phosphorus consumption of rural
residents and livestock and poultry respectively P, refers to
phosphorus in crops; P,,, was the phosphorus content of animal
products.

Supplementary materials
(ST2-3)

Note: The units are kg N km 2 yr " and kg P km 2 yr~'. Nr-im and Pr-im are allowed to be negative.
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provided by the Resources and Environmental Science Data Center,
Chinese Academy of Sciences (http://www.resdc.cn/). Monthly water
quality data from 2000 to 2018, including Ammonium (NH,4"-N), total
phosphorus (TP) and total nitrogen (TN) at 38 water monitoring sites
were acquired from the Environmental Protection Bureau of Guizhou
province in accordance with the national environmental quality stan-
dards for surface water (GB3838-2002).

2.3. System principle of NANI and NAPI calculation

The NANI / NAPI model has been developed over many years,
enabling modifications to model structure, estimation methods and scale
transformation methods (Cui et al., 2021b; Hong et al., 2013; Schaefer
et al., 2009). We estimated NANI and NAPI according to the approach
developed by Zhang et al. (2019c¢), whose methods differentiate point
and non-point sources in NANI and NAPI while establishing a black box
linking anthropogenic production and consumption processes, which
removes traditional material flow analysis and its complex process. The
computational hypothesis of the whole-process is represented as a mass
flow via four stages I-IV (Fig. 2). Namely (I) crop production, (II) live-
stock consumption, and then into (III) human consumption, and finally
into water after (IV) waste treatment. Stage I assumes that rural resi-
dents get their nutrition from local livestock products and crops system.
The nutritional intake of urban residents mainly depends on food
import; on the basis of differences in N and P intake between livestock
and crops, N and P imports for food and feed in rural areas are estimated.
Industrial N and P pollution originate from industrial sources. Nutrients
removed from sewage treatment plants are completely removed and/or
buried. In addition, the net input of N and P from food/feed by city
dwellers is usually metabolized and excreted by humans and animals,
which is then discharged to a sewage treatment plant as domestic
sewage. Anthropogenic N and P inputs include (a) atmospheric depo-
sition N, (b) chemical fertilizer inputs, (c) net human and feed import,
(d) biological fixation (e) point source wastewater (f) non-food inputs of
P, etc.

Eq. (1) and Table 1 show the calculation formulas. More details
about the calculation framework and parameters for NANI and NAPI are
provided in supplementary material SFig. 2 and ST1-3.

NANI = NANIn + NANIp

NAPI = NAPIn + NAPIp M

2.4. Grid fractal dimension method

In fractal theory, fractals occupy space efficiently and imply that the
self-organizing evolution of geographic systems is governed by some
implicit rules that reveal its dynamic mechanism (Frankhauser, 1998;
Garg et al., 2014). Grid dimension usually reflects the equilibrium of
points in a spatial region, and therefore it is most frequently used to
describe fractals and represents an important parameter describing
spatial phenomena (Frankhauser, 1998). By analyzing the spatial dis-
tribution characteristics of water pollution (inferior water quality) in the
river drainage system (TN, NH4-N and TP above class III) using point
elements, the environmental pollution condition can be detected (Deng
et al., 2021). Indeed, studies have identified that nutrient flux in
waterbodies correlates strongly with spatial homogeneity with NANI
and NAPI (Swaney et al., 2015; Martinez-Sabater et al., 2019; Zhang
et al., 2020; Russell et al., 2008). The specific grid fractal dimension
approach we used is outlined in the following steps:

First, each side of a rectangular area generated by fish net tools was
cut up by K equal parts and the whole area was then divided into K2 grid
cell in Arcgis 10.2. The grids that are occupied by point elements N (g) in
which water quality exceeds class III, followed by the size of the grid .
Dy and ¢ respectively illustrate the capacity dimension and the size of a
grid cell (¢ = 1/k). Capacity dimension (D) and information dimension
(Dp are both considered as the main practical grid dimensions (D).

Ecological Indicators 133 (2021) 108453

Second, if the distribution of point elements of inferior water quality
is scale-free, they have the following relationship:

N(e)oxe? 16)
According to the formula of capacity dimension, DO = ggr()l lln"(’:(/‘éé and

ratio mentioned above, When &€ — 0, the following equation holds:

InN(e) = - DOIne = DOIn(1/¢) a7)

where it is assumed that the inferior water quality sampling points are
uniform fractals. Next, grids are identified with number i in line and
number j in column, and the user sets the number of point elements of “
inferior water quality ” as Ny, and N as the size of grid cell. The prob-
ability of a point element dropping into the i, j, grid cell can be defined
as Pij = Wij, then, I(¢) the information (information entropy of point el-
ements in the spatial distribution on all grid cells) is calculated as
follows:

1(e) = - ZZPij(E)lnPij(e) (18)

In this formula, k = % is the number of sections on each side of the
study area, if the points of inferior water quality are fractal, there should
be I(¢) =10 —Dllne. Ipis a constant and Dy is the information dimension.
Then, by performing regression analysis (a least-squares fit), the equa-
tions of D; and Dy for the inferior water quality points spatial distributed
are obtained. After processing the linear regression of InK and In(¢), the
slope of the line represents the capacity dimension Dy. In general, the
capacity dimension Dy is not equal to the information dimension Dj, and
the relationship between them is as follows: D; < Dy < d, which indicates
complexity in the spatial distribution of point elements (Ford and
Blenkinsop, 2008; Deng et al., 2021).

2.5. Geographical detector model (GDM)

Geo Detector is primarily used to detect spatial differentiation and
analyze the corresponding determinants based on stratified spatial
heterogeneity (Wang et al., 2010). The GDM model comprises four de-
tectors according to their specific analytical functions: risk detector,
ecological detector, interactive detector and factor detector (Wang et al.,
2016). The factor detector was used to identify which social and agri-
cultural factors represent the dominant driving factors of the NANI and
NAPI. Factor detector of GDM can quantitatively evaluate the impor-
tance of determinants to the dependent variable (Wang et al., 2017) and
can be calculated as follows:

- v Nho? | Ssw

PD = Sl
No? SST

19
where g is defined as the power of determinant affecting NANI and
NAPI; Ny, is the number of units of stratum h, h = 1,2,..., h; N(,2 and N
oirepresent global variance in the entire study area and variance in
stratum ; respectively; SSW and SST refer to the total variance within
stratum and across the region. Normally, q € [0,1], represents the power
of determinants and evaluates the relationship between y and x. The
software code is freely available at (http://www.sssampling. org/Excel/
Geo detector/).

3. Results and discussions
3.1. Temporal variations and different components of NANI and NAPI

Over time, across the whole basin of 54 counties, the intensities of
NANI and NAPI have increased from approximately 8772.55 + 2351 kg
N km 2 yr~! and 2021.07 + 757 kg P km 2 yr ! in 2000 to 11262.06 +
2732 kg N km~2 yr ! and 2653.91 + 863 kg P km ™2 yr~! in 2018 (See
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presents the range of values for each component of NANI and NAPL.”

Fig. 3). The relationship between NANI (R? = 0.27, p < 0.05) and NAPI
[R? = 0.31, p < 0.05) over time follows a strong linear fit function.
Steady increases in NANI and NAPI for the WRB were evident since
2000. However, before 2009, the increase of N and P input showed a
small fluctuation and the coefficients of variation (CV) of N and P input
were 0.261 and 0.375, respectively. From 2010 onward, the N and P
loads increased at a relatively stable rate. Overall, NANI and NAPI in the
WRB are currently 2-fold (Han et al., 2014) and 5-fold higher for N and
P, respectively, relative to average values for mainland China (Han et al.,
2013).

By analyzing the contribution of different NANI and NAPI resources,
we found that non-point sources were instrumental in driving the vari-
ation of N and P loads, accounting for more than 96% of both the N and P
loadings in the WRB (see Fig. 3). Agricultural production, especially
livestock farming, plays a crucial part in driving changes in NANI and

NAPI. Net imports of N and P in food/feed and fertilizer N and P ap-
plications are the two dominant sources of both non-point source N and
P loads, which are composed of 45.57% and 67.12 % of N and 81.13%
and 46.12% of P input sources, respectively. Fertilizer use experienced a
period of rapid growth from 2000 to 2009, but the growth has slowed
since 2010, as have crop yields.

Though fertilizer N and P application catalyzed the growth of crop
production supply at a much faster rate, animal feed continued to grow
since 2009 and net imports of N and P in feed and food represent
increasing trends in almost all counties of the WRB (see Fig. 3). Thus,
local food/feed is mainly dependent on imports and highlights a lack of
self-sufficiency in the WRB. Biological nitrogen fixation is the third
dominant source for N inputs, and follows a stable but increasing trend
over time. The mean annual biological N fixation is 540.79 + 339 kg N
km — 2 yr — 1. However, the WRB has been promoting urbanization and
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the area of urban land use has increased eight-fold from 2000 to 2018.

Atmospheric N deposition is also a major source of anthropogenic net
N input, and the mean annual N deposition is 486.82 + 122 kg N km 2
yr~!. Atmospheric N deposition represents a rapid growth from 2010
onward (see Fig. 3). Overall, during our study period, we found large
fluctuations in contributions from point-source pollution. The direct
discharge of untreated industrial wastewater effluents and domestic
wastewater represented the dominant source of point sources of N and P,
which accounts for 96% and 97% of contributions, respectively (see
Figs. 4 and 5). Domestic wastewater emissions show an increasing trend
with time, which is mainly due to China’s implementation of urban-
—rural integration. The urban registered population is increasing but the
overall rate of population growth is slowing down (Ye and Christiansen,
2009). In contrast, industrial effluent discharge shows a declining trend
with time. Due to lags in environmental management in early stages of
economic development in Guizhou province, major sewage treatment
plants were mostly concentrated in first-level cities in Guizhou province,

Ecological Indicators 133 (2021) 108453

of which there were just 7 in the WRB. But, as China further promoted
the ecological civilization campaign which facilitated a series of reme-
diation measures (e.g. the construction of wastewater treatment plants)
to alleviate pollution from point and diffuse sources, Guizhou province
has established sewage treatment plants in every county-level city since
2009 and so the number of sewage treatment plants reached 78 within
just over a decade (Tong et al., 2020). Furthermore, the proportion of
urban wastewater being treated in Guizhou province increased from
33% in 2000 to 91% in 2015, substantially abating the direct discharge
of domestic wastewater to the rivers.

3.2. Spatial heterogeneity and hot spots of anthropogenic N and P inputs

The spatial distribution and dynamics of point and non-point N and P
loads in three census years of 2000, 2010, and 2018 across all counties of
the WRB were determined (See Fig. 4). Both NANI and NAPI had high
intensity inputs, but significant spatial variability across different
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Fig. 4. The spatial distribution of non-point (NANIn and NAPIn) and point (NANIp and NAPIp) nitrogen and phosphorus loads in 54 counties of the WRB for 2000,

2010 and 2018, respectively.
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Fig. 5. Percentage increase in N loads (a) and P loads (b) from 2000 to 2018 across 54 counties of the WRB.

watersheds in response to different geographical characteristics of the
WRB was evident. The upper reaches of the WRB account for 23.1% of
the total basin area, and N and P inputs account for 18.9% and 18.1% of
the total basin inputs, respectively. The middle reaches accounted for
46.3% of the whole basin area, while N and P input across this region
accounted for 53.8% and 57.4% of the whole basin inputs, respectively.
The downstream reaches accounted for 30.6% of the whole area, and N
and P input accounted for 27.3% and 24.5% of inputs across this region
(see Fig. 4). The larger cities of Bijie and Liupanshui are situated in the
northwestern upper reaches. Guiyang is in the central region of the
middle reaches of the WRB, and Zunyi is in the northeastern region of
the middle reaches of the WRB. Population density is much higher close
to these urban centers. Overall, due to the intensive activities of agri-
cultural production, such as crop planting and livestock and poultry
farming producing a large amount of N and P, upstream and middle
reaches record the highest N and P input, which also conform with the
spatial patterns of population density. The population density in the
downstream areas is sparsely distributed relative to widespread wood-
land, and large cities are rare in these areas resulting in little industrial
wastewater or sewage influx to receiving waters.

As illustrated in the heat maps (see Fig. 5), hotspots of NANI and
NAPI occur in the middle reaches of the WRB, where the percentage
increase rates for N and P loads from 2000 to 2018 exceed 87.8% and
61.7%, respectively. The three sub-basins: the lower reaches of the WRB
subbasin, Xiangriver sub-basin and Maotiao sub-basin have the highest
overall increase rate. For non-point sources, the increase in N and P
inputs was primarily a result of increasing food & feed N and P imports
and increases in fertilizer N and P loads. The resulting hotspots are found
in the XR sub-basin and the lower reaches of WRB sub-basins; these
locations are termed the ‘rice bowl’ of the WRB with very flat terrain -
which have extensive arable land and abundant grassland. The hotspot
areas of biological N fixation were dispersed and generally found in
counties promoting ecological restoration of rocky desertification and
the development of ecological products and enterprises. The growth rate
of biological N fixation is rapid, ranging from 20.2% to 50.7 %, which
might become a new source of N. The growth may also be related to the
planting N-fixing crops in karst areas as an ecological engineering
approach to ensure soil fertility and control rocky desertification (Wang
et al.,, 2019). Increases in atmospheric deposition are mainly in the
northeast region of the middle reaches and the southwest region of the
upper reaches, which accommodate greater coverage of cultivated land,
and are likely derived from agricultural sources (emissions from

agricultural machinery and fuel oils) (Yu et al., 2019a). Increases of non-
food P were mainly driven by the densely populated counties of the
watershed. Similarly, the hot spot areas of industrial waste water P
discharge were mainly concentrated in these counties and in the
Liuchong-subbasin, which aligns with the distribution of phosphate ore
processing factories.

3.3. The social and economic driving forces for analysis of NANI and
NAPI

To investigate the power of determinants on N and P pollution, the
Geographical Detector Model (GDM) was used. Here we examined the
effects of 8 indicators on NANI and NAPI by the means of GDM. We
applied a Natural Breaks classification method to preprocess the data,
which included socioeconomic factors such as urbanization rate (UR),
population density (PD), industrial sewage treatment rate (IST) and
gross domestic Product (GDP), and agricultural sources factors: fertil-
izers (Fert), the percentage area of cropland (CA), grain yield (GY), total
livestock (TL) during the study period of 2000 to 2018. We take the year
of 2000 for example, see our supplemental materials (SFig. 3). By per-
forming GDM, the value of (q) was computed and q values of all the
variables were significant at 1% level (p < 0.01).

Further detail concerning q values across all years are provided in
Fig. 6 and SFig. 4 and SFig. 5. The mean q values for cropland, total
livestock, fertilizer application and population density determined for
our study period are relatively high; GY, GDP, UR and IST recorded
lower mean q values. PD recorded the smallest interquartile range, and
spatial heterogeneity of N and P pollution was explicitly accounted for
via population factors that dominated over the long-term, see Fig. 6. TL,
FERT and CA also recorded relatively narrow interquartile ranges. Data
relating to GDP, ISW and GY were highly variable and revealed unstable
or fluctuating trends regarding their influences on N and P inputs.
Changes over time of PD and CA during the period of 2000 to 2018
represented a gradual rise followed by a declining trend. Long-term
upward trends in data existed for TL, FERT, URB and STR (Fig. 6,
SFig. 4 and SFig. 5).

For agricultural source factors, the percent of cropland, total live-
stock and fertilizers contributed clear impacts for NANI and NAPI
compared to other driving factors. The q values for cropland, total
livestock and fertilizers ranged from 0.325 to 0.658 (CA), 0.401 to 0.658
(TL) and 0. 363 to 0.434 (Fert) in the WRB (SFig. 4 to SFig. 5). Land use,
especially cultivated land, is a strong anthropogenic activity indicator,



G. Xuetal

0.6

04}

g values

031 i | 1

1
1
\
01t . t ‘ ]
UR GY GDP FERT ISW TL

NANI driving factor

PD CA

Ecological Indicators 133 (2021) 108453

07f " ' ' (b)

0.6

0571

04r

o e e s pt .t ]

03} I =
1
1

I —
F

01 | . . .

PD CA UR GY GDP FERT ISW TL
NAPI driving factor
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which promotes nutrient cycling and influences N and P pollution of
waters (Huang et al., 2014; Porter et al., 2013). In the WRB, the area of
arable land accounts for 32% of the basin, representing an extremely
high proportion of land use (SFig. 1), but cultivated land resources in
Guizhou province are highly distributed and generally of poor quality.
However, due to the mild and humid climate, conditions are suitable for
livestock husbandry (cattle and sheep). Indeed, a large number of live-
stock are raised in the WRB in order to meet local food consumption.
Compared to a mixed crop-animal production system typical of the
plains, livestock husbandry in mountainous areas is far more dispersed
across the landscape. The separation between crop and livestock pro-
duction is an important driver of agricultural nutrient surpluses in the
WRB, with excess N and P often in areas of high livestock density. Ma-
nures from ruminants and non-ruminants cannot be recycled fully from
farmland, which largely increases dependency on imported fertilizer
and results in a decoupling between agricultural production and animal
feed.

Relative to other social driving factors, population density and ur-
banization contributed to prominent impacts on N and P pollution in the
WRB and generated a q value ranging from 0.425 to 0.658 and 0.351 to
0.343, respectively see SFig. 4 to SFig. 5. The total population of the
WRB has increased by about 3 million in the past 20 years according to
the sixth and seventh population census. Population explosion can cause
a series of biochemical and physical disturbances to the hydrological
system. The conversion of different land cover areas is a prime example,
especially increases of agricultural and construction land. Urbanization
further promotes the rapid centralization of population, resources and
economics, but it also increases the potential risks of point source and
non-point source pollution (Regmi and Dyck, 2001a). Furthermore, the
expansion of impervious surfaces in urban areas may reduce infiltration
of surface water and has a key impact on surface runoff dynamics (Walsh
et al., 2005). In addition, river burying and lake reclamation aimed at
promoting agricultural development can lead to a sharp reduction in
surface water availability (Deng et al., 2016). Simultaneously, with the
promotion of urbanization and economic development, the demand for
water resources for human consumption interacts with water con-
sumption rates for irrigation and water needs for industry, in turn
impacting on runoff and pollution input to rivers (Walsh et al., 2005).
Both urbanization and economic development can also have significant
impacts on food consumption patterns (Regmi and Dyck, 2001b). In
addition, dense population and urbanization lead to more Nr emissions
in this basin, a pattern consistent across many regions of China still
dominated by combustion of fossil fuels. Atmospheric deposition
currently follows an increasing linear trend that is predicted to continue
due to the energy demands needed to support both urban development
and increasing agricultural production. Further, ISW and GY dictate a

fluctuating effect on N and P pollution and from the year of 2015, the
influence of these two factors begins to decline. GDP per capita is known
to align with aspects of environmental degradation and the effects
follow a pattern that changes over time. Many studies recognise that
GDP follows an inverted U-curve relationship with environmental
degradation, supported by an established theoretical hypothesis in the
domain of sustainable development: the Environmental Kuznets Curve
(EKC) (Marsiglio et al., 2016). Over the period of our study, there was a
substantial increase in GDP. The q value of GDP ranges from 0.302 to
0.127 (SFig. 4 and SFig. 5), indicating a significant impact on NANI and
NAPI. The q values of GDP mirror an incremental influence of de-
terminants on NANI and NAPI, highlighting an increasing marginal ef-
fect of GDP on nutrient pollution.

3.4. Results of grid fractal dimension and environmental responses to
anthropogenic nitrogen and phosphorus inputs

We examined the relationship of TN, NH4-N and TP concentrations
and NANI and NAPI inputs to the WRB. We believe rivers have received
increasing N fluxes from enhanced NANI and NAPI inputs. NANI and
NAPI produce a linear relationship with concentrations of TN (R? =
0.24), NH4-N (R? = 0.50) and TP (R? = 0.27) (p < 0.0001), which in-
dicates significant impact of NANI and NAPI on water quality (Fig. 7).
There is clear evidence of high spatial correlation between the deterio-
rated water quality data that exceeds standards of grade III of TN, NH4
+ -N and TP in the major water quality monitoring sections and the
hotspots of NANI and NAPI (average values from 2000 to 2018) across
the WRB (see Figs. 4 and 7).

According to the fractal grid dimension results, both information
dimension and capacity dimension of water quality indices have a wide
scale-free interval (see Fig. 8 and ST5-6). Within a certain measurement
scale (scale-free interval), the system conforms to the mathematical
meaning of fractal dimension, and fractal dimension does exist. Theo-
retically speaking, the grid value varies between 0 and 2, which reflects
the balance of distribution of water quality exceeding standard points in
the regional detection section. When Dy = 2, it indicates that all the
water quality exceeds the standard and so concentrates at one point.
Normally 1 < Dy < 2, thus the larger Dy is, the more concentrated the
spatial equilibrium of various elements of the system, and vice versa.
The coefficient of determination diverges from 0.92 to 0.98, which
demonstrates significant structural fractal characteristics in space. Dy is
the capacity dimension, the value of which ranges from 1.245 to 1.324
(Fig. 10), manifesting that these points (inferior water quality) are
consistent with the geographic line of population distribution and
topography. Further analysis showed that the over-standard points of
TN, NH4-N and TP were mainly distributed in the upper and middle
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reaches of the river. However, information dimension D; ranges from
1.323to0 1.351 (Fig. 8 and ST4 to ST6). The value of Dy is less than the Dy,
which demonstrated that these points are not spatial distributed equally
and therefore the spatial structure presents a complicated characteristic
and confirms the fractal phenomenon of local aggregation around main
cities and the concentration of farmland and livestock areas, which re-
flects the process of self-organizing evolution. We also found that the
hotspots of N and P loads (see Fig. 4.) are spatially co-located with the
catchments of heavily polluted rivers. The middle and upper reaches are
densely populated, and the water quality pollution comes from the
excessive use of chemical fertilizer, sewage discharge, mining and other
agricultural non-point source pollution, sewage discharge in daily life
and urban landfill, etc. However, the lower reaches of the WRB repre-
sent a relatively primitive ecological environment with extensive forest
and extremely low population density. In addition, the economy in these
areas is less buoyant and sewage treatment facilities are lacking, which
results in most sewage being discharged directly into the river. Water
quality impacts are mainly attributed to the cumulative effects of the
southeast of upper reaches and southwest of middle reaches; the lower
reach areas have fewer reservoirs and the higher river flow leads to the
transport of highly polluted loads (Dai et al., 2021), which can clarify
the poor water quality in some areas of low reaches (e. g. Furong river
watershed). Due to the poor surface water-holding capacity in karst
terrain, many small impounded projects in the WRB have been pro-
moted to meet demands for water resource allocation and flood control
(Li etal., 2016). According to the Bureau of Hydrology and Resources of
Guizhou Province, besides a dam cascade, there are 19,652 small res-
ervoirs in the entire WRB (Dai, 2019). Dam cascade and small reservoirs
have altered the hydrological regime, river morphology and lateral
connectivity and increased longitudinal fragmentation of the basin
(Viaroli et al., 2018), which has further amplified the instability of the
biogeochemical processes and extended the range of resulting environ-
ment damage. These structural modifications have also increased
regional hydraulic retention times and slowed down the flow rate of
rivers, in turn hindering river metabolism, amplifying nutrient transport
and delivery, but also triggering eutrophication in rivers themselves
(Dodds, 2006; Pinay et al., 2002; Viaroli et al., 2018). These
geographical characteristics of the WRB and human disturbance factors
lead to serious water quality pollution and complications in environ-
ment responses in karst areas.

3.5. Uncertainty analysis

Our study mainly focuses on uncertainties associated with model
input data and calculation parameters. Sensitivity analysis was con-
ducted (Hong et al., 2013). The most sensitive components of NANI and
NAPI are fertilizer inputs, food and feed imports and sewage treatment
rate (see SFig. 4). Thus, these parameters were supposed to fluctuate
within a range of 10%. In addition, these parameters are supposed to be
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independent and follow a uniform distribution. So, we chose Monte
Carlo sampling to randomly sample 1000 sets of parameters. The results
show that the fluxes of N and P in the whole basin varies from 14981.32
+3011.17to 8775.31 +2213.15kg N km 2 yr71 and 4153.11 + 1063 to
3931 + 1213.15 kg P km~2 yr?, the uncertainty of the input loads of N
and P in different sub-basin is shown in Fig. 10. The sub-basin with
larger input loads of N and P has greater uncertainty, so the uncertainty
of N and P load gradually increases from upstream to downstream. There
is also uncertainty in N and P loads related to fertilization and agricul-
tural production. The N and P load uncertainty of seven sub-basins
varies due to differentiated geographical features and locations, and
varying economic development levels (Figs. 9 and 10). The sub-basins
with large uncertainties are mainly distributed in the downstream
areas, for instance Liuchong and Miaotiao sub-basins.

3.6. Pollutant management challenges in Wu jiang river basin

Guizhou is one of the poorest provinces in China, but it has also one
of the fastest economic growth rates in China. Between 2000 and 2018,
it experienced rapid economic growth and its GDP growth increased by a
factor of 8 from 9.9 trillion yuan to 81.8 trillion yuan. In the future,
population pressure, market-oriented agriculture structural changes,
urbanization, ecological engineering projects, and broad & strict envi-
ronmental management policies will lead to greater complexity and
unpredictability of variations in artificial N and P loads in the WRB.
China’s economic support policy to the western region and the recent
topical discussion surrounding the ‘three-child’ policy has seen the total
population of the WRB rise with suggestions that this trend will
continue. Moreover, the WRB has a large rural population base but
limited arable land. This region needs to balance the trade-offs between
ensuring food security and promoting economic development, and thus
the inputs of N and P may be acute. In the Fourteenth five-year plan of
Guizhou province, the local government strongly promoted farming and
animal husbandry in order to develop modern and highly efficient
agriculture, which further supports the development of mountainous
agriculture. In the Guizhou province, agriculture isexperiencing
change, with subsistence farming giving way to expansion of planting of
commercial crops prompted by demands of economic development
(Chadwick et al., 2015; Fu et al., 2010). Local government has also been
promoting the implementation of the pig subsidy policy and local banks
provide opportunities to lend commercial loans to small farmers in
Guizhou province. A World Bank-financed project has supported
regional development and poverty reduction in rural areas of Guizhou
province by organizing small-scale farmers into cooperatives and inte-
grating them to the agricultural value chains (The World Bank, 2016).
Intensive agriculture has therefore become a growing trend of rural
development in southwest China. Estimates suggest that large-scale
production rate of animal husbandry will rise 20%-30% by 2025
(GZPC, 2021). This will likely lead to increased farm size and greater risk
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of pollution from pesticides, faecal bacteria and metals from animal It is claimed that the target for the use synthetic fertilizer in agri-
waste contained in runoff, especially in the karst regions with a high cultural production has already been achieved by 2020 under the na-
degree of surface-groundwater interaction (Mahler et al., 2021; Mahler tional regulations, but socioeconomic determinants alongside
et al., 1999; Pan et al., 2017; Buckerfield et al., 2019). agricultural subsidies result in ambiguous attitudes concerning synthetic
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fertilizer use among farmers (Oliver et al., 2020; Smith and Siciliano,
2015). Due to the availability of subsidized synthetic fertilizers, syn-
thetic nitrogen use was still 30.5 Mt in 2016 (Yu et al., 2019b). While
fertilizer use has been increasing in the WRB, manure application is
likely to increase as farmers will need to source more nutrients from
organic fertilizer (Buckerfield et al., 2019). However, optimum man-
agement of manure applications to crops is often limited by labor
availability, meaning that water pollution issues in Chinese agro-
ecosystem frequently arise (Chadwick et al., 2015; Oliver et al., 2020;
Smith and Siciliano, 2015).

However, there is evidence that farm communities do consider wider
environment consequences alongside their livelihoods, but that the
application of manure nutrient sources is often made without adequate
knowledge of associated nutrient content and results in application rates
far in excess of crop requirements (Oliver et al., 2020). Agricultural
advisory services are often limited and this situation is particularly
serious in the southwest China karst region (Oliver et al., 2020; Pan
et al., 2017; Zheng et al., 2019). Consequently, residual fertility has
increased, and so has N and P leaching from the soil environment. Poor
farming decisions also promote environment hazards e.g. land degra-
dation, soil erosion and water contamination with consequences for
livelihoods (Oliver et al., 2020; Wang et al., 2019). In southwestern
China, rocky desertification is considered a serious environmental haz-
ard and a critical hindrance for local agricultural and economic devel-
opment in this region (Li et al., 2021a). Chinese governments at various
levels have initiated ecological engineering projects (e.g., fertilizer used
for agriculture and ecological restoration) to manage the trade-offs be-
tween agricultural sustainability and ecosystem stability.

3.7. Regional environmental management in Wu jiang river basin

The WRB represents a traditional agricultural area which is trans-
forming to intensive agricultural production. Due to extensive and
inefficient nutrient management in the WRB, the land-water system
may be trapped in a state of high N and P inputs for a long time. Pro-
moting effective agricultural management and improving nutrient use
efficiency are key controls measures to alleviate and potentially reverse
the poor water quality trends in this region, which is especially impor-
tant as a response to the “ecological protection and high-quality devel-
opment in the Yangtze River basin” (YRCC). Key recommendations
include, but are not limited to the following: large-scale ruminant and
non-ruminant livestock and poultry breeding should be managed care-
fully to deliver efficiencies in nutrient management in karst areas to help
control farming pollution. Promoting improved knowledge around is-
sues of animal feeding and manure management is also a major direction
for effort to reduce excessive N and P emissions, as direct manure inputs
to water is a common practice, especially in the rural areas of southwest
China (Oliver et al., 2020; Strokal et al., 2016; Zheng et al., 2019).
Therefore, promoting a circular economy to capitalize on, e.g. biogas
potential, waste residue to return to the field, the manufacture of
renewable feed and organic fertilizer etc., will be important to improve
the environment in the WRB. Composting technology could be easily
implemented to help manage animal manure, with composted manure
then used as soil amendment and fertilizer (Drozdz et al., 2020; Pos-
manik et al., 2013). Unbalanced nutrient proportions in compound
fertilizers can lead to soil acidification, secondary salinization and
reduced microbial activity, which reduces yields and may lead farmers
to apply more fertilizers to try to compensate for the loss of soil pro-
ductivity. The soil N and P stock and nutrient mass balance (NMB)
calculator are thus advocated in order to compute the N and P imported
onto and exported from the farm, which will be beneficial for enhancing
nutrient use efficiency (Hobbie et al., 2017). Encouraging the use of
fecal energy reuse technology, e.g. anaerobic digestion and pyrolysis in
WRB, would also be advantageous for the treatment of animal manure in
developed eastern region (Mao et al., 2021).

Combined with policy tools, such as elevating the cost or cancelling
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the subsidies for synthetic fertilizer production, should result in man-
agement changes (Zhang et al., 2019b). Despite it being heavily subsi-
dized by the government, a survey in a small watershed within the WRB
showed that 77% of all farmers interviewed identified fertilizer as the
most expensive component of their farming activity (Oliver et al., 2020).
Improving knowledge about agricultural management and environ-
mental awareness among village communities might be particularly
crucial in the WRB rather than simply cancelling the subsides. Given the
fact that over 500 million people live in rural areas considered essential
for agricultural production in China (Li et al., 2019) the Government
should strongly encourage farmers in the WRB to receive multiple
sources of training in fertilizer use and manure management via the
agricultural extension services (Yang and Fang, 2015), which will likely
help to decrease fertilizer use amongst farmers in China.

4. Conclusion

Through past decades, the WRB has been susceptible to water quality
impairments induced by high economic growth. Mitigation and man-
agement are challenging due to geographical conditions, population
pressures, and land-use regimes. Our study provides a fine scale spatio-
temporal accounting of human-induced N and P loads in the WRB, the
largest karst basin in the world. The research also explored determinants
responsible for N and P loads in terms of social and agricultural factors.
County level NANI and NAPI has increased from average values of
11,262.06 + 2732.11 kg N km ~ 2 yr~! to 8,653.91 + 1863.32 kg N
km~2 yr ! and 3,428.11 + 1,653.18 kg P km 2 yr! to 3,428.12 +
1,653.45 kg P km~2 yr~! during 2000 to 2018 (almost an increase of
50%).

By performing the GDM, the 8 driving factors discussed in our
research all have major implications on N and P loads. Population
density has the greatest power to explain N and P pollution, followed by
cultivated land, livestock numbers, fertilizer application rates and food
production. However, the impact of fertilizer application and food
production on nutrient inputs follow a rising trend first, before the
impact switches to a declining trend during the study period, while the
impact of sewage treatment rate and GDP demonstrates a significant
positive relationship with nutrient inputs. Our study helps to underpin
the development of effective nutrient management strategies from
quantitative and spatially distributed information in karst basins, where
more industrial breeding farms are likely to emerge in response to rising
population trends and increased animal waste production (associated
with increased demand for meat). In ecologically fragile karst areas, to
achieve benignant agricultural development while protecting the water
environment, it is necessary to formulate long-term coordinated plans
among stakeholders and government departments under a unified sci-
entific framework. We advocate reasonable land use planning and
effective fertilizer use policies to improve the efficiency of nutrient use,
while reducing point source pollution from industry and household
emissions, improving sewage treatment capacity, and reducing food and
energy waste. At the same time, we highlight that the spillover effects of
environmental pollution should be taken account into when conducting
pollution control. Furthermore, promoting strict environmental regu-
lations only in hotspot areas will be ineffective and we therefore advo-
cate regional linkages of environmental regulation to deal with climate
change and economic development at different stages, which also forms
part of an assessment of future nutrient reduction strategies or land use
changes. This can serve to help water manager develop region-specific
long-term strategies to mitigate nitrogen and phosphorus pollution in
severely impaired water bodies, and provide estimates of the water
quality benefits likely to be achieved by such management action.
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