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Abstract

Net anthropogenic nitrogen inputs (NANI) with components of atmospheric N depo-
sition, synthetic N fertilizer, agricultural N fixation and N in net food and feed imports
from 15 catchments in Lake Dianchi Basin were determined over an 11 year period
(2000-2010). The 15 catchments range in size from 44 km? to 316 km? with an aver-
age of 175 km?. To reduce uncertainty from scale change methodology, results from
data extracting by area-weighting and land use-weighting methods were compared.
Results show that methodology for extrapolating data from county scale to watersheds
has a great influence on NANI computation for catchments in the Lake Dianchi Basin,
and estimates of NANI between two methods have an average difference of 30 % on
catchments basis while a smaller difference (15 %) was observed on the whole Lake
Dianchi Basin basis. The riverine N export has stronger linear relationship with NANI
computed by land use-weighting method, which we believe is more reliable. Over-
all, nitrogen infuts assessed by the NANI approach for the Lake Dianchi Basin are
9900 kg N km™ yr'1 , ranging from 6600 to 28 000 kg N km™2 yr'1 among the 15 catch-
ments. Synthetic N fertilizer is the largest component of NANI in most subwatersheds.
On average, riverine flux of nitrogen in catchments of the Lake Dianchi Basin aver-
ages 83 % of NANI, far higher than generally observed in North America and Europe.
Saturated N sinks and limited capacity for denitrification in rivers may be responsible
for this high percent of riverine N export. A negative intercept observed in the linear
relationship between NANI and riverine N export suggests the influence of pollution
control measures on N flux in small watershed. The NANI methodology should be ap-
plicable in small watersheds when sufficiently detailed data are available to estimate
its components.
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1 Introduction

Nitrogen (N) is one of the most abundant elements on earth, controlling the functions,
processes and dynamics of many ecosystems (Vitousek and Howarth, 1991). How-
ever, over 99 % nitrogen is in molecular N,, which is available only to nitrogen fixing
bacteria, and not to other organisms which require reactive forms of N such as nitrate,
nitrite, and ammonium (Galloway et al., 2004; Howarth, 2008). Until the 20th century
the global availability of reactive N was mainly controlled by biological N fixation and
to a lesser extent lightning and volcanic activity (Galloway, 1998). Since the Industrial
Revolution, though, the world has entered the new era of the Anthropocene (Crutzen,
2002; Rockstrom et al., 2009), in which human activities have become the dominant
driver of global environment change (Steffen et al., 2007). The rate of creation of re-
active N in the world has increased about tenfold since 1860 due to anthropogenic
activities (Galloway et al., 2003) and it is estimated that human interference with the
nitrogen cycle has exceeded the safe operating boundary of the Earth by a factor of 3.5
(Rockstrom et al., 2009). The enrichment of nitrogen greatly benefits food production
on one hand, but on the other hand, N pollution has numerous adverse effects, includ-
ing on human health and water quality (Vitousek et al., 1997; Carpenter et al., 1998;
Howarth et al., 2000, 2011; Townsend et al., 2003).

Lake Dianchi, listed among the three most polluted lakes and rivers of China, has
experienced water quality degradation since the 1970s (Pan and Gao, 2010). Nitrogen
surpluses resulting from human activities are considered among the most important
factors for serious eutrophication (Yang et al., 2008). Previous studies conducted in
Lake Dianchi Basin were mainly focused on analysis of dissolved chemical components
(Liu et al., 2009; Li et al., 2012) and pollutant emissions (He et al., 2010; Gao et al.,
2013). This basin has lacked detailed studies on its nitrogen budgets and relationships
with riverine N exports, an important foundation for environmental policy making. The
objective of this paper is to evaluate the N input from human activities and explore
the relationship between net anthropogenic N input (NANI) and riverine N exports in
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the basin. Previous work in North America and Europe has demonstrated that, on
average, 20 to 25 % of NANI is exported from large river basins or regions in riverine
flow (Howarth et al., 1996, 1998; 2012; Swaney et al., 2012; Hong et al., 2013). With
detailed input alternatives and simple calculations, NANI is considered as an effective
method for assessing the sources of human-induced N inputs to the landscape and
their potential impacts on riverine export (Hong et al., 2013). Since most past studies
of NANI were based on large basins or regions, the characteristics of NANI in a small
watershed such as the Lake Dianchi Basin are still largely unexplored; in this study
we attempt to estimate them for the first time and to determine the limitations and
applicability of using the NANI model in a relatively small watershed.

2 Materials and methods
2.1 Characterization of Lake Dianchi Basin

The Lake Dianchi Basin is located in central Kunming City, the capital of Yunnan
province in southwestern China (24°29' N ~ 25°28' N, 102°29' E ~ 103°01’ E; Fig. 1), di-
viding the watersheds of Yangtze River, Red River and Pearl River. Lake Dianchi Basin
covers a total area of 2920 km? with average altitude of 1900 m, and lies in the seven
counties of Wuhua, Panlong, Guandu, Xishan, Songming, Jinning, and Chenggong.
Land cover in the Lake Dianchi Basin was 19.9 % agricultural, 47.3 % forest, 2.5%
grassland, 10.8 % water, and 16.5 % urban in 2008 (Table 1). We divided the basin into
15 catchments by availability of data and previous study (Gao et al., 2013), ranging
in size from 44 to 316 km? with an average area of 175 km?. Lake Dianchi (24°51"N,
102°42' E) lies in the center of the watershed, with an area of 309.5 km? and a stor-
age capacity of 1.56 billion m? (at water level of 1887.4 m). As the largest lake in the
Yunnan-Guizhou Plateau and the sixth largest freshwater lake in China, Lake Dianchi
has been given the name of “Pearl of the Plateau” concerning its significant functions
for water supply, flood regulation, fisheries and biodiversity conservation (Wang et al.,
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2009; Zhao et al., 2012). Although the Lake Dianchi Basin area makes up only 13.9 %
of Kunming City, it contributed 75.5 % of the city’s gross domestic product, acting as
the most active economic area in Yunnan province (Pan and Gao, 2010). Since the
1970s, the population and economy in Kunming City have expanded rapidly, imposing
great pressure on the water quality of Lake Dianchi (Liu et al., 2004; Pan and Gao,
2010). Over the last 40 years, total population density in Kunming City rose from 142
individuals per km? in 1970 to 1260 individuals per km? in 2010 while gross domestic
product increased by 65-fold (Data Sources: Kunming Statistical Yearbook, 2011). As
a result of great human disturbance, water quality of Dianchi has deteriorated rapidly
from Grade Il (which is acceptable as a drinking water source or rare species breeding)
in the 1960s to worse than Grade V (which is unacceptable for any use) since 2000
according to the Chinese environmental quality standard for surface water (Version GB
3838-2002). Although a lot of effort has been made to mitigate pollution, a steadily
increasing trend is still obvious in nutrient concentrations, especially for N (Wang and
Chen, 2009; Pan and Gao, 2010). Enhanced N input from anthropogenic sources has
been considered as one of the most important factors leading to eutrophication in Lake
Dianchi (Wang and Chen, 2009; He et al., 2010).

2.2 Net Anthropogenic Nitrogen Inputs (NANI) model

Calculation of NANI is based on the conceptual model introduced by Howarth
et al. (1996), in which NANI has four components: atmospheric deposition of oxidized
N compound, fertilizer N application, agricultural N fixation, and net food and feed im-
ports. NANI has been applied in many watersheds across the US (Howarth et al.,
2006; Schaefer et al., 2009), Europe (Billen et al., 2011a; Hagg et al., 2012; Hong
et al., 2012) and Asia (Hayakawa et al., 2009; Han et al., 2014), and some adjust-
ments were made according to data availability or new concepts (Hong et al., 2013).
In this study, the calculation was based on the particular NANI approach presented by
Howarth et al. (2006) with some adjustments as described below. In addition to other
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sources of food production, fruits and fishery products were added to the items of net
food and feed import.

It has been reported that NANI calculations can be influenced by the methodology for
extrapolating data from county to watershed areas (Han and Allan, 2008; Hong et al.,
2013). An area-weighting method and land use-weighting method were both used in
this study to compare the results.

Data used in this study area include fertilizer use, human and livestock popula-
tions, atmospheric NOy deposition, crop products, meat production, land use, river flow
and water quality. Assisted by the Dianchi Water Pollution Control Program, land use
with a resolution of 30 m in the year 2005 is interpreted and applied. Since the data
and model results used in this paper have differing levels of uncertainty, we generally
present NANI and its components to three significant figures or 100 kgN km™2 yr'1 :

2.2.1 Atmospheric N deposition

Atmospheric N deposition includes both reduced (NH,) and oxidized (NO,) forms, but
only NO, is considered as an N input for NANI here, assuming that most of the NH, de-
position originates from NH, emission within the same watershed and that atmospheric
transport of reduced N either into or out watershed is negligible relative to other inputs
(Howarth et al., 2006). This assumption becomes increasingly questionable as the size
of a watershed becomes smaller (Boyer et al., 2002; Howarth et al., 2012), but is not
an issue so long as the net cross-catchment transfers in the atmosphere is small, with
atmospheric fluxes entering the catchment equaling those leaving. Given a relatively
homogenous land use in the area studied (the average proportion of farmland in the
15 catchments is 0.23 with a standard variation of 0.08), we believe this assumption
is reasonable for the basin. Howarth et al. (2012) reported that for a set of 150 water-
sheds in North America and Europe, the NANI approach of ignoring NH, deposition

appeared to be robust down to catchments as small as 250 km?. Although some of the
catchments here are even smaller, other NANI inputs are so large that we remain con-
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fident in not including NH,, deposition. Total NO, deposition (both dry and wet) of the
Lake Dianchi Basin was estimated from global model outputs obtained from a previous
study (Lamarque et al., 2010). The atmospheric NO, deposition was calculated at the
global scale covering several years in the 2000s at a horizontal resolution of 0.5° in
latitude and longitude. For the Lake Dianchi Basin, only two grids (with NO, deposi-

tion value of 305 and 330 ngkm‘2 individually) were involved in the study area. By
area-weighting methodology, NO, deposition in the 15 catchments varies from 312 to

331 ngkm_z. Since NO, deposition is not a significant source for NANL in this basin
and the estimates of deposition in neighboring model grid cells involved are relatively
homogeneous, we think this model is appropriate for this small study site.

2.2.2 Fertilizer N application

Nitrogen inputs from fertilizer are based on the 7 counties’ fertilizer use from the Kun-
ming Statistic Book from 2001 to 2011. Data are reported separately for N fertilizers
and for compound fertilizers. We use the sum of N fertilizer and N in compound fertil-
izer assuming an average N proportion in compound fertilizer of 32.6 % (Zhang et al.,
2009). Since organic fertilizer (manure) is considered largely to be cycled within a wa-
tershed, it is not included in the NANI calculation (Howarth et al., 1996, 2012).

2.2.3 Agricultural N fixation

In the Lake Dianchi Basin, the main legume crops include peanuts, soybeans, snap
beans and alfalfa hay. Sown areas of these four crops were taken from Kunming Statis-
tic Book directly, while average values of N fixed per area was 8000 for peanuts, 9600
for soybeans, 9000 for snap beans and 22400 kgN km'zyr‘1 for alfalfa hay (Smil, 1999;
Boyer et al., 2002). Agricultural N fixation inputs were estimated by multiplying the crop
area of these crops by the rate of fixation for each crop type.
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2.2.4 Netfood and feed N import

Net food and feed N import in the Lake Dianchi catchments was calculated as N con-
sumed by humans and livestock, subtracted by N production in the catchment. Hu-
man N consumption was estimated by multiplying population by N consumption per
capita. Rural and urban populations at the county scale were obtained from the Kun-
ming Statistic Book, and N consumption per capita for rural and urban populations are
estimated as 3.95 and 3.71 kgNcapita™ yr~' respectively in Kunming City (Zhai et al.,
2005). A total of 8 types of animal populations at the county scale were collected from
the Kunming Statistic Book, and their N requirement levels were derived from previous
studies (Boyer et al., 2002; Van Horn, 1998). Food N production was estimated from
18 main crops and 3 fish species comprising the bulk of the local fishery (about 85 % of
the fish production is from aquaculture in the basin) at the county scale from Kunming
Statistic Book, and their N content value derived from China food nutrient form (Wang,
2009).

2.3 Calculation of riverine N export

We estimated riverine N export from river discharge and TN concentration on
a multiple-year average basis. A total of 1519 samples of monthly flow data (plus daily
flow from 14 rivers during 2009 and 2011) and 1930 monthly total nitrogen concen-
trations for 31 rivers covering the year 2001 to 2010 from Kunming monitoring center
were collected. N fluxes of these 31 rivers were then aggregated to 15 catchments ac-
cording to their geographical position. Since the data collected are subject to skewed
distribution, median values of discharge and TN concentration in multiple years were
used in this study. TN export in catchment / was estimated as:

NE; = (C, x F}) x 31536 (1)

TNE; = > NE; /A, (2)
J
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in which, NE refers to TN export in river j (ngyr‘1); C and F stand for medians of TN
concentration (mg L'1) and river discharge rate (m3 s‘1) based on multiple year monthly
or daily data; TNE denotes TN export in catchment / (ngkm‘2 yr‘1); A is the area of
each catchment (km2); i is the identification number for the 15 catchments in the Lake
Dianchi Basin, and j is an index each river in a catchment; 31536 is a conversion
factor.

3 Results
3.1 NANI estimates in Lake Dianchi Basin based on area-weighting method

NANI calculations in this study were made at the county scale, which is the small-
est administrative unit at which data were collected. To estimate data from county
to catchment, area-weighting is the most commonly used method. In this method,
NANI and its four components in each catchment are calculated by multiplying the
value in each county by its area proportion in the catchment. A total of 7 coun-
ties were involved in the calculation, with an average area of 776 km? compared to
an average of 175 km? for the 15 catchments. On the whole Lake Dianchi Basin
basis, NANI reached 11600ngkm‘2yr‘1. Fertilizer N input is the largest com-
ponent, with a value of 6700 ngkm‘zyr‘1, followed by net food and feed import
(4400 ngkm'zyr'1), atmospheric NO, deposition (330 ngkm'zyr'1), and agricul-
tural N fixation (220 ngkm'zyr‘1). Nitrogen inputs from fertilizer and food dominate
in the Lake Dianchi Basin, which reflects combined pressure from agricultural devel-
opment and population expansion. At the catchment scale (Fig. 2), NANI estimates
from the 15 catchments range from 8300 to 14200 ngkm'2 yr'1, largely again from
fertilizer N input and NFFI. Catchments in the central city (catchments 14, 4, 8, 5, and
15), are the largest N input areas. Compared to other watersheds over the world, NANI
in Lake Dianchi Basin is high. i.e., in the northeastern US (560 to 4500 ngkm_Zyr_1)
(Howarth et al., 2006), southeastern US (2700 to 4900 ngkm'zyr'1) (Schaefer and
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Alber, 2007), Baltic Sea catchments (300 to 8800 ngkm‘2 yr‘1), and Europe gener-
ally (less than 1000 to over 20000 kgNkm~2yr~") (Billen et al., 2011b). Such a high
value of N input is likely responsible for the serious aquatic N pollution in this region.

3.2 NANI estimates in Lake Dianchi Basin based on land use-weighting

The area-weighting method described in the previous section assumes that all com-
ponents are distributed evenly over all land use categories. Obviously, the assumption
is in error in some cases, and extrapolation based on land use-weighting has been
suggested to deal with this problem (Han and Allan, 2008). However, when the cal-
culation is carried out on a large scale or where land use does not vary significantly,
there is little difference between area-weighting and land use-weighting methods (Han
and Allan, 2008). To compare the suitability of these two methods in small watersheds,
a NANI calculation for the Lake Dianchi Basin based on land use-weighting was ap-
plied in this study. Apart from atmospheric N deposition, which was evenly distributed
across all land use, fertilizer N input, agricultural N fixation, and crop N production were
allocated to farmland, and all components of net food and feed N imports other than
crop N production were designated on resident land. Because animal production sites
in this basin are in close proximity to residential area, we attributed these activities
to residential land instead of agricultural (crop) land as some researchers have done
elsewhere (Han and Allan, 2008; Hong et al., 2013).

A slightly smaller value of NANI of 9900 ngkm'2 yr'1 was observed for the whole
Lake Dianchi Basin by the land use-weighting method. Nitrogen inputs from fertilizer
and food import are still the dominant sources, which are 6500 and 2800 kgN km—2 yr'1
respectively. Agricultural N fixation has a similar value of 220 ngkm‘2 yr‘1 while de-
position remains the same as in the area-weighting method (330 ngkm'zyr'1). At
the catchment scale (Fig. 3), however, the two approaches for estimating NANI show
greater differences, as we discuss further in the following section.

4132

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< |
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4123/2014/bgd-11-4123-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4123/2014/bgd-11-4123-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4 Discussion
4.1 Influence of data extrapolation methods on NANI

A significant difference was observed in terms of NANI for the catchments between the
two methods of data extrapolation (Table 2). For the results from the area-weighting
method, NANI estimates for catchments ranged from 8300 to 14200 kgNkm™“yr !
For the land use-weighting method, NANI ranged from 6600 to 28 000 ngkm‘2 yr‘1.
The relative difference between the two methods in the 15 catchments varies between
5 to 100 %. Catchment 4, which lies in the center of Kunming City, varied the most
in NANI between the two approaches. Since this catchment has a high population
density, larger values of food N import (over 200 %) were observed compared to the
area-weighting method. Thus, we could conclude that land use is not evenly distributed
among catchments, and this cannot be ignored. However, over the whole Lake Dianchi
Basin basis, the relative difference between the two extrapolation methods is only 15 %,
suggesting that the area-weighting method of NANI calculation is valid on a large scale
(in this study 2920 km2), which is consistent with the findings of others (Han and Allan,
2008).

4.2 Response of riverine N export to NANI

Nitrogen export via river flux is an important output for N budgets, and is also a driver
for aquatic ecosystem degradation. We estimate N inputs to Lake Dianchi from the 15
catchments to be approximately 8.0 GgNyr'1, in good agreement with the TN emis-
sion of 9.8 GgN in 2005 (cited from Water pollution control planning of Lake Dianchi
Basin for 2006 to 2010). Of the 15 catchments, rivers in catchments 14, 12, and 4
carried the most TN load, making up 37 %, 24 %, and 15 % of the total riverine ex-
port. When expressed per area of watershed, catchment 14 (20000 kg km 2 yr‘1) and
4 (12000kg km'zyr'1) are the largest sources of N. Interestingly, the biggest (catch-
ment 12) was not among the top values because of its large area, but catchment 8
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became the third highest N flux per area (12 000 kg km_zyr‘1). For other catchments,
there is a good coincidence in ranking between fluxes from absolute values and area-
specific values (Fig. 4).

The relationship between N input and riverine TN export is often fitted by linear
or exponential functions, with statistically significant goodness of fit (Howarth et al.,
1996; Han et al., 2009). Howarth et al. (1996, 2012) estimated an average of 20 % to
25 % NANI was exported in rivers for major watersheds in North America and Europe.
However, the proportion of NANI being exported through rivers varies a lot in different
catchments, ranging from less than 10 % to 50 % or more (Howarth et al., 1996, 2006;
2012; Schaefer and Alber, 2007; Hong et al., 2012). In this study, the proportion of
NANI exported by rivers suggested by the slope of the linear regression line reached
150 % using the area-weighting method and 83 % using the land use-weighting method
(Fig. 5). Riverine N export exceeding 100 % of anthropogenic N inputs to catchments
are not sustainable and are physically unrealistic. The 150 % proportion suggested by
the regression of the area-weighting calculation is not statistically significant (o > 0.05),
has low explanatory power (/?2 =0.27), and is unrepresentative of the real response
of riverine N export to NANI. However, more reasonable results were observed us-
ing the land use-weighting method, which indicated that 83 % of NANI was exported
in rivers (Fig. 5b). Although this value is still much larger than the results from past
research, the slope of the linear relationship is highly significant (p < 0.0001). In addi-
tion, study in watersheds in the US and some western countries also showed that larger
proportions of NANI would be exported in rivers when NANI exceeds some threshold
value (e.g. 1070 ngkm‘zyr‘1, Howarth et al., 2012), which can be explained partly
by loads overwhelming the limited capacity for retention and denitrification in water-
sheds. In the Lake Dianchi Basin, NANI in most catchments is ten times higher than
the 1070 ngkm‘2 yr'1 threshold, providing some credibility to the notion that loads
exceed retention capacity. In addition, smaller watersheds have shorter flowpaths and
retention times resulting in less retention or denitrification. Finally, the well-developed
drainage-pipe network in urban areas (further details can be found in next section)
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where N inputs are concentrated may also be responsible for accelerating N transport
while decreasing loss from denitrification and leakage, analogous to the role played by
tile drainage in agricultural watersheds of the Midwestern US and elsewhere (Mclsaac
and Hu, 2004). The y-intercept of the linear fit function is significantly negative, with
a value about -5,900 kg km™2 (Fig. 5). If the linear function is taken literally, the neg-
ative intercept (p = 0.01) implies that there may be no or little N exported in riverine
flux when N inputs from anthropogenic activities are lower than a threshold value of
NANI of around 7100 kg km™2 yr'1. However, since there are few data below around
10000 kgkm™2yr~" in NANI, more detailed monitoring data are needed to verify this
response.

Alternatively, the response of riverine N flux could be assumed to be nonlinear (Han
et al., 2009). When an exponential function was used to fit the relationship between
NANI and N riverine export, we also observed a significant response in the land use-
weighting results (Fig. 5), so we cannot rule out a possibility of a smooth but nonlinear
relationship between NANI and N riverine export in the catchments of the Lake Di-
anchi Basin in which the proportion of NANI exported in rivers increases steadily with
increasing NANI without a specific threshold response.

4.3 Influence of small spatial scale on NANI calculations

Compared to the watersheds in other studies using NANI methods, the Lake Dianchi
Basin is relatively small in size, imposing challenges for obtaining reliable data to char-
acterize the components of NANI. The suitability of the methodology of extrapolat-
ing data from county-level data should be carefully examined. As put forth above,
the specific method used for data extrapolation did have a crucial influence on the
NANI calculations in the Lake Dianchi Basin. To assess the applicability of land use-
weighting methodology which is also recommended here, we applied it in estimating
town’s data from county-level data. We selected four counties (Xishan, Guandu, Jin-
ning and Chenggong; Fig. 6) involved in the basin, in which fertilizer application data
of towns in 2007 is collected from references on local agricultural statistics. There are
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a total of 35 towns in the four counties, which range in size from 3 km? to 424 km? with
an average of 86 km?, smaller than the catchments in the basin (175 kmz). Firstly, N
fertilizer use on a county basis was designated on agricultural land, and then summa-
rized by town boundary using GIS tools to obtain extrapolated N fertilizer use in towns.
The comparison between actual values and estimated values in the towns is presented
in Fig. 6. The extrapolated N fertilizer use pattern is consistent with observations at the
town scale, and successfully distinguished the high and low values areas. The relation-
ship between observed and extrapolated values is strong and statistically significant
(r =0.83, p < 0.0001). In addition, the slope of the relationship is close to 1 (0.97) with
a relatively small y-intercept (17.711t). Overall, the reproduction of N fertilizer data in
towns from county scale suggests that data extrapolation from county-level in NANI
calculation is valid when detailed land use is used.

When the size of a watershed becomes smaller, sewage transfer between water-
sheds may become an increasingly important question. In the Lake Dianchi Basin,
six major sewage treatment plants have been constructed in the last decade, most of
which are located in central urban area (Fig. 7). From the year 2007 to 2009, annual TN
fluxes discharged from these plants had reached 2.5 Gg, occupying 31 % of total river-
ine TN export. However, the scope of sewage pipe network in each sewage treatment
plant (Fig. 7) is confined in just one catchment, and pipe networks from different plant
are not heavily overlapped. Therefore, sewage transfer should not be a key problem in
estimating NANI inputs in this study. Since 60 % of TN could be reduced from sewage
treatment plants in this area, they could place substantial influence on TN exports from
the affected area.

5 Conclusions

NANI estimates in the 15 catchments of Lake Dianchi Basin were quantified by both an

area-weighting method and a land use-weighting method based on data from the years

2000 to 2010. Enhanced NANI was observed in Lake Dianchi Basin, and its high value
4136
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of NANI ranks it at the top of watersheds in the world in terms of N loading. Agricultural
production has greatly influenced NANI of the Basin, and N input from fertilizer was
the largest input source overall, dominating 12 out of the 15 catchments. Nitrogen from
fertilizer and food dominates NANI, which implies a mixed stress from agricultural and
population development. Based on county data, relatively small differences (relative dif-
ferences of 15 %) in NANI calculations were observed between the area and land use-
weighting method for the whole Dianchi Basin (2920 km2). However, at subwatershed
scales (areas range from tens to hundreds of km2), NANI results based on the land use
method were found to be more reliable (better /%, better significance level, better con-
sistency with past research) although results from both methods showed strong linear
relationship with riverine N export. When NANI is evaluated in small catchments where
strong human disturbances exist, there might be evidence of a threshold for NANI to
enable riverine nitrogen export. In the Lake Dianchi Basin, when NANI is lower than
around 10000 kg km'zyr‘1, little or no riverine N export was observed, possibly due
to the occurrence of massive pollution reduction programs in the Basin. Alternatively,
a nonlinear (exponential) function may plausibly describe the response of riverine N ex-
port to NANI in this basin. Through data validation, NANI model is believed to be valid
in small watersheds (~ 100 kmz) when sufficiently high resolution land use and other
data are available to support estimates of the components of NANI. With additional
monitoring and research on human activities in the region, more data may reveal the
more accurate relationship between N inputs and riverine N fluxes from Lake Dianchi
Basin.
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Table 1. Summary of catchment data on area, population and land use. Catchments 12 (Pan-
long), 5 (Baoxiang), 6 (Laoyu) are the three biggest catchments in Lake Dianchi Basin, ac-
counting for 45.2 % of total basin area. However, catchment 4 (Daqing), 12 (Panlong), and 14
(Caohai) occupied 69.4 % population. There is great variety in natural and social characteris-

tics.
Catchment Name Area Pop. density Land use proportion (%)
(kmz) (ind. km’z) cropland forest pasture waters urban unused

1 Dongda 188.2 733 241 58.3 5.3 1.3 8.3 2.7
2 Nanchong 44.4 484 44.8 347 03 1.3 159 31
3 Gucheng  49.9 433 23.5 484 4.2 2.6 143 741
4 Daging 99.9 5370 8.0 341 24 0.2 519 33
5 Baoxiang 316.3 637 20.6 51.8 24 0.5 205 42
6 Laoyu 2635 375 29.9 482 14 1.0 155 4.0
7 Luolong 79.0 1135 35.4 241 07 0.6 334 6.0
8 Haihe 59.3 1876 15.3 364 1.7 0.8 412 46
9 Yuni 74.7 697 47.7 352 04 1.0 144 13
10 Xian 65.0 467 15.0 66.8 45 1.0 9.6 3.1
11 Baiyu 205.0 393 23.9 60.2 2.0 0.5 111 23
12 Panlong 740.7 1319 16.6 654 24 0.7 129 21
13 Cigang 2175 353 27.0 542 73 1.1 6.2 4.3
14 Caohai 145.7 5259 7.6 355 17 0.4 514 34
15 Maliao 84.8 883 35.2 309 22 0.7 229 841
Total basin 2920.0 1125 10.8 16,5 19.9 47.3 25 3.0
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Table 2. Comparison of NANI and relative error in the 15 catchments (Unit: ngkm‘zyr'1).
Catchments with higher proportion of farmland and resident land have a relatively larger

change.

Catchment Area- Landuse- Difference
ID weighting  weighting (%)
1 8800 7000 -21
2 11800 11300 -5
3 8800 7400 -15
4 14200 28000 100
5 13900 9600 -31
6 12300 8500 -31
7 12300 8400 -32
8 14000 13400 -5
9 9600 13200 38
10 8300 6600 -21
11 8800 7300 -17
12 13100 11100 -15
13 8800 8000 -9
14 13500 24000 79
15 13000 9300 -29
Total basin 11600 9900 -15
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Fig. 1. Location of Lake Dianchi Basin and the boundaries of its 15 catchments. Lake Dianchi

Basin lies in south of Kunming City, the capital of Yunnan Province, China.
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Fig. 2. NANI (kgNkm™?yr~') and its components for the Lake Dianchi Basin based on the area-
weighting method. Overall, NANI in north Dianchi is larger than the south, and fertilizer is the
biggest nitrogen input for most catchments.
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Fig. 3. NANI (kgNkm™2yr™") and its components for the Lake Dianchi Basin based on land
use-weighting method. A high value of NANI and its components could be observed in this
method, especially for catchments 4, 14, and 8.
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Fig. 4. Riverine N export from 15 catchments in the Lake Dianchi Basin. Catchment 4, 12, and
14 comprised 76.2 % of the total riverine N input, and catchment 14 is the highest both on the
basis of absolute flux or flux per area, while catchment 12 ranks differently when expressed
per area of watershed. Catchment 10 is omitted here because there are no monitoring stations
there.
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Fig. 5. Comparison of relationships between NANI and riverine N export. Results from the area-
weighting method (a) and land use-weighting (b) are shown separately and two fitting functions
are used. Dashed line represents linear fitting results and solid line is for an exponential fitting.
Relationships from both fitting functions were significant (p < 0.01) for the land use-weighting
method, but neither linear nor exponential relationships were found to be statistically significant
in results from the area-weighting method.
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Fig. 6. Comparison of N fertilizer use between (a) observed and (b) extrapolated values in
the 35 towns of Xishan, Guandu, Jinning and Chenggong counties in 2007. The size of the
towns is small varying from 3km? to 424 km? with an average of 86 km?, less than half of
the average area of catchments in the basin. Data extrapolated from county using land use-

weighting method is in good agreement to actual values.

4149

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

BGD
11, 4123-4150, 2014

Estimating net
anthropogenic
nitrogen inputs

W. Gao et al.

(8)
K ()


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4123/2014/bgd-11-4123-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4123/2014/bgd-11-4123-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

1000

s ®
== =
S S S

TN discharge (t)

[}
(=3
S

=}

Pl P2 P3 P4 P5 P6
Wasterwater treatment plant

Legend

Sewage treatment plant
— Pipe network 1
Pipe network 2
— Pipe network 3
— Pipe network 4-5
— Pipe network 6
[ 1 Catchment

Fig. 7. Main sewage treatment plants in the basin and their cover scope. In the study period,
there are a total of six major plants to treat sewage in the basin, and all of them are located
in the urban area. In spite of small overlaps between wastewater pipe networks discharged to
different plants, sewage transportations are mostly confined in one catchment.
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