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Abstract. Net anthropogenic nitrogen inputs (NANI) with 1 Introduction
components of atmospheric N deposition, synthetic N fertil-
izer, agricultural N fixation and N in net food and feed im- Nitrogen (N) is one of the most abundant elements on earth,
ports from 15 catchments in the Lake Dianchi basin were de-controlling the functions, processes and dynamics of many
termined over an 11-year period (2000-2010). The 15 catchecosystems (Vitousek and Howarth, 1991). However, over
ments range in size from 44 Knio 316 knf with an aver- 99 % of nitrogen is in molecular ) which is available only
age of 175krA. To reduce uncertainty from scale change to nitrogen-fixing bacteria, and not to other organisms that re-
methodology, results from data extraction by area-weightingquire reactive forms of N, such as nitrate, nitrite, and ammo-
and land use-weighting methods were compared. Result§ium (Galloway et al., 2004; Howarth, 2008). Until the 20th
show that the methodology for extrapolating data from thecentury, the global availability of reactive N was mainly con-
county scale to watersheds has a great influence on NANirolled by biological N fixation and to a lesser extent light-
computation for catchments in the Lake Dianchi basin, andning and volcanic activity (Galloway, 1998). Since the Indus-
that estimates of NANI between the two methods have aririal Revolution, though, the world has entered the new era of
average difference of 30% on a catchment basis, while dhe Anthropocene (Crutzen, 2002; Rockstrom et al., 2009), in
smaller difference (15 %) was observed on the whole Lakevhich human activities have become the dominant driver of
Dianchi basin basis. The riverine N export has a strongeiglobal environment change (Steffen et al., 2007). The rate of
linear relationship with NANI computed by the land use- creation of reactive N in the world has increased about ten-
weighting method, which we believe is more reliable. Over- fold since 1860 due to anthropogenic activities (Galloway et
all, nitrogen inputs assessed by the NANI approach for theal., 2003), and it is estimated that human interference with
Lake Dianchi basin are 9900 kg N krdyr—1, ranging from  the nitrogen cycle has exceeded the safe operating boundary
6600 to 28000 kg N km?yr—1 among the 15 catchments. of the Earth by a factor of 3.5 (Rockstrom et al., 2009). The
Synthetic N fertilizer is the largest component of NANI in enrichment of nitrogen greatly benefits food production on
most subwatersheds. On average, riverine flux of nitrogerPne hand, but on the other hand, N pollution has numerous
in catchments of the Lake Dianchi basin averages 83 % ofdverse effects, including on human health and water quality
NANI, far higher than generally observed in North America (Vitousek et al., 1997; Carpenter et al., 1998; Howarth et al.,
and Europe. Saturated N sinks and a limited capacity for den2000, 2011; Townsend et al., 2003).
itrification in rivers may be responsible for this high percent- ~Lake Dianchi, listed among the three most polluted lakes
age of riverine N export. Overall, the NANI methodology and rivers of China, has experienced water quality degrada-
should be applicable in small watersheds when sufficientlytion since the 1970s (Pan and Gao, 2010). Nitrogen surpluses
detailed data are available to estimate its components. resulting from human activities are considered among the
most important factors for serious eutrophication (Yang et
al., 2008). Previous studies conducted in the Lake Dianchi
basin were mainly focused on analysis of dissolved chemical
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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 relation- V%
ships with riverine N exports, an important foundation for en-
vironmental policy making. The objectives of this paper are
to evaluate the N input from human activities and to explore
the relationship between net anthropogenic N input (NANI)
and riverine N exports in the basin. Previous work in North A

America and Europe has demonstrated that, on average, 20t 2" ! ‘g}

25 % of NANI is exported from large river basins or regions LN K“:i't"i“g
in riverine flow (Howarth et al., 1996, 2012; Howarth, 1998; ¢ o 70 | '
Swaney et al., 2012; Hong et al., 2013). With detailed input !

alternatives and simple calculations, NANI is considered to &
be an effective method for assessing the sources of human gk
induced N inputs to the landscape and their potential impacts®™ ¥
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on riverine export (Hong et al., 2013). Since most past stud- | ) w@ 005 10 2
ies of NANI were based on large basins or regions, the char- e * ‘ A
acteristics of NANI in a small watershed such as the Lake * 102°40E 1030
Dianchi baSIn_are still largely une_xplo_red; in this study we Figure 1. Location of the Lake Dianchi basin and the boundaries
attempt to estimate them for the first time and to determiney it 15 catchments. The Lake Dianchi basin lies in the south of
the limitations and applicability of using the NANI model in - kunming, the capital of Yunnan Province, China.
a relatively small watershed.
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exerting great pressure on the water quality of Lake Dianchi

2 Materials and methods (Liu et al., 2004; Pan and Gao, 2010). Over the last 40 years,
the total population density in Kunming rose from 142 in-
2.1 Characterization of the Lake Dianchi basin dividuals per km in 1970 to 1260 individuals per kfmin

2010, while the gross domestic product increased 65-fold
The Lake Dianchi basin is located in central Kunming, the (data sources: Kunming Statistical Yearbook, 2011). As a re-
capital of Yunnan Province in southwestern China@N syt of great human disturbance, the water quality of Dianchi
~25°28'N, 10229 E~ 10301'E; Fig. 1), dividing the  has deteriorated rapidly from Grade Il (which is acceptable
watersheds of the Yangtze River, the Red River and thess a drinking water source or for rare species breeding) in
Pearl River. The Lake Dianchi basin covers a total area Of’[he 1960s to worse than Grade V (WhICh is unacceptab|e for
2920knt (including the area of lake), with an average al- any use) since 2000, according to the Chinese environmental
titude of 1900 m, and lies in the seven counties of Wuhua,quality standard for surface water (version GB 3838-2002).
Panlong, Guandu, Xishan, Songming, Jinning, and Chenga|though a lot of effort has been made to mitigate pollution,
gong. Land cover in the Lake Dianchi basin was 19.9%g3 steadily increasing trend is still obvious in nutrient concen-
agricultural, 47.3% forest, 2.5% grassland, 10.8% Water,trations, especia”y for N (Wang and Chen, 2009; Pan and
and 16.5% urban in 2008 (Table 1). We divided the basinGao, 2010). Enhanced N input from anthropogenic sources
into 15 catchments by availability of data and previous studyhas been considered to be one of the most important factors

(Gao et al., 2013), ranging in size from 44 to 316%kmith  |eading to eutrophication in Lake Dianchi (Wang and Chen,
an average area of 175 Rngnot including the area of Di- 2009; He et al., 2010).

anchi). Lake Dianchi (261 N, 10242 E) lies in the cen-

ter of the watershed, with an area of 309.5kamd a stor- 2.2 Net anthropogenic nitrogen inputs (NANI) model

age capacity of 1.56 billion fn(at a water level of 1887.4 m).

As the largest lake on the Yunnan—Guizhou Plateau and th€alculation of NANI is based on the conceptual model in-
sixth-largest freshwater lake in China, Lake Dianchi has beerroduced by Howarth et al. (1996), in which NANI has four
given the name of “Pearl of the Plateau” concerning its sig-components: atmospheric deposition of oxidized N com-
nificant functions for water supply, flood regulation, fisheries pound, fertilizer N application, agricultural N fixation, and
and biodiversity conservation (Wang et al., 2009; Zhao et al. net food and feed imports. NANI has been applied in many
2012). Although the Lake Dianchi basin area makes up onlywatersheds across the US (Howarth et al., 2006; Schaefer et
13.9 % of Kunming, it contributed 75.5 % of the city’s gross al., 2009), Europe (Billen et al., 2011a; Hagg et al., 2012;
domestic product, acting as the most active economic area iflong et al., 2012) and Asia (Hayakawa et al., 2009; Han
Yunnan Province (Pan and Gao, 2010). Since the 1970s, thet al., 2014), and some adjustments were made according
population and economy in Kunming have expanded rapidlyto data availability or new concepts (Hong et al., 2013). In
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Table 1. Summary of catchment data on area, population and land use. Catchments 12 (Panlong), 5 (Baoxiang), and 6 (Laoyu) are the
three biggest catchments in the Lake Dianchi basin, accounting for 45.2 % of the total basin area. Collectively, catchments 4 (Daging), 12
(Panlong), and 14 (Caohai) comprised 69.4 % of the total population. There is great variety in natural and social characteristics.

Catchment Name Area Pop. density Land-use proportion (%)

(kmz) (ind.kmfz) Cropland Forest Pasture Waters Urban Unused

1 Dongda 188.2 733 24.1 58.3 5.3 1.3 8.3 2.7
2 Nanchong 44.4 484 44.8 34.7 0.3 1.3 15.9 3.1
3 Gucheng 49.9 433 235 48.4 4.2 2.6 14.3 7.1
4 Daqing 99.9 5370 8.0 34.1 2.4 0.2 51.9 3.3
5 Baoxiang 316.3 637 20.6 51.8 2.4 0.5 20.5 4.2
6 Laoyu 263.5 375 29.9 48.2 14 1.0 155 4.0
7 Luolong 79.0 1135 35.4 24.1 0.7 0.6 334 6.0
8 Haihe 59.3 1876 15.3 36.4 1.7 0.8 41.2 4.6
9 Yuni 74.7 697 47.7 35.2 0.4 1.0 14.4 1.3
10 Xian 65.0 467 15.0 66.8 4.5 1.0 9.6 3.1
11 Baiyu 205.0 393 23.9 60.2 2.0 0.5 11.1 2.3
12 Panlong 740.7 1319 16.6 65.4 2.4 0.7 12.9 2.1
13 Cigang 217.5 353 27.0 54.2 7.3 11 6.2 4.3
14 Caohai 145.7 5259 7.6 355 1.7 0.4 514 3.4
15 Maliao 84.8 883 35.2 30.9 2.2 0.7 22.9 8.1
Total basirt 2920.0 1125 19.9 47.3 25 10.8 16.5 3.0

*Including Lake Dianchi.

this study, the calculation was based on the particular NANIsmaller (Boyer et al., 2002; Howarth et al., 2012), but is not
approach presented by Howarth et al. (2006) with some adan issue so long as the net cross-catchment transfers in the
justments as described below. In addition to other sources odtmosphere is small, with atmospheric fluxes entering the
food production, fruits and fishery products were added tocatchment equaling those leaving. Given the relatively ho-
the items of net food and feed import. mogenous land use in the area studied (the average propor-
It has been reported that NANI calculations can be influ-tion of farmland in the 15 catchments is 0.23, with a standard
enced by the methodology for extrapolating data from countyvariation of 0.08), we believe this assumption is reasonable
to watershed areas (Han and Allan, 2008; Hong et al., 2013)for the basin. Howarth et al. (2012) reported that for a set
An area-weighting method and a land use-weighting methodf 150 watersheds in North America and Europe, the NANI
were both used in this study to compare the results. approach of ignoring N{ideposition appeared to be robust
Data used in this study area include fertilizer use, humandown to catchments as small as 250kwlthough some of
and livestock populations, atmospheric N@&position, crop  the catchments here are even smaller, other NANI inputs are
products, meat production, land use, river flow, and waterso large that we remain confident in not including \d¢:po-
quality. Assisted by the Dianchi water pollution control pro- sition. Total NG, deposition (both dry and wet) of the Lake
gram, land use with a resolution of 30 m in the year 2005 isDianchi basin was estimated from global model outputs ob-
interpreted and applied. Since the data and model results usddined from a previous study (Lamarque et al., 2010). The
in this paper have differing levels of uncertainty, we gener-atmospheric N@ deposition was calculated on the global
ally present NANI and its components to the nearest 100 kg-scale, covering several years in the 2000s at a horizontal res-

Nkm=2yr—1, olution of 0.5 in latitude and longitude. For the Lake Di-
anchi basin, only two grids (with Ndeposition values of
2.2.1 Atmospheric N deposition 305 and 330 kg N km?, respectively) were involved in the

study area. By area-weighting methodology, N@eposi-

Atmospheric N deposition includes both reduced (Neind ~ tion in the 15 catchments varies from 312 to 331 kg Nkm

oxidized (NQ) forms, but only NQ is considered to be an Since NG deposition is not a significant source for NANI
N input for NANI here, assuming that most of the \NHe- in this basin and the estimates of deposition in neighboring

position originates from Nidemission within the same wa- Model grid cells involved are relatively homogeneous, we
tershed and that atmospheric transport of reduced N eithefhink this model is appropriate for this small study site.

into or out of a watershed is negligible relative to other in-

puts (Howarth et al., 2006). This assumption becomes in-

creasingly questionable as the size of a watershed becomes
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2.2.2 Fertilizer N application data collected are subject to skewed distribution, median val-
ues of discharge and TN concentration in multiple years were
Nitrogen inputs from fertilizer are based on the seven counysed in this study. TN export in catchméntas estimated as
ties’ fertilizer use from the Kunming Statistic Book from
2001 and 2011. Data are reported separately for N fertilizer
and for compound fertilizers. We use the sum of N fertilizerﬁ\lE-/ = (Cj x Fj) x 31536 @)
and N in compound fertilizer assuming an average N propor-
tion in compound fertilizer of 32.6 % (Zhang et al., 2009). .
Since organic fertilizer (manure) is considered largely to beTNEi N ZNEj/Ai’ 2)
cycled within a watershed, it is not included in the NANI g
calculation (Howarth et al., 1996, 2012). in which NE refers to TN export in rivej (kgNyr=);
C and F stand for medians of TN concentration (mgl)
2.2.3 Agricultural N fixation and river discharge rate @s~1) based on multiple-year
monthly or daily data; TNE denotes TN export in catchment
In the Lake Dianchi basin, the main legume crops include; (kg Nkm2yr—1): A is the area of each catchment &mi
peanuts, soybeans, snap beans and alfalfa hay. Sown aregshe identification number for the 15 catchments in the Lake

of these four crops were taken from the Kunming Statistic Dianchi basin, and is an index of each river in a catchment;
Book directly, while average values of N fixed per area was31 536 is a conversion factor.

8000 for peanuts, 9600 for soybeans, 9000 for snap beans and

22 400 kg N knr2yr—1 for alfalfa hay (Smil, 1999; Boyer et

al., 2002). Agricultural N fixation inputs were estimated by 3 Results
multiplying the crop area of these crops by the rate of fixation

for each crop type. 3.1 NANI estimates in the Lake Dianchi basin based on

the area-weighting method

2.2.4 Netfood and feed N i t : L
etloodandiee 'mpor NANI calculations in this study were made on the county

Net food and feed N import (NFFI) in the Lake Dianchi scale, which is the smallest administrative unit at which data

catchments was calculated as N consumed by humans anf§ere collected. To estimate data from county to catchment,

livestock, subtracted by N production in the catchment. Hu-&réa weighting is the most commonly used method. In this
man N consumption was estimated by multiplying pop- method, NANI and its four components in each catchment

ulation by N consumption per capita. Rural and urban@re calculated by multiplying the value in each county by
populations on the county scale were obtained from thelS aréa proportion in the catchment. A total of seven coun-
Kunming Statistic Book, and N consumption per capita [/€S Were involved in the calculation, with an average area
for rural and urban populations is estimated at 3.95 and®f 776 kn? compared to an average of .175%”'” the 15
3.71kg N capitalyr—1, respectively, in Kunming (Zhai et catchments. On the whole Lake D|§1‘nch| ba§|n ba§|s, NANI
al., 2005). A total of 8 types of animal populations on reached 11600kgNknfyr—t. Fertilizer N input is the
the county scale were collected from the Kunming Statis-largest component, with a value of 6700 kg N'khyr %, fol-

tic Book, and their N requirement levels were derived from lowed by net food and feed import (4400 kg Nkfyr~1),
previous studies (Boyer et al., 2002; Van Hom, 1998). Foog@Mospheric NG deposition (330kgN km? yr~1), and

N production was estimated from 18 main crops and 3 fishagricultural N fixation (220kgNkm?yr—%). Nitrogen in-
species comprising the bulk of the local fishery (about 85 %put§ from.fertlllzer and food domlnate in the Lake DIanF:hI
of the fish production is from aquaculture in the basin) on basin, which reflects the combined pressure from agricul-

the county scale from the Kunming Statistic Book, and their tUral development and population expansion. On the catch-
N content value derived from the China food nutrient form Mment scale (Fig. 2), NANI estimates from the 15 catchments

(Wang, 2009). range from 8300 to 14200kgNkriyr—1, largely again
from fertilizer N input and NFFI. Catchments in the central
2.3 Calculation of riverine N export city (catchments 14, 4, 8, 5, 12, and 15), are the largest N

input areas. Compared to other watersheds over the world,
We estimated riverine N export from river discharge and TN NANI in the Lake Dianchi basin is high, i.e., in the north-
concentrations on a multiple-year average basis. A total olastern US (560 to 4500 kg N krhiyr—1) (Howarth et al.,
1519 samples of monthly flow data (plus daily flow from 14 2006), the southeastern US (2700 to 4900 kg N'kgr—1)
rivers during 2009 and 2011) and 1930 monthly total nitro- (Schaefer and Alber, 2007), Baltic Sea catchments (300 to
gen concentrations for 31 rivers covering the years 2001 tB800 kg N knt2yr—1), and Europe generally (less than 1000
2010 from the Kunming monitoring center were collected. N to over 20 000 kg N km?yr—1) (Billen et al., 2011b). Such a
fluxes of these 31 rivers were then aggregated to 15 catchhigh value of an N input is likely responsible for the serious
ments according to their geographical position. Since theaquatic N pollution in this region.

Biogeosciences, 11, 4574586 2014 www.biogeosciences.net/11/4577/2014/
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Figure 2. NANI (kg N km~—2yr—1) and its components for the Lake Figure 3. NANI (kgNkm~2yr—1) and its components for the
Dianchi basin based on the area-weighting method. Overall, NANILake Dianchi basin based on the land use-weighting method. A
in north Dianchi is larger than the south, and fertilizer is the biggesthigh value of NANI and its components could be observed in this
nitrogen input for most catchments. method, especially for catchments 4, 14, and 8.

3.2 NANI estimates.in the Lake Dianchi basin based on ation has a similar value of 220 kg N kriyr—1, while de-
the land use-weighting method position remains the same as in the area-weighting method

2yr—1 i ;
The area-weighting method described in the previous sectiorq330 kgN knm==yr==). On the catchment scale (Fig. 3), how

T fver the two approaches for estimating NANI show greater
assumes that all components are distributed evenly over all. ! . : :
. differences, as we discuss further in the following section.

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 Al-

lan, 2008). However, when the calculation is carried out on4 Discussion

a large scale or where land use does not vary significantly,

there is little difference between area-weighting and land4.1 Influence of data extrapolation methods on NANI

use-weighting methods (Han and Allan, 2008). To compare

the suitability of these two methods in small watersheds, aA significant difference was observed in terms of NANI for

NANI calculation for the Lake Dianchi basin based on land- the catchments between the two methods of data extrap-

use weighting was applied in this study. Apart from atmo- olation (Table 2). For the results from the area-weighting

spheric N deposition, which was evenly distributed across allmethod, NANI estimates for catchments ranged from 8300 to

land use, fertilizer N input, agricultural N fixation, and crop 14 200 kg N knt2yr—1. For the land use-weighting method,

N production were allocated to farmland, and all componentsNANI ranged from 6600 to 28 000 kg N kmd yr—1. The rela-

of net food and feed N imports other than crop N productiontive difference between the two methods in the 15 catchments

were designated on resident land. Because animal productiovaries between 5 and 100 %. Catchment 4, which lies in the

sites in this basin are in close proximity to residential areascenter of Kunming, varied the most in NANI between the

we attributed these activities to residential land instead of tatwo approaches. Since this catchment has a high population

agricultural (crop) land, as some researchers have done elsdensity, larger values of food N import (over 200 %) were

where (Han and Allan, 2008; Hong et al., 2013). observed compared to the area-weighting method. Thus, we
A slightly smaller value of NANI of 9900 kg N krr? yr—1 could conclude that land use is not evenly distributed among

was observed for the whole Lake Dianchi basin by the landcatchments, and this cannot be ignored. However, over the

use-weighting method. Nitrogen inputs from fertilizer and whole Lake Dianchi basin basis, the relative difference be-

food import are still the dominant sources, which are 6500tween the two extrapolation methods is only 15 %, suggest-

and 2800 kg N km2yr—1, respectively. Agricultural N fix-  ing that the area-weighting method of NANI calculation is

www.biogeosciences.net/11/4577/2014/ Biogeosciences, 11, 45B6-2014



4582 W. Gao et al.: Estimating net anthropogenic nitrogen inputs

Table 2. Comparison of NANI and relative error in the 15 catch- 35000

ments (unit: kg N krm? yr—1). Catchments with a higher proportion OAbsolute (100 kg yr)
of farmland and resident land have a relatively larger change. 30000 9 ‘ o i
. 25000 OArea basis (kg km?2 yr')
Catchment Area Land-use Difference 2
ID weighting  weighting (%) é 20000 + ]
1 8800 7000 -21 £ 15000
2 11800 11300 -5 z
3 8800 7400 -15 100009
4 14200 28000 100 5000
5 13900 9600 =31 H‘I
6 12300 8500 -31 04 A ‘
7 12300 8400 32 1 2 3 4 5 6 ('7th 8t 9 11 12 13 14 15
8 14000 13400 -5 e
9 9600 13200 38 Figure 4. Riverine N export from 15 catchments in the Lake Di-
10 8300 6600 =21 anchi basin. Catchments 4, 12, and 14 comprised 76.2 % of the total
11 8800 7300 =17 riverine N input, and catchment 14 is the highest both on the basis of
12 13100 11100 -15 absolute flux or flux per area, while catchment 12 ranks differently
13 8800 8000 -9 when expressed per area of watershed. Catchment 10 is omitted here
14 13500 24000 79 because there are no monitoring stations there.
15 13000 9300 -29
Total basin 11600 9900 -15

the proportion of NANI exported by rivers suggested by
the slope of the linear regression line reached 150% us-
valid on a large scale (in this study, 2920%mwhich is con-  ing the area-weighting method and 83% using the land
sistent with the findings of others (Han and Allan, 2008).  use-weighting method (Fig. 5). Riverine N export exceed-
ing 100 % of anthropogenic N inputs to catchments is not
4.2 Response of riverine N export to NANI sustainable and is physically unrealistic. The 150 % propor-
tion suggested by the regression of the area-weighting cal-
Nitrogen export via river flux is an important output for N culation is not statistically significantp(> 0.05), has low
budgets, and is also a driver for aquatic ecosystem degraexplanatory power 2 = 0.27), and is unrepresentative of
dation. We estimate N inputs to Lake Dianchi from the the real response of riverine N export to NANI. However,
15 catchments to be approximately 8.0 Gg Nyrin good more reasonable results were observed using the land use-
agreement with the TN emission of 9.8 GgN in 2005 (cited weighting method, which indicated that a 83 % to (95 % con-
from water pollution control planning of the Lake Dianchi fidence interval of 51% to 114 %) of NANI was exported
basin for 2006 to 2010). Of the 15 catchments, rivers inin rivers (Fig. 5b). Although this value is still much larger
catchments 14, 12, and 4 carried the most TN load, makthan the results from past research, the slope of the linear
ing up 37%, 24%, and 15% of the total riverine ex- relationship is highly significanty( < 0.0001). In addition,
port. When expressed per area of watershed, catchment 1gtudy in watersheds in the US and some western countries
(20000 kgknT2yr—1) and 4 (12000 kg km?yr—1) are the  also showed that larger proportions of NANI would be ex-
largest sources of N. Interestingly, the biggest (catchmenported in rivers when NANI exceeds some threshold value
12) was not among the top values because of its large arede.g., 1070 kg N km?yr—1, Howarth et al., 2012), which can
but catchment 8 became the third-highest N flux per areabe explained partly by loads overwhelming the limited ca-
(12000 kg knT2yr—1). For other catchments, there is a good pacity for retention and denitrification in watersheds. In the
coincidence in ranking between fluxes from absolute valued.ake Dianchi basin, NANI in most catchments is ten times
and area-specific values (Fig. 4). higher than the 1070kgNknfyr—! threshold, providing
The relationship between N input and riverine TN export some credibility to the notion that loads exceed retention
is often fitted by linear or exponential functions, with sta- capacity. In addition, smaller watersheds have shorter flow-
tistically significant goodness of fit (Howarth et al., 1996; paths and retention times resulting in less retention or denitri-
Han et al., 2009). Howarth et al. (1996, 2012) estimatedfication. Finally, the well-developed drainage-pipe network
an average of 20% to 25% NANI was exported in rivers in urban areas (further details can be found in next sec-
for major watersheds in North America and Europe. How-tion) where N inputs are concentrated may also be respon-
ever, the proportion of NANI being exported through rivers sible for accelerating N transport while decreasing loss from
varies a lot in different catchments, ranging from less thandenitrification and leakage, analogous to the role played by
10% to 50% or more (Howarth et al., 1996; 2006; 2012; tile drainage in agricultural watersheds of the Midwestern
Schaefer and Alber, 2007; Hong et al., 2012). In this study,US and elsewhere (Mclsaac and Hu, 2004). The y intercept

Biogeosciences, 11, 4574586 2014 www.biogeosciences.net/11/4577/2014/
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Figure 5. Comparison of relationships between NANI and riverine
N export. Results from the area-weighting metifapland the land S
use-weighting methob). Dashed line represents linear fitting re- 0 1000 _2000 - 4000 " 4008
sults and solid line is for an exponential fitting. Relationships from
both fitting functions were significanp(< 0.01) for the land use-  Figure 6. Comparison of N fertilizer use betweém) observed and
weighting method, but neither linear nor exponential relationshipS(b) extrapolated values in the 35 towns of Xishan, Guandu, Jinning
were found to be statistically significant in results from the area- and Chenggong counties in 2007. The size of the towns is small,
weighting method. varying from 3kn? to 424 knf, with an average of 86 kf less
than half of the average area of catchments in the basin. Data ex-
trapolated from the county using the land use-weighting method is
of the linear fit function is significantly negative, with a in good agreement with actual values.
value about—5900 (95 % confidence interval 61600 to
—10100) kgknT?2 (Fig. 5). If the linear function is taken
literally, the negative intercepp(= 0.01) implies that there recommended here, we applied it in estimating the town’s
may be no or little N exported in riverine flux when N in- data from county-level data. We selected four counties (Xis-
puts from anthropogenic activities are lower than a thresh-han, Guandu, Jinning and Chenggong; Fig. 6) involved in the
old value of NANI of around 7100 kg krf yr—1. However,  basin, in which fertilizer application data of towns in 2007
since there are few data below around 7100 kgkgr—1 in are collected from references in local agricultural statistics.
NANI, more detailed monitoring data are needed to verify There are a total of 35 towns in the four counties, which range
this response. Alternatively, the response of riverine N fluxin size from 3kn to 424 knf, with an average of 86 kfy
could be assumed to be nonlinear (Han et al., 2009). Wheismaller than the catchments in the basin (175krHirstly,
an exponential function was used to fit the relationship be-N fertilizer use on a county basis was designated on agricul-
tween NANI and N riverine export, we also observed a sig-tural land, and then summarized by a town boundary using
nificant response in the land use-weighting results (Fig. 5),GIS tools to obtain extrapolated N fertilizer use in towns. The
so we cannot rule out the possibility of a smooth but non-comparison between actual values and estimated values in
linear relationship between NANI and N riverine export in the towns is presented in Fig. 6. The extrapolated N fertilizer
the catchments of the Lake Dianchi basin, in which the pro-use pattern is consistent with observations on the town scale,
portion of NANI exported in rivers increases steadily with and successfully distinguished the high- and low-value areas.

increasing NANI, without a specific threshold response. The relationship between observed and extrapolated values
is strong and statistically significant £ 0.83, p < 0.0001).
4.3 Influence of small spatial scales on NANI In addition, the slope of the relationship is close to 1 (0.97),
calculations with a relatively small y intercept (17.71t). Overall, the re-

production of N fertilizer data in towns from the county scale
Compared to the watersheds in other studies using NANIsuggests that data extrapolation from county level in NANI
methods, the Lake Dianchi basin is relatively small in size, calculation is valid when detailed land use is made.
imposing challenges for obtaining reliable data to character- When the size of a watershed becomes smaller, sewage
ize the components of NANI. The suitability of the method- transfer between watersheds may become an increasingly
ology of extrapolating data from county-level data should beimportant question. In the Lake Dianchi basin, six major
carefully examined. As put forth above, the specific methodsewage treatment plants have been constructed in the last
used for data extrapolation did have a crucial influence on thelecade, most of which are located in central urban areas
NANI calculations in the Lake Dianchi basin. To assess the(Fig. 7). From the years 2007 to 2009, annual TN fluxes
applicability of land use-weighting methodology that is also discharged from these plants had reached 2.5 Gg, occupying
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tion may plausibly describe the response of riverine N export
to NANI in this basin. Through data validation, the NANI
model is believed to be valid in small watershe¢4 Q0 kn?)
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
U in the region, more data may reveal the more accurate re-
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Figure 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 networkiReferences
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