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Abstract

This study combines the observed riverine DIN (dissolved inorganic nitrogen) export
and the controlling factors (land-use, population and discharge) to inversely estimate
the effective DIN yield factors for individual land-use and DIN per capita loading. A to-
tal of 16 sub-catchments, with different land-use compositions on the Danshui River5

of Taiwan, were used in this study. Observed riverine DIN concentrations and yields
varied from 20–450 µM and 400–10 000 kg N km−2 yr−1 corresponding to the increase
of urbanization gradient (e.g. building and population). Meanwhile, the transport be-
haviors changed from hydrological enhancement to dilution with increasing urbaniza-
tion as well. Our method shows that the DIN yield factors, independent of discharge,10

are 12.7, 63.9, and 1381.0 µM, for forest, agriculture, and building, respectively, which
equals to 444.5, 2236.5, 48 335 kg N km−2 yr−1 at the given annual runoff of 2500 mm.
The agriculture DIN yield only accounts for 10 % of fertilizer application indicating
the complicated N cascade and possible over fertilization. The DIN per capita load-
ing (∼0.49 kg N capita−1 yr−1) which is lower than the documented human N emission15

(1.6–5.5 kg N capita−1 yr−1) can be regarded as an effective export coefficient after
treatment or retention. A conducted scenario experiment supports the observations
demonstrating the capability for assessment. We therefore, can extrapolate all possi-
ble combinations of land-use, discharge, and population density for evaluation. This
can provide a strong basis for watershed management and supplementary estimation20

for regional to global study.

1 Introduction

Anthropogenic nitrogen, e.g. fertilizer and excrement, elevated by increasing population
and food production, cause serious water and land pollution (Fitzpatrick et al., 2004;
Brown et al., 2009; Tu, 2009; Jiang and Yan, 2010). In addition, it causes nitrogen25

cycle imbalances that already exceed the safe operating parameters for humankind
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(Downing et al., 1999; Peterson et al., 2001; Rockstrom et al., 2009). This increase of
human-related N emission is unlikely to stop and has resulted in eutrophication (Tsai
et al., 2013), exacerbation of dissolved oxygen consumption in water bodies (Parr and
Mason, 2003), and has also been the cause of human health issues such as cyanosis
(blue-tinged blood).5

Previous global studies on dissolved inorganic nitrogen yields (DIN includes ni-
trite, nitrate, and ammonium) varies over 3 orders of magnitude from 0.58 to ∼
6000kgNkm−2 yr−1 among watersheds world-wide (He et al., 2011). These results are
highly correlated to population, land-use (e.g. agricultural, commercial or residential)
and runoff (Horwarth et al., 1998; Smith et al., 2005; Seitzinger et al., 2005; Horwarth10

et al., 2006). Meanwhile, nitrogen export from eastern Asia and Oceania is a hotspot
due to rapid population growth (Mayorga et al., 2010; Lee et al., 2014). The afore-
mentioned studies broadly shape the picture of global nitrogen export whereas they
also point to the regional characteristics and mosaic land-use lead considerable uncer-
tianties on nitrogen export estimations. For example, the sewage treatment efficiency,15

cultivation types, fertilizer application and environmental background are all regional-
dependent. Therefore, extracting the individual output from the land-use-induced ef-
fects (e.g. fertilizer application or urban runoff) in a mosaic land-use pattern, which is
further complicated by flow paths and processes within watersheds, is a difficult task.
To better predict the riverine DIN flux for different scenarios, the individual emission of20

specific land-use and population should be firstly evaluated.
The riverine DIN output from a watershed is commonly described by the flux or load

(a product of the concentration and discharge volume) which is a mixture of all kinds of
physical and biological processes interacting with topography, deforestation, urbaniza-
tion, and hydrodynamics (Fitzpatrick et al., 2005; Bouwman et al., 2013). Thus, previ-25

ous studies applied multiple regression analysis to estimate riverine DIN concentration
and export through the use of dominant factors (e.g. land-use, population and runoff)
(Smith et al., 2005, Lee et al., 2014). Other modeling attempts, like PLOAD, Global
NEWs, and NANI, compiled export coefficients and parameterizations for individual
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sources (including point and non-point) to straightforwardly simulate or estimate the
riverine DIN concentration and export (EPA, 2001; Seitzinger et al., 2005; Harworth
et al., 1998). Undoubtedly, determination of the export coefficient plays a key role in
such relevant applications. Our previous study combined the network of riverine DIN
loads to inversely deduce the DIN yield for different land-use categories (Huang et al.,5

2012). This result is only applicable in the mean state of discharge condition. More-
over, population was not taken into account due to limited population in the study area.
We therefore further advanced this concept of inverse estimation onto a larger water-
shed with a significantly different degree of urbanization and parameterized the stream
discharge variability, which has not been considered before, to derive DIN yield factors.10

This study monitored 16 sub-watersheds in the Danshui River watershed during
2002–2004. Those sub-watersheds have different mosaic land-use patterns from pris-
tine to the intensively urbanized. Initially, the watershed landscape characteristics, in-
cluding land-use composition and population density, were delineated. Secondly, the
DIN concentration and stream discharge were compiled to calculate the riverine DIN15

load and yield. Thirdly, the DIN relationships between watershed landscape charac-
teristics were quantitatively determined. Finally, the mosaic land-use pattern and DIN
export for those sub-watersheds were superimposed to derive the DIN yield factor for
each land-use and the per capita loading. This method, applied to the nested sub-
watersheds with different urbanization gradients, can not only aid in understanding the20

process and the impacts of urbanization on DIN yield but also can be used to quantify
the runoff-independent controlling factors.

2 Material and methods

2.1 Characteristics of the Danshui River

The Danshui River flows through Taipei City and is one of the main rivers in Taiwan. The25

drainage area is 2726 km2. In this watershed, Taipei City, located downstream, has 6.8
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million residences and the population density can reach as high as ∼ 2494capitakm−2.
The Danshui River has three major tributaries merging in Taipei City. They are the
Keelung, Xindian and Dahan Rivers from north to south (Fig. 1). The annual rainfall for
the Keelung, Xindian, and Dahan River watersheds are 3750, 4236 and 2742 mm, re-
spectively. In general, the wet/dry season (wet season is defined from May to October)5

rainfall of the three tributaries were 2038/1712, 2739/1497, and 1928/814 mm respec-
tively during 2000–2010 indicating that seasonal variation increases southward. The
north east monsoon (October to February in the following year) brings considerable
precipitation to Northern Taiwan resulting in the indistinct seasonality in the Keelung
River watershed.10

The land-use dataset in this watershed has been provided by the National Land
Surveying and Mapping Center (MLSC, 2008). MLSC introduced the aerial photos,
satellite imagery, and field survey to identify the 103 land-uses for the entire island
and distributed the dataset in 2006. Since this study focuses on the DIN yield, the
original land-use types were reclassified into 4 main categories (forest, buildings, agri-15

culture, and water body). The forest class includes natural forest, secondary forest,
bamboo land, and shrubs. The agriculture class includes paddies (0.5 % of the whole
Danshui basin), dry crops (2.5 %) and tea farms and orchards (2.3 %). Tea farms and
orchards mainly occupy the hillside (1000–1200 ma.s.l.). Human-made facilities, such
as houses/business buildings (7.0 %), roads (3.7 %), industry factories (1.0 %) and city20

parks (1.1 %) are classified into the buildings category. Through the reclassification, the
forest, buildings, agriculture and water body in Danshui River Basin are 76.7, 13.6, 5.5
and 2.8 %, respectively. Table 1 lists the basic information of sub-catchment charac-
teristics of the Danshui River and the sub-catchments, including landscape attributes,
land-use composition and population density. In terms of the land-use pattern, forest is25

the main land-use for all the catchments (70.8–96.7 %). Building and agricultural land-
use spread along the gentle riparian zones of the Danshui River. In the middle stream,
some sub-catchments are characterized by intensive agricultural use (e.g. ∼ 23.1%
for D02). As expected, the buildings increase from upstream to the downstream area,
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reaching as high as ∼ 20.0% (e.g. EPA1096). Such a distinct urbanization gradient and
numerous land-use compositions provide a good chance to estimate the DIN yield from
different mosaic land-use patterns within the sub-catchments.

2.2 Stream discharge and DIN sampling

The stream discharges for the 16 DIN sampling sites are illustrated in Table 2. Nine5

of the 16 sites have discharge gauges maintained by the Water Resource Agency. For
some of the missing measurements, the simulated discharge derived by TOPMODEL
was used instead (Huang et al., 2011). For those sampling sites without discharge
gauges, their daily discharges were estimated by an aerial ratio method referring to the
adjacent discharge gauges (Kao et al., 2004). In general, the annual discharge during10

2002 to 2004 for the Danshui River is 1032 to 3229 mmyr−1. The seasonality of stream
flow, just like the rainfall, decreases from north to south due to the north east monsoon
rains as well. Note, that there was a severe drought that occurred from the summer of
2002 to the summer of 2003 and thus, the stream flow during this period was low. This
was particularly apparent during the wet season.15

For DIN monitoring, 5 sampling sites were sampled weekly and 5 sites were sampled
monthly due to limited manpower. In addition to our own sites, there are an additional 6
sites monitored by the Taiwanese EPA that are monthly sampled and are supplemen-
tary to this study (EPA, 2014). For our own sites, the water samples taken from streams
in situ were immediately filtered through Whatman® GF/F filters in the field, and the fil-20

trates were quickly frozen in liquid nitrogen for water chemistry analyses. Nitrate, nitrite,
and ammonium were determined by ion chromatography (IC), Dionex ICS-1500, with
a detection limit of 0.2 µM (Huang et al., 2012; Lee et al., 2014).

2.3 Riverine DIN yield estimation

The riverine DIN yield is defined as the total DIN flux or load normalized by drainage25

area. The flux or load is the product of substance concentration multiplied by total
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discharge volume during a specific period. However, the frequency of substance con-
centration, compared to the discharge, is much lower than stream discharge. There-
fore, different methods have been proposed to supplement the concentration data for
flux calculation. In this study, three commonly used methods, linear interpolation (LI),
global mean (GM), and flow weighted (FW) have been applied to estimate the DIN flux5

(Fig. 2).
The LI method linearly interpolates the unmeasured days by the adjacent measure-

ments, and then multiplies by the consecutive daily discharge (Fig. 2a and b). This
method is most suitable when the sampling frequency is relatively high. In other words,
this method does not explicitly consider the stream-flow effect that occurs when the10

sampling frequency is low. In these cases, the GM and FW methods are more suited.
The GM method multiplies the mean of all sampled substance concentration with the
total discharge within the study period to obtain flux. This simple method which does not
consider any interaction between concentration and discharge may be the last method
in priority, particularly for the lower sampling frequency. The FW method weighs the15

sampled concentration by discharge. The flux equals the total discharge volume multi-
plied by the flow-weighted mean of concentration. Comparing the three method (Fig. 2c
and d), the GM method seems to under- and over-estimate the flux for enhancement
and dilution condition, respectively. Meanwhile, the LI- and FG-derived fluxes are com-
parable and more accurate than GM-derived result. The advantages and disadvan-20

tages of the three methods have been widely discussed (Ferguson, 1987; Preston
et al., 1989; Moatar and Meybeck, 2005; Birgand et al., 2010a,b; Lee et al., 2009),
but it may not be easy to judge which one is universally suitable for any watershed.
The method-choice depends on sampling frequency, hydrological conditions, and sub-
stance characteristics. Therefore, we used the average of all the three method-derived25

fluxes in this study.
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2.4 DIN export from land-use and population

As previously mentioned, the observed riverine DIN flux is made up of individual land-
use and human emissions. Previous studies addressed the compilation of the dataset
(e.g. land-use and population) to straightforwardly estimate the riverine DIN concen-
tration and export, like PLOAD. By contrast, our previous study revealed that this is5

a feasible way to inversely estimate the export coefficient for individual land-use when
the case of observed riverine DIN export is sufficient (Huang et al., 2012). This simpli-
fied method shows that riverine DIN flux, in an annual basis, is mainly from land-uses
in a mountainous watershed, as following:

DINriv,f =
n∑
i=1

KiAi (1)10

where DINriver,f indicates the riverine DIN flux (kgNyr−1). Ki and Ai represent the yield

(kgNkm−2 yr−1) and area (km2) for land-use i . In this equation, the yield for individual
land-use can be solved when the sub-catchment number of riverine DIN flux is suffi-
cient. In this method, two implicit assumptions are made. One is that the yield should be
regarded as an effective export coefficient because the retention or removal processes15

are assumed steady or completely reacted in an annual scale. Secondly, the in-stream
process can be ignored and uniform runoff from all land-uses is also presumed in this
study (Gburek and Folmar, 1999; EPA, 2001). Such assumptions are likely valid and
acceptable for small watersheds with steep gradients. However, this method does not
consider the annual variation of runoff on DIN export and human N emission which is20

a significant source for urbanized watersheds. To overcome these two disadvantages,
the equation can be rewritten as:

DINriv,f

A
= DINriv,y =

n∑
i=1

CiRiPi +LpD (2)
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where DINriv,y (kgNkm−2 yr−1) is the DINriv,f normalized by drainage area. Pi (–) is the

area fraction for land-use i to the drainage area, Ai/A. Ri is the runoff depth (mmyr−1)
and Ci indicates the DIN yield for unit runoff, equivalent to Ki/Ri . Lp is DIN per capita

loading (kgNcapita−1 yr−1). D is population density of a sub-catchment (capitakm−2).
This method reallocates the riverine DIN yield from the whole catchment to the DIN5

emissions from the three major land-use types (forest, agriculture, and building) and
human emissions. The parameters land-use proportion (Pi ), population density (D),
and runoff depth (Ri ), can be derived from the observations. Only Ci and Lp should
be calibrated for fitting the riverine DIN yields. Note that involving the D and R into this
method indicates its capability for assessing the effect of various population densities10

and runoff conditions. Meanwhile, the seasonal riverine yields should derive the differ-
ent Ci , considering seasonal variations. Through this simplified model, we can identify
the DIN yield from individual land-uses and per capita loading for a mosaic land-use
pattern within a watershed.

Since uncertainties inevitably exist in the riverine DIN yields, the uncertainties likely15

propagate to the yield factors and human emission. Thus, the Monte Carlo approach is
adopted instead of a linear algebra one. A total of 100 000 random parameter sets were
generated by a uniform distribution generator to fit the observed 16 riverine DIN yields.
The yield in dry season, wet season and the whole 2003 data were separately used
as three dependent variable sets for consideration of seasonality. The RMSE (Eq. 3)20

and RMSElog (Eq. 4) are designed as target functions. Although RMSE is a good and
widely-applied performance measure, the additional performance measure, RMSElog,
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is more reasonable for the data spanning several orders.

RMSE =

(∑
(Yobs,i − Ysim,i )

2

n

)0.5

(3)

RMSElog =

(∑
(log(Y )obs,i − log(Y )sim,i )

2

n

)0.5

(4)

where Yobs,i and Ysim,i are the observed and simulated riverine DIN yield, respectively
and n is the sub-catchment number. The two target functions were enforced to be5

minimized simultaneously through Pareto-optimal calibration procedure (Gupta et al.,
1998; Khu and Madsen, 2005). Meanwhile, the DIN yields in 2002 and 2004 were used
to validate the calibrated parameters. The results of the DIN yield factors for agriculture,
forests, buildings, and per capita loading for dry season, wet season and the whole
2003 data are presented and discussed.10

3 Results

3.1 Spatial patterns of observed DIN concentrations

The mean and SD of DIN concentrations among the 16 sites during 2002–2004 are
shown in Table 3. The DIN concentrations and stream discharge of three sites (K06,
S07 and EPA1908) from upstream to downstream during 2002–2004 are taken as ex-15

amples and shown in Fig. 3. Generally, the mean DIN concentrations vary from 18 to
452 µM and it increases dramatically from upstream to downstream. No distinct inter-
annual variation can be found and some sites for the 2004 wet season are not shown
due to limited observations. For the upstream sites (distances larger than 70 km), the
mean DIN concentrations are lower than < 70µM (equal to 0.98 mgN/L), and the con-20

centration in the wet season is a bit higher than that in the dry season. For downstream
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sites, the mean concentrations in both seasons are higher than 200 µM and the con-
centrations in the dry season are higher than that in the wet season, perhaps indicating
a significant dilution or uptake effect. However, the sites in Keelung River are an excep-
tion.

The DIN concentrations against land-use are shown in Fig. 4. For the land-use com-5

position, the building area varies from 0.2 to 19.9 % (Fig. 4a), the agriculture area
ranges from 0.1 to 23.1 % (Fig. 4b), and the forest area spans from 71 to 97 % (Fig. 4c).
In those figures, the DIN concentrations are significantly positively and negatively cor-
related to building and to forest proportions, respectively. The Pearson’s correlation
coefficient (ρ) for the DIN concentration between building and forest proportion are10

as high as 0.81 and −0.75, respectively. Obviously, the land-use composition in sub-
catchments strongly affects the riverine DIN concentration in the Danshui River water-
shed. However, the relationship between the DIN concentration and agricultural use is
not as significant as expected (ρ = 0.26).

For concentrations and runoff relations, the DIN concentrations against daily runoff15

of all sub-catchments are shown in Fig. 5. Three sites, K06, S07, and EPA1908, with
different degrees of urbanization, are specifically illustrated showing the changes of C–
Q relations along the urbanization gradient. The relatively pristine catchment (K06),
characterized by high forest cover (96.7 %) and low population density (less than
15.8 capitakm−2), showed the lowest DIN concentration (∼ 10µM) and the correlation20

coefficient between DIN concentration and daily runoff is 0.33 in a log-log scale. This
indicates that the DIN concentration is enhanced by runoff in those relatively pristine
catchments. In a site with moderate development (S07, the forest cover decreases to
91.8 %), the average DIN concentration was somewhat elevated, but the concentration
seems irrelevant to stream discharge since the ρ is as low as 0.22. For the downstream25

site (EPA1908), the DIN concentration was the highest among the three selected sites.
However, the DIN concentration dropped from ∼ 400 to ∼ 100µM with the increase of
runoff. The ρ value is −0.49 indicating the dilution effect in downstream sites. The re-
sults show that the transition of the C–Q relation from the enhancement in pristine sites
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to the dilution in the downstream sites where the human activities (high building area
and population density) are intensive and extensive.

3.2 Estimation of the DIN yield

Based on the observed concentration and runoff, the DIN yield for each sub-catchment
was estimated by the three flux estimation methods (LI, GM, and FW). Figure 6 shows5

that the ratios of the GM- to LI-derived yield and the FW- to LI-derived yield vary with
correlation coefficients between DIN and discharge. It revealed that the GM, compared
to LI, tends to overestimate DIN yield while the C–Q relation reveals the dilution con-
ditions, but underestimates the enhancement conditions. In addition, the ratio of FW-
to LI-derived DIN yield was scattered for both conditions with a somewhat large bias.10

Since the sampling frequency, hydrological condition, and substance characteristics
lead to various results, the average of the three method-derived fluxes was used to
mitigate the systematic (GM to LI) and random (FW to LI) biases.

The DIN yields in the wet and dry season during 2002–2004 are shown in Table 4
and Fig. 7. The DIN yield in dry season increased from 83 to 6806 kgNkm−2 along the15

stream gradient as well as in the urbanization gradient. For the wet season, the yields
for sub-catchments also showed an increasing trend, from 226 to 5593 kgNkm−2. In
general, the annual DIN yield from pristine catchments is less than 800 kgNkm−2 (e.g.
D13, K06, and K05). In contrast, the yield for downstream catchments can increase
to ∼ 10 000kgNkm−2 (e.g. K01, EPA1905, and EPA1906). Therefore, among the three20

tributaries, the yield in the Keelung River is much higher than the other two due to
a sharp increase in population and urbanization.

3.3 Land-use DIN yield and human emission

Throughout the method, the DIN yields (including dry-season, wet-season, and 2003
DIN yields) were used to calibrate the 4 parameters (3 land-use yield factors and 125

per capita loading) for each specific time frame as shown in Fig. 8. The yield factors
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of forests in dry season, wet season, and annual basis are 7.1, 17.0, and 12.7 µM,
respectively. The yield factors for agriculture derived from dry season, wet season, and
annual basis are 13.6, 258.4, and 63.9 µM, respectively. The yield factors for build-
ings from the three specific time frames are 1601.3, 947.7, and 1426.5 µM, respec-
tively. Meanwhile, the human N emissions for the three time frames are 0.57, 0.43,5

and 0.47 kgNcapita−1 yr−1. Generally, the forest yields the lowest DIN at the unit runoff
among the three land-use parameters. The yield factor in the dry season is even lower,
though with a relatively large uncertainty. For agriculture, the DIN yield factor in the
dry season is quite low as well, whereas the yields in the wet season are several-fold
higher than in the dry season. The DIN yield factor of buildings is much higher than the10

other two dominating the DIN export. Unlike the other land-uses, the DIN yield factor
of buildings for the dry season is almost double as compared to that in the wet season.
As for human emission, the per capita DIN loadings remain between 0.43–0.57.

The calibrated DIN yield factors and per capita loading (the annual basis only) were
further verified by the 2002 and 2004 data. The performances of model calibration15

and validation for the 16 sub-catchments are shown in Fig. 9. For the calibration, the
R2 between the simulated DIN yields and the observed ones for all sub-catchments
reach a satisfactory value of 0.88 with a regression slope of 0.87 (Fig. 9a). The model
performance for validation also shows well-accepted results, having R2 values of 0.82
with a slope of 0.87 for the entire validation cases pooling seasonal data at all the sites20

together (Fig. 9b). The agreement between the observed and simulated DIN yields
show that the DIN yield factors derived from the inverse isolation are representative
according to the wide range of DIN concentration from different urbanization degrees.
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4 Discussion

4.1 Controlling factor on riverine DIN concentration

DIN concentrations measured at catchment outlets reveal the mixed consequence from
mosaic land-use patterns and population densities within catchments. In general, the
DIN concentrations of pristine sub-catchments (forest > 96%) are less than 70 µM,5

which is comparable with the other pristine watersheds around the world (Huang et al.,
2012). In general, the upstream is characterized by high uptake and transformation of
DIN (Peterson et al., 2001), thus the DIN delivered less to downstream (Alexander
et al., 2000). Therefore, the DIN concentrations in upstream are quite low in pris-
tine lotic environment. With increased human disturbance, the DIN concentrations10

surge dramatically (Table 3) and ammonia becomes the dominant nitrogen species
downstream (Lee et al., 2014). The correlation coefficients between DIN concentration
and stream discharge against population are shown in Fig. 10. The correlation coef-
ficients decrease from +0.5 to −0.5 with the increase of population density. For the
sub-catchments with sparser population densities, the DIN concentration is positively15

correlated to stream discharge. By contrast, the DIN concentrations decrease with the
increase of stream discharges found at the sub-catchments with dense populations.
Note, that with the increasing degree of urbanization, the C–Q relation changes from
enhancement to dilution as seen in Figs. 4 and 5.

4.2 Land-use and hydrological control on DIN yield20

For DIN yield, the background DIN export for pristine sub-catchments are ∼
700kgNkm−2 yr−1 which is consistent with other pristine mountainous catchments in
Taiwan (Kao et al., 2004; Huang et al., 2012; Lee et al., 2013). However, it is much
higher than other pristine catchments around the world due to abundant precipitation
and high atmospheric deposition (Chen et al., 2007; Duce et al., 2008). For cultivated25

catchments (agriculture area > 10%), the annual yield rose to 2500 kgNkm−2 yr−1,
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about 3.3 times of background yield. In urbanized sub-catchments, the DIN exports
surged up to 10 792.4±5292.5kgNkm−2 yr−1, over 10 times the background yield.

For seasonality, the DIN yields of the all sub-catchments during the wet season are
higher than those in the dry season, though the DIN concentrations behave differently.
The high DIN yield in the wet season for both hydrological enhancement (pristine) and5

dilution condition (urbanized) is interesting. The high DIN yield in the wet season can
be expected for condition of hydrological enhancement. However, even the DIN con-
centration is diluted by stream discharge, but if the increase of stream discharge can
compensate for the reduction of the DIN concentration, particularly when the discharge
surges more significantly, then the yield (product of discharge and concentration) be-10

comes higher as well as shown in Fig. 2b and d. Note, that the seasonality of discharge
variation in Keelung River is indistinct due to the north east monsoon in the winter.
Thus the seasonality of DIN yields in Keelung River is insignificant. Nevertheless, the
elevated DIN yields in the wet season confirm the primary role of stream discharge in
DIN export (Smith et al., 2005). Meanwhile, it may also imply that the storage of DIN15

in a subtropical terrestrial ecosystem is larger than expected, so even with abundant
precipitation (e.g. annual precipitation ∼ 2500mm) it does not flush out completely.

4.3 DIN yield factors for individual land-uses and population densities

The merit of this method is to untangle the individual DIN yield factors from the mosaic
land-use pattern in a catchment. The calibrated yield factors, with some uncertainties,20

can evaluate the riverine DIN export promisingly. In this study, the uncertainty in the
forest is probably negligible due to the low deviation of the yield factor. For agriculture,
the yield factors for dry and wet season are 13.6 and 258.4 µM, respectively. Given an
annual discharge of 2500 mm, the yields are 476 and 9044 kgNkm−2 yr−1, respectively.
The different agriculture yields between the dry and wet seasons may be attributed to25

the hydrological control, fertilizer application, and planted species. Four aspects must
be addressed for understanding the agriculture yield. First, the growing season spans
from February to November and fertilizer is applied around December and early July.
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The higher discharge in the wet season may be interpreted that the DIN yield of agricul-
ture is 10-fold higher in the wet season than in the dry season. Secondly, the fertilizer
application is plantation-dependent. For example, bomb and tea plantations need ni-
trous fertilizer around 150 000 and 78 650 kgNkm−2 yr−1, respectively (Tsai and Tsai,
2008; Tang, 2010). The various fertilizer applications and plantation characteristics may5

explain the large uncertainties in the agriculture yield factor. Thirdly, the agriculture N
removed from harvest is only approximately < 15% and only ∼ 12% are exported as
riverine DIN (Tsai and Tsai, 2008) indicating the complicated nitrogen cascade which
is important in accounting the nitrogen budget of food production. Our estimated yield
factor, regarded as effective export coefficient, can be used for exploring the nitrogen10

cascade in agriculture and calculating the net anthropogenic nitrogen input (Howarth,
1998; Howarth et al., 2006). Finally, since the riverine DIN is significantly elevated, we
posit that fertilizer applications could be reduced for preventing over-fertilization.

In urbanized areas, the DIN yield factor of buildings is significantly higher than the
other two. This is only the case where the DIN yield factor in the wet season is lower15

than that in the dry season, indicating hydrological dilution conditions. Lee et al. (2014)
revealed that both enhancement and dilution can be found in urban simultaneously.
For example, the deposited aerosol (including sulfide, nitrous chemicals and others)
on roads and buildings are washed out (Kang et al., 2010). However, the accumulated
abundant benthic sludge is transport by high flows (Bernal et al., 1998; Sutton et al.,20

2000). Although both enhancement and dilution are important in this urban region, the
signature of dilution is relatively obvious.

As for the human N emission to riverine DIN export, the average yield is ∼
0.49kgNcapita−1 yr−1 with indistinct seasonality, since this parameter is regarded as
a point source and is independent with discharge. Van Drecht et al. (2003) collected25

international data and utilized the GDP to estimate the gross human N emission which
varies from 3.7–5.5 kgNcapita−1 yr−1 (equal to 10–15 gNcapita−1 day−1). In addition,
Lee et al. (2014) compiled documented riverine DIN export and population dataset
worldwide to estimate human N emission which they found to be 4. kgNcapita−1 yr−1.
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On the other hand, Smil (2000) concluded that the human N emission corresponding
to minimal obligatory is 1.6 kgNcapita−1 yr−1. Those values are higher than our esti-
mated value, ∼ 0.49kgNcapita−1 yr−1. The difference can be attributed to the different
calculation approaches. The aforementioned studies estimated from GDP or attributed
all riverine DIN load to the population without the consideration of land-use effect and5

wastewater treatment. Meanwhile, approximately two-third registered people commu-
nicated for their work may result in the lower emission. Since buildings which is highly
correlated to population may share some yield from population and the interactions of
the two parameters are not easy to separate completely. A similar model, but without
the building term, could also simulate the export fairly well (R2 = 0.58). When that was10

done, the human N emission increased to 3.5 kgNcapita−1 yr−1, which supports our
premises. Nevertheless, the reliable estimated yield factors for individual land-use and
human emission can be used for assessing land-use change effects on DIN export,
though there are some intrinsic uncertainties within the factors.

4.4 Scenario projection15

To demonstrate the advantages of this method, four scenarios are proposed.
The scenarios contains two population densities (population densities of 50 and
2000 capitakm−2) and two stream discharges (Q = 1200 and 3200 mmyr−1) and the
results are illustrated in Fig. 11. All possible combinations of buildings and agricultural
use areas are assessed. We also put the 16 observed riverine DIN yields in accordance20

with the realistic land-use combinations, discharge and population density levels in this
figure. In this assessment, the DIN yields increased gently with the decrease of for-
est, but rapidly with the increase of buildings. As for the change in stream discharge,
the discharge has a prevailing effect on the watershed with an intensive building area.
The DIN yield increases 2.3 times between two discharge situations, as can be seen25

in Fig. 11a and b. The DIN yield increases 2.64 times with the same land-use com-
position. For Fig. 11a and c, we found that population density is a predominant factor
for DIN yield. A good example for our scenario assessment is S07 and K01. The two
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sub-catchments have similar building/agriculture ratios, but different population densi-
ties. The DIN yield, as expected, increases 4× (from 2571 kgNkm−2 yr−1 for S07 to
10 373 kgNkm−2 yr−1 for K01) indicating the merit of this method which can be extrap-
olated for many specific situations that have not been observed.

Due to population growth, an increase in food demand and urbanization expansions5

is expected (Fan and Agcaoili-Sombilla, 1997; McCalla, 1998; Foley et al., 2005) and
human-induced terrestrial nitrogen input is expected to be exported into the marine
environments, eventually (Galloway et al., 2004). Ultimately, urbanization causes an
imbalance in the marine coastal nitrogen cycle (Downing et al., 1999) and directly or in-
directly affects atmospheric CO2, and consequently, the climate (Gruber and Galloway,10

2008). Therefore, DIN exports are regional-dependent, but with global importance. Our
method is needed for those that manage land resources as they attempt to change
the land-use within the catchment and assess the environmental impact on a regional
scale. Meanwhile, by using some regional supplementary datasets, this model may
offer regional estimations of DIN export for global scale studies as well.15

5 Conclusions

This study reveals that urbanization associated factors (land-use and population) are
the major contributors to the annual mean DIN concentration. Forest and building pro-
portions tightly correlate the DIN concentration negatively and positively, respectively.
From the perspective of hydrological control, the transport behaviors transform from en-20

hancement to dilution with the increase of human disturbance and thus hydrology (e.g.
discharge volume and seasonal variation) drives DIN exports in this region. According
to the inversed estimation of yield factors, the distinctly seasonal yield factor of agricul-
ture land is plantation-dependent and is affected by fertilizer application. This can aid
in understanding the nitrogen budget and nitrogen cascade in agricultural lands. Mean-25

while, the building yield factor in the wet season is only 50 % less than in the dry season
indicating a dominant dilution effect. However, the export can be discharge-dominant
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as long as the increase of discharge is abundant enough to defeat the concentration
reduction. The lower DIN per capita loading, compared to documented human N emis-
sions from GDP or other methods, may be attributed to it being shared by building
or treatment efficiency and thus could be regarded as an effective export coefficient.
Finally, this method parameterizes the land-use-specific DIN yield factors and the per5

capita loading. This provides the basis for assessing possible land-use combinations
in different scenarios which is a main concern for watershed management.
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Table 1. Watershed characteristics: land-use/pop. density.

Watershed attributes Population density Land-use composition
Site ID Tri. Distance∗ Area (capita km2) Agriculture Forest Buildings Water

(km) (km2) (%) (%) (%) (%)

D13 D 125 118.7 15.8 1.4 96.7 0.2 1.7
D01 D 40 857.5 158.3 4.8 87.7 3.6 3.9
D03 D 39 126.2 488.9 13.1 81.9 4.0 0.9
D02 D 37 53.7 488.4 23.1 70.8 5.0 1.2
EPA1907 D 16 2101.2 1491.9 5.6 82.3 8.9 3.2
K06 K 93 6.7 80.8 1.3 96.4 1.5 0.8
K05 K 90 8.9 81.3 2.3 91.9 4.6 1.2
K01 K 47 203.3 1053.8 2.6 84.0 11.4 2.0
EPA1905 K 32 327.7 1930.3 3.5 79.2 15.4 2.0
EPA1906 K 16 360.5 2617.7 3.2 74.6 19.9 2.2
S07 S 72 110.7 53.7 4.8 91.8 2.0 1.4
S05 S 71 78.9 37.8 2.1 96.0 0.8 1.1
EPA1910 S 40 90.7 644.8 7.5 82.8 8.6 1.1
EPA1908 S 36 106.1 1737.0 7.7 78.1 13.0 1.2
S03 S 34 111.2 1968.6 8.5 76.5 13.9 1.2
EPA1909 S 31 114.6 2060.7 8.2 74.5 16.0 1.2
Danshui River 0 2696.7 2187.1 5.4 77.2 14.1 3.2

∗ Distance to estuary.
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Table 2. Estimated seasonal Discharge for the sampling sites (unit: mm).

Year 2002–2004 2002 2003 2004
Site ID Annual Dry (%) Wet (%) Dry Wet Dry Wet Dry Wet

D13 1032.7 26.9 72.7 159.4 701.3 223.9 407.0 451.3 1144.5
D01 1232.3 27.4 72.2 237.6 842.4 263.9 474.5 512.6 1352.2
D03 1194.0 27.6 70.5 224.2 525.9 295.0 322.0 549.9 1896.3
D02 1468.1 40.1 58.2 366.4 574.6 566.9 421.1 872.2 1673.7
EPA1907 2107.7 37.3 62.5 551.7 1036.8 630.3 825.7 1171.5 2092.0
K06 2946.4 58.6 41.5 1366.1 966.7 820.2 888.3 2966.7 1815.5
K05 2850.9 58.6 41.5 1321.9 935.4 793.6 859.5 2870.5 1756.7
K01 3231.0 50.2 49.8 1307.8 1142.3 2113.9 1683.3 1444.7 2005.5
EPA1905 3231.0 50.2 49.8 1307.8 1142.3 2113.9 1683.3 1444.7 2005.5
EPA1906 3231.0 50.2 49.8 1307.8 1142.3 2113.9 1683.3 1444.7 2005.5
S07 3229.0 39.5 60.3 870.4 1348.6 1720.2 2534.1 1228.9 1959.8
S05 2243.9 36.8 63.0 449.0 935.2 1294.7 1858.5 724.9 1444.3
EPA1910 1730.1 30.5 69.2 371.0 578.0 637.7 741.4 577.8 2270.5
EPA1908 1726.2 30.5 69.2 370.2 576.7 636.3 739.7 576.5 2265.4
S03 1646.9 30.5 69.2 353.2 550.2 607.0 705.7 550.1 2161.3
EPA1909 1598.9 30.5 69.2 342.9 534.2 589.4 685.2 534.0 2098.5
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Table 3. Observed mean DIN concentrations for the sampling sites.

Year Sample number 2002–2004 2002 2003 2004
Season CC∗ Dry Wet Dry Wet Dry Wet Dry Wet
Site ID µM µM µM µM µM µM µM µM

D13 194 0.53 17.9±6.7 24.5±10.7 19.9 27.3 13.8 21.8 22.0
D01 20 0.34 69.7±57.6 63.1±35.8 35.3 59.3 94.4 67.6 98.2
D03 20 −0.01 186.1±78.3 164.3±81.4 255.1 188.2 90.9 135.7 134.0
D02 21 −0.07 154.2±99.3 108.3±45 174.9 113.2 104.6 102.3 107.1
EPA1907 33 −0.37 431.8±291.5 372±233.9 375.5 455.6 570.0 237.3 401.4 400.6
K06 201 0.33 21.5±5.6 23.3±6.6 22.7 23.0 20.7 23.7 20.5
K05 200 0.39 22.4±10.5 22.2±11.8 18.4 25.3 27.8 19.2 22.4
K01 21 −0.18 253.3±119.2 324.1±108.4 244.4 261.7 263.8 386.6 207.1
EPA1905 33 0.07 217.6±210.8 305.2±173.5 150.0 265.7 431.6 294.6 272.5 353.5
EPA1906 31 0.26 271.7±170.9 314.1±146.4 230.7 328.6 361.0 324.8 218.1 292.6
S07 222 0.22 39.8±14 58.2±19.4 35.4 46.3 47.9 65.9 61.9 77.6
S05 223 0.43 30.8±9 36.4±13.8 31.5 35.1 32.9 37.7 33.6 36.4
EPA1910 33 −0.03 152±85.5 206.3±152.8 120.2 145.1 209.6 127.0 197.3 333.5
EPA1908 33 −0.49 238.4±93.2 218.5±109.8 215.8 232.6 291.1 213.3 169.5 208.7
S03 51 −0.36 302.1±144.2 200.3±82.7 306.1 213.4 205.5 128.4 136.4
EPA1909 33 −0.48 451.7±242.8 359.9±237.6 408.2 466.2 520.6 360.2 296.9 253.4

∗ correlation coefficient between DIN concentration and daily discharge in log-log scale.
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Table 4. Estimated seasonal DIN yield for the sampling sites (unit: kgNkm−2).

Year 2002–2003 2002 2003 2004
Site ID Dry Wet Dry Wet Dry Wet Dry Wet

D13 47.8±3.6 226.8±7.4 51.0 320.5 44.6 133.1 159.9 –∗

D01 239.1±113.4 649.6±114.4 141.7 817.0 336.5 482.2 793.1 –
D03 529.7±145.6 1161.9±134.7 658.3 1504.1 401.2 819.8 1253.1 –
D02 654.3±88.6 858.6±131.2 604.8 992.4 703.8 724.9 1663.4 –
EPA1907 3438.7±883.5 4339.6±422 2897.2 5750.3 3980.3 2928.9 5922.8 10 898.0
K06 361.5±125.9 329.2±108.9 463.9 332.4 259.2 326.1 1013.5 –
K05 294.2±22.8 352.4±103.9 291.6 392.0 296.8 312.8 1081.3 –
K01 6607.1±1566.7 5593.2±1417.1 5197.6 3763.2 8016.7 7423.2 3017.6 –
EPA1905 7558.5±4556.4 3523.1±4202.3 3443.3 3248.2 11 673.7 3798.0 4697.7 8737.1
EPA1906 6805.9±2934.6 3816.8±3214 4226.7 3716.4 9385.2 3917.3 4223.9 7345.1
S07 864.6±313 1643.6±313 579.1 984.8 766.7 1534.9 821.9 1604.2
S05 475.4±153.5 746.9±166.9 337.5 539.4 408.9 636.3 254.2 541.9
EPA1910 1029.4±645.4 1325.2±309.6 565.3 1268.1 1493.6 1382.2 1718.8 9615.4
EPA1908 1330.2±386.2 1770±313.3 1030.0 1751.8 1630.4 1788.1 1535.4 6735.0
S03 1195.8±276.6 1456±271.4 1269.3 1496.3 1122.2 1415.7 1462.9 –
EPA1909 1991.1±611.5 3122.8±577.7 1584.6 3408.0 2397.6 2837.7 2631.7 8414.6

∗ DIN concentration observation was stopped in the 2004 wet season.
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Figure 1. Landscape of the Danshui River watershed, including land-use pattern, population
(red dots) and sampling sites. The empty circle and red square represent water sampling sites
and discharge gauge.
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Figure 2. Sketch of three flux estimation methods for hydrological enhancement conditions
(a) and hydrological dilution conditions (b). The gray line in (a) and (b) presents discharge.
The fluxes derived from the methods are represented in (c) and (d), respectively. The value in
parentheses means the ratio of total flux between estimated fluxes to reference flux.
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Figure 3. DIN concentrations during 2002–2004. Upstream (a), midstream (b), and down-
stream (c) sites are shown by green (site K06), brown (S07), and red (EPA1908) dots. Stream
discharge is represented by gray lines.
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Figure 4. DIN concentration against buildings (a), agriculture (b), and forest (c) proportions.
Sites K06 (red), S07 (brown) and EPA1908 (red dot) are representatives of upstream, mid-
stream and downstream cases, respectively.
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Figure 5. DIN concentrations against stream discharge for all sites during 2002 to 2004. The
upstream (K06), midstream (S07), and downstream (EPA1908) sites are represented by green,
brown, and red dots.
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Figure 6. Ratio of three DIN yield estimations against correlation coefficient between DIN conc.
and discharge. (a) The ratios of GM-derived over LI-derived and FW-derived over LI-derived are
illustrated in (a) and (b), respectively.
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Figure 7. Seasonal variations of estimated yields for all studied sites during 2002–2004.
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Figure 8. Box plot for model derived parameters: land-use mean concentration and per capita
load. The median values of the parameters are presented on the top of the box. Dry season,
wet season and annual calibrated processes are filled with brown, blue and green color.
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Figure 9. Model performance in calibration (a) and validation (b). x axis and y axis are the
estimated and simulated yield. Red line is the slope with 1 : 1 line.
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Figure 10. The population effect on hydrological control in DIN concentration.
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Figure 11. DIN yield with 2 population densities and discharges scenarios. The x axis inter
subplots is discharge; y axis is population density. The intra x axis and y axis in the subplot are
forest and the ratios of building/agriculture are in log scale, respectively. Blue dots are estimated
mean yield during 2002–2004 in the Danshui River subcatchments.
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