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Abstract

Dairy farming regions are important contributors of nitrogen (N) to surface waters. We
evaluated the N budget and relationships to riverine N exports within the Shibetsu River
catchment (SRC) of a dairy farming area in eastern Hokkaido, Japan. Five drainage basins
with variable land cover proportions within the SRC were also evaluated individually. We
quantified the net N input (NNI) to the catchment from the difference between the input
(atmospheric deposition, chemical fertilizers, N fixation by crops, and imported food and feed)
and the output (exported food and feed, ASj;y and ASy, that are differences between input and
output in livestock and human biomass, respectively) using statistical and measured data.
Volatilized ammonia (NH3) was assumed to be recycled within the catchment. The riverine
export of N was quantified. Agricultural N was a dominant source of N to the SRC. Imported
feed was the largest input (38.1 kg N ha™! yr'"), accounting for 44% of total inputs, followed by
chemical fertilizers (32.4 kg N ha™ yr'") and N fixation by crops (13.4 kg N ha™! yr'l). The
exported food and feed was 24.7 kg N ha' yr'l, and the ASy;y and ASy, was 7.6 and 0.0 kg N
ha yr'', respectively. As a result, the NNI amounted to 54.6 kg N ha™' yr''. The riverine export
of TN from the five drainage basins correlated well with the NNI, accounting for 27% of the
NNI. The fate of the missing NNI that was not measured as riverine export could possibly
have been denitrified and/or retained within the SRC. A change in the estimate of the
deposition-rate of volatilized NH3 from 100 to 0% redeposited would have decreased NNI by
37%, although we show that most NH3 was likely redeposited. This study demonstrated that
the focus should be on controlling agricultural N to reduce the impact of environmental
pollution as well as on evaluating denitrification, N stocks in soil, and the fate of NHj3

volatilization in the SRC.

http://mc.manuscriptcentral.com/sspn



Page 3 of 57 Soil Science and Plant Nutrition

2 Key words: catchment, dairy farming, grassland, nitrogen budget, nitrogen export.

©CoO~NOUTA,WNPE

http://mc.manuscriptcentral.com/sspn



©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Soil Science and Plant Nutrition Page 4 of 57

INTRODUCTION

Human activities have greatly altered the N cycle by accelerating the rate of
anthropogenic N fixation in landscapes (Vitousek er al. 1997; Galloway and Cowling 2002).
Greater reactive N has enabled us to increase crop production. However, it could also lead to
eutrophication of surface water, causing degradation of aquatic ecosystems and problems such
as toxic algal blooms, loss of oxygen, depletion of the fish population, and loss of biodiversity
(Carpenter et al. 1998). Understanding the sources of N loading is essential to the
development of nutrient-management strategies in landscapes (Boyer et al. 2002). However,
non-point sources of pollution are difficult to quantify since they generally encompass large
areas in drainage basins and involve complex biotic and abiotic interactions in comparison to
point sources of pollution (Carpenter ef al. 1998).

It is generally found that inputs of N to terrestrial systems exceed riverine export from
large watersheds (Howarth et al. 1996; David and Gentry 2000; Boyer et al. 2002, 2006).
Howarth et al. (1996) reported that the net anthropogenic N input (NANI; the sum of
atmospheric deposition, application of chemical fertilizer, N fixation by leguminous crops, and
the net input of food and feed) and riverine TN export correlated significantly, and 20% of the
NANI was exported through the rivers entering the North Atlantic Ocean. Boyer et al. (2002)
also reported that 25% of the net N input (NNI) was exported from 16 major watersheds in the
northeastern U.S.A. These studies clearly indicated either a surplus of N or missing N in mass
balance. The fate of this residual N is supposed to be either lost to the atmosphere by
denitrification or stocked in soils and woody biomass (Howarth et al. 1996; Van Breemen et al.
2002). On the other hand, Mclsaac and Hu (2004) reported that the riverine N export was

approximately 100% of NANI in the intensive tile drain watershed. Borbor-Cordova et al.
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Soil Science and Plant Nutrition

(2006) reported that the total dissolved N export correlated with N input, but some watersheds
showed a negative balance, indicating a loss of soil fertility. Although this type of N mass
balance approach is subject to many assumptions and limitations in the available data, the
analysis indicates possible areas for further study and measurements to reduce errors in
estimating important fluxes (David and Gentry 2000) and also highlights how human
activities affect N cycling in the region (Boyer et al. 2002).

Japan is a large net importer of food and feed. The food self-sufficiency is only 40%
based on calories (General Food Policy Bureau, Ministry of Agriculture, Forestry and
Fisheries 2004), and the feed self-sufficiency in livestock husbandry is only 25% based on
total digestible nutrients (Statistics Department, Ministry of Agriculture, Forestry and
Fisheries 2003). As a result, a large amount of animal excreta is generated every year in Japan,
accounting for 159 kg N ha™' yr' per unit of cultivated area in 1999. This quantity was larger
than the application rate of chemical fertilizer, which decreased from 145 kg ha™' yr' in 1974
to 104 kg N ha™! yr'1 in 1999 (Nishio 2002). Mishima (2001) reported that unused or disposed
manure increased up to 39 kg N ha™ yr' per unit of cultivated area in 1997. Nitrogen
concentrations in ground water predicted by N mass balance and precipitation were high in
various prefectures where a large amount of animal excreta was generated (Hojito et al. 2003).

The ‘Konsen’ region of eastern Hokkaido is the largest dairy farming region in Japan.
Milk production in this region accounted for 15.7% of the country in 2003 (Statistics
Department, Ministry of Agriculture, Forestry and Fisheries 2003, Hokkaido Statistics and
Information Office 2003). Previous studies conducted in the Shibetsu River catchment (SRC)
showed that the concentration of stream NO3-N was correlated with the proportion of upland

area of the agricultural catchment (Woli et al. 2004; Hayakawa et al. 2006). This indicates that
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the type of land use and N management on a field and/or farm may influence on the riverine N
export. However, the relationship between N budgets and riverine N export from this region is
still unknown. The objective of this study was to evaluate the present N budget and its
relationship with riverine N exports from five drainage basins in the SRC.
MATERIALS AND METHODS
Site description

The Shibetsu River catchment (drainage basin ‘A’ as illustrated in Fig. 1; lat. 43.634N,
long. 145.085E) in eastern Hokkaido, Japan was selected for this study. The catchment area is
679 km>. This region has a hemi-boreal climate, characterized by warm summers and cold
winters. Precipitation averages 1147 mm yr' and the annual mean temperature is 5°C, with
the lowest mean monthly temperature in February (-8.3°C) and the highest mean monthly
temperature in August (18.0°C) (1978-2002 average, Japan Meteorological Agency 2007).
The average maximum snow depth during the winter is 73 cm. Andisols are the main soil type
in the catchment and Gray Lowland Soils and Peat Soils exist in the lowlands surrounding the
Shibetsu River. Most of the wetlands located at the lower part of the Shibetsu River have
disappeared; and the remaining 2 km? area of wetland is the result of river improvement work
accompanied by the change in land use from wetlands to grasslands (Tachibana et al. 1997,
Nakamura 2003). The Nakashibetsu town, covering most of the SRC, has a large grassland
area, and dairy farming is a main occupation. Grassland (Phleum pratense) occupies more
than 95% of the agricultural land area, and the remaining is cultivated with maize (Zea mays
L.), sugar beet (Saccharum officinarum), potato (Solanum tuberosum), and Japanese radishes
(Raphanus sativus Linn.). There is a large shelterbelt of lattice (Japanese larch-Larix

kaempferi) forest with 180 m width surrounding the grassland in the SRC (Fig. 1). The human
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population was estimated at 24000 persons in 2003 (35 people km™) concentrated in the
middle part of the catchment (the urban area is illustrated in Fig. 1).
Selection of drainage basins

We selected five drainage basins, ‘A’, ‘B’, ‘C’, ‘D’, and ‘E’, with various proportions of
upland area in the SRC (Fig. 1, Table 1). The area corresponding to each major type of land
use (e.g. upland, forests, urban, and wasteland) in the drainage basins of each monitoring
station was estimated by dividing the respective drainage basins into a square mesh of 4 x 4
mm? on 1:25000 topographic maps (1 cell is thus equivalent to 1 ha). For monitoring stations
in the lower reaches of a stream, the drainage basins were determined by including the
drainage basins of all upper streams and tributaries that flow into it (Woli et al. 2004).
Sampling of river water and atmospheric DIN deposition, and monitoring of river water level
were conducted at each monitoring station. The area of upland crops and that of grasslands is
defined as ‘upland’ in this study. The drainage basin ‘A’ has the largest drainage area
containing ‘B’, ‘C’, ‘D’, and ‘E’ drainage basins. The basin ‘E’ is the forest area. The mean of
river runoff at drainage basin ‘A’ is 1085 mm yr and the mean of runoff ratio
(runoff/precipitation) is 91% (Ministry of Land, Infrastructure and Transport, Japan 2007).
Estimation of the NNI and internal N budgets, and measuring riverine N exports

We developed an N budget model (Fig. 2) based on a previous model (Nagumo and
Hatano 1999) by combining land use, meteorological, demographic, and agricultural data
obtained from census, literature, and web sites. The riverine N exports were measured in the
five drainage basins. Both the N budgets and riverine N export were estimated for 2003 and
2004. We estimated net N inputs (NNI) for each of the drainage basins by referring to the

methods described in previous studies (Howarth et al. 1996; Boyer et al. 2002) and described
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as (unit: kg N ha' of drainage area yr'):

NNI = Nchem + Nﬁx + Ndep + Nimfe + Nimfo - Nexp_ Nexp_am - ASliv 'AShu (1)

where N e 1s the chemical N fertilizer, N, is the agricultural N fixation by leguminous and
non-leguminous crops, Ny, 1s dissolved inorganic N (DIN) deposition, N, is imported feed,
Nims, 1s imported food, Ny, is exported food and feed, Ny, om is exported NH; from a
catchment, and ASj;, and AS,, are differences between input and output in livestock and human
bodies, respectively. The estimation methods of these variables are described below.

Inputs from chemical fertilizer

The amount of chemical N fertilizer was calculated by multiplying the rate of fertilizer
application by land area cultivated for each crop. For grasslands, the rate of fertilizer
application was 63 kg N ha™! yr! obtained from a questionnaire survey (Hokkaido Agricultural
Experiment Station, Tenpoku and Konsen Branches 2000) of 175 households conducted in the
Shibetsu region from 1997 to 1999. For other land uses, the rates of fertilizer application for
sugar beets, maize, potatoes, and Japanese radishes (150, 130, 70, and 60 kg N ha'! yr'l,
respectively) were used as recommended by the Hokkaido Fertilizer Application Guideline
(Hokkaido Department for Agro-policy 2002).

There might be uncertainties in the amount of fertilizer use because the values were not
based on actual sales data. We believe that the reliability of the amount of fertilizer input to
grassland is comparatively high since this information was obtained from a questionnaire
survey conducted in this region. However, there might be limitations in the local

recommendations, which were used for other land uses, because there was no empirical
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evidence suggesting that the actual fertilizer applications were consistent with the local
recommendations in this area. We thought that any error would be of minor consequence due
to a low magnitude of fertilizer inputs (5% of the total fertilizer N input in 2003) to land uses
other than grassland.
Inputs from agricultural N fixation by crops

Agricultural N fixation by leguminous and non-leguminous crops was calculated using
literature values. The N fixation rate in the grasslands was estimated by multiplying a
leguminous crop ratio per unit of cultivated area by a factor of 3 (Taube ef al. 1996). The
average leguminous crop ratio in the grasslands was reported as 9% in this region (Hokkaido
Agricultural Experiment Station, Tenpoku and Konsen Branches 2000); therefore the fixation
rate was calculated as 27 kg N ha™ yr™'. For other agricultural crops, the fixation rate of 5 kg N
ha' yr' was used (Yoshida, 1981).

Inputs from atmospheric deposition

The atmospheric DIN (NO3-N and NH,"-N) deposition was calculated by multiplying
the water-weighted DIN concentration by the annual precipitation. The DIN deposition was
monitored at five stations for eight months (April-November) in 2003 and 2004. The bulk
sample was collected by a 300 mm diameter funnel connected with the 18 L polyethylene tank.
The height of the funnel was set as 1.5 m. The total precipitation for this period accounted for
83% of the annual precipitation in this region (Japan Meteorological Agency 2007). The mean
DIN deposition at the five stations in 2003 and 2004 were 2.2+1.3, 1.6+1.1 kg N ha™ yr™,
respectively. The NH;"-N / DIN ratios in 2003 and 2004 were 70 + 7.9, 52 + 28%,
respectively.

In this study, the entire DIN deposition measured at the five stations was assumed to be

http://mc.manuscriptcentral.com/sspn
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10

from outside the SRC. Monitoring stations for assessing DIN deposition were generally
located in forest areas rather than in farms, animal feedlots, or grasslands, and therefore the
measured DIN was supposed to be a long-range transport from outside the SRC.

Exported NH; from a catchment

The export of volatilized NH3 from a catchment was estimated by an equation described

below:

Nexp_am = Nam (1 - OC) (2)

where N, is volatilized NH3 within a catchment, a (0-100%) is a re-deposition ratio of

volatilized NH; to a catchment as described below:

a= Ndep_am/ Nam (3)

where Ny, am 18 a re-deposition of volatilized NH3. In this study, all the volatilized NH; within
the SRC was treated as being recycled that was re-deposited into the uplands (Fig. 2) because
the volatilized NHj is likely to be re-deposited near the site from which it was generated
(Hojito et al. 2006). Since a is 100% in this case, Ney, o 1s assumed to be zero.
Inputs through transfer of food and feed

As the livestock excreta and human waste are supposed to be recycled within the region
and are thus not considered as new inputs, these terms are included in the estimation of N as
part of the net import of food and feed as recommended by Boyer et al. (2002). The net import

of food and feed was calculated by the difference between import and export of food and feed.
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We estimated the import and export of food and feed within the catchment by calculating
various components related to human and livestock subsystems as described below.

We calculated the rates of human N demand based on dietary intake of N derived from a
literature value. Human N demand was 3.14 kg N person™ yr'', which was divided into
excretion (2.61 kg N person'1 yr') and sewage (0.53 kg N person’’ yr'l) (Kunimatsu and
Muraoka 1997). The self-supported food was estimated assuming that the self-sufficiency rate
of the farmer’s food was 37% of the total N demand and that of non-farmers was 0% in
Hokkaido (Nagumo 2000). The imported food was calculated as the difference between
human N demand and self-supported food. The difference between input and output (AS;,)
was calculated as zero since the total input (N demand) and the output (N excretion and

sewage) for human bodies were the same in this case. The ASy, is described as follows:

ASp, = Nselfo + Nimfo — Nyew (4)

where Ny, is self-supported food, Ny, 1s imported food, and N, is human-excreted and
sewage N.

Nitrogen content in harvested crops and residues was estimated from agricultural census
data of the catchment and literature values (Table 2). Crop yields were obtained from statistics
of Nakashibetsu town (Hokkaido Statistics and Information Office 2004, 2005). Protein and
moisture contents of harvested crops and residues were obtained from literatures (Hokkaido
Agricultural Experiment Station, Tenpoku and Konsen Branches 2000; Resources Council,
STA 1982; Agriculture, Forestry and Fisheries Research Council Secretariat, MAFF 1995).

Nitrogen concentration in harvested crops and residues were calculated using the protein

http://mc.manuscriptcentral.com/sspn
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content and the mass ratio of N to protein (1:6.25). The N content in harvested crops was
estimated by multiplying a crop yield (dry matter) and N concentration, while that of residues
was estimated using a crop yield (dry matter) and a dry-weight mass ratio (residue:yield), and
N concentration. The dry-weight mass ratios were determined by compiling crop statistics data
provided by the Resources Survey Laboratory (Resources Survey Laboratory, STA 1982).

We calculated the amounts of livestock N demand and N excreta based on the dietary
needs for their intake, and based on the rates indicated for each type of livestock in Table 3.
The information on the livestock population of Nakashibetsu town was obtained from the
Agricultural Census (Hokkaido Statistics and Information Office 2004, 2005). Data on N
demand was obtained from Nagumo (2000) for beef cattle, pigs, poultry, and horses. The N
demand for dairy cattle was estimated using the feeding data of dairy cattle from the Hokkaido
Statistics and Information Office (2004). Data on livestock excreta was obtained from Tsuiki
and Harada (1997). Milk N production from dairy cattle was calculated by multiplying the
amount of production (Hokkaido Statistics and Information Office 2004, 2005) and N
concentration of milk. Milk N concentration (0.512%) was calculated using a protein
concentration (Resources Council, STA 2000) and the mass ratio of N to milk protein (1:6.38).
Production of other livestock (kg N head'l) was calculated based on the census data (Hokkaido
Statistics and Information Office 2004) for beef cattle, and was obtained from Nagumo (2000)
for pigs, poultry, and horses. Data on bedding litter for livestock was from Nagumo (2000)
and all the litter was assumed to be supplied by harvested crops. Self-supported feed was
estimated assuming that all yields of grass and maize were used for animals. The rest of the
livestock N demand was assumed to be supplied by the imported feed. The ASj;,, the

difference between input and output for livestock, was described as follows:
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ASliv = Nselfe + Nimfe - Nexc - Npro_liv (5)

where Ny, 1s self-supported feed, Nj,z. is imported feed, N,.. is livestock excretion, and
Ny iiv 18 livestock production. Because the N demand (Nyere + Nimfe), Nexe and Ny, 1 Were
estimated from different data sources, there existed ASj;, (Table 3). The AS;;,, may show N
stocks in animal bodies. We defined the NNI as not containing the AS;;, (Eq. (1)).

The export of food and feed (N..,) was calculated as the total production of N minus the

amount N consumed by humans or livestock as follows:

Nexp = Nharv + Npro_liv - Nvelfe - Nvelfo - Nlitter (6)

where Ny, 1s harvested crops, N, 1s bedding litter for livestock.

Substituting Egs. 2, 4-6 into Eq. (1) resulted in the following equation:

NNI = Nejem + Nfix + Niep + Nexe + Nyew + Nijer — Niary )
Estimation of internal N budgets
We also estimated the surplus N in each type of land use such as upland (N ), urban
(Nswrp_urban), and forest (Ny, ) from internal N flows. Disposed animal excreta (N,) was also
estimated. The disposed animal excreta stand for the excreta that are not utilized for
agricultural practices (Nagumo and Hatano 1999; Mishima 2001) and the fate of it is not clear.
Upland surplus N (N, ) 18 the annual surface balance in the uplands, estimated as

follows:
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14

N, surp_up = L¥chem + N fix + N, dep_up + N, dep_am + N, ma + N, resi — N, harv — N, am_chem — N resi (8)

where Ny, 4 1s DIN deposition to the uplands and Ny, an 18 a re-deposition of emitted NH3 to
the uplands, which was calculated as a sum of volatilized NH3 from livestock excreta (Nym_exc)
and chemical fertilizer (N, _chem)- The volatilized NH3 from livestock excreta and chemical
fertilizer was estimated by multiplying the excreta N by the NH3 emission factor for each
animal (Bouwman et al. 1997, Table 3) and was estimated to be 7% of the applied chemical N
fertilizer (Bouwman and Bowmans 2002). The N, is the applied livestock manure on the farm
estimated by multiplying the manure utilization ratio (Table 3) by livestock excreta (and
bedding litter) after NH; volatilization. The manure utilization ratio was obtained from the
Hokkaido Statistics and Information Office (2004) for dairy cattle, beef cattle, and pigs, and to
Nagumo (2000) for poultry and horses. All crop residues were assumed to be left on site so that

they were recycled in the uplands (Fig. 2). The Ny urban and Ny, r were estimated as follows:

Nmrp_urban =N, dep_urban + Nvew (9)

Nsurp_f:Ndep_f (10)

where Nyep wban and Ny, ¢ are DIN deposition to the urban and the forest areas, respectively.

The Ny, was calculated as follows:

Ndisp:Nexc+ Nlitter_Nm_Nam_exc (11)

http://mc.manuscriptcentral.com/sspn
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The Ny, was estimated as a sum of the DIN deposition in each type of land use as follows:

N, dep = N, dep_up + N, dep_urban + N, dep_f (12)

Combining Eqgs. 8-11 and 12 resulted in the following equation:

Nvurp_up + Nmrp_urban + Nmrp f + N, disp = N, chem + N, fix + N, dep +N, exc T Nvew + N, litter — N, harv

(13)

Combining the Egs. 7 and 13, we obtained the following equation:

NNI = Nyurp_up + Nsurp_urban + Nurp_s+ Naisp (14)
Sewage treatment system
The amount of N removal through a sewage treatment plant was estimated. Data on
population with regard to sewage waste at Nakashibetsu town were obtained from the website

(http://www.jma.go.jp/menu/report.html) of Japan Sewage Works Association 2007. We used

the data on the quality of the sewage effluent water and water volume (inlet and outlet) of the
treatment plant in Nakashibetsu town (from 1994 to 2004, unpublished data), and calculated
the mean N removal efficiency (1 — outlet N / inlet N) as 69%.
Estimation of the NNI for drainage basins
To convert the amount of upland N flows for Nakashibetsu town to that for the SRC, a
factor of 1.42, which was calculated by dividing the upland area of the SRC by that of

Nakashibetsu town, was multiplied by each amount of N flow estimated for Nakashibetsu

http://mc.manuscriptcentral.com/sspn


http://www.jma.go.jp/menu/report.html

©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Soil Science and Plant Nutrition Page 16 of 57

16

town. Human population in the SRC was assumed to be the same since most of the human
population in Nakashibetsu town is living in the catchment and few people are from the
neighboring towns.

For the other four drainage basins (‘B’, ‘C’, ‘D’, and ‘E’), NNI (Eq. 12) was calculated
by dividing the amount of Ny up, Nourp urbans Nsurp_f» and Nyigp by the area of each type of land
use proportionally for each drainage basin.

Estimation of riverine N export
Water sampling

River water samples were collected at five monitoring stations in the SRC from March
2003 to November 2004. Water sampling was conducted once in each season: spring (April),
summer (July), fall (September), and winter (November) at base flow events. Daily sampling
was conducted during the snowmelt season from mid March to mid May using an automated
water sampler (ISCO-6712, Teledyne Isco, Inc. Lincoln NE, USA), except for drainage basin
‘E’” where the sampler could not be set up due to deep snow cover. The automated water
sampler could not be set up at both ‘B’ and ‘D’ drainage basins during the snowmelt in 2003.
An intensive monitoring was also conducted during each rainfall in such a way that water
sampling was automatically done for two days in 24 bottles when the rainfall exceeded 4
mm/30 min. Water samples were collected in a 1 L polypropylene bottle separately from each
drainage basin for the chemical analysis. During the two-year monitoring, total water samples
were 484, 425, 298, 302, and 293 at drainage basins ‘A’, ‘B’, ‘C’, ‘D’, and ‘E’, respectively.

River runoff
For drainage basin ‘A’, hourly runoff data was obtained from the Water Information

System (Ministry of Land, Infrastructure and Transport, Japan 2007). For the remaining four
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drainage basins (‘B’, ‘C’, ‘D’, and ‘E’), runoff was estimated by H-Q equations (quadratic
curve), which are the relationships between runoff (Q) and water table (H) (Tachibana and
Nasu 2003). For each stream, 5 to 11 measurements of runoff were carried out during both
high and low flow conditions throughout the study period. The runoff was calculated by
multiplying the cross sectional area of the river by the river velocity measured with a velocity
meter (TK-105, Toho Dentan, Tokyo) at 60% depth at 8 to 10 points along a transect of the
river. The river velocity was measured only when the runoff measurements were conducted
(5-11 times). The H-Q equations were obtained from the measured runoff and water tables at
the time the runoff was measured (Appendix 1). In ‘E’ drainage basin, the R? value was low
possibly because the water table fluctuations were relatively small when the runoff
measurements were conducted. Water tables were measured every 15 minutes by a water table
sensor (MC-1100W, STS, Sirnach, Switzerland) installed at the river outlet where water
samples were collected. The water table data were collected with a data logger equipped with
a water table sensor. A continuous runoff was obtained by substituting the water table data for
H-Q equations. Hourly runoff was calculated by integrating four measurement data obtained
per hour.

During the winter period (December-February), runoff at four drainage basins was
estimated assuming the same discharge per unit of drainage area as drainage basin ‘A’ since
the water table sensor could not be set up during this period.

Chemical analysis of water samples

After sampling, water samples were stored on ice until transported to the laboratory and

were then stored at 4°C until the analysis. A portion of the water samples was filtered through

0.2-um membrane filters within a few days, and was analyzed for dissolved nutrients. The
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remaining non-filtered samples were used for total N (TN) analysis. Concentrations of TN and
total dissolved N (TDN) were determined by the method of alkaline persulfate digestion and
HCl-acidified UV detection; NO5-N and NO, -N were determined by ion chromatography
(QIC Analyzer; Dionex, Sunnyvale, CA, USA); and NH,"-N was determined by colorimetry
using the indophenol blue method. Particulate organic N (PON) and dissolved organic N
(DON) concentrations were calculated by subtracting the concentration of TDN from TN, and
inorganic N (NO3-N, NH,"-N, and NO,-N) from TDN, respectively.
Calculation of riverine N export

The nutrient loads were estimated by an L-Q equation. The relationship between the
nutrient load (L) and runoft (Q) expressed by the L-Q equation has been adopted to estimate
nutrient loads from many rivers in Japan (Tachibana et al. 2001; Okazawa et al. 2005; Fujii et
al. 2006). By using the equation, nutrient loads can be estimated from the runoff rates that are
continuously measured. Intensive water monitoring during such a high flow event is required
to make L-Q equations for estimating nutrient loads accurately because the riverine N export
from the areas located in steep geographical conditions during the snowmelt period and storm
events accounted for about half of the annual export in Japan (Tachibana et al. 2001; Okazawa
et al. 2005). Although the L-Q equation has difficulty in estimating the nutrient loads when
they do not depend on the river runoff, the relationship between loads and runoffs were
relatively strong for TN and NOs™-N (Stevens and Smith 1978; Tabuchi and Hayashi 1987).

The riverine nutrient load Li, which is the amount of nutrients flowing downstream
through the river, was calculated from the data of concentration Ci and runoff Qi measured at

time i by the following equation:
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Li=CiQi (15)

The L-Q equation is described as follows:

Li=aQi’ (16)

where a and b are coefficients obtained from the logarithmic linear regression of the
relationship between Li and Qi by the least-squares method. The Qi were calculated from the
water table data as described above (H-Q equation). Then, the cumulative load (Lc) in terms of

riverine export was calculated as follows:

Le=Y aQi (17)

The L-Q equations were made for TN, TDN, and NO5-N for each drainage basin and for
two seasons (snowmelt and the remaining period) in 2003 and 2004, separately (Appendix 2,
3).

For NH,;"-N and NO, -N, the annual export of N was calculated by multiplying the
volume-weighted mean concentrations (VWM) and the annual runoff, since the N load due to
NH,"-N and NO,-N was not significantly correlated with the runoff. The VWM were

determined as:

VWM = (Y.Ci Qi) / S.0i (18)
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The PON export was calculated by the difference between TN and TDN exports. The
DON export was also calculated by the difference between TDN and DIN exports.
Statistical analyses

Statistical analyses were performed using Excel Toukei 97 for Windows (Social Survey
Research Information Co. Ltd. Japan). Statistically significant differences between means of
NO3-N concentration for each drainage basin were determined by Steel Dwass test.
Correlation analysis was conducted to determine Pearson correlation coefficient () and the
value of probability (P) between variables. Simple linear regression was used to determine the
relationship between NNI and riverine N export of each N species. To compare the differences
in five crop yields between 2003 and 2004 (Table 2), a paired t-test was performed.
Effect of a re-deposition rate of NH; on the estimation of NNI

To evaluate the effect of a re-deposition rate of NH3 on the estimation of NNI, the a value in

Eq. (2) was changed from 100% to 0.0%.
RESULTS
NNI and internal N budgets for the Shibetsu river catchment

The annual N flows for the SRC (drainage basin ‘A’) in 2003 and 2004 are given in Table
4. The values shown below represent the two-year average and the unit (kg N ha™! yr')
represents the amount of N per unit area of the catchment (679 km?).

NNI

Agriculture was found to be a dominant source of N in the SRC. The imported feed was
the largest source of N, accounting for 44% of the total N input (Table 4). Chemical fertilizer
and agricultural N fixation by crops were also the dominant source of N input (37 and 15% of

the total N input, respectively). The DIN deposition was 2% of the total N input. On the other
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hand, export of food and feed was the largest output (24.7 kg N ha™ yr'l) from the SRC

representing 28 % of the total N input. The ASy;, was 7.6 kg N ha™! yr' (the ASp, was assumed

to be zero). As a result, the NNI was estimated to be 54.6 kg N ha yr' (63% of the total N

input) and was larger in 2003 (58.5 kg N ha™' yr'") than in 2004 (50.6 kg N ha™ yr™).
Internal N budgets

Upland surplus N was the largest N sink within the catchment (49.1 kg N ha™! yr'l)
accounting for 90% of the NNI (Table 4) and was larger in 2003 (52.9 kg N ha™ yr™") than in
2004 (45.3 kg N ha™! yr'") possibly due to higher crop yields in 2004 (P < 0.05, Table 2). The
surplus N in urban and forest areas and disposed animal excreta were 1.1, 0.9, and 3.4 kg N
ha™! yr'l, respectively.

Animal excreta were the dominant internal flow in the catchment (72.1 kg N ha yr'')
and were 2.2 times larger than the amount of chemical fertilizer. Volatized NH3 from animal
excreta and chemical fertilizer was also a large internal flow which was estimated to be 18.0
and 2.3 kg N ha™! yr'', respectively.

Human excreta and sewage accounted for 2.0% of the total NNI (1.1 kg N ha™ yr") and
56% of it (0.6 kg N ha™ yr') was removed by the sewage treatment plant. Hence, 0.5 kg N
ha'! yr'1 (37.0kg N ha™! yr'' per unit of urban area) was estimated to be discharged into the
river directly.

NNI in five drainage basins

The NNI in the five drainage basins ranged from 1.6 to 99.3 kg N ha™' yr' over two years,

being largest in the upland dominated basin ‘D’ and smallest in the forest drainage basin ‘E’

(Table 5).
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Riverine export of N
River runoff and climatic condition

River runoff varied widely depending on rainfall events and seasons. Typically, high
water runoff was observed during the snowmelt flooding (mid March-June) and during heavy
rainfall events especially in 2003 (Fig. 3a). Higher precipitation and lower temperatures were
observed in 2003 than in 2004. The annual precipitation was 1276 and 883 mm in 2003 and
2004, respectively. The annual runoff at drainage basin ‘A’ was 1191 and 916 mm yr™ in 2003
and 2004, respectively, so that the runoff ratio was relatively high as 93% and 104 %,
respectively. At the remaining four drainage basins such as ‘B’, ‘C’, ‘D’, and ‘E’, the runoff
ratios were 104, 104, 74, and 74% in 2003, and 121, 91, 71, and 91% in 2004, respectively.

Riverine N concentration and N export

In all drainage basins, high TN concentrations were observed during the rainfall events
mainly resulting from high PON concentration (Fig. 3a, b). The NO3™-N concentrations tended
to increase during the early stage of snowmelt (mid March-April) and to decrease during its
later stage (May to June). The NH,"-N concentrations remained low throughout the study
period (mean concentration to be < 0.03 mg N L' in all drainage basins). The NO,-N
concentration was negligible at all drainage basins. The mean NOs-N concentrations differed
among drainage basins significantly (P < 0.01). The sequence of NOs™-N concentrations
(median, 25% percentile, 75% percentile) was found as: ‘D’ (1.60, 1.42, 1.79 mg N L'l) >C
(1.07,1.00, 1.16 mg N L™) > ‘A’ (0.54, 0.48, 0.64 mg N L") > ‘B’ (0.30, 0.25,0.40 mg NL™)
> ‘E’ (0.06, 0.10, 0.03 mg N L'"). The median NOs-N concentration significantly correlated
with the proportion of the upland area (median NO3™-N conc. = 0.0166 * proportion of upland

area + 0.0221, R*=0.901, P < 0.05).
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The riverine TN export ranged from 4.1 to 39.1 kg N ha' yr'l, NO5™-N from 0.8 to 17.3
kg N ha yr', DON from 0.8 to 6.2 kg N ha™ yr”', and NH,*-N from 0.10 to 0.28 kg N ha™
yr! (Table 5). The TN exports tended to be larger in 2003 compared to those in 2004 (Table
5).

NNI and its relationship with riverine N export

The amount of riverine N export increased with an increase in NNI (Fig. 4). The results
showed that both riverine TN (r = 0.698, P < 0.05) and NO5™-N (r=0.909, P < 0.01) exports
significantly correlated with the NNI. The slopes of the equations indicated that riverine TN
and NOs-N exports accounted for 27% and 14% of the NNI, respectively (Fig. 4). The TDN
and DON also correlated significantly with the NNI. The riverine export of NO3™-N from
drainage basin ‘A’ tended to be less than that from ‘C’, although both drainage basins had a
similar amount of NNI. Compared to other N species, the fraction of NOs-N in TN increased
remarkably with an increase in the NNI (Fig. 5).

Effect of a re-deposition rate of NH; on the estimation of NNI

The change in a re-deposition rate of volatilized NH3 (o; Nep_am/Nam) influenced the
estimation of NNI. Figure 6 shows that a 10% change in o value altered NNI and TN export /
NNI at a rate of 3.7% and 1.3%, respectively. Assuming that the o value changed from 100%
to 0%, NNI decreased by 37.4% (from 54.5 to 34.3 kg N ha™ yr'l), resulting in an increase in
TN export / NNI to 35.0% (Fig. 6).

DISCUSSION
Fate of NNI and uncertainties
The increase in the riverine N export with an increase in NNI (Fig. 4) indicates that

altering the N cycle by anthropogenic activities in the SRC will increase N export to rivers.
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The riverine export of TN was 27% and 17% of NNI in 2003 and 2004, respectively in the
SRC (drainage basin ‘A’) (Fig. 4, Table 5). These values were similar to the findings reported
by Howarth et al. (1996) and Boyer et al. (2002) in comparatively larger watersheds. The fate
of the remaining NNI that was not explained by the riverine export is considered to be either
lost to the atmosphere by denitrification, or stocked in soils and woody biomass (Howarth et
al. 1996; Van Breemen et al. 2002).

Denitrification losses in the soil profile could be an important flux of N in the SRC. An
estimate of denitrification in upland soils by Yatazawa (1978) of 30 kg N ha™ yr'would
account for 26% of NNI in the SRC. However, the denitrification potential of surface soils
measured in the SRC varied for different types of land use, being highest in lowland wetlands
compared to that in riparian forests and grasslands (Hayakawa et al. 2006). Van Beek et al.
(2004) reported a high denitrification rate (87 kg N ha™ yr™) in a peat soil under grasslands,
since there was an ample source of energy for denitrifying bacteria in the form of carbon
available throughout the soil profile. Because most of the wetlands located at the lower part of
the Shibetsu River have disappeared, denitrification might have been more substantial in the
grasslands on the lowland peat soil. Although there is uncertainty in the estimation of river
runoff, lower values of NOs-N concentration and export observed in drainage basin ‘A’ than in
‘C’ with almost the same NNI (Fig. 3a, b, Fig. 4) suggested that denitrification could have
occurred in the lower part of the SRC.

Riverine denitrification could be less, because of the negligible proportion of water
bodies out of the total surface area (Seitzinger et al. 2006) and relatively low water
temperature and high water discharge (Hill 1979; Royer et al. 2004) throughout the year in the

Shibetsu River.
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The fate of NHj3 volatilized within the SRC influenced the estimation of NNI (Fig. 6)
because NHj; volatilization was large in the SRC (Table 4). If all the NH3 had been exported
outside the SRC, NNI would have decreased by 37% (Fig. 6). However, a comparatively low
amount of DIN deposition in the SRC suggests that the transport-distance of N from farms or
grassland through the air was not long. Even if all DIN deposition measured in the SRC was
from NHj3 volatilized within the SRC, it would only account for 9.4% of the volatilized NHs.
A large part of NH; originating from a manure barn was deposited within 1 km as dry and wet
deposition during its transportation (Hojito et al. 2006; Pitcairn et al. 1998). The mean value
of NHj; concentration in the air at 490 m away from a manure barn was 2.4 ug N m™ measured
in the SRC (Hojito et al. 2006). This value was remarkably low compared to the reported
values near the livestock sheds or manure barn such as 20-60 ug N m™ (Pitcairn et al. 1998)
and 36.2 pg N m™ (Hojito ef al. 2006). These studies supported the assumption that the NH;
re-deposition rate used in this study was likely to be an appropriate range since monitoring
stations in this study were not close to farms and grasslands. In a previous study, NHj3
re-deposition rates were assumed to be 75% (Boyer et al., 2002) and 100% (Howarth et al.,
1996) of NHj3 volatilization. In the SRC, a large amount of NH; may be trapped in the
grassland edges of forests (Fig. 1), which might function as traps and concentrators for
wind-borne nutrients and pollutants (Weathers et al. 2001). Although one part of NH3 can
become a particulate and can be transported from a drainage basin (Asman 2001), most NH3
originates from farms may be merely recycled as agricultural N around the farms. Further
research is required to evaluate the fate of volatilized NH3 as well as to monitor NHj
volatilizations, especially in livestock farming regions like the SRC.

A part of the NNI could have been stocked in soil temporarily before being exported to
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rivers. In the SRC, N input to the uplands was dominated by animal manure N (Table 4). A
considerable transit time is required for manure-derived nitrate to be transported into
groundwater (Maeda et al. 2003) and rivers so that a portion of manure N will accumulate in
soil in an organic form for a few years (Mufioz et al. 2003). These may cause significant
delays in riverine N export from the drainage basins. In contrast, an increased export of DON
with the NNI (Fig. 4) suggested that manure-derived N could also have been exported to rivers
as an organic form. The DON concentrations in rivers measured at base flow events in the
SRC also significantly correlated with the proportion of upland area (Hayakawa et al. 2006).
Miura and Ae (2005) reported that leaching of DON was observed in a field receiving high
amount of poultry manure.

The ASj;y includes uncertainties and could result in estimation errors of the NNI. The
ASjiy was estimated as 7.6 kg N ha™' yr'' (drainage basin ‘A’ in 2003) accounting for 8% of the
total N input. We defined the ASy;, as an increment of animal bodies and were not included in
the NNI estimation. However, ASj;y likely involved leftover feed by an excess of feeding. In
this case, ASj;y should be included in disposal N since the leftover feed could have been
disposed along with the manure. Hence, the NNI values could have been underestimated.

The river runoff was sometimes greater than precipitation, resulting in a high runoff ratio
in the SRC. This could have caused an overestimation of the riverine N export. The reason for
a high runoff ratio in the SRC is not understood. Runoff ratios in Japanese river in snowy
regions are often over 80% (Arai 2004) so that one possible reason could be an
underestimation of snowfall on mountains in upper drainage basins. Another possible reason
could be inflow of underflow water from Lake-Mashu located at the north-western part of the

SRC. There are no rivers originating from the lake so that an underflow-water could be a
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possible way of export from the lake (National Institute for Environmental Studies et al. 2004).
Lake-Masyu is an oligotrophic lake with a TN concentration as low as below 0.1 mg N L'
(National Institute for Environmental Studies er al. 2004). It seemed that the river runoff
increased and the N concentration in the river water was diluted by the underflow water.
Annual potential evapotranspiration (PET) was estimated by Thornthwaite equation
(Thornthwaite 1948) using monthly mean temperature in the SRC, and amount of
underflow-water was assumed to be the difference between ‘annual runoff” and ‘annual
precipitation — PET’. As a result, the N inflow from underflow water to the SRC, which was
estimated by multiplying TN concentration in Lake-Masyu by the amount of underflow water,
accounted for 2.1 and 5.5% of TN export in the drainage basin ‘A’ in 2003 and 2004,
respectively. Therefore, the riverine N export might not have been overestimated excessively.
Assessing the underflow water from outside the drainage basin would be crucial in order to
measure the river runoff precisely.

The climatic condition could have influence on the fate of the NNI. The higher
precipitation in 2003 caused higher runoff resulting in a larger N export from rivers compared
to that in 2004 (Table 5). David et al. (1997) reported that riverine NO3-N export was much
higher in years with greater precipitation during a six-year period. In contrast, riverine N
export in the Oldman River Basin, located in southern Canada with a semi-arid climate,
accounted for only 1% of the N inputs (Rock and Mayer 2006). Howarth et al. (2006) reported
that those watersheds having higher precipitation and higher discharge could export N from
rivers as a greater fraction of the NNI. Air temperature can also influence on estimation of the
NNI. A large amount of crop yield was observed in 2004 (Table 2) possibly due to warmer

temperatures in 2004, which could have led to a decrease in upland surplus N in 2004 than in
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2003. The air temperature possibly limits crop production in a hemi-boreal climatic region like
the SRC. Hence, lower temperatures and higher precipitation observed in 2003 might have
resulted in both a larger NNI and riverine N export compared to those in 2004.

Nitrogen cycle in the Shibetsu River catchment

The SRC was a net importer of feed (Table 4) because grass production met only 63% of
the total N demand of animals, resulting in production of a large amount of animal N excreta
per unit of upland (140 kg N ha™' yr'"). Since grass production was 134 kg N ha™ yr”' per unit
of upland, the animal excreta N not taken up by grass would inevitably be generated. As a
result, upland surplus N was the large N sink in the SRC (Table 4). This appeared to be a
typical characteristic of the N cycle at dairy farming regions in Japan.

Chemical N fertilizer was also a dominant source of N in the SRC (Table 4). It was
recognized that the increased use of fertilizer was one of the main contributors of increased
annual nitrate flux to the Gulf of Mexico (Goolsby and Battaglin 2001). A field experiment
conducted in the SRC for a two-year experiment showed that grass production and soil
fertility (available N content) were maintained in grasslands of Andisol soils, of which the
available phosphorus content was over 200 mg P,Os kg™, even if the application of chemical
N fertilizer was reduced from 80 to 40 kg N ha™ yr'1 (Sakai et al. 2004). Assuming that the
chemical fertilizer in the grasslands decreased from 63 (used in this model) to 40 kg N ha™ yr!
and the grass yield was maintained, the NNI would decrease by 23% in the SRC. A reduction
in surplus N was achieved by reducing chemical N fertilizer and imported feed by an
appropriate management at the prototype farm ‘De Marke’ without decreasing milk
production and crop yield (Aarts et al. 2000). Since nutrient-management performance varied

largely among farmers (Ondersteijn et al. 2002), an effort that uses N (especially animal
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excreta, chemical N fertilizer, and imported feed) effectively will lead the reduction of the
NNI and N pollution in the environment.

Controlling point sources can also reduce N pollution in the environment. In our study,
human excreta and sewage were only 2% of the total NNTI; however, it was up to 76 kg N ha™
yr'! per unit of urban area. Even considering the removal of N at the sewage treatment plant,
the remaining N (37 kg N ha™! yr'1 per unit of urban area) could have entered the river directly
as a point source of water pollution. Waste water from factories can be also point sources of
water pollution. The leakage of nutrients from livestock housing, silage silo, milking parlor,
and slurry/manure storage at a dairy farm is recognized as a point source of water pollution
(Hooda et al. 2000). Woli et al. (2002) reported that TN concentration in a small stream
dramatically increased after mixing of discharge from an intensive livestock farm, which had a
constructed wetland with 63 mg TN L' concentration of drainage water. A close monitoring of
such point sources is required to evaluate the impact of point sources on riverine N export and
to propose a mitigation of water pollution.

Conclusions

By using a simple N budgeting model, this study presents a general scenario of the
existing N cycle in the Shibetsu River catchment (SRC), which is one of the largest dairy
farming catchments in Japan. Although this type of N mass balance approach was subject to
many assumptions and limitations in the available data, the results indicated possible areas for
further study and measurements to reduce errors in estimating important fluxes and also
contributed to provide an insight into possible mitigation strategies to prevent a future
degradation of water quality due to N inputs from anthropogenic sources in the SRC.

Agricultural N was the dominant source of N for the SRC. The imported feed (44% of
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the total N input to the SRC), chemical fertilizer (37%) and N fixation by crops (15%) were
the large N sources, resulting in excessive animal excreta and surplus N in the farmland. As a
result, the NNI was estimated to be 54.6 kg N ha yr'in the SRC. Human sewage accounted
for 2% of the NNI and was removed at a sewage treatment plant by 56%. The riverine TN
export correlated with the NNI and accounted for 27% of the NNI. Hence, the focus should be
on controlling agricultural N to mitigate the degradation of water quality in the SRC. The fate
of the residual NNI that was not explained by riverine export was possibly denitrified and/or
retained within the SRC. In contrast, changing the assumptions of the deposition-rate of NH3
from 100 to 0% redeposited within the SRC would have reduced the NNI by 37%. Further
research is required to evaluate denitrification, N stocks in soil, and the fate of NHj volatilized
in the SRC.
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Figure legends

Figure 1 Land use types and five drainage basins in the Shibetsu River catchment, Hokkaido,
Japan. The circles inside the catchment represent monitoring stations. Sampling of river water
and atmospheric DIN deposition and monitoring of water level were conducted at each

monitoring station. There is a large shelterbelt of lattice forest surrounding the grassland.

Figure 2 Nitrogen (N) fluxes from, to, and within the Shibetsu River catchment: The solid
arrows represent N flows we calculated and the dotted arrows represent N flows we did not
consider in this study. Ngy: agricultural N fixation by leguminous and non-leguminous crops,
Nchem: chemical fertilizer, Ngep: atmospheric DIN (NH4-N+NO3-N) deposition to whole
watershed, Nims.: imported feed, Nins,: imported food, Neyp: exported food and feed, Nexp am:
exported NH3, Ngep_¢: atmospheric DIN deposition to forest, Ngep up: atmospheric DIN
deposition to upland, Nep uban: atmospheric DIN deposition to urban, N,,: NHj3 volatilization,
Nam_chem: NH3 volatilization from chemical fertilizer, Ny, exe: NH3 volatilization from
livestock excreta, Ngep_am: re-deposition of volatilized- NH3 to upland, Ney.: livestock excreta,
Niiter: bedding litter, Ny _jiv: livestock production, Nyt fo: self-supported food, Nyt fe:
self-supported feed, AS;;y: difference between input and output in livestock, Ngup_urban: urban
surplus N, N : human excreta and sewage, N;, rm: N removal in sewage treatment plant,
ASy,: difference between input and output in human subsystem, Ngisp: disposed animal excreta,
Nma: animal manure, Nie;: crop residue, Npar: crop harvest, Ngyrp_up: surplus N in upland,

Ngurp_: surplus N in forest, Ngen: denitrification.
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Figure 3 Temporal dynamics of precipitation, snow depth, air temperature, and river runoff at
‘A’ drainage basin and various forms of N concentration in river water for five drainage basins
during a two-year period. TN: total nitrogen, TDN: total dissolved nitrogen, DON: dissolved

organic nitrogen, PON: particulate organic nitrogen.

Figure 4 Relationship between the net nitrogen input (NNI) and export of nitrogen fractions
among five drainage basins in 2003 and 2004. The dashed lines represent 95% confidence
limits. Alphabets in the figures (‘A’, ‘B’, ‘C’, ‘D’ and ‘E’) represent each drainage basin. TN:
total nitrogen, TDN: total dissolved nitrogen, DON: dissolved organic nitrogen, PON:

particulate organic nitrogen.

Figure 5 Relationship between the net nitrogen input (NNI) and export of fractions of nitrogen
in total nitrogen (TN) among five drainage basins in 2003 and 2004. Alphabets in the figure
(‘A’, ‘B’, ‘C’, ‘D’ and ‘E’) represent each drainage basin. DON: dissolved organic nitrogen,

PON: particulate organic nitrogen.

Figure 6 Relationship between the re-deposition rate of volatilized NH; to the SRC and the
change in NNI and riverine TN export / NNI. Values are two-year averages. Ngep_am:
re-deposition of volatilized NH3, N,,: NH;3 volatilizaton. Changed NNI (%) = [NNI (o) — NNI

(a=100%)] / NNI (0=100%) - 100.
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Table 1 Characteristics of five drainage basins within the Shibetsu River catchment

Catchment Latitudet Longitudef Drainage Land Use
Area

North East Upland Urban Wasteland Forest

degree degree km? % % % %
A 43.634 145.085 679 514 1.4 1.6 45.6
B 43.540 144.762 76 14.7 0.1 0.1 85.1
C 43.525 144.833 28 52.2 0.0 1.9 45.9
D 43.544 144.865 9.3 90.3 0.0 0.5 9.3
E 43.606 144.755 29 0.0 0.0 0.0 100

tLatitude and longitude represents location of each monitoring station.
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Land use type Crop yieldf Moisture content  Dry matter Protein Nitrogen content
ratiof concentration
Yieldi Residue§ Residue/Yield Yieldi Residue$ Yield Residue
2003 2004 2003 2004 2003 2004
Mg fresh matter ha' yr'' %o %o % fresh matter kg Nha' yr'!

Grass 33.0 37.5 81.0 - 0 2.35 - 125 143 - -
Maize 50.8 59.6 89.7 - 0 1.3 - 106 124 - -
Sugar beet 48.1 61.6 86.4 83.3 40 2.2 2.7 169 217 67 86
Potato 33.3 35.1 79.5 85.5 40 2.0 2.2 107 112 66 69
Japanese radish 45.4 50.4 94.5 88.8 60 0.8 2.8 58 65 60 67

tHokkaido Statistics and Information Office (2004, 2005).
tHokkaido Agricultural Experiment Station, Tenpoku and Konsen Branches (2000) for grass; Agriculture Forestry and Fisheries Research

Council Secretariat, MAFF (1995) for maize; Resources Council, STA (1982) for sugar beet, potato, and Japanese radish.
§Forestry and Fisheries Research Council Secretariat, MAFF (1995).

JResources Survey Laboratory, STA (1982).
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1

2

2 Table 3 Nitrogen input and output, ammonia emission factor, and manure utilization ratio in livestock subsystem

5 Livestock N input N output Bedding litter# ~ Ammonia Manure
ASy;y, per . o

6 emission utilization

; animal] factorf ratiot}

9 N demandt Excretiont  Production$

ig kg N head™ yr! kg Nhead' yr' % excretion %

12 Dairy cattle 159.4 111.5 36.1 11.8 1.3 25.5 96

ﬁ Young cattle§§  47.8 35.1 12.7 0.4 25.5 96

15 Beef cattle 75.7 50.6 18.1 7.0 4.5 17.3 68

16 Pig 8.4 12.5 5.3 9.4 0.1 36.0 62

ig Poultry 1.0 1.2 0.4 0.6 0.0 36.0 0

19 Hourse 38.3 38.3 3.5 -3.5 0.3 16.9 100

20 tHokkaido Statistics and Information Office (2004) for dairy cattle; Nagumo (2000) for beef cattle, pig, poultry, and horse.

- tTsuiki and Harada (1997).

23 §Production of dairy cattle was calculated by multiplying the amount of milk production (Hokkaido Statistics and Information Office 2004,

24 2005) and N concentration of milk. Data on production of dairy cattle represents an average in 2003 and 2004; Hokkaido Statistics and

gg Information Office (2004) for beef; Nagumo (2000) for pig, poultry, and horse.

27 JAS}iy per animal = N demand - Excretion - Production.

28 # Nagumo (2000).

29 tTBouwman et al. (1997).

32 ttHokkaido Statistics and Information Office (2004) for dairy cattle, beef cattle, pig; Nagumo (2000) for poultry and horse.

32 §§N demand and bedding litter of young cattle was assummed to multiply the values of dairy cattle by the factor 0.3.
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Table 4 Annual nitrogen flow for the Shibetsu River catchment (‘A’ drainage basin) in 2003

Soil Science and Plant Nutrition

and 2004
2003 2004  Average
kg N ha' yr'
Watershed Input: Chemical fertilizer (Ngpem) 32.4 32.4 32.4
Agricultural N fixation (Ngy) 13.4 13.4 134
DIN deposition (Ngep) 2.2 1.6 1.9
Imported food (Njus,) 1.1 1.1 1.1
Imported feed (Nipse) 41.5 34.7 38.1
Sum 90.6 83.2 86.9
Output: Exported food and feed (Neyp) 24.4 25.0 24.7
Exported ammonia (Nexp_am) 0.00 0.00 0.00
ASp,T 0.00 0.00 0.00
ASy;, 7.6 7.6 7.6
Sum 32.0 32.6 32.3
NNI (Input - Output) 58.5 50.6 54.6
Internal budget Upland surplus N (Ngyp_up) 52.9 45.3 49.1
Urban surplus N (Ngurp_urban) 1.1 1.1 1.1
Forest surplus N (Ngyrp_r) 1.0 0.8 0.9
Disposal livestock excreta (Ngisp) 3.5 3.4 34
NNI (Nsurp up + Nourp._ urban + Naurp £+ Naisp) 58.5 50.6 54.6
Urban Input: Imported food (Nipg,) 1.1 1.1 1.1
Self-supported food (N ¢,) 0.03 0.03 0.03
DIN deposition to urban (Ngep_urban) 0.03 0.02 0.03
Sum 1.1 1.1 1.1
Output: Excreta and seweage (Ngey) 1.1 1.1 1.1
ASpy (Nimfo + Nsel_fo = Niew) 0.00 0.00 0.00
Niurp_urban (Naep_urban + Niew) 1.1 1.1 1.1
N removal in a sewage treatment plant (N}, rem) 0.6 0.6 0.6
Livestock Input: Imported feed (Nipse) 41.5 34.7 38.1
Self-supported feed (Ng fe) 60.4 68.7 64.6
Bedding litter (Njjyer) 1.2 1.1 1.2
Sum 103.1 104.6 103.8
Output: Livestock excreta (Ney.) 71.6 72.7 72.1
NH; volatil. from livestock excreta
(Nam_exc) 17.9 18.2 18.0
Disposal livestock excreta (Nggp) 3.5 3.4 34
Livestock production (Npyq_jiv) 22.7 23.2 22.9
Bedding litter (Njjyer) 1.2 1.1 1.2
Sum 95.4 97.0 96.2
ASjy, (Input - Output) 7.6 7.6 7.6
Upland Input: Chemical fertilizer (Ngpem) 32.4 32.4 32.4
Agricultural N fixation (Ngy) 13.4 13.4 13.4
DIN deposition to upland (Ngep_up) 1.1 0.8 1.0
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NH; re-deposition (Ngep_am)
Animal manure (N,,)
Crop residues (Nie)
Sum
Output: Crop harvest (Ny,ry)
Crop residues (Nie)
NH; volatil. from chem. fertil. (N, chem)
Sum

Upland surplus (Ngurp up)

20.1
51.4
0.15
118.6
63.3
0.15
23
65.7
52.9

20.4
52.2
0.16
1194
71.7
0.16
2.3
74.1
45.3

20.3
51.8
0.15
119.0
67.5
0.15
23
69.9
49.1

Input: DIN deposition to forest (Ngep_f)

Forest surplus (N £)

1.05
1.05

0.76
0.76

0.90
0.90

http://mc.manuscriptcentral.com/sspn



©CoO~NOUTA,WNPE

Table 5 Net nitrogen input (NNI) in and riverine nitrogen export (unit: kg N ha” yr'") from five drainage basins

Soil Science and Plant Nutrition

Drainage Upland Urban Forest Disposal Riverine
Year basin surplus N surplus N surplus N excreta NNIt  export:
(Nsurp_up) (Nsurp_urban) (Nsurp_f) (Ndisp) TN TDN NOS‘N NH4‘N DON PON
2003 A 52.9 1.1 1.0 3.5 58.5 16.0 10.6 7.0 0.20 34 54
B 15.1 0.1 1.9 1.0 18.1 8.7 5.6 3.2 0.13 24 3.1
C 53.8 0.0 1.1 3.5 58.4 39.1 18.5 12.1 0.23 6.2 20.6
D 93.0 0.0 0.2 6.1 99.3 36.1 23.3 17.3 0.10 5.8 12.9
E 0.0 0.0 2.2 0.0 2.2 4.1 1.8 0.8 0.17 0.8 2.3
2004 A 45.3 1.1 0.8 34 50.6 8.6 7.4 4.9 0.28 2.2 1.1
B 13.0 0.1 1.4 1.0 154 7.5 5.1 3.9 0.22 0.9 2.5
C 46.0 0.0 0.8 3.5 50.3 30.6 13.6 10.5 0.13 2.9 17.0
D 79.6 0.0 0.2 6.0 85.8 14.6 12.9 10.1 0.06 2.7 1.6
E 0.0 0.0 1.6 0.0 1.6 4.9 1.9 0.9 0.15 0.8 3.0

TNNI = Nsurp_up + Nsurp_urban + Nsurp_f + Ndisp + Nden_up

tNO;-N export was not detected.
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Appendix 1 H-Q equations for an estimation of river runoff in the four drainage basins

Mean
H-Q equation: Q = aH’+bH+ct relative

errori

n a b C I’ P %

9 46.1 -3.22 1.49 0.908 <0.001 -3.69

9 60.2 -9.40 0.76 0.976 <0.001 -1.26

11 19.0 0.30 0.14 0.776  0.0025 -2.88

5 13.5 -0.41 0.08 0.689 0.31 -44.66

15 +H: water level (m), Q: river runoff (m> s™)
‘tMean relative error (Nakasone et al., 1997): E,, =Y [(Q— Q,) / O] | N, where Q,, and Q, are a
18 measured runoff and a predicted runoff by a H-Q equation, respectively. N is number of samples.
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Appendix 2 L-Q equations for TN, TDN, and NOs-N in the five drainage basins in 2003

Soil Science and Plant Nutrition

. b Emi
L-Q equation: L = aQ’t Term
n a b . P %

2003/1/1-2003/3/19,

A TN 235 0.15 1.63 0.86 <0.001 -591 2003/6/1-2003/12/31
2003/1/1-2003/3/19,

TDN 235 0.44 1.20 0.93 <0.001 -1.50 2003/6/1-2003/12/31
2003/1/1-2003/3/19,

NO3;-N 235 0.42 1.07 0.92 <0.001 -1.36 2003/6/1-2003/12/31

TN 73 0.44 1.33 0.86 <0.001 -2.47 2003/3/20-2003/5/31

TDN 73 1.11 1.00 0.83 <0.001 -1.93 2003/3/20-2003/5/31
NO;-N 49 0.14 1.51 0.93 <0.001 -0.46 2003/3/20-2003/5/31

B TN 189 0.13 2.22 0.80 <0.001 -8.48 2003/1/1-2003/12/31
TDN 188 0.26 1.46 0.76 <0.001 -5.20 2003/1/1-2003/12/31
NOs;-N 189 0.15 1.45 0.74 <0.001 -6.53 2003/1/1-2003/12/31
2003/1/1-2003/3/19,

C TN 147 1.81 1.41 0.95 <0.001 -2.54 2003/6/1-2003/12/31
2003/1/1-2003/3/19,

TDN 170 1.48 0.96 0.97 <0.001 -0.57 2003/6/1-2003/12/31
2003/1/1-2003/3/19,

NOs;-N 170 1.03 0.82 0.95 <0.001 -0.76 2003/6/1-2003/12/31

TN 69 1.69 1.12 0.95 <0.001 -0.75 2003/3/20-2003/5/31

TDN 69 1.57 0.91 0.92 <0.001 -0.79 2003/3/20-2003/5/31
NO3;-N 45 1.12 0.74 0.84 <0.001 -0.34 2003/3/20-2003/5/31

D TN 124 4.89 1.53 0.96 <0.001 -1.01 2003/1/1-2003/12/31
TDN 124 2.09 0.97 0.94 <0.001 -0.70 2003/1/1-2003/12/31
NOs-N 124 1.46 0.90 0.94 <0.001 -0.61 2003/1/1-2003/12/31

E TN 169 5.77 2.42 0.69 <0.001 -31.13 2003/1/1-2003/12/31
TDN 170 0.42 1.45 0.43 <0.001 -44.86 2003/1/1-2003/12/31
NOs;-N 170 0.30 1.69 0.64 <0.001 -14.20 2003/1/1-2003/12/31

tL: load (g N s, Q: river runoff (m> s™)

FMean relative error (Nakasone et al., 1997): E,, =Y [(L,, -
measured load and a predicted load by a L-Q equation, respectively. N is number of samples.

L,)/ L, /N, where L,, and L, are a
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1
2
2 Appendix 3 L-Q equations for TN, TDN, and NOs-N in the five drainage basins in 2004
5 Mean
6 relative
2 L-Q equation: L = aQ"+ errory Term
8 n a b . P %
9 2004/1/1-2004/3/31,
10 A TN 123 0.05 207 073 <0.001 -2.80 2004/6/1-2004/12/31
11 2004/1/1-2004/3/31,
12 TDN 123 0.51 1.17 057 <0.001 -1.78  2004/6/1-2004/12/31
13 2004/1/1-2004/3/31,
14 NOs-N 123 0.73 0.89 042 <0.001 0.73  2004/6/1-2004/12/31
15 TN 29 197 090 0.66 <0.001 -2.16  2004/4/1-2004/5/10
16 TDN 29 161 093 080 <0.001 -1.08 2004/4/1-2004/5/10
g NOsN 29 031 128 095 <0.001 -0.52  2004/4/1-2004/5/10
19 TN 23 039 VWMS§ 2004/5/11-2004/5/30
32 TDN 23 030 VWM 2004/5/11-2004/5/30
22 NOsN 18 0.13 VWM 2004/5/11-2004/5/30
23 2004/1/1-2004/4/2,
24 B TN 166 0.50 147  0.64 <0.001 -4.69 2004/5/25-2004/12/31
25 2004/1/1-2004/4/2,
26 TDN 166 0.50 118 0.69 <0.001 -2.41 2004/5/25-2004/12/31
27 2004/1/1-2004/4/2,
28 NO;-N 166 0.44 0.83 038 <0.001 -4.44 2004/5/25-2004/12/31
29 TN 47 050 126 083 <0.001 -1.92  2004/4/3-2004/5/12
30 TDN 47 0.67 0.82 072 <0.001 -1.43  2004/4/3-2004/5/12
g; NO;-N 47 0.4 135  0.86 <0.001 -1.72  2004/4/3-2004/5/12
33 TN 23 027 123 0.82 297  2004/5/13-2004/5/24
34 TDN 23 013 VWM 2004/5/13-2004/5/24
35 VWM
36 NO;-N 23  0.04 2004/5/13-2004/5/24
37 2004/1/1-2004/3/31,
38 C TN 59 232 138 092 <0.001 31.06 2004/5/1-2004/12/31
39 2004/1/1-2004/3/31,
20 TDN 59 161 099 093 <0.001 -3.23 2004/5/1-2004/12/31
a1 2004/1/1-2004/3/31,
a NO;N 59 123 1.05 084 <0.001 -927 2004/5/1-2004/12/31
43 TN 20 243 152 095 <0.001 -1.72  2004/4/1-2004/4/15
44 TDN 20 1.50 090 099 <0.001 -2.29 2004/4/1-2004/4/15
45
46 NO;-N 20 0.99 090 099 <0.001 033  2004/4/1-2004/4/15
47 TN 25 495 213 093 <0.001 -14.51 2004/4/16-2004/4/30
48 TDN 25  1.64 098 092 <0.001 -2.09 2004/4/16-2004/4/30
49 NO;-N 25 135 099 081 <0.001 -13.43 2004/4/16-2004/4/30
50 2004/1/1-2004/4/2,
51 D TN 110 2.74 1.15 086 <0.001 -0.68 2004/5/13-2004/12/31
52 2004/1/1-2004/4/2,
53 TDN 110 1.64 091 0.88 <0.001 -0.37 2004/5/13-2004/12/31
54 2004/1/1-2004/4/2,
55 NOs-N 110 0.98 0.76 075 <0.001 -0.61  2004/5/13-2004/12/31
56 TN 44 477 147 095 <0.001 -0.56 2004/4/3/2004/4/18
g; TDN 41  3.14 127 091 <0.001 -0.69 2004/4/3/2004/4/18
59 NOs-N 44 3.18 142 0.87 <0.001 -1.52  2004/4/3/2004/4/18
60 TN 24 257 VWM 2004/4/19-2004/5/12
TDN 24 229 VWM 2004/4/19-2004/5/12
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NOs-N 24 1.80

Soil Science and Plant Nutrition

VWM 2004/4/19-2004/5/12

E TN 123 8.19
TDN 122 0.95

NOs-N 102 0.16

237 075 <0.001 -22.92 2004/1/1-2004/12/31
1.75 049 <0.001 -72.83 2004/1/1-2004/12/31

1.27  0.65 <0.001 -11.04 2004/1/1-2004/12/31

tL: load (g N s, Q: river runoff (m” s™)

tMean relative error (Nakasone et al., 1997): E,, = [(L,—L,)/ L,] / N, where L,, and L, are a
measured load and a predicted load by a L-Q equation, respectively. N is number of samples.

§Volume weighted mean concentration (mg N LY.
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Shibetsu River catchment

©CoO~NOUTA,WNPE

O Upland (Grassland and common upland)
10 O Forest and Wasteland
11 Urban

A

14 Hokkaido

21
22
23 Japan
24
25

27 P Shibetsu River catchment

31 Figure 1 Land use types and five drainage basins in the Shibetsu River catchment,
32 Hokkaido, Japan. The circles inside the catchment represent monitoring stations.
34 Sampling of river water and atmospheric DIN deposition and monitoring of water level
35 were conducted at each monitoring station. There is a large shelterbelt of lattice forest

37 surrounding the grassland.

http://mc.manuscriptcentral.com/sspn



©CoO~NOUTA,WNPE

Soil Science and Plant Nutrition

Nﬁx Ndep Nchem Nexp,um Nimfe Nimfo Nexp
'y
|
]
A N —1 AN 'y
! | N—] !
| 1 ]
| | '
I Naep s Agrculture | 1 Naeplurvaf :
| | 1
X ' Livestock Human :
|
" N, N | (Urban) X
! Num = NEXC po-t [Nsur urban] |
1 [AS;, ] |Nyi P- )
' 2N i
| [}
: Namﬁc em Nl tter Nsel Nsew :
| [}
(AN S E— S R ) Y — AN Crops |
! 1 N 1
! L I I e I e O Nl den] | 1
| | ' 1
! v [} Ndep up Nde am Nma Nresiﬂ Nharv: |
' . vy V'Y y v : v N '
! Forest | Upland 5 Sewage “prem | | !
! (wasteland) | Soil stock N o plant .
== === -_—-d---
:Nde St$ck : Biomass [ :urpiup] : :
[}
=TT °r-- [Nsurpif] : : : |
[ 1 ] ! !
Runoff: I_:eachir';g Leaching Runoff] :
] A 4 A 4 + : [}
! _l------_I\ldﬁl.__'
) Ground water . !
| T 1
v v : L 2 Nden _____
River >
Riverine export

Figure 2 Nitrogen (N) fluxes from, to, and within the Shibetsu River catchment: The
solid arrows represent N flows we calculated and the dotted arrows represent N flows
we did not consider in this study. Ngy: agricultural N fixation by leguminous and
non-leguminous crops, Nchem: chemical fertilizer, Ngep: atmospheric DIN
(NH4-N+NO3-N) deposition to whole watershed, Njpy: imported feed, Nins: imported
food, Neyp: exported food and feed, Nexp am: €xported NHjs, Ngep 1 atmospheric DIN
deposition to forest, Ngep wp: atmospheric DIN deposition to upland, Ngep urban:
atmospheric DIN deposition to urban, N,,: NHj3 volatilization, Nuym chem: NH3
volatilization from chemical fertilizer, N,y exc: NHj3 volatilization from livestock
excreta, Ngep am: re-deposition of volatilized- NH3 to upland, Ney: livestock excreta,
Niiter: bedding litter, Npy, 1y livestock production, Nt fo: self-supported food, Nt fe:
self-supported feed, ASy;,: difference between input and output in livestock, Ngurp_urban:
urban surplus N, Ny, : human excreta and sewage, N, em: N removal in sewage
treatment plant, ASy,: difference between input and output in human subsystem, N;gp:
disposed animal excreta, Np,: animal manure, N: crop residue, Np,: crop harvest,

Niurp_up: surplus N in upland, Ny 12 surplus N in forest, Ngen: denitrification.
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Figure 3a Temporal dynamics of precipitation, snow depth, air temperature, and river
40 runoff at ‘A’ drainage basin and various forms of N concentration in river water for ‘A’
drainage basin during a two-year period. TN: total nitrogen, TDN: total dissolved

43 nitrogen, DON: dissolved organic nitrogen, PON: particulate organic nitrogen.
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Figure 3b Temporal dynamics of various forms of N concentration in river water for
‘B’, ‘C’, ’D’, and ’E’ drainage basins during a two-year period. TN: total nitrogen,

TDN: total dissolved nitrogen, DON: dissolved organic nitrogen, PON: particulate

organic nitrogen.

http://mc.manuscriptcentral.com/sspn

+ X o

>

i

Page 54 of 57



Page 55 of 57 Soil Science and Plant Nutrition

40 1 25 ' A + 2003
™o ool TV | o 2004

©CoO~NOUTA,WNPE

10 30 1
15

12 201 -
' 10 -

* >

10 A

=
70

y =0.274 x + 4.98
e =0.487 (P < 0.05)
T

: 0
20 : : 1.0 : :
NO,-N R4 NH,-N

K 0.8 - -

y=0.187x + 1.84
Re=0.797 (P<0.01)
T

0.6 - -

0.4 - -

X
// <>
y =0.144 x + 0.728 0.2

.. Re=0.826 (P<0.01) o *
0+~ : : 0.0 : :

30 10 . . 25 . .

31 DON y=0.044x +0.894 PON ¢
32 8 - Re=0.601 (P<0.01) 20 - . .

Nitrogen export (kg N ha ' yr?)
=)

41 0 50 100 150 0 50 100 150

43 NNI (kg Nha' yr)
45 Figure 4 Relationship between the net nitrogen input (NNI) and export of nitrogen
46 fractions among five drainage basins in 2003 and 2004. The dashed lines represent 95%

3

48 confidence limits. Alphabets in the figures (‘A’, ‘B’, ‘C’, ‘D’ and ‘E’) represent each
49 drainage basin. TN: total nitrogen, TDN: total dissolved nitrogen, DON: dissolved

51 organic nitrogen, PON: particulate organic nitrogen.
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Figure 5 Relationship between the net nitrogen input (NNI) and export of fractions of
nitrogen in total nitrogen (TN) among five drainage basins in 2003 and 2004. Alphabets
in the figure (‘A’, ‘B’, ‘C’, ‘D’ and ‘E’) represent each drainage basin. DON: dissolved
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Figure 6 Relationship between the re-deposition rate of volatilized NH3 to the SRC
and the change in NNI and riverine TN export / NNI. Values are two-year averages.
Ngep_am: re-deposition of volatilized NH3, Nam: NHj3 volatilizaton. Changed NNI (%) =
[NNI (o) — NNI (a=100%)] / NNI (a=100%) - 100.
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