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Abstract This study evaluated the sources, sinks,
and factors controlling net export of nitrogen (N)
from watersheds on the west coast of the US. We
calculated input of new N to 22 watersheds for 1992
and 2002. 1992 inputs ranged from 541 to 11,644
kg N km 2 year™ ', with an overall area-weighted
average of 1,870 kg N km™2 year—'. In 2002, the
range of inputs was 490-10,875 kg N km™? year™ ',
averaging 2,158 kg N km ™~ year . Fertilizer was
the most important source of new N, averaging 956
(1992) and 1,073 kg N km™2 year' (2002). Atmo-
spheric deposition was the next most important input,
averaging 833 (1992) and 717 kg N km™? year ™'
(2002), followed by biological N fixation in agricul-
tural lands. Riverine N export, calculated based on
measurements taken at the furthest downstream
USGS water quality monitoring station, averaged
165 (1992) and 196 kg N km™? year™' (2002),
although data were available for only 7 watersheds
at the latter time point. Downstream riverine N export
was correlated with variations in streamflow (export =
0.94 x streamflow — 5.65, R? = 0.66), with N inputs
explaining an additional 16% of the variance
(export = 1.06 x streamflow 4 0.06 x input — 227.78,
R*> = 0.82). The percentage of N input that is
exported averaged 12%. Percent export was also
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related to streamflow (%export = 0.05 x streamflow
— 2.61, R? = 0.60). The correlations with streamflow
are likely a result of its large dynamic range in these
systems. However, the processes that control
watershed N export are not yet completely understood.
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Introduction

Excess loading of nutrients to the coastal zone is
posited to be a primary cause of eutrophication-related
problems. As nutrient loading (particularly nitrogen
loading) increases, coastal marine systems show
symptoms such as increased frequency and severity
of algal blooms, decreased dissolved oxygen concen-
trations, and loss of submerged aquatic vegetation
(Bricker et al. 2007). N export from watersheds to the
coastal zone has been shown to be directly related to
watershed input, such that increased input of new N
results in a predictable increase in export to down-
stream receiving waters (e.g., Howarth et al. 1996;
Boyer et al. 2006). Controls on the percentage of
watershed N input that reaches the coast are less clear.
Different studies have shown that percent N export can
be related to streamflow (Dumont et al. 2005),
temperature (Schaefer and Alber 2007), and residence
time (Howarth et al. 2006).
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Watershed nitrogen budgets have been constructed
for a variety of different regions, including much of
the US (Boyer et al. 2002; Mclsaac et al. 2002;
Schaefer and Alber 2007); China (Liu et al. 2006);
and New Zealand (Parfitt et al. 2006), but to date
there are no large-scale studies of the west coast of
the United States. The climatology and geomorphol-
ogy of US west coast watersheds differs significantly
from those on the US east coast, yet water quality and
land use data sets are collected by the same agencies,
suggesting that a comparison of the two might yield
insights into the factors affecting nitrogen processing
in watersheds. In this study we estimated watershed
N input and export of that N to the coastal zone for 22
west coast watersheds (Fig. 1) for two periods: the
early 1990s, which is comparable to the period of
budgeting exercises for the eastern US (Boyer et al.
2002; Schaefer and Alber 2007), and the early 2000s.
We examined the relationship between watershed N
input and export to the coast for these systems, and
tried to elucidate the factors that explained both
absolute and proportionate N export.
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Fig. 1 US west coast watersheds considered in this study.
Abbreviations are as in Table 1. Watersheds not shaded (CUY,
JDY, SJQ, and STC) were not included in the analysis of
export (see text)
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Methods

Nitrogen budgets were constructed for the early
1990s (with a target year of 1992) and for the early
2000s (target year 2002) for 22 west coast watersheds
(Fig. 1). The methodology used in constructing these
budgets was very similar to that reported in Schaefer
and Alber (2007), which was in turn based on the
methods developed by Boyer et al. (2002) as part of
the International SCOPE N project. We considered
atmospheric deposition, fertilizer, net food and feed
import, and biological nitrogen fixation as sources of
new N to watersheds and compared these to riverine
export at the most downstream USGS water quality
monitoring station.

Atmospheric deposition

Wet and dry atmospheric N deposition were calculated
by constructing Thiessen polygons from data collected
at monitoring stations in the National Atmospheric
Deposition Program/National Trends Network (NADP
2006) and the Clean Air Status and Trends Network
(USEPA 1995), respectively. Organic N deposition
was assumed to account for 30% of total atmospheric
deposition (Neff et al. 2002), half of which was
considered a new input (Boyer et al. 2002). 25% of N
volatilized from animal manures and fertilizer (Battye
et al. 1994) was assumed to be exported from each
watershed and was subtracted from total atmospheric
deposition (Boyer et al. 2002).

Fertilizer

Fertilizer use was calculated from county-by-county
fertilizer sales data (Battaglin and Goolsby 1994;
Ruddy et al. 2006) by weighting the amount of
fertilizer sold in each county by the proportion of
agricultural land in that county that was located
within the watershed. Watershed totals were obtained
by summing over all counties in the watershed. Land
use was obtained from 1992 and 2001 national land
cover data (USGS 1999a—c, 2000a—f; Vogelmann
et al. 2001).

Net food and feed import

Net food and feed import is defined as total N
consumption (by livestock and humans) minus total
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N production (by crops and livestock). This quantity
will be negative (and hence represent an export)
when N production exceeds consumption. Crop
production in each county (USDA-NASS 1992,
2002) was multiplied by N content (Lander and
Moffitt 1996; USDA-NRCS 2005) and weighted by
the proportion of agricultural land in that county that
was inside the watershed, then summed over all
counties to obtain a watershed estimate. This repre-
sents a deviation from the methodology of the
SCOPE Project (Boyer et al. 2002), which assumes
that agricultural land is distributed evenly throughout
a county and therefore weights these data by the
proportion of each county inside the watershed. On
the west coast of the US, agricultural activity tends to
be concentrated in valleys, such that weighting by the
proportion of agricultural land within a watershed
gives a more accurate estimate of crop and animal
production. (Weighting by land area results in
estimates ranging from 18 to 716% of the livestock
N consumption and 15-554% of the crop production
calculated by weighting by agricultural area.) Only
crops accounting for 1% or more of harvested
cropland in a watershed were considered, which
could result in an underestimate of crop production in
those watersheds where a wide variety of crops are
grown. Vegetable crop yields were not available as
part of the census of agriculture. However, the census
did report crop acreages, which were multiplied
by reported 1992 or 2002 vegetable yields per
acre (CDFA 2002) in order to obtain estimates of
vegetable production. Livestock production and con-
sumption were similarly calculated by adjusting for
the proportion of agricultural land inside the
watershed and multiplying by published consumption
and excretion factors (Van Horn 1998).

To estimate human consumption, Boyer et al.
(2002) weighted county populations by the propor-
tion of that county located inside the watershed and
multiplied by a per-capita annual N consumption rate
(5 kg N person ' year', Garrow et al. 2000).
Because county sizes in the western United States
tend to be substantially larger than those in the
eastern US, we used the finer-scale data at the census
tract level (USBoC 1990, 2000) to estimate popula-
tion. Weighting by census tract results in human
population estimates ranging from 4 to 760% of the
estimates obtained from weighting by county; the
largest differences were for smaller watersheds that

include fewer whole counties. The Willamette
watershed constituted a special case because the
downstream boundary of this watershed intersects the
city of Portland, Oregon. Portland is serviced in part
by the Columbia Boulevard Wastewater Treatment
Plant, which discharges downstream of the USGS
gauging station used to calculate riverine export (see
below). We therefore did not include the treatment
plant’s service area when calculating the population
of this watershed.

Biological N fixation

Biological N fixation in agricultural land was calcu-
lated by multiplying acreages of leguminous crops in
each watershed by published N fixation rates. Forest N
fixation included both symbiotic and non-symbiotic
components. Boyer et al. (2002) assumed that east
coast species of alder cover 10% of wetland area as
estimated from land cover data. We applied this same
assumption to thinleaf alder (Alnus incana ssp. tenui-
folia) on the west coast, with an N fixation rate of
5,000 kg N km™? year~' (Uliassi and Ruess 2002).
Red alder (Alnus rubra) is an important nitrogen-fixing
tree in coastal areas of the Pacific northwest that can
contribute substantially to in-stream nutrient loads
(Compton et al. 2003), especially where anthropogenic
nitrogen inputs are small (Cairns and Lajtha 2005). We
used the Forest Inventory and Analysis (FIA) Pro-
gram’s (USDA-FS 2006) “red alder” class to estimate
the coverage of red alder in each watershed and
assumed a fixation rate of 8,000 kg N km™? year™
(Binkley et al. 2002). Given that even low levels of
alder coverage can result in elevated stream N exports
(Cairns and Lajtha 2005), this may be an underestimate
of the true input from biological nitrogen fixation due
to red alder. There are a number of additional non-
agricultural nitrogen-fixing plant species that grow in
western North America, including plants of the genera
Ceanothus, Cercocarpus, Comptonia, Elaeagnus,
Mbyrica, Purshia, and Shepherdia (Torrey 1978). Given
the difficulty of estimating their distribution and
prevalence, and the generally small contribution of
biological fixation in forest lands to total new nitrogen
input, fixation by these species was not considered
here. Non-symbiotic N fixation in forest soils was
assumed to be 40 kg N km™2 year—' (Boyer et al.
2002) and calculated from forest areas reported in the
FIA (USDA-FS 20006).
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Other sources and sinks of N

Pacific salmon spawning runs can be an important
source of marine-derived nutrients to both terrestrial
and aquatic environments in many western US stream
ecosystems (Gende et al. 2002; Naiman et al. 2002).
However, runs have declined by more than 95% from
their historical highs (Gresh et al. 2000). An order-of-
magnitude estimation for the Siuslaw River, one of
the more important salmon streams included in this
study, suggests that N derived from current salmon
runs would be minimal. The Chinook salmon run is
the healthiest run in this river, numbering approxi-
mately 11,000 individuals (Siuslaw Basin Council
2002). Based on an average weight of 3.76 kg per fish
(Bigler et al. 1996) and an N content of 2.5% (Drake
et al. 2006), Chinook salmon would contribute less
than 1 kg N km™2 year™' to the watershed inputs.
This would account for less than 0.1% of the total
inputs. We therefore did not include marine-derived
nutrients from spawning salmon in these budgets.
Finally, we assumed that essentially all cotton grown
in a watershed was exported and subtracted this as a
non-food crop export. This is in keeping with our
treatment of both tobacco and cotton in the south-
eastern US (Schaefer and Alber 2007).

Total N inputs

Data are presented as the annual average input (in
kg km ™2 year™") of each source of N to a watershed.
In addition to the sum of all new N inputs
(atmospheric deposition, fertilizer, net food and feed
import, and biological N fixation), we also present
gross N inputs, which includes net food and feed
import only when it represents an import rather than
an export. We also calculated an area-weighted value
for each input by multiplying inputs by the area of the
corresponding watershed and then dividing by the
total area of all watersheds.

Riverine N export

N export to the coast was calculated from water
quality data collected by the USGS National Water
Information System (USGS 2006) at the most down-
stream water quality gauge. We used the USGS’s
LOADEST model (Runkel et al. 2004; Booth et al.
2007) to estimate loads. For the 1990s, we did not
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calculate export for four of the 22 watersheds: the
Cuyama, John Day, and Santa Ana, due to insuffi-
cient water quality data, and the San Joaquin, due to
the difficulty of accounting for N in the many water
transfers in this basin. Unfortunately, water quality
sampling in the 2000s was very limited and we were
only able to calculate riverine export for seven
watersheds (Sacramento, Salinas, Santa Ana, Snake,
Spokane, Willamette, and Yakima).

We used measurements of unfiltered TKN to obtain
estimates of dissolved organic N plus NH, for all
watersheds. Because the monitoring program took
filtered samples for NOy analysis (USGS parameter
631) more often than unfiltered samples (parameter
630), we used data from filtered samples. Although this
may result in an underestimate of NOx-N loading, NOx
concentrations in filtered samples were often higher
than those observed in unfiltered samples and the two
were well correlated. Where only unfiltered samples
were available (the Spokane River), these were used in
the calculations.

Additional adjustments were necessary in three
cases. Stream flow measurements were not available
for the most downstream water quality station on the
Snake River (USGS station no. 13353200; Snake
River at Burbank, Washington), so we used stream
flow data from a station located approximately 11 km
upstream (USGS station no. 13353000; Snake River
below Ice Harbor Dam, Washington). This distance
should not result in a substantial change in flow, and
therefore difference in N export, for a river as large as
the Snake. Similarly, for the Merced River we used a
streamflow station (USGS station no. 11272500;
Merced River near Stevinson, CA) approximately
6 km upstream of the water quality station (USGS
station no. 11273500; Merced River at River Road
Bridge near Newman, CA). For the most downstream
water quality station on the John Day River (USGS
station no. 14048000; John Day River at McDonald
Ferry, Oregon), stream flow measurements were only
available beginning in April 1994. In order to be able
to use water quality data taken prior to this, we
developed a relationship between stream flow at this
station and at the nearest upstream station (USGS
station no. 14046500; John Day River at Service
Creek, Oregon), which was then used to estimate
stream flow for dates before April 1994 (McDonald
Ferry flow = 1.06 x Service Creek flow + 34.59,
R* = 0.95, P < 0.0001).
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Relationship between export and input

New N input is often considered the primary determi-
nant of N export to the coast (e.g., Howarth et al. 1996;
Boyer et al. 2002), although streamflow can also be
important (e.g., Lewis 2002). Factors that have been
suggested to control percent N export include stream-
flow (Dumont et al. 2005), temperature (Schaefer and
Alber 2007), and residence time (Howarth et al. 2006).
We compared both absolute and percent export from
the watersheds to total new N input, average annual
temperature, average annual streamflow, and average
watershed slope (an indicator of residence time). These
factors were selected to encompass the various expla-
nations proposed to control N export. Although
additional characteristics could also have been used
in this analysis, many of them covary—for example,
watershed population density and total N inputs;
streamflow and precipitation. Streamflow was calcu-
lated as described above. Watershed temperatures
were calculated for the 1990s using the DAYMET
database (Thornton et al. 1997) and for the 2000s using
PRISM data (PRISM Group 2008). Precipitation was
also obtained (Thornton et al. 1997, PRISM Group
2008) to allow us to calculate the percentage of
precipitation that runs off as streamflow as an addi-
tional characteristic of each watershed. Watershed
slopes were calculated from a digital elevation model
(USGS 19994d).

Results
Watershed characteristics

The watersheds included in this study ranged in size
from 1,531 to 279,438 km” (Table 1) and were
dominated by forest and shrub/grassland in 1992
(Table 2). Note that only 1992 land use is presented
here, but there were only minor changes in land use in
2001. Northern watersheds tended to be dominated
by forest, whereas southern watersheds tended to be
dominated by shrub and grasslands. Together, these
two categories on average accounted for 81.1% of
land cover in western watersheds. The next most
important land use was agriculture (area-weighted
average = 13.8%), with the highest percentage
observed in the San Joaquin (30.4%) and the

Willamette (24.3%) River watersheds. Urban area
generally accounted for only a small (<4%) percent-
age of watershed area, except in the Santa Ana where
it accounted for 19.7% of the watershed area. Human
population density in 1992 ranged from very low (<5
people km™2 in 10 of the 22 watersheds) to an
extreme high of 432 people km ™~ in the Santa Ana
basin. Population densities were similar in 2002,
though generally slightly higher. The area-weighted
annual average watershed temperature across all
watersheds was 8.5°C in 1992 and 9.2°C in 2002
(Table 1). Area-weighted annual average precipita-
tion was 649 mm year ' in 1992 and 596 mm year ™'
in 2002, with the highest in the watersheds of the
Nehalem, Willamette, and Eel Rivers. The average
watershed slope was 11.7°.

Inputs

New N input to the 22 western US watersheds studied
here ranged from 541 to 11,644 kg N km™? year™'
in 1992 and from 409 to 10,875 kg N km™? year™'
in 2002 (Table 3). The watershed with the highest
input was the Santa Ana, followed by the San
Joaquin. The high input to the Santa Ana was due to
high imports of food and feed. This was primarily
driven by the high number of dairy cattle and layer
chickens in this watershed, which resulted in high
animal production. Human N consumption was also
high, as the greater metropolitan Los Angeles area
takes up a large proportion of this watershed. The San
Joaquin watershed had large livestock populations,
resulting in high net food and feed import, but also
very high fertilizer use due to the large proportion of
agricultural area in that watershed. Inputs to all other
watersheds were less than 5,000 kg N km™2 year™!
in both years.

In both periods, fertilizer was the largest source of
new N to the region, followed by atmospheric
deposition and N fixation in croplands. Fertilizer
accounted for 956 kg N km 2 year™' (38.6% of
gross N inputs) in 1992 and 1,073 kg N km™? year™'
(43.6% of gross N inputs) in 2002. Atmospheric
deposition averaged 833 kg N km ™2 year ' (33.7%
of gross N inputs) in 1992. In 2002, this source
remained second in importance but had decreased to
717 kg N km ™2 year ™' (29.2% of gross N inputs).
This was primarily the result of a decline in dry
deposition, which was the major component of
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Table 1 General characteristics of western US watersheds for 1992 and 2002

Watershed Abbreviation Area (km?) Temperature (°C)  Precipitation (mm year’l) Slope (°) Persons km~?2
1992 2002 1992 2002 1992 2002
Spokane SPO 9,932 6.3 7.0 1,135 870 19.2 7 10
Yakima YAK 14,542 7.6 7.7 653 640 11.7 15 18
Snake SNA 279,438 6.0 6.8 537 444 11.6 4 5
Nehalem NEH 1,747 9.0 9.5 1,862 2,071 13.9 5 6
Deschutes DES 27,787 72 7.6 549 422 6.9 4 6
John Day DY 19,764 7.3 8.2 447 349 13.3 1
Willamette WIL 28,992 9.6 10.0 1,499 1,380 12.0 11 60
Siuslaw SIU 1,531 10.7 11.8 1,584 1,524 19.1 4 4
Rogue ROG 10,188 9.5 9.7 959 877 15.7 20 24
Klamath KLA 40,356 8.1 8.9 786 789 13.0 3 3
Eel EEL 8,058 10.9 12.1 1,205 1,420 18.2 4 4
Russian RUS 3,470 13.6 14.8 932 1,045 13.8 86 102
Sacramento SCR 68,332 11.5 12.2 802 854 10.1 28 32
Stanislaus STN 2,485 10.0 10.0 822 861 14.4 5 19
San Joaquin SJQ 72,129 13.7 14.0 417 432 10.1 31 38
Tuolumne TUO 4,307 9.8 10.6 704 796 14.1 15 23
Merced MER 2,876 10.5 11.8 697 747 15.5 4 7
Pajaro PAJ 3,063 14.0 14.8 406 429 13.6 33 44
Salinas SAL 10,568 139 14.9 478 378 13.5 10 12
Cuyama CUY 2,279 13.4 13.8 497 313 16.2 3 1
Santa Clara STC 1,694 15.5 16.3 460 343 17.4 96 125
Santa Ana STA 3,881 15.2 15.7 536 372 12.0 432 518
Area-weighted average 8.5 9.2 649 596 11.7 14 19

atmospheric deposition in all watersheds. Atmo-
spheric deposition was higher in southern than in
northern watersheds. N fixation in croplands was the
third-largest source of new N to the region in both
years and was positively related to the amount of
pastureland. This source accounted for an average of
628 kg N km ™2 year™' (25.4% of gross N inputs) in
1992 and 613 kg N km ™2 year™' (24.9% of gross N
inputs) in 2002. N export due to volatilization was
most important in watersheds located in southern
California, particularly those of the Salinas, Pajaro,
Cuyama, and Santa Ana Rivers.

Net food and feed import was often negative
(indicating a net export) because crop production was
high in many of the watersheds. Crop production
tended to be highest in California, and was generally
dominated by hay and pastureland. However, high crop
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production values did not necessarily result in low N
import, since watersheds with high crop production
also often had large populations of animals, and hence
high consumption of N by animals. In 1992, net food
and feed import averaged —578 kg N km ™2 year™ ',
with half the watersheds exporting N. By 2002, import
had increased in many watersheds, primarily as a result
of increases in animal production, with an average of
—261 kg N km™ 2 year™ .

Forest N-fixation generally accounted for only a
small percentage of overall N input. The one
exception was the Nehalem watershed, where forest
N-fixation accounted for 57.5 and 67.7% of gross N
inputs in 1992 and 2002, respectively. This was a
result of the very high density of red alder in this
area, which has a high rate of N-fixation (8,000
kg N km ™2 year ', Binkley et al. 2002).
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Table 2 Land use in western US watersheds for 1992

Watershed Forest (%) Shrub and grasslands (%) Agriculture (%) Urban (%) Wetland (%) Water (%) Other (%)
SPO 81.2 6.1 37 1.0 0.1 2.0 5.9
YAK 36.4 419 15.2 1.8 0.2 0.8 3.8
SNA 27.2 55.6 12.6 0.3 0.6 0.7 3.0
NEH 93.6 0.2 1.1 0.1 0.0 0.2 4.8
DES 43.4 48.1 54 0.4 0.4 0.6 1.6
DY 46.2 48.0 5.0 0.1 0.2 0.1 0.6
WIL 65.3 3.9 24.3 3.0 0.3 0.9 22
SIU 94.7 24 1.7 0.0 0.0 0.1 1.0
ROG 80.6 9.6 6.9 1.1 0.2 0.4 1.2
KLA 66.2 224 5.9 0.2 2.3 1.6 1.3
EEL 66.6 31.9 0.4 0.2 0.0 0.3 0.6
RUS 474 32.7 15.5 32 0.1 0.8 0.3
SCR 51.0 29.9 13.7 1.7 0.8 1.9 1.0
STN 64.1 25.9 4.8 1.2 0.1 1.7 2.3
SJQ 26.1 36.7 30.4 1.8 0.4 0.7 39
TUO 48.0 38.6 4.9 14 0.1 1.9 5.2
MER 53.1 36.5 5.6 0.4 0.7 0.6 3.0
PAJ 23.9 58.6 13.9 1.9 0.0 0.1 1.6
SAL 17.6 65.8 12.0 0.8 0.0 0.2 35
CuyY 18.0 68.0 59 0.2 0.0 0.0 8.0
STC 15.4 74.9 1.9 4.0 0.0 0.8 3.0
STA 20.6 48.3 8.5 19.7 04 0.6 2.0
Area-weighted average 38.4 42.7 13.8 1.0 0.6 0.9 2.6

Export

Streamflow from the study watersheds ranged from 22
to 1,262 mm yeaf1 in 1992 (Table 4), and from 41 to
1,344 mm year™ ' in 2002. Parts of the western US
experienced a drought during the late 1980s and early
1990s, such that the 2000s were slightly wetter than the
1990s, with streamflow averaging 210 mm year ' in
1992 and 278 mm year ' in 2002. Streamflow was
expressed as a percentage of precipitation as a measure
of the flushing rate of water in these systems (with a
high percentage indicating a shorter residence time).
Streamflow ranged from values as low as 5% of
precipitation in the Salinas to greater than 65% in the
Siuslaw, Willamette, and Nehalem (Table 4). Low
values may indicate high consumptive use or other
losses from the watershed (e.g., evapotranspiration)
that decrease runoff. High values were observed in
systems that are either entirely (Siuslaw and Nehalem)
or partially (Willamette) in the Oregon Coast Range.

Riverine N export ranged from 80 kg N km ™2 year™ '

in the Tuolumne to 1,670 kg N km 2 year ' in the
Nehalem, with an overall average of 165 kgN
km 2 year™ ' for the 18 watersheds with available export
data in 1992 (Table 4). Export ranged from values less
than 100 kg N km 2 year ' in the Tuolumne, Merced,
and Deschutes, to greater than 1,000 kg N km ™ year™!
in the Siuslaw, Nehalem, and Willamette. These water-
sheds with high export values are discussed further
below. Although there were some differences between
the two periods, 2002 export estimates agreed well with
those from 1992 for the 7 watersheds for which
measurements were available, averaging 165 kg N
km™? year ' in 1992 and 195 kg N km™? year ' in
2002. We therefore did not analyze the 1990s and 2000s
time periods separately, but rather included observa-
tions from both periods for those watersheds for which
we had estimates of export in 2002.

Percent N export had an area-weighted average of
12% in 1992 (Table 4). The two Coast Range
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Table 4 N export and related characteristics for US west coast watersheds in 1992 and 2002

Watershed Streamflow Streamflow as a % of Riverine N export Riverine N export as a %
(mm year™") precipitation (kg N km~? year™ ") of input
1992 2002 1992 2002 1992 2002 1992 2002
SPO 516 550 45 63 117 106 20 17
YAK 183 209 28 33 194 185 8 7
SNA 136 209 25 47 93 137 10 12
NEH 1,262 1,344 68 65 1,670 - 70 -
DES 170 190 31 45 71 - 7 -
WIL 987 1,021 66 74 1,065 959 31 30
SIU 1,026 1,165 65 76 1,086 - 115 -
ROG 405 507 42 58 114 - 10 -
KLA 290 400 37 51 115 - 9 -
EEL 704 953 58 67 334 - 18 -
RUS 466 637 50 61 329 - 9 -
SCR 252 344 31 40 104 119 19 8
STN 205 382 25 44 106 - 4 -
TUO 133 281 19 35 80 - 3 -
MER 110 225 16 30 99 - 5 -
PAJ 34 71 8 17 460 13
SAL 22 41 5 11 88 95
STA 77 90 14 24 512 501
Area-weighted average 235 2901 30 47 165 195 12 12

‘-’ indicates that data were not available

watersheds (the Siuslaw and Nehalem) had extremely
high percent export (115% and 70%, respectively). A
value greater than 100% would be unsustainable over
the long term and most likely reflects errors inherent
in the calculation of both N input and export. Despite
the potential error, however, it is apparent that
percent export is much higher in these two water-
sheds than in any of the others we considered (all of
which were calculated in the same manner). The
Siuslaw and Nehalem are both particularly small
watersheds that are primarily forested. As noted
above, they receive a great deal of rainfall, a high
percentage of which becomes streamflow. These
systems may also be highly disturbed. Logging is
common in the Coast Range (Ripple et al. 2000) and
a high proportion of clearcut area has been shown to
increase streamflows in the Western Cascades of
Oregon (Jones and Grant 1996), which could result in
increased export due to the landscape’s inability to
retain N for processing. When precipitation as a

percentage of streamflow is plotted against percent N
export, the Siuslaw and Nehalem are clear outliers
(Fig. 2). We therefore present the following analysis
of the relationships between inputs and riverine N
export both with and without these watersheds.

Relationship between input and export

The best single predictor of N export was streamflow,
which explained 66% of the variability in the obser-
vations (Fig. 3a; export = 0.94 x streamflow — 5.65,
R? = 0.66, P < 0.001). When the Coast Range systems
were excluded, streamflow was still the best predictor of
export, but it explained only 41% of the variability
(export = 0.62 x streamflow + 65.76, R? = 041,
P = 0.001). Although N input alone was not impor-
tant (Fig. 3b), including it in the regression with
streamflow increased the predictive power of both
relationships, but input was more important when the
Coast Range systems were excluded (all watersheds,
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line includes all data; dashed regression line excludes the
Coast Range systems

export = 1.06 x streamflow + 0.06 x input — 227.78,
R*=082, P <000l; excluding Coast Range,
export = 0.76 x streamflow + 0.06 x input — 149.29,
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R*=077,P< 0.001). The other two variables (temper-
ature and slope) were not related to N export (Fig 3c, d)
when all watersheds were considered, but slope accounted
for another 5% of variability when the Coast Range
watersheds were excluded (export = 0.82 x stream-
flow + 0.05 x input — 22.29 x slope + 137.37, R* =
0.82, P < 0.001).

Streamflow was also the best predictor of percent
nitrogen export from these watersheds (all watersheds,
% export = 0.05 x streamflow — 2.61, R* = 0.60,
P < 0.001; excluding Coast Range, % export = 0.03
x streamflow + 3.18, R?> = 0.77, P < 0.001; Fig. 4a).
In this case, none of the other factors (input, tempera-
ture, or slope) were significant alone (Fig. 4b—d) or
improved the relationship with streamflow any further
with or without Coast Range watersheds. Although
precipitation was not used in this analysis, it is worth
noting that regressions of both total N and %N export
against streamflow explained more variance than
regressions against precipitation.
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Fig. 3 a Average annual streamflow, b total N inputs, ¢ average annual temperature, and d average slope of watersheds on the west
coast of the US versus riverine N export at the most downstream USGS water quality gauging station. Crosses 1990s data; circles
2000s data. Solid regression line includes all data; dashed regression line excludes the Coast Range systems (Siuslaw and Nehalem).

Abbreviations (as in Table 1) are provided for selected watersheds
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Discussion

Area-weighted average N input to study watersheds
was 1,870 kg N km 2 year ' in 1992 (Table 3).
Inputs were generally higher in southern than in
northern watersheds. Inputs to most systems had
increased by 2002, with an overall, area-weighted
average of 2,158 kg N km ™2 year . However, 1992
inputs were well correlated with 2002 inputs
(R* = 0.94), indicating that N input increased con-
sistently across the entire study region.

Fertilizer was the most important source of N to
the region in both decades, followed by atmospheric
deposition. Fertilizer N inputs increased in impor-
tance from 1992 to 2002, accounting for 38.6 and
43.6% of gross inputs, respectively, whereas atmo-
spheric deposition accounted for 33.7% of gross
inputs in 1992 and 29.2% in 2002. A simultaneous
increase in fertilizer use and a decline in atmospheric
deposition resulted in fertilizer becoming an
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2000s data. Solid regression line includes all data; dashed
regression line excludes the Coast range systems (Siuslaw and
Nehalem). Abbreviations (as in Table 1) are provided for
selected watersheds

increasingly dominant N source in 2002. The reduc-
tion in atmospheric deposition was most likely a
result of increasingly stringent emissions standards
and cleaner-burning fuels mandated in California,
which succeeded in reducing NOy emissions sub-
stantially over the same time period (CARB 2008).
The relative importance of fertilizer as an N source
to these watersheds is in agreement with observations
in other regions of the world. However, fertilizer
input to the western US is generally lower and
atmospheric deposition is higher than in other areas.
In the Mississippi River basin (Mclsaac et al. 2002),
the most important source of new N was fertilizer
(~2,000 kg N km~? year™ '), followed by agricul-
tural N fixation (~ 1,500 kg N km ™2 yearfl), where-
as atmospheric deposition was approximately 500 kg
N km 2 year”'. In the Changjiang River basin in
China, fertilizer N supplied approximately 2,000 kg
N km 2 year ' (86% of inputs) in 1990 and
4,500 kg N km ™2 year ™' (91% of new N) in 2000,
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whereas atmospheric deposition was negligible (Liu
et al. 2006). In New Zealand (Parfitt et al. 2006), the
contribution of fertilizer N to watershed loading was
comparable to that reported here (887 kg N km 2
year ') but atmospheric deposition was lower
(599 kg N km™? year™ ).

The 1992 observations of watershed N inputs can
be compared directly to those on the east coast of the
US, which were calculated for the same year using
comparable methodologies (Boyer et al. 2002;
Schaefer and Alber 2007). Although the range of N
inputs on the east coast was lower (835-5,717 kg N
km~? year™'), the area-weighted average N input
was nearly 2-fold greater, 3,136 vs. 1,880 kg N
km ™2 year ' in west coast watersheds. This differ-
ence in area-weighted input was largely the result of
differences in crop production, which resulted in an
average net export of 568 kg N km ™2 year™" in food
and feed on the west coast compared to an import of
781 kg N km ™2 year™ ' on the east coast. Biological
N fixation also contributed more new N on the east
coast than on the west coast (agricultural N fixation,
716 vs. 628 kg N km ™~ year '; forest land N fixa-
tion, 134 vs. 57 kg N km ™2 year ' on the east and
west coasts, respectively). However, west coast
watersheds received more N from both atmospheric
deposition (833 vs. 790 kg N km™2 year™') and fer-
tilizer (956 vs. 725 kg N km™2 year™'). The greater
fertilizer use is surprising, given that agricultural land
use comprised an average of 13.8% of watershed area
on the west coast (Table 2), compared to 21.2% on the
east coast (calculated based on data in Boyer et al.
2002 and Schaefer and Alber 2007), and suggests that
fertilizer use is more intensive on the west coast than
on the east coast.

Riverine N export was better predicted by streamflow
than by watershed N input (Fig. 3a). Streamflow has
also been found to be a good predictor of N export in
undisturbed watersheds, which experience a large range
of annual runoff (Lewis et al. 1999; Lewis 2002).
However, this finding contrasts with studies on the east
coast of the US (Boyer et al. 2002; Schaefer and Alber
2007), in the watersheds surrounding the North Atlantic
(Howarth et al. 1996), and in New Zealand (Parfitt et al.
2006), where N loading has been shown to be an
excellent predictor of riverine N export. A possible
explanation for this difference, at least in comparison to
the east coast, is that west coast watersheds have a larger
range of streamflow (annual averages ranged from 22 to

@ Springer

1,262 mm year_l) than those on the east coast (275—
672 mm year™ ', Boyer et al. 2002; Schaefer and Alber
2007). West coast watersheds also tend to have more
pronounced seasonality in rainfall, such that most of the
nitrogen export from these watersheds occurs during the
wet season (fall/winter). Unfortunately the studies in the
watersheds of the North Atlantic and New Zealand did
not report comparable streamflow data which could be
used to evaluate the dynamic range of streamflow in
comparison to that of inputs.

Although export was best predicted by streamflow,
the relationship improved when input was added to
the equation (streamflow only, R* = 0.66; streamflow
and inputs, R* = 0.82). This agrees well with the
findings of Smith et al. (2005), who were able to
predict riverine N loads from a combination of
streamflow and population for 165 watersheds with a
range of streamflows roughly comparable to those
observed here. For the west coast, we suggest that
export of nutrients may be limited primarily by the
availability of water to transport them, with the
magnitude of inputs playing a secondary role.

The percentage of N input exported to the coast
ranged widely, from 2% (Salinas, 2002) to 115%
(Siuslaw, 1992). This range is greater than that
observed on the east coast, where percent export
ranged from 5 to 40% (Boyer et al. 2002; Schaefer
and Alber 2007). However, when the Coast Range
systems were excluded, the remaining watersheds all
exported less than 20% of the N inputs (the Willam-
ette, which is partially in the Coast Range, exported
31% in 1992 and 30% in 2002). The watershed-area-
weighted average export was 12% in 1992 (excluding
the Coast Range watersheds, which are very small,
changed this only slightly and still rounded to 12%).
This value, which is substantially below the generally
accepted global average of 25% (Galloway et al.
2004; Boyer et al. 2006), is largely a consequence of
the fact that some of the largest watersheds in this
study, such as the Snake and the Sacramento, tended
to export smaller percentages of the load and so
brought down the area-weighted average. Our results
correspond well with the results of a modeling study
by Dumont et al. (2005). Their Fig. 5 shows percent
N export on the west coast of the US to generally be
below 14% except in Coast Range watersheds, where
percent export was between 27 and 59%.

Percent export was best predicted by streamflow,
which could be a consequence of the very large range
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of streamflows in watersheds of the west coast.
Watersheds with extreme values of streamflow may
either (in the case of high streamflow) have such a
short residence time that N is exported before any
processing has taken place, or (in the case of low
streamflow) water movement may be so slow that N
is processed or stored in the watershed, so percent
export is low. The large fraction of the load exported
from Oregon Coast Range watersheds, in particular,
may be the result of rapid flushing in these systems,
which have high streamflows relative to precipitation.
These watersheds are also quite small, which could
further decrease the residence time of N in them. It
would be instructive to know if more N is exported in
other mountainous regions where watersheds are
small and precipitation is high. Dumont et al. (2005),
who also included watersheds with a wide range of
streamflows, also found that percent N export was
correlated with streamflow.

The west coast results presented here contrast with
our east coast observations where we found that
percent export was related to temperature (Schaefer
and Alber 2007). As described above, US east coast
watersheds are more homogenous with respect to
streamflow than those on the west coast and thus the
effect of temperature may be easier to discern in
them. The temperature range on the east coast is also
slightly greater (4.2-19.3°C; Boyer et al. 2002;
Schaefer and Alber 2007) than on the west coast
(6.0-15.5°C). Although the percentage of N exported
from watersheds in the present study did not correlate
with temperature, it is worth noting that percent
export was lower and less variable at temperatures
greater than 12°C (average = 6 £ 4%) as compared
to lower temperatures (average = 22 £ 28%). This
is in keeping with our east coast observations that
percent N export is lower in warmer watersheds.

The apparent difference in the factors controlling
N export from west coast watersheds compared to
those in other regions suggests that our understanding
of the relationship between input and export is
incomplete. Export is not always predicted by input,
and there is no single relationship that can be used to
predict N export based on input for all watersheds.
This was most obvious for the small mountainous
watersheds of the Oregon Coast Range, which
behaved differently from the rest of the region.
Comparisons of N budgets for watersheds from other
mountainous areas or across watersheds representing

a wide range of streamflow may provide the
perspective needed to develop an improved under-
standing of the relative importance of the
environmental factors that control N export.

Acknowledgments We thank Adrian Burd and Joan Sheldon
for useful discussions on statistics, and the staff of the Portland
Bureau of Environmental Services for providing shapefiles of
wastewater treatment plant service areas. We also thank an
anonymous reviewer for helpful comments which improved the
manuscript. Funding was provided by the Georgia Coastal
Ecosystems LTER Project (NSF Award OCE-0620959) and
Coastal Incentive Grant #NA170Z2331.

References

Battaglin WA, Goolsby DA (1994) Spatial data in geographic
information system format on agricultural chemical use,
land use, and cropping practices in the United States.
USGS water resources investigations report 94-4176, US
Geologic Survey, Reston, VA. http://water.usgs.gov/pubs/
wri/wri944176/

Battye R, Battye W, Overcash C, Fudge S (1994) Development
and selection of ammonia emission factors. Final report,
EC/R incorporated for EPA atmospheric research assess-
ment lab, EPA contract number 68-D3-0034

Bigler BS, Welch DW, Helle JH (1996) A review of size trends
among North Pacific salmon (Oncorhynchus spp.). Can J
Fish Aquat Sci 53:455-465. doi:10.1139/cjfas-53-2-455

Binkley D, Sollins P, Bell R, Sachs D, Myrold D (1992)
Biogeochemistry of adjacent conifer and alder-conifer
stands. Ecology 73(6):2022-2033. doi:10.2307/1941452

Booth G, Raymond P, Oh N-H (2007) LoadRunner. Yale
University, New Haven, Connecticut. Available online at
http://environment.yale.edu/raymond/loadrunner/

Boyer EW, Goodale CL, Jaworski NA, Howarth RW (2002)
Anthropogenic nitrogen sources and relationships to riverine
nitrogen export in the northeastern USA. Biogeochemistry
57:137-169. doi:10.1023/A:1015709302073

Boyer EW, Howarth RW, Galloway JN, Dentener FJ, Green
PA, Vorosmarty CJ (2006) Riverine nitrogen export from
the continents to the coasts. Global Biogeochem Cy
20:Art. No. GB1S91

Bricker S, Longstaff B, Dennison W, Jones A, Boicourt K, Wicks
C, Woerner J (2007) Effects of nutrient enrichment in the
nation’s estuaries: a decade of change, NOAA Coastal
ocean program decision analysis series no. 26. National
Centers for Coastal Ocean Science, Silver Spring, p 328

Cairns MA, Lajtha K (2005) Effects of succession on nitrogen
export in the west-central Cascades, Oregon. Ecosystems
(NY, Print) 8:583-601

CARB California Air Resources Board (2008) California’s air
quality history key events, www.arb.ca.gov/html/brochure/
history.htm. Cited 14 May 2008

CDFA California Department of Food and Agriculture (2002)
California agricultural resource directory. California
Department of Agriculture, Sacramento, CA

@ Springer


http://water.usgs.gov/pubs/wri/wri944176/
http://water.usgs.gov/pubs/wri/wri944176/
http://dx.doi.org/10.1139/cjfas-53-2-455
http://dx.doi.org/10.2307/1941452
http://environment.yale.edu/raymond/loadrunner/
http://dx.doi.org/10.1023/A:1015709302073
http://www.arb.ca.gov/html/brochure/history.htm
http://www.arb.ca.gov/html/brochure/history.htm

232

Biogeochemistry (2009) 93:219-233

Compton JE, Church MR, Larned ST, Hogsett WE (2003)
Nitrogen export from forested watersheds in the Oregon
coast range: the role of N,-fixing red alder. Ecosystems
(NY, Print) 6(8):773-785. doi:10.1007/s10021-002-02
07-4

Drake DC, Naiman RJ, Bechtold JS (2006) Fate of nitrogen in
riparian forest soils and trees: an '°N tracer study simu-
lating salmon decay. Ecology 87(5):1256-1266. doi:
10.1890/0012-9658(2006)87[1256:FONIRF]2.0.CO;2

Dumont E, Harrison JA, Kroeze C, Bakker EJ, Seitzinger SP
(2005) Global distribution and sources of dissolved inor-
ganic nitrogen export to the coastal zone: Results from a
spatially explicit, global model. Global Biogeochem Cycles
19. Art SO2(No. GB4)

Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howarth
RW, Seitzinger SP, Asner GP, Cleveland CC, Green PA,
Holland EA, Karl DM, Michaels AF, Porter JH, Town-
send AR, Vorosmarty CJ (2004) Nitrogen cycles: past,
present, and future. Biogeochemistry 70(2):153-226. doi:
10.1007/s10533-004-0370-0

Garrow JS, James WPT, Ralph A (eds) (2000) Human nutrition
and dietetics. Churchill Livingstone, Edinburgh

Gende SM, Edwards RT, Willson MF, Wipfli MS (2002) Pacific
salmon in aquatic and terrestrial ecosystems. Bioscience 52
(10):917-928. doi:10.1641/0006-3568(2002)052[0917:PSI
AAT]2.0.CO;2

Gresh T, Lichatowich J, Schoonmaker P (2000) An estimation of
historic and current levels of salmon production in the
northeast Pacific ecosystem: evidence of a nutrient deficit in
the freshwater systems of the Pacific northwest. Fisheries
25(1):15-21. doi:10.1577/1548-8446(2000)025<0015:AE
OHAC>2.0.CO;2

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N,
Lajtha K, Downing JA, Elmgren R, Caraco N, Jordan T,
Berendse F, Freney J, Kudeyarov V, Murdoch P, Zhao-
Liang Z (1996) Regional nitrogen budgets and riverine N
and P fluxed for the drainages to the North Atlantic ocean:
natural and human influences. Biogeochemistry 35:75-
139. doi:10.1007/BF02179825

Howarth RW, Swaney DP, Boyer EW, Marino R, Jaworski N,
Goodale C (2006) The influence of climate on average
nitrogen export from large watersheds in the northeastern
United States. Biogeochemistry 79:163—186. doi:10.1007/
$10533-006-9010-1

Jones JA, Grant GE (1996) Peak flow responses to clear-cutting
and roads in small and large basins, western Cascades,
Oregon. Water Resour Res 32(4):959-974. doi:10.1029/
95WR03493

Lander CH, Moffitt D (1996) Nutrient use in cropland agri-
culture (commercial fertilizers and manure): nitrogen and
phosphorus. Working paper 14, RCAIIl. NRCS, United
States Department of Agriculture, Washington

Lewis WM Jr (2002) Yield of nitrogen from minimally dis-
turbed watersheds of the United States. Biogeochemistry
57/58:275-385

Lewis WM Jr, Melack JM, McDowell WH, McClain M, Richey
JE (1999) Nitrogen yields from undisturbed watersheds in
the Americas. Biogeochemistry 46:149-162. doi:10.1007/
BF01007577

Liu C, Wang QX, Watanabe M (2006) Nitrogen transported to
three Gorges dam from agro-ecosystems during 1980-2000.

@ Springer

Biogeochemistry 81:291-312. doi:10.1007/s10533-006-90
42-6

Mclsaac GF, David MB, Gertner GZ, Goolsby DA (2002)
Relating net nitrogen input in the Mississippi river basin
to nitrate flux in the Lower Mississippi river: a compari-
son of approaches. J Environ Qual 31(5):1610-1622

Naiman RJ, Bilby RE, Schindler DE, Helfield JM (2002)
Pacific salmon, nutrients, and the dynamics of freshwater
and riparian ecosystems. Ecosystems (NY, Print) 5:399—
417. doi:10.1007/s10021-001-0083-3

NADP National Atmospheric Deposition Program/National
Trends Network (NRSP-3) (2006) NADP Program Office,
Illinois State Water Survey, 2204 Griffith Dr., Cham-
paign, IL. Available online at http://nadp.isws.illinois.edu/

Neff JC, Holland EA, Dentener FJ, McDowell WH, Russell
KM (2002) The origin, composition and rates of organic
nitrogen deposition: a missing piece of the nitrogen cycle?
Biogeochemistry 57:99-136. doi:10.1023/A:1015791622
742

Parfitt RL, Schipper LA, Baisden WT, Elliott AH (2006)
Nitrogen inputs and outputs for New Zealand in 2001 at
national and regional scales. Biogeochemistry 80:71-88.
doi:10.1007/s10533-006-0002-y

PRISM Group (2008) Oregon State University. http://www.
prism.oregonstate.edu/Cited 5 Feb 2008

Ripple WIJ, Hershey KT, Anthony RG (2000) Historical forest
patters of Oregon’s central coast range. Biol Conserv 93:
127-133. doi:10.1016/S0006-3207(99)00034-8

Ruddy BC, Lorenz DL, Mueller DK (2006) County-level
estimates of nutrient inputs to the land surface of the
conterminous United States, 1982-2001. USGS Scientific
Investigations Report 2006-5012. US Geological Survey,
Reston

Runkel RL, Crawford CG, Cohn TA (2004) Load estimator
(LOADEST): A FORTRAN program for estimating con-
stituent loads in streams and rivers. US geological survey
techniques and methods book 4, Chap. A5, 69 pp

Schaefer SC, Alber M (2007) Temperature controls a latitu-
dinal gradient in the proportion of watershed nitrogen
exported to coastal ecosystems. Biogeochemistry
85(3):333-346. doi:10.1007/s10533-007-9144-9

Siuslaw Basin Council (2002) A watershed assessment for the
Siuslaw basin. Available online at http://www.inforain.
org/siuslaw/

Smith SV, Swaney DP, Buddemeier RW, Scarsbrook MR,
Weatherhead MA, Humborg C, Eriksson H, Hannerz F
(2005) River nutrient loads and catchment size. Biogeo-
chemistry 75:83-107. doi:10.1007/s10533-004-6320-z

Thornton PE, Running SW, White MA (1997) Generating
surfaces of daily meteorological variables over large
regions of complex terrain. J Hydrol (Amst) 190:214-225.
doi:10.1016/S0022-1694(96)03128-9

Torrey JG (1978) Nitrogen fixation by actinomycete-nodulated
angiosperms. Bioscience 28(9):586-592. doi:10.2307/1307515

Uliassi DD, Ruess RW (2002) Limitations to symbiotic nitro-
gen fixation in primary succession on the Tanana river
floodplain. Ecology 83(1):88-103

[USBoC] United States Bureau of the Census (1990) 1990
census of population: general population characteristics,
United States. Washington, DC. http://factfinder.census.
gov


http://dx.doi.org/10.1007/s10021-002-0207-4
http://dx.doi.org/10.1007/s10021-002-0207-4
http://dx.doi.org/10.1890/0012-9658(2006)87[1256:FONIRF]2.0.CO;2
http://dx.doi.org/10.1007/s10533-004-0370-0
http://dx.doi.org/10.1641/0006-3568(2002)052[0917:PSIAAT]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2002)052[0917:PSIAAT]2.0.CO;2
http://dx.doi.org/10.1577/1548-8446(2000)025%3c0015:AEOHAC%3e2.0.CO;2
http://dx.doi.org/10.1577/1548-8446(2000)025%3c0015:AEOHAC%3e2.0.CO;2
http://dx.doi.org/10.1007/BF02179825
http://dx.doi.org/10.1007/s10533-006-9010-1
http://dx.doi.org/10.1007/s10533-006-9010-1
http://dx.doi.org/10.1029/95WR03493
http://dx.doi.org/10.1029/95WR03493
http://dx.doi.org/10.1007/BF01007577
http://dx.doi.org/10.1007/BF01007577
http://dx.doi.org/10.1007/s10533-006-9042-6
http://dx.doi.org/10.1007/s10533-006-9042-6
http://dx.doi.org/10.1007/s10021-001-0083-3
http://nadp.isws.illinois.edu/
http://dx.doi.org/10.1023/A:1015791622742
http://dx.doi.org/10.1023/A:1015791622742
http://dx.doi.org/10.1007/s10533-006-0002-y
http://www.prism.oregonstate.edu/Cited
http://www.prism.oregonstate.edu/Cited
http://dx.doi.org/10.1016/S0006-3207(99)00034-8
http://dx.doi.org/10.1007/s10533-007-9144-9
http://www.inforain.org/siuslaw/
http://www.inforain.org/siuslaw/
http://dx.doi.org/10.1007/s10533-004-6320-z
http://dx.doi.org/10.1016/S0022-1694(96)03128-9
http://dx.doi.org/10.2307/1307515
http://factfinder.census.gov
http://factfinder.census.gov

Biogeochemistry (2009) 93:219-233

233

[USBoC] United States Bureau of the Census (2000) 2000 census
of population: general population characteristics, United
States. Washington, DC. http://factfinder.census.gov

[USDA-NASS] United States Department of Agriculture—
National Agricultural Statistics Service (1992) 1992 census of
agriculture, Vol. 1, geographic area series. National Agricul-
tural Statistics Service, Washington, DC. http://www.nass
.usda.gov/Census_of_Agriculture/1992/index.asp

[USDA-NASS] United States Department of Agriculture—
National Agricultural Statistics Service (2002) 2002 cen-
sus of agriculture. Washington, DC. http://www.agcensus.
usda.gov/

[USDA-NRCS] United States Department of Agriculture—
Natural Resources Conservation Service (2005) PLANTS
database crop nutrient tool. Washington, DC. http://npk.
nrcs.usda.gov/

[USDA-FS] United States Department of Agriculture—Forest
Service (2006) Forest inventory and analysis national
program. Arlington, VA, 2006. http://www fia.fs.fed.us/
tools-data/data/

[USEPA] United States Environmental Protection Agency
(1995) Clean air status and trends network. Washington,
DC. http://www.epa.gov/castnet/

[USGS] United States Geological Survey (2006) National
water information system. Reston, VA. http://waterdata.
usgs.gov/nwis/

[USGS] USGS United States Geological Survey (1999a) Idaho
land cover data set. US Geological Survey, Sioux Falls

[USGS] USGS United States Geological Survey (1999b)
Oregon land cover data set. US Geological Survey, Sioux
Falls

[USGS] USGS United States Geological Survey (1999c)
Washington land cover data set. US Geological Survey,
Sioux Falls

[USGS] United States Geological Survey (1999d) National
elevation dataset. USGS EROS Data Center, Sioux Falls,
SD. http://gisdata.usgs.net/ned/

[USGS] USGS United States Geological Survey (2000a) Mon-
tana land cover data set. US Geological Survey, Sioux Falls

[USGS] USGS United States Geological Survey (2000b)
Nevada land cover data set. US Geological Survey, Sioux
Falls

[USGS] USGS United States Geological Survey (2000c)
California-north land cover data set. US Geological
Survey, Sioux Falls

[USGS] USGS United States Geological Survey (2000d) Cali-
fornia-south land cover data set. US Geological Survey,
Sioux Falls

[USGS] USGS United States Geological Survey (2000e) Utah
land cover data set. US Geological Survey, Sioux Falls

[USGS] USGS United States Geological Survey (2000f)
Wyoming land cover data set. US Geological Survey,
Sioux Falls

Van Horn HH (1998) Factors affecting manure quantity, quality,
and use. In: Proceedings of the Mid-South ruminant nutri-
tion conference, Dallas-Ft. Worth, Texas Animal Nutrition
Council, 7-8 May 1998, pp 9-20

Vogelmann JE, Howard SM, Yang L, Larson CR, Wylie BK,
Van Driel N (2001) National land cover database 2001
(NLCD 2001). US geological survey, EROS data center,
MRLC project, Sioux Falls, SD, http://seamless.usgs.gov/

@ Springer


http://factfinder.census.gov
http://www.nass.usda.gov/Census_of_Agriculture/1992/index.asp
http://www.nass.usda.gov/Census_of_Agriculture/1992/index.asp
http://www.agcensus.usda.gov/
http://www.agcensus.usda.gov/
http://npk.nrcs.usda.gov/
http://npk.nrcs.usda.gov/
http://www.fia.fs.fed.us/tools-data/data/
http://www.fia.fs.fed.us/tools-data/data/
http://www.epa.gov/castnet/
http://waterdata.usgs.gov/nwis/
http://waterdata.usgs.gov/nwis/
http://gisdata.usgs.net/ned/
http://seamless.usgs.gov/

	Watershed nitrogen input and riverine export on the west coast of the US
	Abstract
	Introduction
	Methods
	Atmospheric deposition
	Fertilizer
	Net food and feed import
	Biological N fixation
	Other sources and sinks of N
	Total N inputs
	Riverine N export
	Relationship between export and input

	Results
	Watershed characteristics
	Inputs
	Export
	Relationship between input and export

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


