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While N emissions are not commonly linked to land lise change, the production 
of fixed nitrogen is strongly related to activities associated with urbanization, such 
as construction, production ofenergy, and development and usc of transportation cor
ridors. Agricuh1.lral intensification, brought about by application ofsynthetic N fer
tilizers and industrial-scale animal feeding operations, is another land use change that 
increases N emissions. The Colorado Front Range region experienced rapid popu
lation growth from 1980 (1.9 million) to 2000 (2.9 million). Emissions fTom point 
(power plants and industry) and mobile (high"-"ay and off road vehicles) sources 
were responsib.le for most of the increase in emissions since 1980. Agriculture 
(cropped and grazed land and livestock) was the other important source orN emis
sions. Soil emissions from cropped and grazed lands remained stable whi.le livestock 
emissions increased slightly due to more cattle and bogs in feedlots. Although cause 
and effect relationships between increased N emissions and eutrophication of par
tieular ecosystems are difficu1t to establ ish, higher N deposition has been observed 
at alpine sites near the headwaters of the South Platte River commensurate with 
the risc in emissions. The ecosystem responses of alpine systems to N deposition are 
likely to be the result, albeit an indirect one, ofland use change. 

INTRODUCTION lands resulted in tl1e growth of urban, suburban, and exurban 
land cover in the State of Colorado from 3,650 km2 to 12.785 

The South Platte River Basin, home to 68% of Colorado's km2 over the period 1960-1990 [Table 2; Theobald, 2000]. In 
residents, is a region tbat has expelienced rapid population addition t() urban sprawl, there have been large changes in 
growth and land use change over the past several decades. agricultural practices and land use in this region. Along with 
The population in the 16 county region of the South Platte 1111 overall decrease in totaJ farmllllld, harvested dry'lands, and 
River basin grew from 1.9 miHion to 2.9 million people from rangelands between 1959 and 1997, there was intensification 
I98()'--2000, a gain of 33% (Table 1; U.S. Census Bureau, of irrigated agriculture and an overall increase in irrigated 
http;//www.census.govfprodlcen2000/doc/sf3.pdf). Coinci croplands. The area of irrigated lands in Eastern Colorado-
dent land conversion from agricultllral and non-federal forest the Arkansas River basin, South Platte River basin, and above 

the Ogallala Aquifer-increased by 76% [Parton et aL, 20031 
Iu.S. Ge<ll.ogical Sllrvey, Fort Collins, Colorado. The two major irrigated crops, com and alfalfa hay, support 

an equally dramatic increase in the number of animals (e.g., Ecosystems and Land Usc Change 
cattle and hogs) in wnfined animal feeding operations throughGeophysical Monograph SCli:es 153
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Table 1. Population by county, South Platte Basin.
 

County Area 1980 [990 2000 20-yr% 

(km2
) Change 

Adams 3087 245,944 265,038 363,857 32 
Arapahoe 2080 293,621 391,511 487,967 40 

Boulder 1924 189,625 225,339 291,288 35 
Clear Creek 1026 7,308 7,619 9.322 22 

Denver 396 492,365 467,108 554,636 11 
Douglas 2176 25,153 60,39J 175,766 86 

Elbert 4794 3,516 9,646 19.872 82 
Gilpin 389 1,320 3,070 4,757 72 
Jefferson 1999 371,753 438,430 527,056 29 
Larimer 6737 149,184 186,136 251,494 41 

Logan 4763 19800 17.509 20.404 3 

Morgan 3331 22,498 21.923 27,171 17 
Park 5701 2,740 7,174 14,523 81 

Sedgewick 1419 3,266 2,690 2,747 -[9 

Washington 6529 2,701 4,770 4,926 45 

Weld 10342 123,438 131,821 180,936 32 

Ali South Pla-lte 58,474 1,954,232 2.240,175 2,936,822 33 

All Colomdo 269,600 2,819,893 3,294,394 4,301,261 34 

Food and energy production and transportation byprod and ammonia (NH3). to tIle atmosphere. Increased atmos

ucts emit reactive nitrogen species, nitrogen oxides (NOx) pheric depositiQu of NO, and NHJ can lead to enrichment 

Table 2. Changes Ulland use, numbers ot'building permits, and commute time to work for counties of the South Platte 
Basin. Conversion of agrleultumJ to urban land use data 1982-1992 arc from Theobald (2000), numbers of building per
mits 1985-1995 are from tile COIOr'ddo Division ofLoca1Affairs (2003, httpJtwww.dola.statc.co.usldcmogfHousing.htm). 
and travel time fot work in 2000 arc from the 2000 Census (http:ftwww.ccnsus.gov/prodfcen2000fdocJsf3.pdt). % pop 30 
minutes n.llresenls the proportion of working agepopulution that commute more than 30 minutes per day one way_ 

Ag to urban No. building No. building Ave. 

County 

conversion 

(km1
) 

pem1its 

1985 

p<;rmits 

1995 

Commute 

(min) 

% Pop 
30 min 

Adams 50-115 2741 2944 25,4 41.7 

Arapahoe SD-II.5 5069 3408 23.7 37.8 

Boulder 20·50 1953 2938 19.9 26.1 

Clear Creek 0-5 53 83 27.9 49.2 

Denver 0·5 1272 786 22.5 32.4 

Douglas 50-lIS 2160 4785 25.6 43.5 

Elbert 0-5 184 494 35.8 65.8 

Gilpin 0-5 36 67 30.9 510 
Jefferson 50-115 4909 5102 24.7 40.3 

.Larimer 50-ll5 2619 2797 19.J 22.4 
Logan 0-5 12 85 13.4 12.6 

Morgan 0-5 33 98 16.3 16.1 

Park 5·10 228 452 37.3 62.7 

Sedgewick 0-5 0 0 13.3 16.5 
Wnshington 0-5 J 12 16.0 22.6 

Weld 10-20 878 1469 21.0 28.5 
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and acidification ofterrestrial and aquatic communities, and 
adversely affect human health [Galloway et al., 2002]. 
Atmospheric N deposition to high mountain ecosystems along 
the Colorado Front Range has influenced lake nutrient status, 
aquatic algal communities, and increased soil N cycling 
[Baron et al., 2000]. We trace here the history ofland use in 
a rapidly changing region and describe how land use change 
and associated human activities have altered NO and NH3x 
emissions. 

DESCRlPTION OF THE REGION 

The South Platte Basin occupies the northeastern fifth of 
the State of Colorado (with small portions in Wyoming and 
Nebraska that are not addressed here). Its 58,474 krn2 include 
extremely diverse topography, ranging from mountains greater 
than 4,000 m elevation to 850 m where the South Platte River 
joins the North Platte River (Figure 1). The western moun
tainous part of the basin, including Park, Clear Creek, and 
Gilpin Counties, is a mixture of sparsely inhabited public 
and private land, although foothills counties such as Jefferson 
have seen rapid population gains since 1980. The western 
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third of Boulder and Larimer Counties arc also mountain
ous, but the eastern portions include many cities and towns 
and are considered urban. A densely populated urban corri
dor is found at the boundary between mountains and plains, 
stretching from Denver and its suburbs north to Fort Collins. 
It includes Denver, Douglas, Jefferson, Arapahoe, Boulder 
and Larimer Counties. This metropolitan area had 2.9 million 
inhabitants in the 2000 census, or 68% of the state population 
(Table 1). Palion et al. [2003Jdefine Weld, Adams, and Elbert 
Counties as Urban Fringe Counties, where there are large 
towns, but also large areas that are rural and agricultural in 
character. Rural areas east of the metropolitan areas are 
sparsely populated, but support a stable agricultural econ
omy based on wheat, irrigated com and alfalfa hay, and inten
sive livestock operations [Parton et al., 2003]. Rural counties 
of the South Platte Basin are Morgan, Logan, Washington, and 
Sedgewick Counties. 

Land use has been dynamic in the region especially since 
1950, but not only as a result of immigration. Denver is a 
fully urban county in the region (the City and County ofDen
ver are the same). All other urban counties have lost extensive 
rangeland to urban and suburban development, with absolute 



120 N EMISSrONS AND LAND USE 

Table 3. Livesto<:.k numbers in the South :Pllltte Basin, 19&5 lind 
1995. 

Livestock 1985 1995 Percent Change (%) 

All cattle 1,174,000 1,291,500 9 
Hogs 173,590 278,132 38 
Sheep 337,675 327,Q82 ·3 
Poultry 3,029,565 2,887,C149 ·5 

losses between 50··115 k;n2 since 1982 in Larimer. Jefferson. 
Adams, Arapahoe, and Douglas Coullties. and 20·-50 km2 

lost in Boulder County [Table 2; Theobald. 2000). Ten to 20 
km2 of agricultural land has been converted to urban uses in 
Weld County. 

Lands that have remained in agriculture have also changed 
in character, but total harvested cropland area has been fairly 
constant since 1950 [Parton et aJ" 2003]. Dryland wheal 
crop area was taken out of production and enroJJed in the 
Conservation Reserve 'program beginning in 198.6; 13% of 
total cropland was contracted to CRP by 1997 [Par/on eJ 

al.. 2003]. The area in irrigated croplands increased rapidly 
after 1990 in both Urban Fringe counties and rurul eastern 
counties. Throughout eastern Colorado total cropland 
decreased by -2%, but irrigated areas increased -73% since 
1950. Irrigated corn and alfalfa hay accompanied the rise 
in dem~nd for Jiycstock feed. and animal feedlots consti
tuted the other major change in agriculture in the South 
Platte Basin. Over the past 50 years. the South Platte Basin 
became a national center for confined animal feeding oper
alions. The numbers of cattle and hogs increased between 
1985 and 1995, while sheep and poultry numbers declineJ 
slightly (fable 3). 

METHODS 

We compiled information on NO, and NH J emissions, 
land usc, farming und livestock activities, human popula· 
tion and transportation patterns tt)r the 16 Colorado counties 
in the South Plattc River Basin. NO, and mobile source 
NH3 emissions were taken from the EPA TIERS database 
of point, highway, and off-road vehicle emissions 
(http://www.Epa.gov/air/dam/). Data for the National Emis
sions Invelltory (NET) were submitted by the Stales to the 
Environmental Protection Agency in standard format and 
were quality-checked for format and contenl according to 
methods described in the 1999 National Emission 
Inventory Preparation Plan (revised February 200 I; 
http://www.epa.gov/ltn/chief/et/nei_plan_fcb200 I. pdf). 
NO emissions foJ' large stationary sources with emissions 
> 100 tons yr'l (point sourecs), other stationary sources 
(area sources), mobile sources on highways and roads 

(on road) and other mobile sources such as cOllstruction 
vehicles, farm machinery, trains (non-road) were compared 
for 1985 and 1995. For this paper. all stationary sources 
(point and area) have been combined and labeled "point" 
sources. flighv.l1Y NH, emissions were not reported in 1985. 
but were in 1995. 

NH:J and NO, emissions trom agricultural soils in the South 
Platte basin were estimated using the DAYCENT ecosystem 
model [Del Grosso et aI., 200 I; Parton ef a/.. 1998]. DAY· 
CBNT is the daily time step version of the CENTURY bio· 
geochemical model [Parton ef aI., IL)l)4]. Key submodels 
include plant production, organic mattcr decomposition, soil 
!,vater and temperature by layer. and trac~ gas J1uxes. DAY
CENT is a »1'ocess-based model of intermediate complex
ity, and the microbial processe~ that result. in N gas 
emissions-nitrification and denitrification·--are explicitly 
represented. Comparisons or model results with field obser
vations show that DAYCENT reliably simulates crop yields, 
soil organic matter levels, and trace gas fluxes for variolls 
native and managed systems [Del Grosso ef al.. 2002]. Daily 
maximum/minimum temperature and precipitation, vegeta· 
tion CQver, lund management. and soiltcxture data ate needed 
as model inputs. Climate and soi I texture class daw at the 
OS' grid scale from VEMAP [J 995] were combined with 
county levelland usc data from the USDA NASS web site 
(http://www. nass.llsda.gov:81/ipedb/) to drivc DAYCENT 
Four land uses were simulated: dryland winter wheatifallovy 
cropping, irrigated alfalfa cropping, irrigated corn cropping, 
and rangeland. For each county, we identified the 0.5° grid cell 
that covered most of the land area in that county and used 
climale and soils c.4Ita from the appropriate celJtQ represent 
the entire county. DAYCENT output in unit'S ofN gas emis· 
sions per square mcter per year were multiplied by repofted 
land cover areas in each county to calculatc annual N gas 
flux for each land usc for each county. N gas emissions for 
each land use in each coullty were then summed to obtain 
annual basin-wide emissions. Annua.l emissions were uscd 
to calculatc decadal mean N emissions for South .Platle agri
cultural soils during each decade of the 20th century. 

NJ-!:J emissions were calculated for cattle on fecd, range cat
tle, hogs, sheep, and poultry using percentage of N lost from 
animal waste with calculations tor animals in developed COlln
tries (Region I) from Bouwman eta!. [1997]. Animal numbers 
for 1987 and 1997 c,ame from the United States Ccnsus of 
Agriculture (b:ttp://w\vw.nass.usda.gov/ccnsusl). Human pop
ula.tioll data were acquired from the US Census Bureau 
(http://www.census.gov/). Commuting statistics also came 
from tlle Census Bureau (Travel time to work, Summary 
File 3, US Census Bureau, 2003, http://www.census.gov!prod! 
cen2000/doc/sf3.pdf), and represent the working population 
(age 16 and older). 

x 
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Figure 2. A) Nitrogen (NO,-N and NH)-N) emissions by A) county, 
and B) by emissions source for 1985 and 1995 for the South Platte 
Basin, Colorado. 

RESULTS 

County comparisons. Three counties had significantly high.er 
N emissions than the remaining 13 counties (Figure 2a). Weld 
County is the largest of all South Platte counties (Figure I, 
Table J), at 10,342 km2, and had the highest N emissions of 
all South Platte counties in J985 (8,974 Mg N) and again in 
1995 (10,907 Mg N; Figure 2a). Denver is the second small
est county in the Basin but had the second highest N emissions 
of all counties. N emissions from Denver increased 25% over 
the 1O-yr period, to 10,376 Mg N. Adams County was the 
other c.ounty with N emissions greater than 8,000 Mg N in 
1995; emissiQns from these fhree counties alone made up 
46% of the total N emissions for the Basin. Seven counties fell 
into a group orN emissions between 2.000 and 6,000 Mg N. 
Of these, Arapahoe, Boulder, Douglas, Jefferson, Larimer and 
Logan an showed strong increases in N emissions from 1985 
to 1995, while emissions decreased 15% in Morgan County 
over this time period (Figure 2u). Douglas County emissions 

increased 25% from 1985 to 1995. to 2,075 Mg N. The remain
ing countic~ ..-..CJt..ar Creek, Elbert. Gilpin, Park, Sedgewiek. 
and Washington-had N emissions less than 2,000 Mg N, 
and showed little change over the IO-yr period. The counties 
with the highest N emissions were either enlire1y urban. such 
as Denver, or a mixture ofurban. agricultural, and industrial. 
All high N emitting counties were located in counties along 
Interstate 25 or Interstate 70 in the Front Range urban corri
dor. Low N emitting cowlties were farther from the urban 
centers ofDenver, Boulder, Longmont, Forl Colli ns and Gree
ley, and were either eastern agriculturaJ counties (Elbert, 
Sedgewick, Washington) or wCl.icm mOlmtarn counties (Park, 
Clear Creek. Gilpin). 

Point SO/lrces. Point sou.rces were (he largest single type of 
N emissions in both 1985 and 1995. Point sources included 
large electrical generating plants and other indusrrial manu
facturing and processing facilities, as well as many smaller 
stationary facilities. Emissions from point snurces increased 
from 17.827MgNin 1985to23,128MgNin 1995 (Figure2b). 

Mobile sources. "fobite sources were divided in the EPA 
emissions inventories as highway and offroad sources. High
way sources included passenger cars and trucks, buses, and 
transport vehicles. The reported NO x cmi~sions from this sec
tor were 14,719 Mg N in 1985 and 16,010 Mg N in 1995 
(Figure 2b). Emissions from high\vllY mobile sources were 
the second h.ighest sources of ~ aftcr point sources for the 
South Platte Basin. OtTroad sources included trains, con
struction and farm machinery. Emissions from this sector 
ranked third in magnitude, and were 9,369 Mg N in 1985 and 
12,428 Mg N in 1995. While highway NO. emissions were 
61% of the total in 1985, they made up only 53% of the total 
mobile source emissions by J995. Ammonia emissions from 
vehicles, which were not reported in the :1985 EPA database, 
were 6% of the total vehicle emissions in 1995, with a value 
of 1,t:;S8 Mg N. 

Commuting rimes can be subjectively related to mobile 
source emissions, because there is a direct relationship between 
time spent driving and automobile cmissi()()s. Counties with 
less rhan 20 minut.es average commuting time w-ere Boulder, 
Larimer, Logan., Morgan, Philips, Sedgewick, and Washing
ton (Table 2). Even in these counties, however, between 13% 
and 26% of the population spent One Or more hours per day in 
the vehicle. Fifty percent or more of the populations of Park, 
Gilpin, EIben, ano Clear Creek Counties commuted more 
than 1 h per day roundtrip. 

Agricultural emissions. Emissions of NO x in the SOUlh 
Platte Basin from J900-2000 were indicative of :;ettlemen:r 
and abandonment patterns through mid-century, and then 
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Figure 3. Trends in agriculturallalld area and Nt\-N emiss.ions in. 
South Platte Basin. 19002000. A) Area by agric.ultural crop, in 
k1ll2; B) NO.-N emissi<lllS by crop, g N 111"2 yr 1; q aerially.weighted 
NO,-:'-: emissions for el1tire basin, in Mg N yr 1• In!' irrigated, 
Legends for B) and C) are the same. 

reflected increased applications of synthetic N feltiHzers on 
irrigated cr()ps beginning in the late 1950s (Figure 3a). Nitro
gen oX.ide (and NH3 > data not shown) emissions from soils 
declined with Loss of the original soil organic matter with 
tillage for Wheat/fallow cropping, while mngeland emissions 
held steady aroWld 0.16 g N m-1 yr/. N emissions from irri· 
gated corn, as did the area planted to irrigated corn, increased 
greatly betw-ecn J955 and] 980 with the advent ofinexpensive 
synthetic nitrogen fertilizers. Nitrogen emissions from irri
gated alfalfa also increased beginning in the late 19505 and 
continued to increase linearly through 2000. TOlal NO,,-N 
emissions from rangelands .....<ere f<lr greater than all croplands 
combined due to the large area of land in the Basin that was 
grozed (>30,000 km2), so the dynamics ofN emissions [roul 

croplands, while interesting, did nOI account for mosl of the 
agricultural N emissions. Total cropland area in the South 
Platte Basin was around 7,DOO km2 (Figure 3b). The com
bined agricu.lllrraJ NOx-N and NHrN emissions for the South 
Platte Basin c1Janged very little between 1985 (7,870 Mg N) 
and 1995 (7,576 Mg N, Figure 3c). 

The number of cattle in the Basin increased by 10% between 
1985 and 1995. and many, ifnot aU, ofthesc animals spent at 
least part of their Jives in confined feeding operations (Table 
3). The number of hogs increased 38%, from 174.000 to 
278,000 during this pcriod. Sheep and poultry numbers 
declined slightly. Nll,·N emissions from livestock for the 
South Platte Ba.sin were greater than other agricnltural emis
sions, a1 6,094 Mg Nand 6,955 Mg N for 1985 and 1995, 
respectively (Figure 2b). Combined agricultural emissions 
were 13,647 Mg N in 1985 and 14,174 Mg N in 1995. 

DlSCUSSlON 

Basin-wide. Power plants and industry, or point sources. 
were the major sources efN emissions for the South Platte 
Basin (32% and 34% of total emissions tor 1985 and 1995, 
respectively), although the combined highway and offroad 
mobile sources emissions (24,088 Mg N emissi(lOS in 1985, 
30,296 Mg N emissions in 1995) cxceedeJpoint sources to 
make up 43% oftotal in 1985, and 45% oftota] in 1995. Point 
source emissions were proportionally twice as important in the 
South Platte Basin as in the II contiguous Western states 
(including Colorado), where they made up only 2 I% ortolaJ 
N emissions in a J996 evaltlation [Perm et til.. 2003]. Highway 
and offroad emissions w(.'(c proportionally similar in the South 
Platte and the Western states, with 27% and 18% of total N 
emissions in the South Platte, compared with 29%, and 20% 
ofthe Iota! for the West, respectively. All agricultural N emis
siems in the South Platte Basin ma.de up 21 % oftotal N emis
sions, compared with 30% for the I1 contiguous stateS [Fenn 
et al., 2003]. Fenn and collea!,"ues note considerable uncertainty 
in the NH3-N values derived from the EPA database, and a 
shift in the proportion ofagricultural N emiss.ions would affect 
all other proportions. Nearly hal rofall emissions in the West· 
ern states came from California; Colonido was the second 
most important source ofNH3 N and third for NO~-N u;elln 
etal.,2003]. 

Ni\jogen oxide emissions incrc-ased from most sources in 
the South Platte Basin between 1985 and 1995. In this they 
followed a pallern shown by all other u.s. Slates except Cal
ifornia, whose emissions decreased by at least 5% [Penn el 

al.~ 2003]. Emissions ofNO" and NFl,\ fi'orn crop- and rarlge
lands were essentially unchanged over the time period. The 
largest absolute increase in emissions of 5,30 I Mg N (23%) 
was from point sources, while the largest proportional 



~lgure 4. five county comparison of N cmiss.ions from major source!> in 1985 and 1995. A) Deliver County; B) .leITer
son Coumy; C) Weld CoWlIYj D) Logan County; E) Adams County. 
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increase was in offroad machinery emissions, where the 
absolute value was 3,059 Mg N (25%). Highway vehicle 
NO. emissions increased by 8% and livestock NH) emis
sions increased by 12%. 

Relation ofemi~si()ns to land use. We selected five cOImtics 
as examples of urban, agricultural, or industrial land usc (Fig
ure 4). Denver and Jefferson Counties are urban, and while 

---_._._._-_.._

-.----.,..........---.--l 
NOl< NO» SiITT Ag $lm Au !.ivasmcl, 

Offroad Poillt 1,'0" tlH3 

Weld County 

population increased in both counties over the period 
1980--2000, it increased by 29% in Jefferson County com
pared to only II % for Th..1lVcr. The number ofbuiJding permits 
in each county in ustrates rapid land use change and 
construction activity. Jefferson County granted 4,909 
building permits in 1985 and an additional 5, 102 in 1995 
(Colorado Stale Division of Local Affairs. 2003; 
hnp://www.dola.statc.co.us/dcmogiHollsing.htm). The num-
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ber ofbuilding permits in Denver declined from 1272 in 1985 
to 786 in 1995. 

Higbway N emissions were the dominant source of N to 
the atmosphere in Jefferson County (Figure 4). Tbe average 
commute lor residents ofJefferson County was 25 minutei>, and 
40% of Jefferson County residents commuted 30 or more min
lites one way each day, which is equal or less than most other 
counties in the Basin (Table 2). VV'hile some mobile source 
enlissions can be attributed to resident populations of com
muters, 1-70 is II heavily tratTicked corridor for transportation 
to mountain resorts and acrOS3 the state. Denver had the next 
highest highway mobile source emissions, and emissions 
decreased slightly rrom 1985 to 1995. The average commute 
for Denver residcl1ls was 22.5 minutes, and 32% of the Den
ver population spent more than an hour per day commuting. 

Agricultural emissions declined from small to barely 
delectable for Jefterson County (Figure 4). Offroad bighway 
emissions renected construction of buildings, roads, and infra. 
structure in Jel11::!son County, and increased from J,087 Mg 
N to 1,420 Mg N from 1985 to 1995. Denver offroad mobile 
SQurce emissions were even greater, increasing frolll 2,077 
Mg N to 2.730 Mg N over the lO-yr periocL Denver County 
has no agricultural land and the area of harvested land in Jef
ferson County declined 50-115 km2 (2-6%) between J982 
and 1992. While the time periods for which daia are avail
able arc not exactly coincident, they ilIuso'ate land usc change 
in a rapidly nrbanizing part of the South Platte Basin 
[Theobald,2000]. 

While there were significant N emissions from point and 
mobi:le sources. Weld County N emissions were dominated 
by agriculture. The agricultural counties in the South p'latte 
Basin are among the most productive in (he state, and Weld 
County is the third most productive county in the entire United 
States (CASS, 2003; http://ww\v.nass.usda.gov/co/). 

In 2003. Weld County ranked fifth in Colorado for wheat and 
corn productiol1, first for alfalfa hay, and first for number:; 
of cattle and calves. There were signi fkant emissions from 
agricultural crops, alt.hough tllese values declined slightly 
between 1985 and 1995. The largest source ofN came from 
con fined livestock operations, whose NH:1 Nemissiotis 
increased from 2,983 to 3,.645 Mg N yr l between 191<5 and 
1995. due to a large increase in t.he numbers of cattle lind 
hogs. The hog population throughout the South Platte increased 
by more than 100,000 Over this time period, up to 278,000 in 
1995, while cat1lc numbers increased by a.modcst 9% (CASS, 
2003; http://www.nass.nsda.govico!). Weld (',QUilty is home to 
more than half the cattle in Colorado, and this constituted an 
increase fi'om 5XO,OOO to 602,000, maintaining Colorado'$ 

strong ranking of fourth in the United States for production of 
cattle on feed. There were 260,000 sheep in Weld County in 
1995, unchanged from 1985, and nearly 2.4 rniHioll chickens 

in 1995, up nearly 300,000 from 1985. N emissions ret1ected 
this strong agricultural basco 

Weld and Logan Counties have strong agricultural 
economies, and Weld is also mpidly gaining population and 
industry. Weld County was identified by Panon et al. [2003] 
a.~ an Urban Fringe County because of ils proximity to met
ropolitan urban arca.." to the west There were more than 57,000 
newcomers to Weld County since 1980. An increase in resi
dents that commute to work in neighboring counties was not 
reflected in emissions from highway mobile sources (Figure 
4), hut the average commute for a Weld County resident was 
21 minutes, and 28%) of the population spent all hour or more 
commuting each day (Table 2). The oumber of building per
mits i/1 Weld County increased from 878 in 1985 to 1,469 in 
\995. and construction could explain an increase in offioad 
mobile sources. Weld County increased its point source emis
sions by nearly one third between 1985 and 1995 with addi
tion of power generators, indushiaI facilities, oi Iand gas wells. 

The bulk ofLoga/1 County's emissions were also agricultural, 
but it had only one third of the cattle and one quarter of the 
hogs found in Weld C~unty. Nevertheless, Logan County 
ranks fourth in Colorado for alfalfa and ties with Morgan 
County for a third place ranking for numbers of cattle and 
calVes. Other livestock were not important, and Logan County'S 
low human population and distance from urban centers was 
reflected in low highway, offroad, and point sources. FuJly 
agricultural Logan County lost little or /10 agnculturalland to 
urbanization from 1985-1995 [Theobald, 2000; ParlOn el at., 
2003]. Logan County r,-"'Sidents spent only .13 minutes per day 
commuting. on average, and only 12% ofresidents eOlTJmuted 
an hoLtr or more daily for work. Logan County granted 12 
buildlng permits in 1985 and 85 1111995. 

Adams County, like Weld County, had mixcd land usc that 
was reflected in emissions from most major Sources. Cropland 
emissions were about one third those from Logan County, 
and there were only 7% of the basin total head of cattle in 
Adams County (CASS, 2003; http://www.nass.usda.gov/co!). 
Adams County N emiSSions were dominated by indll&try, how
ever, and this shows in the more than 5.000 Mg N point source 
emissions in 1985 that increased 19% to more than 6,000 Mg 
N in 1995. Electricity genermion, oil refineries, and a large air
port ctmtributed NO.-N to the atmosphere. Adams County 
human popuJationincreased 32% since 1980, and at 364,000 
people, ranked fourth in populatioll in the South Platte Hasi n. 
after Denver, Jefferson, and Arapahoe Counties. Building per
mits in Adams County remained fairly high, wilb 2,741 per
mits in 1985, and 2,944 in 1995. Parton et a1. [2003] descrihe 
Adams County as part of lhe Urban Fringe, whcre there was 
a loss of cropland, especially corn and wheat since 1985. 
Theobald [2000J also reported a loss of cropland, and found 
that 50 115 km1 0r between 2% and 4% ofCOWIty area, were 



conv(.'rtCd in Adams County from agricultural to urban land use 
between 1982 and] 992. 

The total N emissions from all sources in the South Platte 
Basin were G7 ,59R Mg N in J995, or 23.0 kg N per person per 
year (using 2000 census numbers). The emissions per caplta 
were not very ditTerent from the calculated value for 1985 of 
25.0 kg N (using 1990 census numbers). Emissions per unit 
area arc 1,16 g m 2 for the entire Basin, There is great disparity 
in the geographic concentrations of emissions, however, as 
one would expect. with the highest N emissions per unit area 
occurring in Denver, at 26.18 g Oy2, Emi~sions per area were 
one to two orders of magnitude lower for all other counties, 
with metropolitan area counties having emissions of -1-3 g 
m·-2, ilnd distnnt mountain or agricultural counties having 
emissions <1 g tn·-z. Exceptions were Larimer County, with 
lower emissions per area than other metropolitan counties, 
and Morgan Counly, with higher emis'<;ions per area tMn other 
agricultural counties (Table 4). 

Prior to the 19608, the economy of the South Platte Basin, 
as with the rt'St ofthe U.S. Great Plains, was dominlltt.."d by agri
culture [Parton et al., 2003], There were about 800.000 resi· 
dents. DenveJ' County was urban, but all other plains counties 
were agricultural, while mountain counties would have been 
sparsely populated. Weld, Adams, Elbcl1. Morgan, Wa$hing
ton, Logan, and Sedgcwick werc still either partially or pri
marily agricultural in 2000, and with the exception or 

Table 4. ~missions per unit aren and per person for South Plane 
Basin. Emissions data arc from 1995, and population data arc 
from 2000 census. 

County Populationf 
Area 

Emissions! 
Area glm1 

Emissions! 
capita kg 

Adams U8 3.22 27,35 
Arapahoe 235 2.80 11.93 

Boulder 151 2.93 19,39 

Clear Creek 9 0.24 26.46 
P(,"llver IAOO 26.18 18.71 

Douglas 81 0.95 11.81 
Elbert 4 0.30 72.07 

Gilpin 12 0.45 37.06 
JeffcT${lJl 264 3.48 13.20 

Larimer 37 0.74 19.76 
Logan 4 0.53 123.97 

Morgan 8 1.14 139.25 

Park 3 0.04 16.70 
Scdgewick. 2 0.12 62.70 
Washington I. 0.30 402.50 

Weld 18 1.05 60.28 
All South Platte 52 1.19 23,00 
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Sedgewick County. had stable or increasing populations. 
Sedgewi¢k County, with a decline of nearly 20% population 
from 1980 to 2000 mighl represent other Greal Plains coun
ties where farm abandonment and emigration or young flCO

pie have been givcn mcdia attention in light or creating a 
"buffalo commons" [Popper and Popper. 1987J. Nitrogen 
el1lissio-ns from thc South Plattc Basin prior to the 1960s, 
would have been dominated by agricllitural SDtU'CCS, and would 
have been substantially lower than (.-"urrent values because 
synthetic nitrogen fertilizers were not widely used, nor were 
there extensive confined animal feeding operations. 

The transformation from the agricultural past to today's 
environment is striking, not only in the tnagIlitude ofN cm1S
sions increases, but in the complexity of sociaL cultural, and 
land use change. Agriculture is thriviDg in several South Platte 
counties. while otbers that had extensive cropland, such as 
Bmllder, Larimer, Arapahoe, and Jc.fforson, have become com~ 

pletely or partially urbanized. Adams Coullty has become tlte 
industrial huh ofthe Basin. in addition to contributing N emis
sions from agricultural and residential sources. 

The mountain counties of Park Clear Creek, Gilpin, and the 
partial mountain counties of Jefferson, Boulder, and Larimer, 
lwvc Scell urban, suburban. and (,,'xurban development. Urban~ 

ization has occurred throughout the Front Range eountie::: 
adjacent to Denver, along with a large inerca.se in mobile 
source N emissions. As these counties have urbanized, emis
sions have switched from agricultural sources to those dom
inated by urban and industrial sources. Nationally, driving 
activity, defined by the U.S. Department ofTransportation as 
vehicle miles traveled (VMT), increased by 136% from 
1970-11J9g. lit IClIst partly in response to suburban and cxur
ban residences requiring greater commute time [US. Depart
ment ofTmn'\fJorltllion, 19991. There was also an increase in 
the number of vehicle trips. per person, average vehicJe trip 
length, and number ofmotor vehicJes per person; people are 
simply driving more [US. Depcmmenl ofTronspol'lmion. 
1999}. Point. highway, and offroad mobile sources made up 
79% of tota! emissions in 1995. 

Ideally, one would like to link the amount and location of 
N emissions to N deposition as II way to fully attribute meas· 
ured ecological responses to their original source, This. is dif
ficult to do because of complex atmnspheric transport and 
transformation mechanisms. N deposition occurs through. 
out the Basin, and much of it is deposited close to the source 
of origin [MMier, 2000]. Some N is blown east with pre
vailing winds, but N also moves against prevailing winds to 
be deposited in mountainous areas [Parrish er al., 1990; 
Baron and Denning, 1993]. Mean annual atmospheric N dep
osition to Loch Vale Watershed, a high elevation long-term 
study site on the western edge of the South [llatte Basin, is 
0.260.50 g m 2 [Baron el al.. J995; Baron e1 ai" 2000], or 
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less than halfthe areally-weighted N emissions value for the 
Basin, and far less than emissions from the adjacent urban 
counties. Ecological effects in mountain environments have 
been observed, however, and their onset appears to be con
current with the shifts from an agriculturally-dominated lande 
scape to an urban landscape post 1950 [Baron etal., 2000; 
Wolfe et al., 2003]. 

Both the deposition of N and the concentration of N, par
ticularly as ammonium. in weI precipitation have increased 
at two high elevation National Atmospherie Deposition Pro
gram (NADP) monitoring sites, Loch Vale and Niwot Ridge, 
over the past two decades [Bums, 2003; HADP, 2003]. Depo
sition has n()l increased at three other NADP sites in the 
Basin since the early 1980s, but neither has it decreased 
[Bums, 2003; NAD?, 2003]. N concentratio.os at the higl1 
elevation monitoring sites were greatest during spring and 
summer months when there were upslope winds from the 
east fSmvJl (lml Denning, 1993]. While cause and effect rela
tions cannot be drawn, the shi ft from an agriculturally-dom
inated N emissions to urban-dominated N emissiolls in thc 
middle of the last century resulted in large increases nfN 
within the South Platte Basin. Emissions are still increasing 
in most counties, as evidenced by comparison between emis
sions in 1985 and 1995. 

Nitrogen emissions are very much a product of land usc. 
Globally, the need to feed and provide energy for a growing 
world human population is driving the trend toward increas
ing fixed N emissions from intensively-farmed land and from 
combustion of fossil fuels to the atmosphere [Mosier «I aI., 
2002]. ThLs can be seen regionally, as om study reported here, 
a.\i well as in other parts of the world. In a compilation of total 
N budget') for 16 \vatersheds ofthe northeastern U.S.A.. Boyer 
el al. [2002] tound land use was a major determinant of the 
amount and sources of;'i cycling within eaeh walcrshed. They 
and others [Cameo alld Cole, 1999] found that while nitrogen 
inputs to rivers were. strongly related to percent of catchment 
in agricultural lando catchments that were highly urbanized 
had even greater 1'\ inputs. 

Urban and agricultural areas arc loci for nitrogen-fixing 
activities: emissions from construction vehicles and other 
heavy machinery, automobile emissions. encrgy gcneration 
for heating and cooling, volatilization offertilizcrs and manure 
fi'om fields and feedlots. The myriad ways in which atmos
pheric N can be fix.ed become more ahundant as population 
density increases and agricultural practices intensify. In the 
South Platle counties described here, similar patterns emerge: 
mountain cowlties with low population deIL')it.y and little 3!::,'.li
cultural activities had the lowest N emissions overnll. High 
population (Denver, Arapahoe), intensive agricultural (Weld), 
and industrial (Adams.) counties had the highest emissions 
overall. The ecosystem responses of alpine systems to N dep

osition are therefore very much a result, al beit an indirect 
ooe, of land use change. 
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