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ABSTRACT

We suggest an empirical approach for determining critical loads fogaar N deposition
in wetfall to the central RogkMountains. V& cefine "critical loads" as a deposition amount
above which natural resources can begaerely affected. Thearithmetic aerage from 1992 to
1996 of annual ingrenic N deposition in wedll at the eight RDP sites located at elations
greater than 2,50 in the central RockMountains ranged from 2.5 to &§ ha* yr. In con-
trast, inoganic N deposition s less than 2Ky ha' yr! at all 23 MDP sites less than 2,560
in elevation. Atthe Niwot Ridge MDP site in the Colorado Front Range, a simple linegireiee
sion of inoganic N in wetgll with time shavs a significant increase in deposition of gamic N
in wetfall at the rate of of 0.38& ha* yr! (r? = 0.62; p < 0.001, n = 13)In turn, the increasing
amount of inoganic N in wetll is causing episodic acidification in header catchments of the
Green Laks \alley in the Colorado Front Range, with acid neutralizing capacity (ANf)es
below 0 zeq/L in surhce vaters during snemelt runof at 9-ha and 42-ha sampling siteét
present rates of ANC decrease, we cgpeet the 9-ha and 42-ha sites to become chronically
acidified within the ne decade and the 220-ha basin of Greerel4ibb become episodically
acidified. Asynoptic surey in 1995 of 91 high-elegtion lakes in the central RogkMountains
suggests that ater quality is being &cted by inoganic N in wetall throughout the ggon.
Federal land managers are required to "err on the side of protection" when assessing the amount
of deposition that will alter ecosystem processdswever, given the political and economic
ramifications of polig decisions, land managers an@age of the need to pwide a scientific
basis for these decisions and to balance conflicting néedschieve this balance and to allo
for natural resource protection, we reak ®nsenative recommendation that critical loads of
inorganic N in wethll to Class 1 areas in in the central Robkountains be set atkg) ha* yr™.
Target loads my be set atver levels of inoiganic N deposition in we#ll to allov a margin of

safety to protect@remely sensitie matural resources.

Key words: nitrogen, critical loads, acidification, RgckMountains, alpine, las, streams,

national parks, wilderness areas
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Key Phrases: critical loads for annual nitrogen deposition inallgtf the Rocl Mountains;

acidification of sutdce vaters from nitrogen deposition.
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INTR ODUCTION

Critical loads haee been widely accepted in Europe and Canada as a basisgmratiag
control stratgies for transboundary air pollution [Posch et al., 199¥workshop on critical
loads held under the auspices of the United Nations Economic Commission for Europe
(UN/ECE) in 1988 praided the first wrking definition of critical loads as "the quantiatiesti-
mate of anxposure to one or more pollutants lwelMvhich harmful eflects on specified sensi
elements of the eironment do not occur according to presentedge” [Nilsson and Grenn-
felt, 1988]. The scientific basis for calculating and mapping critical loads in Europe fes de
oped suicient credibility such that sulfur emissions were limited by the Second Sulfur Protocol

[UN/ECE, 1994].

In both European countries and North America, attention has recently shifted from ecosys-
tem damage caused by sulfur deposition to potential ecosystem damage causedabigc inor
nitrogen (N) depositionln some European forests, chronically high N deposition keseded
the assimilation capacity of ecosystems, leading to the release of nitraf§ (N terrestrial
ecosystems into swate vaters [Dise and Wright, 1995]These ecosystemsveadanged from
N-limited to no longer N-limited systems, an ecosystem condition sometimes referred to as
"nitrogen saturation"Agren, 1983; Aber et al., 1989], which has beendihko forest decline
[Schulze, 1989] and acidification of soils and aoef vaters in Europe [Durka et al., 1994].
Similarly, in northeastern North America, there is concern that presests lef N deposition are
causing perturbations in the yate and in ecosystem function [Abd©92; Stoddard, 1994].
Nitrogen saturation of forested catchments has canétbto emironmental problems such as
reduced drinking ater quality NO; -induced toxic dects on freshater biota, disruption of
nutrient gcling, increased soil acidification and aluminum mohilagd increased emissions

from solil of nitrogeneous greenhousesgs [Fenn et al., 1998].

Current leels of atmospheric deposition of Nvealeen linled to changes in the ecosystem
function of high-eleation catchments in the central Rgdidountains of North Americaln gen-

eral, water quality of laks in the Rock Mountains are pristine, with the mediaaue of NQ~
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concentrations less tharugg/L [Psennerl989]. Hawever, these high-elgtion ecosystems are
relatvely sensitve © changes in the flux of ergy, chemicals and ater compared to dm-
stream ecosystems, because>démrsve aeas of gposed and unreaeé bedrock, rapid hdro-
logic flushing rates during swmnelt, limited etent of \egetation and soils, and short giag
seasons [Wlliams et al., 1993; WPAP, 1998]. Hencesmall changes in atmospheric deposition
have the potential to result in significant changes in ecosystem dynamics ated guality
[Williams et al., 1996a].Ambient concentrations of anthropogenicallyefixN measured in the
early 19808 & Niwot Ridge in the Colorado Front Range were 30-fold greater than pre-industrial
levels [Fahegy et al., 1986] and attribted to fossil fuel comlstion [Lewvis et al., 1984].Addi-
tional measurements of ambient N at NivRidge in the early 1999have shovn that anthro-
pogenically-fied N in the atmosphere has since doubled [Rusch amdriSge 1995]. In
response to atmospheric deposition of anthropogenicaéig-isk some catchments of the Front
Range of the RogkMountains hee difted from N-limited ecosystems to N-saturated ecosys-

tems (Wlliams et al., 1996b; NPAP, 1998).

At present, critical loads for N depositionviearot been established for the United States.
The Clean Air Act Amendments (CAAA) of 1990, section 404, called for therdenmental
Protection Ageng (EPA) to prepare a report on the feasibility and theirenmental efec-
tiveness of setting an acid deposition standard to protect sensifuatic and terrestrial
resources. Theompleted report includes a number of modeling analyses that projectettte ef
of reductions in both S and N deposition in areas well-studied during the National Acid Precipi-
tation Assessment ProgramARAP, 1995). Theconclusions of the B analysis are that: (1)
the uncertainties associated witfeets of N on ecosystems are such that critical loads cannot be
set at this time, (2) there had been no gotlecision made garding the leel of acceptable
damage to systems, and (3) thay antical load standards euld hare to be st on a rgional
basis and then enforced withgienal pollution abatement strgies. Fenret al. [1998] hae
documented the ecosystem problems that are presently occurring in North America as a result of

excess N in atmospheric deposition, including higlvatlen areas of the RogkMountains.
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However, the authors were unable to recommend practical gtestéo define critical loads for N

deposition.

There is some geng in defining critical loads for N deposition in the western United
States. Arecent analysis of national patterns in atmospheric deposition ofwedhbat 45 of
217 sites demonstrated an increasing trend in N deposiore than half of these sites were in
remote areas pveusly thought to be relasly pristine, including Rock Mountain National
Pak in Colorado, Bryce Camn in Utah, and Sequoia NationakrR in California [Gosz and
Murdoch, 1998]. Aber et al. [1998] recentlyvaluated the response of the U§ukatory com-
munity to atmospheric deposition of pollutants as fedio "Since the passage of the 1990
CAAA, the US rgulatory community has not supported substantial, additional research on
acidic deposition.Unlike the European Communijtwhich has pursued an aiand well-coor
dinated international program on théeefs of N deposition [the NITREX program: Wright and
van Breeman 1995; Wright and Rasmussen, 1998], and on critical loads for N [Nilsson and
Grennfelt, 1988; Henriksen et al., 1992aMVinge and Serdrup, 1992; Wright and Rasmussen,
1998], research on this topic in the United States remains scattered and piedaotigalnd

regulatory actvity have dso, until very recentlybeen virtually noneistent.”

We suggest an empirical approach for setting critical loads for N deposition in the central
Rocky Mountains. Herave define "critical loads" as a deposition amountvabshich natural
resources can be gaively affected. D accomplish this task, we use published and original data
to: (1) estimate emissions and deposition amounts ofanr N in and near the central Rock
Mountains; (2) use inteng cdata from the well-studied Green Llexk \alley of the Colorado
Front Range to determing/dirochemical changes in sace vaters at present depositiovéts
of inorganic N in wethll; (3) use synoptic data toauate the spatialxent of N leakage in the
Colorado Front Range; (4yauate current and potential changes in ecosystem function as a
result of inoganic N in atmospheric deposition; and (5) use this information to recommend criti-
cal loads for ingganic N deposition to high-el@tion catchments of the central Rgckloun-

tains. Whilewe concentrate here on a specifigioa in the Rock Mountains because of data
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availability, this analysis prades insights into ecological risk assessment and management

responses relant to mid-latitude montane gens throughout the avid.
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SITE DESCRIPTION

Nitr ogen Emissions and Deposition

Nitrogen emissions from stationary and mobile sources and deposition atl wetfe @al-
uated for a fie-state rgion that includes the central Rgcklountains and much of the inter
mountain Vést: Wyoming, Colorado, Utah, Arizona and Méexco (Figure 1). Water quality
samples were collected throughout the Colorado Front Range, which we define agothe re
from the Arkansas Rér north along the Continental {ade through Rock Mountain National
Pak to the Colorado-Wbming Border [Arno and Hammerl§984]. TheColorado Front Range
rises directly from the Demer-Colorado Springs-6it Collins metropolitan areal his geographi-
cal setting results in high-efaion basins of this portion of the Continental/ide being located
just west of lage urban areas and agricultural centéispographically Pleistocene glaciation
has resulted in high-eldation areas of the eastern slope of the Colorado Front Range generally
having deeper and steeper gans with less soil delopment compared to high-ektion areas

to the west of the Continental\ide.

Water Quality: Intensive Ste

Intensve samples were collected for watf and surdce vater chemistry in the Green Lek
Valley (40 03’'N, 105 35’ W) of the Colorado Front Range (Figure The Green Lags \alley
is an eastdcing headater catchment that ats the Continental Dide and is located entirely
within the Arapaho-Rooselt National Forest. Thebasin is 700a in area and ranges in ele-
vation from 3,250m to = 4,000 m(Figure 1). The catchment appears typical of the high-ele-
vation ervironment of the Colorado Front Range, and includesoNRidge, where research has
been conducted since the early 189Caine and Thurman, 1990Bedrock is crystalline, with

about 80% of the basin composed xpp@sed bedrock and talus.

The catchment is a linear cascade o takes located on theyldrologic axis of the basin,

with seven dtes sampled about weekly forater quality and one site (outlet of Green éalk
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gauged for continuous disclger measurements (Figure Here we present results from three of

the sampling sitesThe stream at Arikaree cirque (ARIK) drains a 9-ha area of ice andaino
3,785 m;composed of the stagnant Arikaree Glacier and surrounding rock and boulder slopes
with ngyligible vegetation coer. The davnstream Negjo (NAV) sampling site is 4Ra in area at

an eleation of 3,700m. Theoutflov from Green Lak& 4 (GL4) drains an area of 2P at an
elevation of 3,550m, with Green La& 5 located between the AN and GL4 sampling sites.
About 80% of the annual precipitation in the Greendsakalley occurs as sne. Sreamflavs

are markdly seasonal,arying from less than 0.1 s during the winter months to greater
than 1.5 M s at maximum dischage during sne@melt just belav Lake Albion at the laver end

of the \alley [Caine, 1996].Surface vaters are dilute, with acid neutralizing capacities (ANC)

generally less than 2Qgeqg/L at all sampling sites [Caine and Thurman, 1990].

Niwot Ridge forms the northern boundary of Greendsakélley (Figure 1) and is an
UNESCO Biosphere Reserand a Long-€rm Ecological ResearchTER) netvork site. The
LTER netvork site is a participant in the National Atmospheric Deposition Progr&xDR) and
has maintained an ADP wet deposition collector since 1984 on the dtiRidge saddle at an

elevation of 3,500m (Figure 1).

Water Quality: Synoptic Lake Samples

Synoptic samples for ater quality were collected in 1995 from éakutlets throughout
high-elevation Wilderness Areas of the Colorado Front Ran§eecial emphasisas placed on
sampling Widerness Areas because of the specific mandates that the CA%Agwdor Federal
Land Managers to protect air quality in Class | ardasir subrgions were sampled (from south
to north): Sangre de Cristos, Mounta®g, Indian Peaks, and Wah Wilderness Areas (Figure
1). For comparison purposes, we also collected samples froenddlets in three Wderness
Areas located to the west of the Continentalid® in Colorado: Eagles Nest, Holy Cross, and
Weinimuche Widerness AreasLakes were sampled in cooperation with the Arapaho and Roo-

sevelt National Forests and the RogkMountain ferest and Range Experiment Station
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[Musselman et al., 1996].

METHODS

Nitr ogen Emissions and Deposition

Point and area sources of nitrogen emissions were compiled for the 11 western states for
1990 by the National Acid Precipitation Assessment Program [Dickson et al., 1086#it
sources were stationary sites that emitted more than 1,000 tons/yeay.oAN&A sources were
compiled on a county-by-county basis within each state, and include stationary sources that emit-
ted less than 1,000 tons/year of Né&hd mobile sources such as diesel- aasbtne-pwered

vehicles.

The NADP program operates about 200 wet precipitation collectors throughout the conti-
nental United States (ADP, 1984-1996]. MDP samples are collected and analyzed using the
same protocols at all sites so that results among sites can be contparedve present results
from all NADP sites in the fig-state rgion of the intermountain ¥t for the period 1992-1996.
Additionally, we present the full record of inganic N deposition in we#ll from the Niwot
Ridge NADP collector Previous research by Wams et al. [1998] has skm that blaving
snav causes the ANDP wet chemistry collector on Nov Ridge to werestimate annual deposi-
tion of N in wethll by about 30%; the ADP results for Nivat Ridge were adjusted to account

for the arer-collection problems caused by Wiog snav.

Water Quality: Intensive and Synoptic Sites

Water quality samples were collected at both intensnd synoptic sites using the same
sampling and analytical protocol®Vater samples were collected as grab samples in pglyeth
lene bottles soad with DI water awernight and then rinsed copiously diiimes; bottles were

further rinsed three times with samplater at the time of collection.
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Water quality samples at GL4 were collected about weekly from the initiation winseld
to fall freeze-up and then about monthdtarting in 1984. Water quality samples at ARIK and
NAV sites were collected about weekly from the initiation ofvemelt to fll freeze-up for each
of those years.Samples were analyzed for all major solut@sept NQ~ and ammonium
(NH,"); NO;™ analysis started in 1985 and NHanalysis vas initiated in 1993 Water samples
were transported the day of collectiokm to the Kiava environmental chemistry laboratory and
sample analysis & immediately initiatedSynoptic samples at 91 high-edgon lakes in Col-
orado were collected in 1995 at the peak of theviyg season, from 25 July through 16 August.
This time period \&s selected because igaric N concentrations in sate vaters are generally
near or at their annual minima as a result of biological assimilation [Stoddard, X9Pdjater
samples from the synoptic sesvwere collected at or near kakutlets and transported in coolers

to the analytical laboratory

All water samples were analyzed for pH, acid neutralizing capacity (ANC), conductance,
major ions and reae slicate (Si), folloving the protocol of Wliams and Melack (1991a).
Conductance, pH and ANC were measured immediately after transport to the wet chemistry lab-
oratory; ANC was measured using the Gran titration technigbgbsamples were immediately
filtered through pre-rinsed (3@@), 47-mm Gelman A/E glass fiber filters with ca. 1-micron
pore size.Filtered samples were stored in the dark°& tbr subsequent analyses within one to
four weeks; rcept for NH,". Ammonium vas determined colorimetrically within 24 of col-
lection, on a Lachat fl@ injection analyzer using a phenolate reaction enhanced by nitroprus-
side; detection limit w&s 0.7ueq/L and precision 2.7%Anions were measured using ion chro-
matograpl (Dionex DX 500) emplging chemical ion suppression and condutstidetection.

The detection limit for N@ was 0.1 zeg/L and precision as 1.5%.
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RESULTS

Nitr ogen Emissions and Deposition

In the Rock Mountain rgion of the US, there are 58 point sources that produce more than
1,000 tons per year of NOemissions [Dickson et al., 1994] (Figure d)arge emitters are
located near both urban areas and in more remote areas wigeredal-fired dcilities hae
been sited.Point sources in remote areas include the coal-faetlitfes in southern Wming
(Bridger paver plant), in western Colorado (Craig and Haydewesoplants), and in theokr
Corners area near Mesarde National &k. Itsworth noting that in Colorado, there is a cluster
of point emission sources just to the east of the Colorado Front Range that is associated with the

Denver-Colorado Springs-#it Collins metropolitan area.

Point sources of NQare not the only source of N emissions in this fate rgion. Coun-
ties with NQ, emissions greater than 5,000 tons per year were generally associated with urban
centers that had populations greater than 50,000 (Figur@o3jjlustrate for Colorado, county
emission rates greater than 5,000 tons per year occurred in tlkrer @ed Colorado Springs
metropolitan areas to the east of the Boklountains. Similarlyin Arizona, emission rates of

NO, greater than 5,000 tons per year were estimated for sources near Phoenigsamd T

Nitrogen emissions from these divrountain states of 3,560 tons per day of ,N@ere
about the same as the 3,685 tons per day qof &fiitted in California aloneMobile sources-
primarily diesel and gsoline ehicles-accounted for about 50% of all N@missions in each
state. © illustrate for Colorado, mobile sources of 390 tons per day gféwissions accounted
for 46% of the 830 tons per day of N@mitted throughout the state in 1990r the 11 states

as a whole, mobile sources accounted for 48.5% of the 17,500 tons per dayehi¥€ions.

It is also worth noting that manrural counties in Woming had emission rates between
1,000 and 5,000 tons per year (Figure Bnese NQ emissions in Woming are not associated
with either point sources or urban populatioi$iese NQ emissions in rural Wbming are

thought to be from oil andag operations, which inddually do not produce enough emissions
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to be classified as point sourcel.is important to note that in southwesterryding the
Bureau of Land Management is considering permits feeldpment of a lage natural gs field
[BLM, 1996]. The NQ, emissions associated with this emeiderzelopment might well heae

effects on N-loading to Wilerness Areas in both northern Colorado and southgomivig.

Annual deposition of ingranic N in wethll (NH,* + NO;™) from 1992 to 1996 as greater
at NADP sites located in montane areas compared to surrouneitantts (Figure 4).The arith-
metic average of annual ingenic N deposition in we#il at the eight IDP sites greater than
2,500 min elevation ranged from 2.5 to 3K ha* yrt. In contrast, inoganic N deposition as
less than 2.kg ha® yr? at all 23 M\DP sites less than 2,580 in devation. The largest
amounts of inaganic N in wetgll for all NADP sites in the fig date rggion were at high-ele-
vation sites located on the east side of the Colorado Front Ranget Ridge, Loch ¥le in
Rocky Mountain National &%k, and the Glacier Las, WWoming site on the northern end of the

Colorado Front Range.

The greater amounts of irganic N deposition in montane areas of Rpdkountain states
compared to surroundingvitands may be in part from orographic precipitatiétesults from
the 1994 M\DP annual report are used to illustrate the increase in chemical loading that occurs
with elevation in the Rock Mountains and other high-elion catchments (Figure 5For this
example we focus on NQO, but other chemical species sha smilar pattern. The Rwwnee site
is located about 50 km east of the Colorado Front Range in the Great Plains, abtaonelé
1,641 m. Beaver Meadavs is a montane site located on the eastern edge ofyRédokntain
National Rirk at an ebegtion of 2,490mn. ThelLoch Vale site is located near the continental
divide in Rocly Mountain National &k at an ebetion of 3,159n. Precipitationamount
increases with el@tion, from 24cm at the Bwnee site to 11@m at Loch \le. Incontrast,
annual wlume-weighted mean concentrations of N@ wetfall decrease with eletion, from
20.9ueq/L at the Bwnee site to 14.geq/L at Loch le. Havever, annual loading of N@
increases with el@tion because of the Ige increase in precipitation amount withveteon.

The annual loading of 148 ha' of NO;™ at Loch \ale was about four times the annual
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loading of 3.kg ha® at the Rwnee site.

Annual deposition of inganic N in wethll at the Nivot Ridge MDP site from 1984 to
1996 about doubled from 1.8§ ha'yr? for the fouryear period from 1985 to 1988 to
3.75kgha* yr! for the fouryear period from 1989 to 1992 (Figure 6&nnual deposition of
inorganic N in wetfall at the MDP site on Nivwot Ridge has remained near or abdo
3.0kgha® yr since 1992.A simple linear rgression of inaganic N in wethll with time shavs
a dgnificant increase in deposition of imanic N in wetfll at the rate of of 0.32y ha* yr? (r?
= 0.62; p < 0.001, n = 13)Earlier and comparable measurements of annual M@position
extend the record back to 1982 and suggest that the increase in depositiogavicrérin wet-
fall began in the early 198® [Caine and Reddyi988]. Preious analysis of the ADP record
by Williams et al. [1996b] for a shorter time period wisothat about half of the increase in N
deposition is from increasing concentrations of N in alethnd about half from increasing

amounts of annual precipitation.

Water Quality: Intensive Ste Study

The increased loading of irganic N in wethll appears to be causing changes in gurdy
chemistry of sudce vaters in Green Lads \alley. A time series of N@ concentrations from
the outlet of GL4 shaes that maximum concentrations occur at the initiation ofvemelt runof
in each year (Figure 6c)Tlhese N@™ concentrations of about 3&qg/L are three times the NO
concentrations of about J@qg/L reported by \liams et al. [1996c] for the smpack at maxi-
mum accumulation on Nia Ridge. At the initiation of snwmelt each yeara lage pulse of
NO;~ enters sudce vaters in the Green Lak \alley. To place these N@ values in contet,
the comparable Emerald Lakasin in the Sierra Needa of California is not subject to gbted
amounts of inaganic N in wetall [Williams et al., 1995] and has an annual maximum concentra-
tion of about 12:eq/L of NO;” during snavmelt runof [Williams and Melack, 1991b]These
elevated \alues of NQ™ during snavmelt runof in Green Lales \alley are consistent with Stage

1 of N saturation as defined by Stoddard [1994].
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Perhaps more importantigaching of N@  in surface vaters of Green Lads \alley is nrow
occurring during the gming season in response to vedittamounts of about I&y ha' yr?! of
inorganic N (Figure 6b).At the start of the ater quality record in the mid-&)’'NG;” concen-
trations on the receding limb of thgdrograph during the gwing season declined to detection
limits. Paralleling the increase in NOloading from wet deposition in the late 1980here \as
an increase in the annual minimum concentrations of NiQring the summer in Green Lal,
from belav detection limits in 1985 to about L@qg/L in 1990. A linear rgression analysis of
the annual minimum concentrations of NOwith years 1989 and 1990 rewsd because the
were more than 3 standardvdsions abwe the mean, shws that annual minimum concentra-
tions of NQ~ in surface vaters are increasing at the rate of u2g/L per year fr= 0.57, p =
0.005, n = 11).The trend of increasingalues of NQ™ in surface vaters during the gming sea-
son are consistent with initiation of Stage 2 of N saturation as defined by Stoddard [1994] and

with the definition of N saturation\gn by Fenn et al. [1998].

Apparently in response to the increased deposition ofjegnar N in wethll, ANC has been
decreasing in GL4 since the mid-1980Herewe present a trend analysis of ANC at GL4, based
on the approach of Caine [1995] (Figure A.simple linear rgression of ANC grsus time
shavs that ANC in GL4 has been decreasing at the rate ofetyA per year While the £ of
0.24 is lav, the slope of -0.0069 is significant at #ae- 0.05 level. Thedecrease in ANC at GL4

is coincident with the increase in deposition of gaoic N in wetgll.

Episodic acidification (ANC < @eq/L) of surice vaters is nw occurring in the headater
catchments abve .4 as a result of the increase of igaric N deposition in we#ill. We illus-
trate with water quality information from 1994, selected because it is the first year with good
NH," data. ANCconcentrations in suate vaters draining the 9-ha ARIK catchment were less
than Oueg/L for three weeks on the rising of thgdlograph during the initiation of swomnelt
runoff, with the ngative ANC values ranging from -3.8 to -7:&q/L (Figure 8).0n the reced-
ing limb of the lydrograph ANC wlues then res@red to a seasonal maximum of 24g/L. At

the 42-ha MV site, ANC concentrations were quite similar to those at the ARIK site, with a
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three-week period withalues less than £eqg/L and an annual maximuralue of 21ueq/L. The
ANC values at GL4 were whys positve, and ranged from a minimum of 2&q/L on the rising

limb of the tydrograph to 4&:eq/L on the recession limb of thgdrograph.

The pH \alues at ARIK and AV suggest that the loss oluffering capacity is causing a
decrease in pH (Figure 8Minimum pH \alues at ARIK were 4.8 and atAM 5.4. At both
sites, maximum annualalues of pH were less than 6.0h contrast, at GL4 pHalues were
never less than 6.2 and increased to circumneugiales of about 7.0 on the receding limb of the
hydrograph.

Elevated NQ,” concentrations are associated with thgahee ANC’s and low pH’s & both
the ARIK and MV sites (Figure 8).At both sites, maximum N concentrations are associated
with the first fraction of snemelt runof and are about 5peq/L, or about 5-fold greater than the
volume-weighted mean concentrations in thengraxck. AtARIK, concentrations then decrease
to an annual minimum of about/®g/L during the gnwing season before increasingaagdur
ing the &ll. Nitrateconcentrations at GL4 track those of the ARIK site quite clpsetept that
maximum concentrations of NOat GL4 of 27 ueq/L are about half those of ARIKnterest-
ingly, minimum concentrations of NO of 15 peq/L during the gneing season at theAY site

are two to three times the minimum concentrations at either ARIK or GLA4.

Nitrification of NH," released from storage in the seasonalvpagk may partially xplain
this pattern.Ammonium concentrations in streanaters at ARIK generally ranged from about 5
to 10ueq/L, with a maximum of about 1Eeg/L (Figure 8).Downstream at the A/ and GL4
sites, NH" concentrations wereaéys belav or near the detection limit of 0,/eqg/L. Ammo-
nium released from storage in gna the ARIK site vas assimilated by biota or captured on soil
exchange sites before reaching th&Nsite in stream flav. Nitrification of this NH,* and subse-
guent transport of NO to the MV site may hae ontributed to the elsted levels of NO;™ at
the NAV site during the greing season.Furthermore, the rapid loss of WHfrom surfice
waters praides &idence that these high-gltion catchments are not simplewildhrough sys-

tems with respect to the irganic N stored and released from the seasonaVvgack.
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Water Quality: Synoptic Lake Samples

Elevated NO;” levels in Green Laks \alley were associated with a decreasing trend in
ANC at GL4 and episodic acidification at the ARIK an@Wsites. Thesynoptic surey o
water quality from lake autflows in 1995 preides information on whether the ed#ed NO;,”
concentrations we report for the Green ésikélley are a site specific problem or are giomal

phenomenon in the Colorado Front Range.

Lakes in Widerness Areas of the Colorado Front Range had greatgr &dcentrations
than lales from Widerness Areas to the west of the Continentaid®. Meanconcentrations of
NO;™ from lake autlets in Widerness Areas of the Front Range were remarkably sjmalaging
from 6.3ueq/L in the Revah Wilderness Area (n = 19) to 8:ikqg/L in the Indian Peaks ler-
ness Area (n = 16) (Figure 9 contrast, the mean concentration of N@om lake autlets in
Wilderness Areas to the west of the Front Range W9ueg/L (n = 19). A one-way analysis of
variance shws that NQ™ concentrations collected on the eastern slope of the Front Range were
significantly greater than the western slopexat 0.05 (p = 0.006).The range of mean NO
concentrations of 6.3 to 8ikeq/L in lalkes of the Colorado Front Range were quite similar to
NO;~ concentrations at GL4 of 5 to/&qg/L during the same time periodhe eleated NO;”
concentrations we report for the Green éskalley occur throughout \Werness Areas of the

Colorado Front Rangeubnot in Wlderness Areas to the west of the Colorado Front Range.



Critical Loads -18- Williams and Bnnessen

DISCUSSION

Nitr ogen Emissions and Deposition

Atmospheric deposition of inganic N in wethll to the central RogkMountains is rela-
tively modest It greater than backgroundvés. Agriculture,combustion of fossil fuels, and
other human aatities have dtered the globalycle of N substantiallygenerally increasing both
the availability and mobility of N aver large regions of the Earth [Mousek et al., 1997]Inor-
ganic N deposition in annual weif from unpolluted rgions of the wrld generally ranges from
0.1 to 0.7%g ha' yr?, based on xensive measurements of precipitation chemistry in remote
areas of the southern hemisphere [Gedlpet al., 1982, 1996; Likns et al., 1987; Hedin et al.,
1995]. The2.5 to 3.5%g ha* yr! of inorganic N deposition in we#l to the Colorado Front
Range is about 5-10-fold greater than background amoudsnpared to the northeastern
United States, deposition of irganic N in wethkll to the Rock Mountains is similar to the
3.7kgha’ yr! at Acadia National &k and about half of the 5@ ha* yr at the Hubbard
Brook Experimental érest as measureda the last ten years by theAWP program [Villiams

et al., 1998].

Orographic precipitation in the RochMountains compounds the N-loading problem.
the northeastern United States, increases ig Maching losses kia been associated with high-
elevation sites because of higher amounts of N deposition iralv@ifriscoll et al., 1987].1t is
well-documented that mgrhigh-elevation ecosystems rea@ hgher doses of nutrients and pol-
lutants than adjacentueelevation ecosystems in the northeastern United Stategeft,dl994;
Lovett and Kinsman, 1990]The continental dide in the Colorado RogkMountains is gener
ally higher than 4,000 m in elaion, with 52 peaks in Coloradxe&eeding 4,267 m in eletion.
As air masses rise tover 4,000 min the Rocl Mountains from surroundingwdands, thg cool
adiabatically with resulting precipitation as air temperatures decreasetheldev point. Con-
sequentlyannual precipitation generally increases with increasingpta in the Rock Moun-

tains [Barry 1973]. Inturn, this increase in orographic precipitation with increasingagbs
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results in more N deposition in mountain areas compared to surroundiagds (Figures 4,5).

As in the northeastern US, the highest rates of N deposition in the Rimkntains occur at the
highest eleations. Thisorographic dkct is much greater than in the northeastern US, since the
Rocky Mountains are generally bato three times the height of mountains in the northe@sn-
sequentlyin high-elevation areas of the RogkMountains gen modest increases in the atmo-
spheric content of anthropogenically-produced N will result in much greater depositionah wetf

of inorganic N compared to the northeastern US.

Dryfall of N as @ses, aerosols, and particlesvinies additional sources of irganic N in
atmospheric depositionk-or the Loch \ale watershed in RogkMountain National &k, 50km
to the north of Green Laks \alley, Baron and Campbell [1997] estimate @tyfof N as half of
that measured in wetll. Sievering et al. [1992, 1996] estimate dajif to Niwot Ridge and
Green Lalks \alley as aout half to the same as measured N in alletiVhile we recognize dry-
fall as an important source of irganic N in atmospheric deposition, we restrict our analyses to
inorganic N deposition in we#ll because of the mgmmore and comparable measurements of
wetfall. However, we recognize that total ingenic N from atmospheric deposition is potentially

50% to 100% higher than in watfalone.

Attributing the inoganic N in atmospheric deposition to specific sources fecdif. Dur-
ing summer months, easterly upslope winds oftern flom the metropolitan Dewer area and
surrounding agricultural areas to the eastern slopes of the Colorado Front Range, transporting
urban and agricultural emissions to highvalens [Rarrish et al., 1990; Langford et al., 1992;
Baron and Denning, 1993; Baron and Campbell, 1991ting winter months, the predominant
westerly winds contrilte snavfall from sources to the west of the Colorado Rockies, possibly
including point sources such as the Craig and Haydemipplants [Trk et al., 1992].Using
2,300 back-trajectory analyses, \\&@ng et al. [1996] suggest that much of the N deposition at
Niwot Ridge is from the greater continental area to the west of they Rbmlntains, particularly
southern CaliforniaOur emission maps siwdarge amounts of NQemissions to the west, east,

and south of the central Roclountains. Atpresent we lack the kmadedge to identify the
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emission sources that are causing theasde levels of inoiganic N in wethll to the Rock
Mountains. Moraesearch on source-receptor relationships on N deposition in thg Rock-

tains is needed.

Water Quality

We lelieve that aquatic resources in highaggon catchments of the RogiMountains are
being ngaively affected at current depositionvits of inoiganic N in wetkll. Theinteraction
between N deposition and fresher acidification is compke Effects of N deposition are gener
ally decoupled from the N deposition because of thgelsariety of N species found in atepo-
sition, watersheds, and sade vaters, as well as the myriad of padys through which N can be
cycled in terrestrial and aquatic ecosystems [Stoddard, 19dkral field experiments hee
shavn that where increased N additions led to increased M®bility, the NQ,” loss led to
losses of nutrient cations and increases in soil atdnacidity [McNulty and Aber1993; Box-
man et al., 1995; Emmett et al., 199%urthermore, nitric acid is highly mobile in smoacks,
so that in may areas it is the predominant strong mineral acid released mnseld runof in

both the eastern US [Schaefer et al., 1990] and western UBuivg and Melack, 1991b].

The episodic acidification and decrease in ANC ofam@rfvaters that we reportag pre-
dicted in the early 1988y Kling and Grant [1984] At that time there were no reports of acidi-
fication of surce vaters (ANC < Queqg/L) in the Rock Mountains, ht there vas &idence that
precipitation vas becoming more acidic [ et al., 1984].Kling and Grant [1984] predicted
that acidification of sudce vaters in the RogkMountains wuld be detected first at the highest
elevations in the Colorado Front Range, because of limited stghéand flasy hydrographs at
these high eletion sites. Our results confirm the prediction of Kling and Grant [198&{ur-
thermore, in Caing’[1995] etensve analysis of temporal trends inater quality in the Green
Lakes \alley, he reports on earlier records in the Green ésakalley that were summarized in
Caine and Thurman [1990]t GL4, records of ANC measured in summer from 1969 to 1971

have an aithmetic mean of 8Leq/L, about the same as that predicted for the year 1980 by the
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regression trend at GL4 éble 1). This analysis suggests that the decline in ANC at Ghd w
initiated in the early 1986! Analysisat the 8-ha Martinelli subcatchment in the Greenelsak
Valley (Figure 1) sharis that ANC has declined at the rate of 43e2/L per year for more than
20 years, similar to the -4,2q/L ANC decline at ARIK (&ble 1). At the 750-ha Albion sam-
pling site, ANC is decreasing at aMer rate of -1.5ueq/L. If current leels of inoiganic N depo-
sition in wethll remain constant or increase, episodic acidification of GL4 wginbsometime
in the net decade and the highelevation ARIK and NAV sites will become chronically acidi-

fied.

Much of the research orytirochemical responses to increasing amounts ofanar N in
wetfall has been conducted in the northeastern High-elevation areas in the Colorado Front
Range ghibit mary of the traits that characterize areas in the northeastern United States that are
sensitve © N deposition. Comparisoof our results to these researcliogs may preide
insights as to wj high-elevation areas in the central Rockies are beingameely affected by

modest amounts of N deposition in veditf

Nitrate leaching to suate vaters in the northeastern US has been associated with catch-
ments characterized by shallsoils and those sites which veareceved little human distur
bance (which presumably were close to input-output balance prior teingcenhanced N depo-
sition) [Stoddard and Murdoch, 1991; Kahl et al., 1998]general, Pleistocene glaciation has
resulted in catchments of the Colorado Front Rangmbaoils that are limited in area anery
shallov when present [Kling and Grant, 1984; Caine and Thurman, 1990; Baron, 1968&5-
ove, these high-elegtion areas ha receved little human disturbance compared to the eastern
United States and to Europ&he short-graving seasons, location alm teeline, and limited
soil deselopment result in little agricultural use, no logging, only limited grazing, and little
development. Consequentlit appears that these high-eddion ecosystems were close to input-
output balance prior to the enhanced N deposition that we repanthermore, the increases of
anthropogenically-figd N in the ambient atmosphere of the Colorado Front Range and resulting

increases in the deposition of iganic N in wethll result in an uncontrolledxperiment of N
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fertilization at the catchmentJd similar to controlled gperiments in the northeastern United
States [Kahl et al., 1993; Wams et al., 1996b].As in the northeastern US, limitedtent of
soils combined with little human disturbance results in the higlatede catchments of the
Rocky Mountains haing little capacity to assimilate increases in atmospheric deposition ef inor

ganic N.

Additionally, the storage and release of solutes from the seasongpacioin the form of
an ionic pulse magnifies the aquatic problems caused by pollutants all.widdrewe define an
ionic pulse as occurring when the initial fraction of wnwlt has ionic concentrations greater
than the hlk average for the snepack [e.g. Johannessen and Henriksen, 1978; Colbeck, 1981].
Williams et al. [1996¢] hae down that on Nivet Ridge initial concentrations of NOin
snavmelt at the plot scale (14nmay be as high as 20 times those wikisnavpack concentra-
tions. Atthe ARIK site, the eleted NO;~ and H concentrations in suate vaters at the onset
of snavmelt are consistent with the storage and release of solutes from the seasspatkmo
the form of an ionic pulseStorage and release of solutes from thevpaak in the form of an
ionic pulse at the 9-ha ARIK site magnifies the concentration of pollutants ialwatbut

5-fold.

Ammonium released from storage in the seasonalgack may also contrilte to the
obsered acidification of sudce vaters. Thepresence of Nif in surface vaters at the ARIK
site suggests that thereasvlittle modification of the chemical content of wneelt before con-
tributing to stream fl at that site. Additionally, reactve slicate (Si) in surdce vaters at ARIK
was dways at or bela detection limits (data not stm), indicating that the ARIK site acts to
some @&tent like a :iow lysimeter 9-ha in areaHowever, the lack of NH™ in surface vaters at
the 42-ha NV site directly davnstream from ARIK shws that the NI in stream \aters vas
rapidly immobilized by some combination of geochemical reactions and biological assimilation.
Biological assimilation of N results in the production of 2 moles of br every mole of
NH," assimilated [Reuss and Johnson, 1988]e neutralization of N}i deposited in weéil is

thus a lilely contrilutor to acidification of suaice vaters.
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The eleated NO,~ concentrations that we report for éakthroughout the Colorado Front
Range indicate that the changes in atgfvater quality in the Green Lak \alley are part of a
regional phenomenonComparison of N@ concentrations from our synoptic &k surey
those collected as part of the southern Rddbuntain section of the ¥étern Laks Surey mn-
ducted in 1985 by the BPprovides additional wdence that eleted NO,” concentrations are a
regional problem throughout the Colorado Front Range that is not yet occurring in other areas of
the Rocly Mountains. Ousynoptic surey dffers from the Wstern Laks Surey (WLS) in two
important vays: 1) The WLS was conducted in September and our symas conducted in late
July and early August, and 2) k& sampled as part of the WLS were selected using a rigorous
statistical design and our lkek were determined in part by logistical constraiiNenetheless,
the comparison prades additional insight into thegm®nal nature of eleated NO,” concentra-

tions in suréce vaters of the RogkMountains.

There were 104 las sampled by the WLS outside of the Colorado Front Range and we
sampled 91 lad&s within the Colorado Front Range (Figure 18pout 58% of the WLS lads
had NQ~ concentrations less thanugqg/L compared to only 23% of the &kin our synoptic
sunwey. Clearly, most of the catchments sampled by the WLS were N-limited with little leakage
of the NG~ to surbce vaters. Incontrast, none of the WLS lek outside of the Colorado Front
Range had N@ concentrations greater than 4€q/L, while 30% of our lad&s had N@ con-
centrations greater than 4@g/L. Catchments the Colorado Front Range leak more ;N@

surface vaters than catchments in other areas of the Colorado/Réakntains.

These results suggest that N leakage from terrestn@loaments to aquatic systems is
occurring throughout the Colorado Front Range at current loading @amorN in wetéll.
Most other high-eletion areas in the central Rockies are not leaking N this time. How-
eva, these areas are in danger of becoming N-saturated in the near future if preteiof s

deposition in wedll continue or increase.
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Biological Effects

Degradation of terrestrial and aquatic resources may beoccurring as a direct result of
the increased atmospheric deposition of gaoic N in wetkll. Increasesn N availability are
leading to changes in plant species composition as a result of covepdsfilacement [Ba-
man and Steltzef998]. AtNiwot Ridge, oer the last 40 years therevsaleen statistically sig-
nificant increases in thesgetatve cver of sevaal N-enrichment indicator speciesd#, 1997].
Furthermore, Baman and Steltzer [1998] ya hown that the biotic response to increased N
deposition includes a posi feedback mechanism that may further contebto watershed-
level N saturation. Inmoist meadw communities of alpine tundra on NowvRidge, increasing N
deposition results in the replacement of the domiAaamastylis rossii by Deschampsia caespi-
tosa and an eight-fold increase in net N mineralization and nitrification rates, which in turn will

increase groundater loss of N@ to aquatic ecosystems [Bman and Steltzed998].

There is somewadence to suggest that high-&Bon forests may be at risk to winter dam-
age from increasing N deposition in the Colorado Front Ramgethe northeastern United
States, high-elation red spruce shohigh levels of mortality because of reduced cold tolerance
caused by increased amounts of atmospheric pollutants [Craig and Friedland, 129Jarteag
Adams, 1992].While increased frequep®f damage to red spruce foliage has been notable at
high elevations in the northeastern United States, onlyery/ \mild form of winter damage has
been obserd in the South [Anderson et al., 1991], probably becaxtsenge lav temperatures
occur less frequently at high-e&tion areas in the South BPAP, 1998]. Hawever, there is
uncertainty about the relaé importance of sulfumitrogen, and acidity in causing this decline in

cold tolerance.

In the Colorado Front Range, higher N:P ratiogehaen reported along an edtional gra-
dient in foliage of bristlecone pine [lNams et al., 1996b].Similar changes in the N:P ratio of
foliage hae keen reported for Noray spruce in Sweden and other forested sites as a result of
elevated N deposition in wedil [Fenn et al., 1998]Furthermore, comparisons of forest ecosys-

tems in the Loch &e catchment of RogkMountain National &k with Fraser Experimental
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Forest in western Colorado (N deposition of 1-2hkg* yr™) show that Front Range forests\ea

lower C:N ratios in soils and foliageAlthough the forests were matched as closely as possible
(500-700 yr spruce-fir3100 to 3200 m eletion range), soil C:N ratios of 34.5 in Fraser were
about 25% greater than the 24.3 in Lockiey with C:N ratios in foliage about 8 to 10 units
lower at Loch \dle compared to Fraser [Baron et al., 2000 (in press)jeneral, the response of
forested ecosystems to increases in N deposition are not linearoafdl therefore not be cap-
tured in simple dose-response functions [Aber et al., 19B&}. higher N:P ratios andvier C:N

ratios in forested ecosystems of the Colorado Front Range, combined with the harsh winter cli-
mate, suggest that forested ecosystems in the Colorado Front Rangeanimyahosk to winter

damage.

The acidification of sudce vaters and resulting decrease in pH can cause changes in the
aquatic resources of high-es#tion catchments.Zooplankton species, such as the dominant
Daphnia rosea, begn decreasing belo pH 5.5 to 5.8 and virtually disappear belpH 5.0 [Bar
muta et al., 1990]In turn, decreases in the populationBHphnia rosea result in increases of
more acid-tolerant species suchBasmina spp, resulting in a restructuring of the natural zoo-
plankton assemblages when pH decreases to abouABbng the benthic wertebrates found
in western streams, the mayfly larBaetis spp.) isvery sensitve o acidic episodes, with popu-
lations decreasing rapidly once pH amounts dropwéld [Kratz et al., 1994].These species
are important as food items for nattifish in high-elgation aquatic systemd\ative fish species,
such as cutthroat trout and raimbtrout, have ®nsitvity to acidic waters depending on the life
stage gposed to acidic episode#n general, fish population viability ixgected to be reduced
below pH 6 [Baker et al., 1990].In the eastern United States, streams wihAMNC in Shenan-
doah National &k (Mrginia) sheved fish populations with decreased species richness, popula-
tion density condition factor age distrilution, and size compared to streams with higher ANC
[Bulger et al., 1995; Dennis et al., 1995; Mao and Bulger 1995]. Furthermorea gudy of
13 streams in the Adirondack and Catskill Mountains iw Nerk and the northern Appalachian

Plateau in Pennsydwmia shwed long-term adsrse efiects on fish populations from episodic
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reductions in ANC similar to those we report for the Greenekalalley [Wigington et al.,
1996]. Fishpopulations in high-el@tion catchments of the Colorado Front Range are at risk of

reduced viability as a result of increasing amounts ofjamc N in wethll.

Two amphibian studies conducted in the Rockies point to the difectebn salamander
eqys of acidic episodes, and possible communityel leesponses of competing amphibian
species. Hartand Hofman [1989] &posed the ggs of tiger salamanderartbystoma tigrinum)
to experimental increases in episodic acidification and determined tlyatadean LD-50 pH of
5.6, which is within the range of smmelt pH's encountered in the RogkMountains and higher
than pHS we report during sne melt runof. In an experimental study of cogsting populations
of tiger salamanders and chorus froBse(idarcris triseriata), Kiesecler [1996] reports the pos-
sibility that changes in delopment rates in these law can be &fcted by depressed pHs in

pond water leading to changes in predation success.

Adverse biological décts may be occurring at presentds of N deposition in wedl and
the resulting reductions in ANCFurthermore, chemicalfetcts in surhce vaters due to changes
in atmospheric deposition camhgbit lag times of may years. Lagsn measurable &cts on
aquatic biota can beven longer [NAPAP, 1998]. If current amounts of N deposition in wadtf
to the Colorado Front Range continue or increase it is possible tjaitvadiological efects

will occur and intensify

Critical Loads

Water quality in high-elegtion catchments of the Colorado Front Range is beiggaded
at present lels of N deposition in wedfll. Protectedareas such as NationahiRs and Wder-
ness Areas with eleted amounts of N deposition are susceptible to N leakage because of stand
maturity where forested, accumulation of N in soil, and particularly in higlateda sites, lov
N retention capacity of soils anegetation. All of these &ctors suggest that reductions of N

emissions are needed to protect thessr@mments [Fenn et al., 1998].
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Our challenge, from a scientific perspeetiis to design research and monitoringagts
that will provide a credible foundation for galatory action in a timelyashion. TheNational
Pak Service (NPS) and other Class 1 federal land managers are guided by a fundargental, le
islatively-mandated objeate: to protect Class 1 resources from the ede dects of air pollu-
tion so as to leae them unimpaired for future generations [Bak, 1993]. The land manager is
congressionally directed to err on the side of protectldowever, given the political and eco-
nomic ramifications of policdecisions, land managers are acutehara of the need to pvide a

rational, scientific basis for those decisions (&hat a., 1994].

At present in the western United States, no "critical loadsé tmen established for N
deposition in wetll. However, there has been discussion within theAEfAd movement in
some states to set "deposition standards" or "secondary standardsbulthipvotect sensite
resources, such asnealkalinity surbice vaters and already acidic soilBinally, there is a lack
of appraved methods for quantifying what fefct incremental dgees of pollution wuld hare i
terrestrial, aquatic, and visibility resourceBemonstrating the "a@vse" efect of a small
change in emissions, when current pollutant loadings are already causing harrmualitgir

related alues (ARVS) is no small task, scientifically or politically

Researchers ka poposed a six-step approach for setting critical loads in the United
States: (1) selection of ecosystem components, indicators, and characterization of the resource;
(2) definition of functional subggons; (3) characterization of deposition within each of the sub-
regions; (4) definition of an assessment endpoint; (5) selection and application of models; and (6)
mapping of projected ecosystem responses [Holdren et al., 1993; Hum$ad., 1993].We
believe that the empirical information that weveapesented are didfient to propose critical
loads for inoganic N deposition in we#ill to the central RogkMountains, because of the wealth

of site-specific and synoptic data for highveteon sites in this rgion.

The ecosystem components and indicators that wevbedie important for this\eluation
are concentrations of inganic N in surbice vaters and the pH and ANC of those aad vaters.

The rgion of interest is high-eletion catchments in the central Rgdlountains, with special
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emphasis on the sulgien of the Colorado Front Rang®eposition amounts of inganic N in

wetfall to this rgion and subgion range from 2.5 to 3.5 Kug ! yrt. This annual deposition of
inorganic N in wethll is suficient to cause increased concentrations o Ni® mary surface

waters in the rgion. Inturn, the eleated concentrations of NOin surface vaters are causing
episodic acidification (ANC < 0) and chronic and sustained decreases in ANC in the Green
Lakes \alley on an annual basis.The lack of long-term data from other sites in highaien

areas madis it impossible to determine if episodic acidification and/or decreases in ANC are

occurring throughout the Colorado Front Range.

Balancing the federal mandate of land managers to protect natural resources in Class 1
areas with political and economic realities, weetakonsenative goproach and suggest that crit-
ical loads of inaganic N deposition in wed#il to Class 1 areas in the central Rpbkountains be
set at «g ha' yrt. While episodic acidification of header catchments is mooccurring in
Green Laks \blley at present deposition Vels of inoganic N in wethll of about
3.5kgha’ yr, we do not knaw if this amount of inaganic N deposition will cause episodic
acidification els&here in the Colorado Front Range because of site speciécetites (bedrock
type, soil type and delopment, slope angle, aspect, et€orversely, for these same reasons it
is quite possible that streams andelskn some areas of the Colorado Front Range xygrie
ence episodic acidification atwer levels of inoiganic N deposition in wedil than is presently
occurring in Green Lads \alley. Target loads may be set by federal land managersvat liev-
els of N deposition to al® a margin of safety to protect theseny sensitre resources. While
an approach based on critical loads may not be appropriate conceptually for some of the conse-
guences of N deposition-it is not clear that there are thresholds for all of thexts-effitical
loads represent a useful tool for managing N depositidoysek et al., 1997]The critical load
that we propose is comparable to the 3-&#g yr critical load of N deposition proposed for
forested catchments in granitic basins of Europe, based on results from ecosystenpsdale e

ments (NITREX) [Rgnolds et al., 1998].
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Modeling of critical loads wuld address some of the limitations caused by our empirical
approach. Furthermoreye recognize that in mgmther mountain rgions of North America
that this kind of long-term, inten& data on vatersheds and sade vaters will not be aailable.

In such cases, data collected at intemstes can be incorporated into models dtarshed
responses to increased amounts ofgaaic N in wethll. Thesemodels can then be used to sim-
ulate and spatially distrilte the dfects of increases in deposition of igamic N at sites with
more limited data\ailability. Critical loads for inoganic N deposition can also be generated in
this way, with the possibility of using model simulations to performioeal assessment&uch
an approach is being tested in Nationatk8 and Wderness Areas of the western US using
MAGIC-WAND (Model of Acidification of Groundwater in Catchments, with Aggraed Nitro-

gen Dynamics) [Ferrier et al., 1995].

Mitigation of aderse ecosystemfetts in Class 1 areas is not an acceptable alteentati
emission controls.Federal and state agenciewvdndeen mandated to adopt management pre-
scriptions knan as best management practices (BMPs) golate land uses to acliee water
guality standards [Whitman 1989However, the concept of BMPs is antithetical to management
of Class 1 areasCongress, under the Clean Air Act Amendments, has stated that there is no

amount of resource damage from atmospheric pollution that is acceptable in Class 1 areas.

Degradation of vater quality and biological resources in the alpine HigihalMountains of
central Europe from atmospheric deposition of pollutantgigpes an gample of what may hap-
pen if critical loads for N deposition in the Rgcklountains are not enactedhe High htra
Mountains are located within 2@t of the so-called Blackriangle of the German-Polish-
Czech border areaElevated levels of N deposition resulted in N saturation of highvatien
catchments with granitic basins and chronic acidification ofasarfaters in the High dtra
Mountains [Kopacek et al., 1995]Sulfur and N emissions t@ keen reduced by 30% to 40% in
Central Europe since 1989 due to the political and economic changes in the postcommunist
countries [Kopacek et al., 1998]At Vysne Wahlenbegovo Lake in the High &tra Mountains,

the reduction in N emissions has resulted insN©oncentrations decreasing from about
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50ueq/L to 30ueg/L and a sharp increase in the pH oklalater [Kopacek et al., 1998]The

rapid decrease in NO concentrations suggests that N saturation of thesersheds as related

to elevated levels of atmospheric deposition of N thatceeded the assimilation capacity of the
ecosystem. Unfortunatelthe impravement of vater quality particularly pH, has not yet been
sufficient to bring about significant change in the biota and the return of planktonic crustacea that
have kecome gtinct [Kopacek et al., 1998]We suggest that critical loads for N deposition be

enacted for Class 1 areas in the Rolglountains before lge-scale resource damage occurs.

SUMMARY

High-elevation catchments in the RogkMountains and other mid-latitudegiens of the
world are sensitie o amospheric deposition of pollutants because of: (i) increased deposition
loading because of increased orographic precipitation amount; (ii) increasing acidity of precipita-
tion with elevation because of ashout of neutralizing base cations; and (iii) release of pollutants
from the snwpack in the form of an ionic pulse, which magnifies the concentration of pollutants
stored in the seasonal svwack. Theseprocesses,xacerbated by lge point and non-point
sources of ing@anic N emissions in and near the RgpdWountains, hee resulted in episodic
acidification and N@ leakage in the Green Le& \alley of the Colorado Front Range at present

deposition lgels of inoiganic N in wetll.

Federal land managers, in collaboration with thé BRd states, will continue to manage
parks and wilderness areas using more established air pollution contrgltpols; such as Pre-
vention of Significant Deterioration (PSDs) and National Ambient Air Quality Standards
(NAAQS). Havever, because of the gional nature of the pollutantsfafting protected areas,
such as atmospheric deposition of gemic N, the future of air management will be to progress
toward regional control of sources and setting of critical loads togmtedamage to sensié

resources.

Here we propose critical loads for N deposition in aletb the Colorado Front Range of

4kg hat yrt, as a egonal threshold that cannot beoeeded if we are to protect highedon
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ecosystems. Wote that this critical load range for iganic N deposition in we#il will be
refined as more data on sensticosystems are collectedVe further note that Federal Land
Managers, who he "the afirmative responsibility to err on the side of protection”, may well set
a nore restrictre farget load to protect the most sengtiwaters and soils from changes caused

by inolganic N deposition in wedil.
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Table 1. Alkalinity decreases in swate vaters

of the Green Lads \alley, 1984-1995.

Alkalinity Decrease Significant at

Site N Slope weq Ltyr ™ p < 0.05
Arikaree 130 -0.0115 -4.2 ¥s
Martinelli 160 -0.0087 -3.2 Yes
GL4 260 -0.0069 -2.5 ¥Ss
Albion 262 -0.0041 -1.5 No
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FIGURES

Figure 1 Location map shwing the intermountain Ast, Colorado Front Range,ildérness
Areas in and near the Colorado Front Range, and a topographic map of the GeeRallak
and Niwot Ridge. ARIK is the 9-ha Arikaree sampling siteAM is the 42-ha Nego sampling
site; and Green Lak4 (GL4) was sampled at its outleAn NADP wet deposition site is located

at the Saddle on Niet Ridge, which forms the northern boundary of Greerecaklley.

Figure 2 Location of 58 point sources that produce more than 1,000 tons per year, ah NO
and near the RogkMountains in the USThe 2,800n contour of the Rock Mountains is the

thicker black line.Class 1 National &k areas are sthvm in grey.

Figure 3 County NQ, emissions for the intermountaineét rgion, 1990. Urban centers with
populations greater than 50,000 arevamaas thin black lines.The greatest emissions rates
(greater than 5000 tons/year) are generally located in the vicinity of the population centers,

where the NQ sources are lgely wehicular

Figure 4 A map of the merage annual loading of ingaic N in wet deposition from
1992-1996 for all MDP sites in the intermountain @&t clearly illustrates that montane areas
receve nore loading than do W elevation areas (Niwt Ridge MADP data corrected as
described in Wliams et al.[1998]). All NADP sites in Arizona, Ne& Mexico, and Utah (ecept
one) are less than 2,500in devation and recaied less than 2.kg ha yr of inorganic N
deposition for this time periodln contrast, montane sites ae@02500min Colorado and

Wyoming recered more han 2.%g ha® yr* of inorganic N for the same time period.

Figure 5 Changes in precipitation amount, annualume-weighted mean concentrations of
NO;~ (reg/L), and N@ loading (kghal), for three MADP sites along an eletional gradient in
1994: Rwnee site at 1,641 m in the Great Plains located just east oy Rbmkntain National
Pak; Beaver Meadavs site at 2,490 m on the eastern edge of Rdd&untain National &rk;
and the Loch ¥le site at 3,159 m near the continentaidd#i in Rocl Mountain National &rk.
Precipitation amount increases withvelgon, concentrations generally decrease witlvatien,

while chemical loading from wet deposition increases withagt.
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Figure 6 Time series of: a) annual iganic N deposition in we#ll (kg ha™ yr'!) as measured
at the Nivwot Ridge MDP site; b) annual minimum concentrations of ;N@om the outlet of

Green Lak 4 and c) NQ~ concentrations from the outlet of Green eak

Figure 7. Time series of ANC concentrations at the outlet of GA4imple linear rgression of
ANC versus time shes that alkalinity in GL4 has been decreasing at the rate qfe2ih per
year (F = 0.24, slope = -0.0069, p < 0.05).

Figure 8 A time series of ANC, pH, N©, and NH," concentrations in suate vaters from the
9-ha ARIK site, the 42-haAV site, and the 220-ha GL4 site in Green esaRalley, 1994. Acid
neutralizing capacityalues were belo O zeg/L for parts of 1994, sing that episodic acidifi-
cation has bgun in the Green Lads \alley.

Figure 9 Mean concentrations of NO from high-eleation lakes in wilderness areas of the
Colorado Front Range (Indian Peaks (IN), n = 16; MounEME), n = 7; Raah (RW), n =

19; and Sangre de Cristo (SC), n = 50) were significantly greater (p = 0.006) than mgan NO
concentrations from las in wilderness areas to the west (WS) of the Colorado Front Range
(WS, n=19).

Figure 10. Comparison of N@ concentrations from all las sampled (n = 104) as part of the
southern Rock Mountains section of the &tern Laks Surey in 1985 (except those lads in

the Colorado Front Range) to all &k(n = 91) in the Colorado Front Range sampled as part of

our synoptic sumy in 1995.
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