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is causing a change from N limitation to P limitation
in the highest-elevation bristlecone pines. Current
concepts of critical loads need to be reconsidered since
only modest atmospheric loadings of N are sufficient
to induce N leaching to surface waters in
high-elevation catchments of the western United
States.
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Nitrogen saturation is occurring throughout highelevation catchments of the Colorado Front Range.
Annual inorganic N loading in wet deposition to the
Front Range of ∼4 kg ha-1 yr-1 is about twice that
of the Pacific States and similar to many sites in the
northeastern United States. In the last ten years
at Niwot Ridge/Green Lakes Valley and Glacier Lakes,
annual minimum concentrations of NO3- in surface
waters during the growing season have increased
from below detection limits to ∼10 µequiv L-1, indicating
that these two catchments are at the threshold of
N saturation. The Loch Vale watershed is N saturated,
with annual minimum concentrations of NO3- in
surface waters generally above 10 µequiv L-1; annual
volume-weighted mean (VWM) concentrations of
16 µequiv L-1 in surface waters are greater than that
of ∼11 µequiv L-1 NO3- in wet deposition. At these
high-elevation catchments, there has been a shift in
ecosystem dynamics from an N-limited system to
an N-saturated system as a result of anthropogenically
fixed N in wetfall and dryfall. Results from the
Western Lakes Survey component of the National
Surface Water Survey show that N saturation is a
regional problem in the Colorado Front Range, with
many lakes having (NO3-) concentrations greater than
10 µequiv L-1. Foliar N:P ratios in bristlecone pine
increase with elevation in the Colorado Front Range,
indicating that at higher elevations P is translocated
from foliar tissue more efficiently than N and that
increasing atmospheric deposition of N with elevation
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Introduction
Lakes in the Rocky Mountains are relatively uncontaminated
compared to many other high-elevation lakes in the world,
with the median value of NO3- concentrations less than 1
µequiv L-1 (1). However, these high-elevation ecosystems
are relatively sensitive to changes in the flux of energy,
chemicals, and water compared to downstream ecosystems,
because of extensive areas of exposed and unreactive
bedrock, rapid hydrologic flushing rates during snowmelt,
limited extent of vegetation and soils, and short growing
seasons (2). Hence, small changes in atmospheric deposition have the potential to result in large changes in
ecosystem dynamics and water quality (3). Furthermore,
these ecosystem changes may occur in alpine areas before
they occur in downstream ecosystems. Ambient concentrations of N measured in the early 1980s at Niwot Ridge
in the Colorado Front Range were 30-fold greater than
preindustrial levels (4) and attributed to fossil fuel combustion (5). Previous research in Colorado has shown a
statistically significant increase in the output of NO3from montane basins subjected to increasing deposition
of N (6).
Here we investigate whether deposition of atmospheric
N has caused N saturation in high-elevation catchments of
the Colorado Front Range. Atmospheric deposition of N
is known to alter the N cycle in forested ecosystems of
northeastern United States (1) and northern Europe (8).
Forested ecosystems are generally N-limited, characterized
by efficient internal N cycling leading to a minimal loss of
inorganic N in surface waters, groundwater, and gaseous
loss through denitrification (9). When atmospheric deposition of anthropogenically fixed N becomes excessive, other
nutrients or environmental factors constrain forest growth
and inorganic N leaches below the rooting zone, a condition
known as “nitrogen saturation” (10). Nitrogen saturation
in forested ecosystems has been linked to serious environmental impacts, including direct effects such as an
imbalance in N:Mg ratios causing chlorosis of foliage,
premature needle drop, and decline in tree vigor (11) and
indirect effects such as alteration of interspecific competitive
ability and changes in nutrient use efficiency (12).
Historically, little attention has been paid to the effects
of N deposition on surface waters of the western United
States. The Environmental Protection Agency (EPA) in 1993
recommended removing its contribution for the wet
deposition monitoring sites in the western United States
operated by the National Acid Deposition Program/National
Trends Network (NADP/NTN) program because rates of
wet deposition of strong acid anions are generally lower
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west of the 100th meridian than further east. However,
surface waters in the western United States can be more
sensitive to atmospheric deposition than the eastern United
States and so may be adversely impacted by lower deposition rates (13). For example, phytoplankton communities in the ultraoligotrophic Lake Tahoe, CaliforniaNevada, have switched from colimitation by N and phosphorus to P limitation because of N in atmospheric deposition (14).
Our primary objective is to evaluate the response of highelevation catchments in and near the Colorado Front Range
to increases in ambient concentrations of atmospheric N.
We discuss whether other high-elevation catchments in
the Rocky Mountains and western United States are at risk.
Last, we apply our results to the concept of critical loads
in relation to N deposition to high-elevation catchments in
the western United States.

Methods
We define N saturation as a shift in ecosystem dynamics
from no leakage of inorganic N into surface waters during
the growing season to leakage of N in surface waters during
the growing season (15). It is reasonable to ask if a concept
originally developed for forested and agricultural catchments can be applied to high-elevation catchments. It is
possible that such basins have insufficient capacity for N
consumption in terrestrial systems to prevent the appearance of N in aquatic systems, because of a combination of
N release from snow in an ionic pulse (16), a limited growing
season (17), little vegetation, and poorly developed soils
(18). Alternatively, for these same reasons, alpine basins
may have a sufficient but limited ability to consume N and
may be more sensitive to N saturation than forested
ecosystems at lower elevation. Model simulations of
terrestrial and aquatic N cycling at the high-elevation Loch
Vale watershed in the Colorado Front Range using the
nutrient-based CENTURY model (19) indicate that alpine
ecosystems are N-limited at preindustrial levels of N
deposition (20). Evaluation of the N-saturation concept at
the high-elevation Emerald Lake catchment in the Sierra
Nevada confirms the CENTURY modeling simulations, with
no leakage of N in surface waters during the growing season
(21). The conclusion was reached that application of the
concept of N saturation to high-elevation catchments is
valid (21).
We present time series data on N content in precipitation
and surface waters from three high-elevation basins in and
near the Colorado Front Range, all located on the east side
of the Continental Divide (Figure 1). Niwot Ridge/Green
Lakes Valley (NWT) is a 700-ha alpine/subalpine basin in
which biogeochemical processes have been studied since
1985 as part of the Long-Term Ecological Research (LTER)
network. The basin consists of a hydrologically linked linear
chain of lakes; we present data from the outlet of Green
Lakes 4, a second-order, 200-ha basin. The Loch Vale
watershed (LVWS) is a second-order, 660-ha basin in Rocky
Mountain National Park. Biogeochemical research began
in 1983 and is conducted by the National Biological Service and the U.S. Geological Survey. The Glacier Lakes
Ecosystem Experiments Site (GLEES) is a 300-ha catchment
located in the Snowy Range of southeastern Wyoming
in which research has been conducted by the U.S.
Forest Service since 1987; we present results from the 80ha Cascade Creek subdrainage. All catchments are glaciated alpine to subalpine basins underlain with crystal-

FIGURE 1. Locations of Niwot Ridge/Green Lakes Valley (NWT),
Loch Vale (LVWS), and Glacier Lakes (GLEES) in relation to Denver.
The map includes the average annual loading of NO3- (kg ha-1 yr-1)
in wet deposition from 1989 to 1993 for all NADP sites in a four-state
region, clearly illustrating that the Rocky Mountains receive more
loading than do low-elevation areas. All NADP sites in Arizona,
New Mexico, and Utah are less than 2500 m in elevation and all but
one received less than 4.0 kg ha-1 yr-1 of NO3- for this time period.
In contrast, montane sites above 2500 m in Colorado received more
than 4.0 kg ha-1 yr-1 NO3- for the same time period.

line bedrock and range in elevation from about 3000 to
4000 m, vegetation varies from alpine tundra to subalpine coniferous forest with growing seasons of at least
120 days, and soils are limited in area and generally located
adjacent to perennial and ephemeral streams. All three
catchments were selected for long-term research because
they are representative of montane regions in the Rocky
Mountains.
Precipitation and surface water samples are collected
and analyzed at the three sites using similar protocols, so
that chemical content may be compared among sites. All
sites participate in the NADP/NTN network, which operates
∼200 wet precipitation collectors throughout the continental United States (22). NADP collectors are located
within 2 km of the stream sampling sites. Surface water
samples are collected at daily to weekly intervals at the
initiation of snowmelt and through the growing season and
about bimonthly during the winter (23). Sample collection
at NWT is at the outlet of Green Lake 4, at LVWS at the
outlet of Loch Vale, and at GLEES at the inlet to West Glacier
Lake. Detection limits for most solutes are less than 1 µequiv
L-1 and precision is better than 2%. Discharge is measured
continuously during the ice-free period at all sites. The
complete record of NO3- measurements is shown for all
three sites.
The response of forested ecosystems to N deposition
was evaluated by measuring foliar N and P concentrations
in bristlecone pine (Pinus aristata) along an elevational
transect on Mt. Evans, located on the east slope of the Front
Range ∼50 km south of Green Lakes Valley and Niwot Ridge
(Figure 1). Trees were sampled on an east aspect at
elevations of 3450, 3550, and 3650 m. Five trees were
sampled at each elevation and two replicates of five-needle
fascicles were sampled for each tree. Foliage age was
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TABLE 1

Comparison of Annual Volume-Weighted Mean
Concentrationsa for NH4+, NO3-, and Total Annual
Loading of Inorganic N from Selected NADP Sites,
1991-1993
site

NH4+
(µequiv L-1)

NO3(µequiv L-1)

inorg N
(kg ha-1 yr-1)

NWT/GLV
LVWS
GLEES
Acadia NP, ME
Hubbard Brook, NH
Yosemite NP, CA
Olympia NP, WA

5.0
7.2
6.7
5.5
8.3
8.3
1.1

15.6
11.6
11.5
13.2
21.9
8.4
1.6

4.71
2.73
3.09
3.60
4.87
2.53
1.04

aAll

means are arithmetic means of annual values.

determined by bud scars; for each year, two replicates of
five-needle fascicles were analyzed. Concentrations of N
and P were measured on a Lachet autoanalyzer QuichChem
AE following standard protocols.

Results
Annual loading of inorganic N (NO3- + NH4+) in wetfall to
the Colorado Front Range is similar in magnitude to that
of many sites in the northeastern United States and much
larger than in montane sites in the far west. To illustrate
using NADP data (Table 1), annual loading of inorganic N
to the three watersheds ranged from 2.73 to 4.71 kg ha-1
yr-1 from 1991 through 1993. Measured N deposition to
Niwot Ridge at 4.71 kg ha-1 yr-1 was more than that of
Acadia National Park in Maine (3.60 kg ha-1 yr-1) and similar
to Hubbard Brook in New Hampshire (4.87 kg ha-1 yr-1).
In contrast, annual N deposition in wetfall to Olympic
National Park in Washington of 1.04 kg ha-1 yr-1 was only
25% of that at NWT and the 2.53 kg ha-1 yr-1 at Yosemite
National Park was about half of that at NWT. Within the
intermountain region of Utah, Wyoming, Colorado, Arizona,
and New Mexico, the highest rates of annual NO3deposition (in kg ha-1 yr-1 nitrate) were also in the Front
Range (Figure 1). The 5-year average of annual NO3deposition from 1989 to 1993 shows that annual NO3deposition to NWT was 15.5 kg ha-1 yr-1, 7.6 kg ha-1 yr-1
at LVWS, and 9.2 kg ha-1 yr-1 at GLEES. It is worth noting
that NADP sites just west of the Front Range had annual
NO3- deposition values over this time period of 6.4 and 6.9
kg ha-1 yr-1. These relatively high rates of N deposition in
the Colorado Rocky Mountains are due in part to increasing
orographic precipitation with elevation (24).
At the three test basins in the Front Range, annual NO3loading from wetfall increased in the late 1980s and the
higher loading rates have been maintained (Figure 2). At
NWT, NADP results show that there has been a ∼200%
increase in NO3- loading from wet deposition over the last
decade, increasing from ∼8 kg ha-1 yr-1 for 1985-1987 to
16.5 kg ha-1 yr-1 for 1990-1992 (Figure 2). Earlier and
comparable measurements of annual NO3- deposition
extend the record back to 1982 and indicate an even
larger increase in NO3- loading, with a mean NO3loading of 5.7 kg ha-1 yr-1 from 1982 to 1986 (25). A simple
linear regression analysis shows that increases in precipitation amount account for about half the increase in
annual NO3- loading at NWT (r2 ) 0.56, p ) 0.01) and about
half comes from increases in the annual volume-weighted
mean concentration of NO3- (r2 ) 0.59, p ) 0.01); a multiple
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FIGURE 2. Time series of annual NO3- loading from NADP collectors
at NWT, GLEES, and LVWS (complete time series shown for each
site). Nitrate loading increased at all three sites in the late
1980s, and these elevated loading levels have persisted to the
present.

linear regression analysis shows that the combination of
precipitation and concentration explains annual wet
deposition of NO3- (r2 ) 0.99, p , 0.0001) (3). The increase in annual NO3- loading to GLEES has been more
dramatic, increasing by ∼300% from 3.35 kg ha-1 yr-1 in
1986 to 9.95 kg ha-1 yr-1 in 1990. Annual NO3- loading is
more variable at LVWS but does show an increase from
4.28 kg ha-1 yr-1 in 1988, a dry year, to 9.05 kg ha-1 yr-1
in 1990, a wet year. Ammonium loading from wet deposition shows a pattern similar to that of NO3- loading at
these sites, in both timing and magnitude. Dry deposition
of N further compounds the N loading from wet deposition,
with dry deposition of inorganic N during the growing
season to NWT about equal to wet deposition of inorganic
N (26).
Nitrate concentrations at all test basins show an annual
peak during the onset of snowmelt runoff and an annual
minimum during the growing season when discharge is
primarily from base flow (Figure 3). Apparently in response
to the increase in N deposition at NWT, there has been an
increase in annual minimum NO3- concentrations in
surface waters during the growing season. At NWT in 1985
and 1986, NO3- concentrations during the growing season
were near or below detection limits (Figure 3). Biota
apparently had the ability to utilize all available N from
atmospheric deposition and were N-limited during the
growing season. Starting in 1987, NO3- began to leak out
of the basin in surface waters during the growing season,
reaching annual minimum concentrations of ∼10 µequiv
L-1 in 1990. This increase in annual minimum concentrations of NO3- in surface waters parallels the large increase
in NO3- loading from wetfall in the late 1980s.

FIGURE 3. Time series of NO3- concentrations in surface waters
from NWT, GLEES, and LVWS. Complete data set is shown for each
site. NWT and GLEES appear to be approaching the threshold of
stage 2 of N saturation; LVWS is N-saturated.

FIGURE 4. (a) Changes in the relationship between streamwater
NO3- concentrations and discharge at NWT during the growing
season. Growing season is defined as the recession limb of the
hydrograph from maximum discharge in early June through
August in 1985-1986 (circles) and 1989-1990 (triangles). In 19851986, the NO3- intercept at zero discharge was not significantly
different than zero. However, in 1989-1990 the zero-discharge
intercept for NO3- of 9 µequiv L-1 was significantly greater than
zero (p < 0.01). (b) Regression analysis between annual NO3- input from wet deposition and output in surface waters at NWT.
There is a significant increase in NO3- export with increasing
deposition.

There has been a concurrent shift in the relationship of
seasonal discharge to NO3- concentrations at NWT. We
examine the relationship between NO3- concentrations and
discharge during the growing season, investigating the
recession limb of the discharge curve from maximum
discharge in early June through August. In 1985 and 1986,
the regression of NO3- concentration as a function of

FIGURE 5. Foliar N:P ratios in bristlecone pine along three elevational
transects. N:P foliar ratios increase with elevation, indicating that
at higher elevations P is translocated from foliar tissue more
efficiently than N. Increasing atmospheric deposition of N with
elevation may be causing a change from N limitation to P limitation
in the highest-elevation bristlecone pines.

discharge had a y intercept of zero NO3- (Figure 4a). In
1989 and 1990, the zero discharge intercept increased to 9
µequiv L-1, indicating potentially increased NO3- in the
soil solution in excess of uptake capacity. We interpret
this increase in NO3- concentrations during the growing
season to the leaching of N to deeper hydrologic flow paths
that maintain summer base low.
Annual NO3- yield from NWT increased by 50% from
the period 1985-1988 (5.0 kg ha-1 yr-1) to 1989-1992 (7.5
kg ha-1 yr-1). There is a significant correlation (p < 0.05)
between N loading in wet deposition and N export, with
r2 ) 0.53 (n ) 8) (Figure 4b). Most of this increase in N
export from NWT occurred during the growing season of
June, July, and August, consistent with the change from an
N-limited system to an N-saturated system. Mass balance
analysis shows that currently ∼50% of the NO3- loading
from annual wet deposition is exported in streamwaters.
An increase in N availability should cause a corresponding change in the foliar chemistry of trees, with
reduced translocation of nitrogen from foliage (27) and
trees becoming P-limited rather than N-limited (28). If N
saturation at high elevation causes changes in foliar
chemistry, we should see these changes first at the highest
elevations where forests occur. We tested this hypothesis
by measuring the N and P concentrations in the foliage of
bristlecone pine along an elevational transect on Mt. Evans
in the Front Range, ∼50 km south of Green Lakes Valley
and Niwot Ridge. Bristlecone pine was chosen because it
is a tree-line species that retains its foliage for ∼20 yr at the
lower elevation end of its range and ∼8 yr at the upper end;
foliage age on individual needles can be determined by
bud scars. Analysis of the nutrient content in needles of
bristlecone pines provides a surrogate method of evaluating
changes in N and P foliar content with time.
Our results show that the foliar N:P ratio was greater in
high-elevation trees compared to lower elevation trees
(Figure 5). The N:P ratio in the foliage of bristlecone pine
after year one ranged from 7.5 to 9.5 for trees sampled at
the high elevation of 3650 m, compared to an N:P ratio
ranging from 4 to 6 for trees at lower elevations of 34503550 m. These results suggest that P was translocated more
efficiently than N in high-elevation trees, that P has become
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FIGURE 6. Frequency analysis of NO3- concentrations from the
southern Rocky Mountain section of the Western Lakes Survey.
Median NO3- concentrations were less than 1 µequiv L-1. All lakes
with concentrations greater than 10 µequiv L-1 were found in the
Colorado Front Range.

limiting in these high-elevation trees, and that N is no longer
limiting. Thus, changes in N cycling in the forested
ecosystems of the Colorado Front Range may be occurring
in response to present levels of N deposition.
The Western Lakes Survey (WLS) component of the
National Surface Water Survey extends these site-specific
results to the Rocky Mountain region. The National Surface
Water Survey was designed to provide a statistically rigorous
and comparative synoptic survey of water quality for all
acid-sensitive lakes in the United States (29). Most of the
study areas of the WLS were at high elevations, with nearly
two-thirds of the sampled lakes located in federally
designated wilderness areas (30). Water samples were
collected in the autumn of 1985 during base-flow conditions,
with NO3- and NH4+ concentrations throughout the western
United States generally below 1 µequiv L-1 (15). In the
southern Rocky Mountain section of the WLS, NO3concentrations in most lakes were also below 1 µequiv L-1,
indicating no leakage of NO3- from these basins (Figure 6).
These results indicate that most catchments within the
southern Rocky Mountains have the ability to assimilate all
N from atmospheric deposition and are N-limited. However, lakes in the Colorado Front Range provided a
disproportionately large amount of the lakes with NO3concentrations greater than 1 µequiv L-1 (Figure 6). All 10
WLS lakes from the southern Rocky Mountain area with
NO3- concentrations greater than 10 µequiv L-1 were
located in the Colorado Front Range. These results are
consistent with results from the three test basins and
indicate that many high-elevation catchments within the
Colorado Front Range are at some stage of N saturation.
However, at the time of the WLS in 1985, basins outside of
the Colorado Front Range were not N-saturated and were
N-limited.

Discussion
There are striking parallels between the changes in NO3concentration at NWT in response to increasing atmospheric deposition of N and the changes in NO3- concentrations of surface waters induced by experimental loading
of N at the West Bear Brook watershed (BBWM) in Maine
(31). Comparison of our results at NWT to those of BBWM
provides insight into the N dynamics of the Colorado Front
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Range. The BBWM is a headwater catchment, forested,
and ∼10 ha in area. Prior to increased loading at both
sites, maximum NO3- concentrations in surface waters were
near 40 µequiv L-1 and minimum concentrations were
below detection limits. At each site, the relationship
between NO3- concentrations and discharge showed a zero
NO3- intercept at zero discharge. Following increased NO3loading at both sites, NO3- export occurred during the
growing season and the NO3- intercept at zero discharge
increased. And at both sites, the NO3- yield in surface
waters increased with increased NO3- loading. The experimental N loading at BBWM induced nitrogen saturation.
The increase in N loading to NWT in wetfall may have acted
as a natural experiment, causing N saturation.
Nitrogen saturation proceeds in a series of steps (15).
The first stage occurs when there is chronic export of N in
surface waters during the nongrowing season. In alpine
basins, the large concentrations of NO3- that occur at the
onset of snowmelt runoff are consistent with the release of
NO3- from the snowpack in the form of an ionic pulse (32).
Piston pumping of nitrification products stored in soils
under the seasonal snowpack may provide some amount
of this NO3- (21). Nitrate becomes a mobile anion at this
time in part because assimilation of N by vegetation is
limited by physical factors such as deep snow cover and
low temperatures.
Nitrogen saturation is reached in stage 2, manifested by
the chronic loss of N to surface waters during the growing
season. We interpret our data to indicate that NWT is at
the threshold of the second stage of N saturation. The
GLEES catchment is also nearing the threshold of stage 2
of N saturation. Annual minimum concentrations at GLEES
were below detection limits in 1987 and 1988 and started
to rise in 1989, following a pattern similar to that of NWT
(Figure 3). Presently, annual minimum concentrations of
NO3- at GLEES are ∼8 µequiv L-1.
In contrast, the LVWS appears to have been at stage 2
of N saturation for some years. The amplitude of NO3concentrations in surface waters of the LVWS is much less
than at NWT and GLEES, with annual minimum concentrations generally ranging from 10 to 15 µequiv L-1. Annual
volume-weighted mean (VWM) concentrations of NO3- in
streamflow of 16 µequiv L-1 are greater than annual VWM
concentrations of NO3- in wet deposition of ∼11 µequiv
L-1 (Table 1). About 34% of the annual export of N from
the LVWS occurs during the summer months; again
consistent with N saturation. CENTURY model results
suggest that tundra in LVWS was previously N-limited and
then crossed the threshold from an N-limited ecosystem
to an N-saturated ecosystem in the last several decades
(20).
Prior results by Campbell et al. (33) suggest that the
higher-elevation subcatchments at LVWS may be at the
threshold of stage 3 saturation. Stage 3 occurs when the
basin becomes a source of N rather than a sink, with N
export exceeding atmospheric deposition of N (15). Annual
input-output studies of N were conducted at LVWS in 1992
for each of the two first-order basins (each catchment ∼200
ha in area) (33). All inorganic N in streamwaters was as
NO3- with annual VWM concentrations of 23 and 21 µequiv
L-1. The NO3- export in streams was equivalent to annual
VWM concentrations in deposition of 11 µequiv L-1 NO3and 7 µequiv L-1 NH4+, assuming ∼25% evapotranspiration
and/or dry deposition. We interpret these mass balance
results to indicate that all the NH4+ in wet deposition was

assimilated and that net nitrification in the first-order
subcatchments was equal to NH4+ deposition. High
nitrification rates are symptomatic of the second and third
stages of N saturation (10). Within years to decades at the
first-order catchments of LVWS, continued inputs of N from
deposition in combination with mineralization and nitrification may produce concentrations of NO3- in surface
waters that exceed concentrations of inorganic N in
deposition alone.
Nitrogen saturation in high-elevation catchments of the
Colorado Front Range may provide an early warning
indicator for disruption of N cycling in forested ecosystems
at lower elevations. Forested ecosystems in the Rocky
Mountains are generally N-limited (34). At LVWS, mass
balance studies indicate that the lower-elevation subalpine
forest within the catchment is retaining N exported from
the higher-elevation alpine subcatchments (35). CENTURY
simulations suggest that, in response to this increase in
available N, the subalpine forest within LVWS is undergoing
increases in forest production, soil N mineralization rates,
soil carbon, and accumulation rates of soil N (20).
Our results from the Colorado Front Range may act as
an early warning indicator of N saturation for other highelevation catchments in the Rocky Mountains and the
western United States. Time series data from the highelevation catchments west of NWT and LVWS show no
evidence of N saturation at this time. At the Fraser
Experimental Forest, located ∼15 km west of NWT, N
deposition is less than at NWT, NO3- concentrations in
streamwaters during the growing season are below detection limits (36), and 95% of inorganic N in wet deposition
is retained in alpine and subalpine catchments (37). Data
collected from 1985 to 1991 at the 11-ha Summit Lake,
located just west of LVWS at an elevation of 3144 m in the
Mt. Zirkel Wilderness Area, shows NO3- concentrations
always below detection limits (38). However, while these
and other basins directly west of the Colorado Front Range
are presently N-limited, deposition rates of atmospheric N
are elevated. The Buffalo Pass NADP site near Summit
Lake has NO3- loading of 6.4 kg ha-1 yr-1 from 1989 to 1993
(Figure 1), only slightly less than rates reported from the
Front Range. Furthermore, a 1992 synoptic survey of the
chemical content of snow in the Rocky Mountains from
New Mexico to Montana shows that the highest concentrations of NO3- (15 µequiv L-1) occurred in northern
Colorado near Summit Lake, in part from coal-fired power
plants downwind (39). Our results from the Colorado Front
Range suggest that these and other high-elevation catchments may cross the threshold from N-limited to Nsaturated ecosystems in the near future if present deposition
rates of N persist or increase.
A key issue that demands attention is the ecosystem
impacts of increasing N deposition to these high-elevation
catchments. Increasing levels of N saturation may lead
directly to increasing acidification of surface waters in these
and other high-elevation catchments. High-elevation
streams are particularly vulnerable to acidification because
snowmelt runoff causes a decrease in surface water
alkalinity through dilution of base cations (40). However,
there were no reported cases of acidification in streamwaters
west of the Mississippi River because of atmospheric
deposition, until a recent report of episodic acidification
at NWT in 1994 with pH values below 5.0 and negative
alkalinities in stream flow during snowmelt runoff (3). The
low pH values and negative alkalinities at NWT were

associated with elevated levels of NO3- and dilution of base
cations during snowmelt runoff. Increasing N deposition
may also affect rare and threatened alpine plants, many of
which prefer snow accumulation sites and thus would be
exposed to the greatest N loading from wet and dry
deposition to snow cover (41). Terrestrial biota of highelevation catchments have a very conservative ecological
strategy with little genetic or phenotypic ability to respond
to increases in nutrient loading from the atmosphere.
Nitrogen fertilization experiments at NWT have shown that
increasing N availability alters species composition in alpine
tundra communities (42).
Current concepts of critical loads need to be reconsidered
since only modest atmospheric loadings of N are sufficient
to induce N leaching to surface waters of high-elevation
catchments in the western United States. An important
result of this analysis is the demonstration that highelevation ecosystems may be nearly N-saturated at current
levels of N deposition. These findings have important
implications for policy relating to N emissions. The rapidity
of the increase in NO3- flux from these test basins was
unexpected given the historically low rates of N deposition
in the western United States, the modest increase in N
loading, and the generally N-limited status of montane
ecosystems in the western United States. Determining
critical loads for N deposition has been problematical
because of the inability to quantify ecosystem storage
capacity of N (7). Critical load estimates for N deposition
have been set at 10 kg ha-1 yr-1 for northern Europe, based
on empirical results that showed no L leaching to surface
waters below this value (43). Clearly, leakage of N to surface
waters in the Colorado Front Range occurs at N-deposition
values well below 10 kg ha-1 yr-1 N. Concepts of critical
loads need to be reevaluated for mountain ecosystems in
the western United States.
Our ability to effectively manage high-elevation catchments is constrained by a lack of process-level understanding of the nitrogen cycle. At present, we do not know
the source of NO3- in surface waters of the Colorado Front
Range and other high-elevation catchments in the western
United States. Snowmelt runoff is the dominant hydrologic
event in these catchments. Nitrate concentrations in
surface waters are generally consistent with the release of
NO3- from storage in the seasonal snowpack in the form
of an ionic pulse (21), and the NO3- in streamwaters is
often assumed to be from wet and dry deposition (32).
However, experiments conducted in 1993 at NWT indicate
that microbial activity in snow-covered soils plays a key
role in N cycling in alpine ecosystems prior to snowmelt
runoff, with net mineralization rates from March 3 to May
4 ranging from 2.2 to 6.6 g of N m-2 (44). Preliminary
analysis tracing sources of streamwater NO3- at LVWS
during snowmelt runoff at LVWS using both the oxygen
and nitrogen isotopic composition of nitrate suggests that
atmospheric NO3- eluted from the snowpack was a minor
source of NO3- in streamflow and that microbial activity
was an important source of NO3- in streamwaters (45).
Innovative experiments and tools such as the dual-isotope
analysis of NO3- are needed for a mechanistic understanding of N dynamics in high-elevation ecosystems.
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