Response of Lake Chemistry to Atmospheric Deposition and
Climate in Selected Class I Wilderness Areas in the Western
United States, 1993–2009
he U.S. Geological Survey (USGS), in cooperation with the
T
U.S. Department of Agriculture Forest Service (Forest Service),
Air Resource Management, conducted a study to evaluate longterm trends in lake-water chemistry for 64 high-elevation lakes
in selected Class I wilderness areas in Colorado, Idaho, Utah,
and Wyoming during 1993 to 2009 (fig. 1). Understanding how and
why lake chemistry is changing in mountain areas is essential
for effectively managing and protecting high-elevation aquatic
ecosystems. Trends in emissions, atmospheric deposition, and
climate variables (air temperature and precipitation amount)
were evaluated over a similar period of record. A main objective
of the study was to determine if changes in atmospheric
deposition of contaminants in the Rocky Mountain region
have resulted in measurable changes in the chemistry of highelevation lakes. A second objective was to investigate linkages
between lake chemistry and air temperature and precipitation
to improve understanding of the sensitivity of mountain lakes
to climate variability.

Background
The Clean Air Act of 1977 and its subsequent Amendments
require Federal land management agencies to protect air quality related values (AQRVs) in Class I Wilderness Areas. Class I
includes wilderness areas on Federal lands in existence as of
August 7, 1977, that are larger than 5,000 acres (fig. 1). In addition, the 1964 Wilderness Act affords protection of all designated
wilderness areas for both Class I and Class II air quality areas. The
AQRVs are sensitive resources that may be adversely affected by
atmospheric deposition of acidic compounds (sulfur and nitrogen)
and other toxic chemicals. In response to this mandate, the Forest
Service began identifying AQRVs in the 1980s and implemented
programs to inventory and monitor atmospheric deposition and
sensitive receptors, such as vegetation, soil, surface water, and
aquatic life (Peterson and others, 1992). Water chemistry was identified as a key sensitive indicator by the Forest Service, and a program to monitor the chemistry of high-elevation lakes was implemented in selected wilderness areas in the early 1990s. After nearly
two decades of data collection, the USGS, in cooperation with the
Forest Service Air Resource Management Program, conducted a
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comprehensive analysis of the long-term dataset of lake chemistry
collected in selected wilderness areas in Forest Service Regions 2
and 4 (Mast and Ingersoll, 2011).

Data Sources and Methods of Analysis
Types and sources of data used in the data analysis are
listed in table 1. Emissions data for sulfur and nitrogen compounds were obtained from the U.S. Environmental Protection
Agency National Emissions Inventory. Data describing the
chemical composition of atmospheric deposition (wet and
dry) were obtained from the National Atmospheric Deposition
Program (NADP) and the USGS Rocky Mountain Snowpack
Network (fig. 2). Climate data (air temperature and precipitation amount) were obtained from the National Resources
Conservation Service Snow Telemetry network. Waterchemistry data were obtained from the Forest Service Air
Resource Management program for 64 lakes in Colorado, Idaho,
Utah, and Wyoming (fig. 1). Trends were computed using the
nonparametric seasonal Kendall test and a modification referred
to as the regional Kendall test (Helsel and others, 2006).
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on several large powerplants. In contrast to SO2, nitrogen oxide
(NOx) and ammonia (NH3) emissions largely are from mobile
and nonpoint sources, such as vehicle emissions, oil and gas
exploration and production, and agricultural activities. Available
emission inventories indicate NOx from stationary and nonpoint
sources in the Rocky Mountain region have decreased by as much
as 25 percent since 1995, and NH3 emissions, which primarily
result from agricultural activities, have shown a slight decrease.
However, there is a high degree of uncertainty associated with
emissions inventories from nonpoint sources, and the apparent
trends in emissions may not be reliable.
Considering the dominant sources of sulfur and nitrogen
emissions in the Rocky Mountains, there is greater potential
for future increases in nitrogen than in sulfur emissions. Recent
predictions by the Western Regional Air Partnership (WRAP)
estimate only a 20-percent increase in SO2 emissions in the Western
United States by 2018, compared to more than a 50-percent
increase for NOx (Eastern Research Group, Inc., 2006). The
substantial increase in NOx emissions primarily results from large
projected increases in oil and gas production activity in the region,
particularly in Colorado and New Mexico (Eastern Research
Group, Inc., 2006).
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Figure 1. Location of study lakes grouped by major mountain
range and Class I Wilderness Areas in Colorado, Idaho, Utah,
and Wyoming.

Major Findings
How have sulfur and nitrogen emissions changed in the
Rocky Mountain region?
Sulfur emissions have declined in the region by nearly
50 percent since the mid-1990s. Declines in nitrogen
emissions have been more modest (around 25 percent)
over the same period but are projected to increase
substantially by 2018.
Emissions from anthropogenic activities are the main
sources of sulfur and nitrogen contaminants reaching remote
aquatic ecosystems in the Rocky Mountain region (Peterson and
others, 1998; Burns, 2004). Sulfur dioxide (SO2) emissions are
almost entirely from stationary sources and have declined in the
Rocky Mountain region (Arizona, Colorado, Idaho, Montana,
New Mexico, Utah, and Wyoming) by nearly 50 percent since
the mid-1990s (fig. 3) as a result of emissions controls placed

Have emission reductions affected sulfur and nitrogen
deposition to high-elevation areas?
Sulfate deposition to high-elevation areas has decreased
throughout the region as a result of reductions in
SO2 emissions. Nitrate deposition did not change
substantially whereas ammonium deposition was found
to be increasing, particularly at sites close to urban and
agricultural areas.
Decreases in sulfate deposition were apparent across the
Rocky Mountain region since the early 1990s. Sulfate concentrations in wet deposition decreased at 21 of the 23 high-elevation
NADP stations (fig. 4). Percent declines at individual NADP
stations ranged from 22 to 65 percent and averaged 43 percent, which is similar to the total reduction in SO2 emissions of
46 percent, providing strong evidence that precipitation chemistry
is changing as a result of improvements in regional air quality.
Because SO2 is converted to sulfuric acid in the atmosphere,
the expectation is that declines in sulfate may be accompanied
by declines in precipitation acidity. At 15 of the 23 NADP sites,
there also were significant decreases in hydrogen-ion concentrations, suggesting a reduction in the acidity of precipitation also
is occurring. Sulfate concentration trends were slightly weaker at
snowpack than at NADP sites with only 30 percent of snowpack
sites having statistically significant downward trends. Trends in
sulfate deposition in the Rocky Mountain region are consistent

Table 1. Types and sources of data used in the study.
[Websites were accessed May 2011]

Data type
Emissions
Wet deposition
Snowpack
Climate
Lakes

Source
National Emissions Inventory (NEI)
National Atmospheric Deposition Program (NADP)
USGS Rocky Mountain Snowpack Network (RMSN)
Snow Telemetry Network (SNOTEL)
Forest Service Air Resource Management Program

Web site
http://www.epa.gov/air/data/
http://nadp.sws.uiuc.edu/
http://co.water.usgs.gov/projects/RM_snowpack/
http://www.wcc.nrcs.usda.gov/snow/
http://www.fs.fed.us/air/
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generally occurred after 1998 (fig. 4) and at NADP stations closest
to agricultural and urban areas in eastern Colorado. The results are
consistent with nationwide increases in ammonium concentrations
at NADP stations from 1985 to 2004 (Lehman and others, 2007).
Snowpack sites showed a lack of trends for nitrate and also
for ammonium, with only 2 out of 48 stations having upward
trends. When snowpack sites were analyzed as a group, however,
significant upward trends in ammonium were detected for the
Rocky Mountain region, consistent with NADP stations. Trends in
nitrate and ammonium deposition appeared to be inconsistent with
emission trends; however, due to the high degree of uncertainty
associated with available emission inventories, it is difficult to
make a direct comparison at this time.

How has climate varied in the region?
Air temperatures have been increasing since the early
1990s in mountainous areas, whereas no long-term
change was evident for precipitation.
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Figure 2. National Atmospheric Deposition Program (NADP)
wet-deposition stations and snowpack-sampling sites in the Rocky
Mountain region, 2010.

with studies in the Eastern United States that have attributed
declines in precipitation sulfate to emissions reductions established under the 1990 Clean Air Act Amendments (Driscoll and
others, 2003; Stoddard and others, 2003; Burns and others, 2006).
Trends in nitrogen species (nitrate and ammonium) were
not as widespread as those observed for sulfate. About onehalf of NADP stations showed upward trends in ammonium
concentrations, and only one station showed a downward trend
in nitrate. The largest increases in ammonium concentrations
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Figure 3. Trends in sulfur dioxide and nitrogen oxide emissions
from stationary sources in the Rocky Mountain region.

Analysis of climate records indicates that annual mean
minimum air temperatures have increased about 0.7°C per decade
in mountainous areas of the region with slightly stronger trends
at more southern stations in Colorado compared to those to the
north in Wyoming and Idaho (fig. 5). These observed trends
in air temperature appear to be consistent with global trends
(Intergovernmental Panel on Climate Change, 2007), and may
indicate that human-induced warming could have a measurable
effect on aquatic ecosystems in some high-elevation areas of the
Rocky Mountains. Generally, trends in annual precipitation were
not evident from 1990 to 2006, although there was a notable
decrease in precipitation in the middle part of the record caused
by wetter than average years during 1995 to 1997 and drier years
during 2001 to 2004 (fig. 6).

How have high-elevation lakes responded to changes
in deposition and climate?
Despite widespread declines in sulfate deposition,
fewer than 20 percent of lakes appeared to be
responding to the deposition trend. About one-third of
lakes showed increasing sulfate concentrations, which
was attributed to climate-related factors.
Despite widespread declines in sulfate deposition, decreases
in lake-water sulfate concentrations were only observed for lakes in
the Zirkel/Flat Tops Mountains (fig. 7). Sulfur isotopic data indicate
lake-water sulfate in these two areas is dominated by deposition
sources, indicating that lake chemistry in these areas is responding
to regional reductions in SO2 emissions and atmospheric sulfate
deposition. About one-third of lakes had significant upward
trends in sulfate concentrations, which were opposite to the trend
in deposition. Increasing lake-water concentrations were partly
explained by a decline in precipitation between 1995 and 2002,
which may have increased groundwater sources to some lakes.
The increase in air temperature also may have been a factor.
Warming in alpine areas might increase rates of mineral weathering
or cause enhanced melting of ice features, such as permafrost, rock
glaciers, and glaciers.
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Figure 4. Box plots showing variation in annual volume-weighted mean concentrations of sulfate,
nitrate, and ammonium at 23 high-elevation stations in Colorado, Montana, Utah, and Wyoming, in
the National Atmospheric Deposition Program, from 1988 to 2008.

Few trends were detected in lake-water nitrate because
concentrations at most lakes were at or near the analytical
reporting limit during the growing season owing to biological
uptake. Four lakes in Colorado east of the Continental Divide
showed upward trends in nitrate concentrations, which might
reflect a response to increases in atmospheric ammonium
deposition. Alternatively, some high-elevation areas may be

reaching an early stage of nitrogen saturation, and nitrate
may be starting to leach to surface water. Short-term spikes in
nitrate concentrations were observed at some lakes following
a regional drought in 2002. This response may indicate that
changes in climate, such as increased frequency of drought,
could exacerbate the effects of nitrogen deposition on highelevation lakes.
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Figure 5. Range of anomalies in annual mean minimum air
temperature in Rocky Mountain region, 1990–2006.
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Figure 6. Range of anomalies in annual mean precipitation
amount in Rocky Mountain region, 1990–2006.
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Figure 7. Concentration trends of selected dissolved constituents in the 64 study lakes grouped
by major mountain range, 1993–2009.

Regardless of the mechanisms, climate-induced chemical
changes will confound the ability to detect the response of highelevation lakes to future changes in anthropogenic emissions
of sulfur and nitrogen. Such climate-related effects need to be
taken into consideration by resource managers when evaluating
new emission sources, as well as in the development and
application of critical loads for managing sulfur and nitrogen
air contaminants.

Conclusions and Implications
●● As a result of efforts to reduce SO2 emissions from large point
sources, sulfate and acidity in precipitation are decreasing in
high-elevation areas of the Rocky Mountains. In response,
sulfate concentrations declined in lakes with no internal sulfate
sources, indicating emission control programs have had a positive effect on AQRVs in the most sensitive areas.
●● Although there were widespread declines in sulfate deposition, about one-third of the study lakes showed upward
trends in sulfate concentrations. Lakes showing increasing
sulfate were determined to have contributions of sulfate
from geologic sources. Increasing air temperatures may
have been a factor driving mineral weathering in these areas,
as well as a notable decrease in precipitation in the middle
of the record caused by wetter than average years during
1995 to 1997 and drier years during 2001 to 2004. These

results indicate how climate variation may mask trends
resulting from improvements in atmospheric deposition
of contaminants.
●● In contrast to sulfate, deposition trends for nitrogen species
were not as widespread. Ammonium deposition appeared
to be increasing in the region, particularly at sites closest
to urban and agricultural areas. Surface-water nitrate was
less than analytical reporting levels at most lakes, indicating
atmospherically deposited nitrogen is still largely retained
by aquatic and terrestrial biota. However, several lakes east
of the Continental Divide in Colorado showed evidence of
increasing nitrate concentrations, perhaps indicating that
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