Atmospheric Deposition of
Current-Use and Historic-Use
Pesticides in Snow at National
Parks in the Western United States

KIMBERLY J. HAGEMAN,f
STACI L. SIMONICH,* "#
DONALD H. CAMPBELL,S
GLENN R. WILSON," AND
DIXON H. LANDERSH

Department of Environmental and Molecular Toxicology,
Oregon State University, Corvallis, Oregon 97331, Department
of Chemistry, Oregon State University, Corvallis, Oregon
97331, United States Geological Survey, Denver, Colorado
80225, and United States Environmental Protection
Agency-Western Ecology Division, Corvallis, Oregon 97330

The United States (U.S.) National Park Service has
initiated research on the atmospheric deposition and fate
of semi-volatile organic compounds in its alpine, sub-
Arctic, and Arctic ecosystems in the Western U.S. Results
for the analysis of pesticides in seasonal snowpack
samples collected in spring 2003 from seven national
parks are presented herein. From a target analyte list of
47 pesticides and degradation products, the most frequently
detected current-use pesticides were dacthal, chlorpyrifos,
endosulfan, and y-hexachlorocyclohexane, whereas the
most frequently detected historic-use pesticides were dieldrin,
a-hexachlorocyclohexane, chlordane, and hexachloroben-
zene. Correlation analysis with latitude, temperature, elevation,
particulate matter, and two indicators of regional pesticide
use reveal that regional current and historic agricultural
practices are largely responsible for the distribution of
pesticides in the national parks in this study. Pesticide
deposition in the Alaskan parks is attributed to long-range
transport because there are no significant regional
pesticide sources. The percentage of total pesticide
concentration due to regional transport (%RT) was calculated
for the other parks. %RT was highest at parks with

higher regional cropland intensity and for pesticides with
lower vapor pressures and shorter half-lives in air.

Introduction

There is mounting evidence that pesticides and other semi-
volatile organic compounds (SOCs) are accumulating in
remote high-elevation and high-latitude ecosystems through-
out the world (1—3). The presence of pesticides in remote
ecosystems is of concern because many pesticides are
carcinogenic or estrogenic (4) and, therefore, pose potential
threats to sensitive aquatic and terrestrial ecosystems, and
to humans that consume biota from them (2, 5). The sequence
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of processes resulting in the transport of SOCs to these remote
“cold” regions of the earth are (a) volatilization from relatively
warm source locations, (b) atmospheric transport, and (c)
wet or dry deposition upon encountering decreased air
temperatures (I). The tendency for SOCs to preferentially
partition to surfaces as temperatures decrease is known as
“cold condensation” and has been observed with temperature
gradients on both global (6) and regional (7, 8) scales.
Although pesticide deposition has been reported in the Sierra
Nevada Mountains in California (9—11) and in the Rocky
Mountains in Colorado (12), little is known about the
occurrence, distribution, or sources of pesticides in alpine,
sub-Arctic, and Arctic ecosystems in the Western U.S.

The U.S. National Park Service, which has alegal mandate
to protect the ecosystems under its jurisdiction (13, 14),
initiated the Western Airborne Contaminants Assessment
Project (WACAP) in 2002 with the general objective of gaining
information about atmospherically transported pesticides
and other SOCs in its high-elevation and high-latitude
national parks, which are located in the Western U.S. (15).
While SOCs are being quantified in a number of environ-
mental matrices, this article focuses on pesticides in seasonal
snowpack samples collected from WACAP sites in 2003. The
seasonal snowpack is an important medium because it
contains an integrated record of atmospheric deposition
during the snow-accumulation period. Moreover, snow is
an efficient scavenger of both particle-bound and gas-phase
pesticides from the atmosphere (3, 16) and snowfall provides
the majority of the annual precipitation in alpine, sub-Arctic,
and Arctic ecosystems in the Western U.S. The fate of
pesticides in an aging or melting snowpack varies according
to the physical and chemical properties of the specific
pesticide, the properties of the snowpack, and climatological
conditions (17). Modeling results predict temporary pulses
of increased pesticide concentrations in air, water, and soil
during spring snowmelt (17).

Three specific objectives of WACAP were addressed by
the work described herein. The first was to quantify and
document the distribution of pesticides, if present, in seasonal
snowpack samples from seven national parks in the Western
U.S. The target analyte list was composed of 47 pesticides
and pesticide degradation products and included both
current-use and historic-use pesticides (defined here as those
that are and are not currently registered as pesticides in the
U.S., respectively). The second objective was to investigate
potential factors that may influence the distribution of
pesticides in national parks in the Western U.S. The
investigated factors were latitude, mean winter air temper-
ature, elevation, particulate matter, and two indicators of
regional pesticide use (cropland intensity and current-use
pesticide application within given radii of parks). The third
objective was to estimate the percentage of total concentra-
tion due to regional sources versus long-range sources for
each of the most frequently detected current and historic-
use pesticides detected at each park.

Experimental Section

Sample Sites. Seasonal snowpack samples were collected at
Sequoia National Park (NP), Rocky Mountain NP, Mount
Rainier NP, Glacier NP, Denali NP, Noatak National Preserve,
and Gates of the Arctic NP and Preserve (Figure 1). Although
the WACAP research plan (15) prescribes sampling at Olympic
NP, seasonal snowpack samples were not collected there in
2003 due to the lack of snow at sampling time. One to three
sites were selected for sampling at each park for a total of
13 sites. Site information is provided in Supporting Informa-
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FIGURE 1. Mean pesticide concentrations (ng/L) in seasonal snowpack samples at all sites within a given park for the four most frequently
detected (a) current-use pesticides and (b) historic-use pesticides. Mean concentrations are provided above bars; note the difference
in scale between (a) and (b). Error bars denote standard deviation for concentrations measured at all sites within a given park; note that
error bars are not always large enough to be observed at the scale depicted here. Asterisks indicate that one or more of the concentrations
used to determine the average was below the method detection limit and was, therefore, replaced by one-half of the method detection

limit (see Sl Table 2).

tion (SI) Table 1. Snowpack sampling sites are located in or
near lake catchments where WACAP water, sediment, fish,
and vegetation sampling occurs because a future objective
is to evaluate the exchange of SOCs between ecosystem
components. The snow accumulation period extended from
October or November 2002 to April 2003 at all parks.

Snow Sampling Method. Seasonal snowpack samples
were collected in open areas on north-facing slopes located
atleast 200 m from potential sources of contamination (e.g.,
roadways, snowmobile trails, or aircraft landing zones).
Sampling was conducted in March and April of 2003, near
the time of annual maximum snow accumulation but before
the onset of spring melting. Snowpits were excavated to the
ground and a vertical column of snow was cut from the pit
face. For each sample, ~50 kg of snow were collected in six
solvent-rinsed 60 x 60-cm polytetrafluoroethylene (PTFE)
bags using solvent-rinsed polycarbonate resin shovels. Filled
PTFE bags were wrapped in low-density black polyethylene
bags to minimize light exposure and high-density polypro-
pylene bags for protection. Samples were shipped to the
laboratory on dry ice and stored at —20 °C until analysis.
Replicate samples were collected at Emerald Lake in Sequoia
and Lake Irene in Rocky (SI Table 1). Field blanks were
collected at Lake Irene in Rocky, Alta Vista in Rainier, and
Wonder Lake in Denali by pouring VOC/pesticide-grade water
(EMD Chemicals, Gibbstown, NJ) over sampling shovels and
collecting itin PTFE bags. Thereafter, field blanks were treated
identically to snowpack samples.

Analytical Method. The target analyte list was composed
of 47 pesticide and pesticide degradation products and
included amide, organochlorine, organochlorine sulfide,
phosphorothioate, and thiocarbamates pesticides, as well as
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triazine herbicides. A detailed description of the analytical
method and the target analyte list is provided elsewhere (18).
In brief, snow samples were removed from the freezer at the
time of analysis and allowed to melt in the dark, without
heat, for ~36 hin sealed PTFE bags. Once melted, a methanol
solution containing 16 isotopically labeled pesticides, for use
as recovery surrogates, was spiked into the sample. Target
analytes were extracted from melted snow using solid-phase
extraction disks that were prepared in-house by combining
hydrophobic and hydrophilic 1-g divinylbenzene Speedisks
from Mallinckrodt Baker (Phillipsburg, NJ) (18). Efforts were
not made to separately analyze dissolved-phase and sorbed-
phase pesticides because their phase distribution in the
snowpack is not maintained when the snow is melted (19).
Thus, concentrations reported herein are for total pesticide
concentrations in snow, i.e., the sum of pesticides in the
dissolved and sorbed phases. Gel permeation and silica gel
adsorption chromatography were performed to remove
matrix interferants. The final extract was spiked with an ethyl
acetate solution containing four isotopically labeled internal
standards. Analyte separation, detection, and identification
were performed on Agilent (Palo Alto, CA) 6890N gas
chromatographs equipped with Agilent DB-5MS 30 m x 0.25
mm x 0.25 um columns and 5973N mass selective detectors.
Approximately one-half of the target analytes were quantified
using electron impact ionization while the other half were
quantified using electron capture negative ionization (18).

Target analyte loss was corrected for surrogate recovery
by using target analyte to surrogate response ratios in
calibration curves. The mean recovery over the entire
analytical method for all surrogates in all samples was 55%,
which is similar to that reported previously for this method



(18). A laboratory blank was included with every set of two
snowpack samples. Laboratory blanks were generated by
spiking designated extraction disks with surrogate solution
and then following all elution and cleanup steps. Snowpack
concentrations reported herein were calculated by subtract-
ing the mass of target analyte in a laboratory blank from that
in corresponding snowpack samples. On average, analyte
mass in laboratory blanks was 3% of that in corresponding
snowpack samples for the concentrations reported in SI Table
2. Concentrations are not reported for cases in which the
mass in the laboratory blank exceeded 33% of that in the
sample; those cases are designated in SI Table 2. On average,
concentrations in field blanks were 15% of those in corre-
sponding snowpack samples. In correlation analyses, non-
detects were replaced by concentrations representing one-
half of the estimated method detection limits. Estimated
method detection limits for specific pesticides are provided
elsewhere; values ranged from 0.20 to 120 pg/L for the 47
target pesticides (18).

Particulate Matter Concentration. Particulate matter in
seasonal snowpack samples was captured during extraction
by the polypropylene mesh screens and glass fiber filters
(0.2—2 um) in the extraction disks. The mass of particulate
matter in a sample was determined by drying (105 °C) and
weighing the extraction disk before and after the extraction
procedure. Particulate matter concentration in milligram per
liter (SI Table 1) was calculated for each sample by dividing
the particulate matter mass by the volume of melted snow.

Indicators of Regional Pesticide Use. Regional cropland
intensity was defined as cropland area as a percentage of
total land area within a given radius of a park (SI Figure 1).
U.S. data was for 2002 (20), whereas data for the Canadian
province of Alberta (used for Glacier) was for 2001 (21). The
quantity of specific current-use pesticides (dacthal, divide
as chlor-pyrifos, and endosulfan) applied within a given
radius of a park was calculated from data for 1997 (22); similar
data was not available for Canada. Cropland and pesticide-
use data were provided on a per county basis. Cropland and
pesticide-use distributions within counties were adjusted to
account for the fact that there is no cropland in U.S. national
parks nor on U.S. national forest land and for the fact that
the pesticide-use database did not include pesticide uses on
either of these land classifications. In cases where there was
no available data (i.e., cropland data for British Columbia
and pesticide-use data for British Columbia and Alberta),
the acreage representing the area with no data was subtracted
from the total number of acres in the circle.

Results & Discussion

Pesticide Concentration and Deposition. The current-use
pesticides detected in seasonal snowpack samples at national
parks in this study were dacthal (DCPA), chlorpyrifos,
endosulfans (I and II), y-hexachlorocyclohexane (y-HCH)
(lindane), trifluralin, and triallate. Additionally, endosulfan
sulfate, which is a degradation product of endosulfan I and
II, and chlorpyrifos oxon, which is a degradation product of
chlorpyrifos, were detected. Although none of the detected
current-use pesticides were identified as persistent organic
pollutants (POPs) by the 2001 Stockholm Convention on POPs
(23), their presence in remote ecosystems implies that they
are persistent enough to undergo transport to remote
ecosystems in national parks. To the best of our knowledge,
y-HCH, which was used in Sequoia NP from 1960 to 1978,
is the only current-use pesticide that we detected that has
been used in the parks in this study. Concentrations for the
most frequently detected pesticides, i.e., dacthal, total
chlorpyrifos (parent and oxon), total endosulfan (I, II, and
sulfate), and y-HCH, are provided in SI Table 2; their mean
concentrations at individual parks are mapped in Figure 1a.
Concentrations of trifluralin and triallate, which were

detected in less than one-half of the samples, ranged from
0.00094 to 0.021 ng/L and from 0.030 to 0.62 ng/L, respec-
tively.

Mean concentrations were highest at Sequoia for all of
the most frequently detected current-use pesticides and
generally followed a decreasing trend in Rocky, Glacier,
Rainier, and the Alaskan parks (Denali, Noatak, and Gates
of the Arctic) (Figure la). Notable was the high mean
concentration for total chlorpyrifos in Sequoia, which was
~30 times higher than at the park with the next highest
concentration (Glacier). In contrast, smaller incremental
changes in concentrations were observed among parks for
the other current-use pesticides. Chlorpyrifos oxon was
detected only in Sequoia where its concentrations repre-
sented 57%, 28%, and 8.6% of the total chlorpyrifos in the
Pear Lake and Emerald Lake replicate samples, respectively.
On the other hand, endosulfan sulfate was detected at all but
one site (with the exception being Wonder Lake in Denali).
The percentage contribution of endosulfan sulfate to the
total endosulfan concentration ranged from 4% to 57% with
the mean value being 24%.

The historic-use pesticides detected in seasonal snowpack
samples at national parks in this study were dieldrin, o-HCH
(a component of technical HCH), three components of
technical chlordane (trans-chlordane, cis-nonachlor, and
trans-nonachlor), and hexachlorobenzene (HCB). In addition
to being a historic-use pesticide, HCB has been and is
currently emitted to the environment as a byproduct of
industrial processes and as a trace contaminant in some
current-use pesticides (24). p,p’-dichlorodiphenyldichloro-
ethene (DDE) also was detected but only at the three sites
in Sequoia. The mean concentration of DDE at the Sequoia
sites was 0.11 ng/L and the relative standard deviation was
16%. DDE is a degradation product of dichlorodiphenyl-
trichloroethane (DDT), a historic-use pesticide, and an
impurity in dicofol (25), a current-use pesticide. Dicofol is
used in California (22) and has been measured in the San
Joaquin River in California (26). In 1987, the U.S. Environ-
mental Protection Agency (EPA) set the upper limit for DDT
in dicofol at 0.1%; however, higher percentages were permit-
ted prior to that (27).

The presence of historic-use pesticides in snow at the
national parks in this study indicates that they are undergoing
atmospheric transport and deposition to remote ecosystems
despite being banned as pesticides in the U.S. for several
decades. To the best of our knowledge, none of these
pesticides have ever been used in the parks in this study.
Concentrations for the four most frequently detected pes-
ticides, i.e., dieldrin, a-HCH, total chlordane, and HCB, are
provided in SI Table 2; their mean concentrations at
individual parks are mapped in Figure 1b. The mean
concentrations for dieldrin, total chlordane, and HCB were
highest at Sequoia (Figure 1b). The highest a-HCH concen-
tration in the study was measured at Burial Lake in Noatak;
however, o-HCH was not detected at the other Alaskan sites
(Figure 1b; SI Table 2).

Pesticide deposition for the most frequently detected
current-use and historic-use pesticides is provided in SI Table
3. Pesticide deposition (ng/m?) is defined here as the
concentration of the pesticide measured in melted snow (ng/
m?) multiplied by the snow depth in water equivalents (m)
(SWE) at the selected site. SWE, which depends on site
characteristics such as climate, elevation, and aspect, varied
by a factor of ~30 times between the sites in this study (SI
Table 1). Deposition has important ecological relevance
because it reflects the total quantity of pesticide delivered to
an ecosystem during the snow-accumulation period. On the
other hand, snowpack concentration may be a better
indicator of mean air concentrations during the snow-
accumulation period. Comparison between concentration
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FIGURE 2. Correlation coefficients for log pesticide concentration with latitude, mean winter air temperature, elevation, particulate matter
concentration, regional cropland intensity within 150 km, and the quantity of specific current-use pesticides applied within 150 km of
each park in 1997. Correlation coefficients for 1997 pesticide use are only provided for pesticides that were used within 150 km of the
parks in 1997 (i.e., dacthal, chlorpyrifos, and endosulfan). Diagonal lines through bars indicate negative correlation while solid bars
indicate positive correlation. Horizontal lines indicate statistical significance at p < 0.05.

(SITable 2) and deposition (SI Table 3) reveals the importance
of snowfall quantity on the delivery of contaminants to an
ecosystem. For example, deposition (ng/m?) was ~1200 times
greater than the concentration (ng/L) at Alta Vista in Rainier
(where SWE was relatively high) whereas deposition was only
~42 times higher at McLeod Lake in Denali (where SWE was
relatively low).

Correlation with Latitude, Temperature, Elevation, and
Particulate Matter. Figure 1 and SI Table 2 indicate that the
concentrations of current-use and historic-use pesticides
tend to decrease with latitude. To investigate this relation,
correlation analysis was conducted between logarithm (log)
pesticide concentration and latitude. An example regression
plot (for dacthal) is shown in SI Figure 2a. Correlation
coefficients for latitude were negative for all of the most
frequently detected pesticides and were statistically signifi-
cant at p < 0.05 for all pesticides except HCB (Figure 2).
Although the relation between SOC concentration and
latitude has been investigated in several previous studies (6,
28, 29), latitude itself does not control pesticide distribution.
Rather, latitude was used as a surrogate for temperature or
source intensity in those studies. To directly assess the
influence of temperature on pesticide distribution at our
sites, correlation analysis was conducted between log
pesticide concentration and mean winter (November 2002
through March 2003) air temperature (SI Table 1). An example
regression plot (for dacthal) is shown in SI Figure 2b.
Correlation coefficients for temperature were positive in all
cases although only significant at p < 0.05 for dacthal, total
endosulfan, total chlordane, and HCB (Figure 2). Of most
interest to this investigation is the observation that pesticide
concentrations decreased with decreasing temperature,
which signifies that cold condensation is not the dominant
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factor influencing pesticide distributions among the sites in
this study.

The relation between log pesticide concentration and site
elevation was investigated and an example regression plot
(for dacthal) is shown in SI Figure 2c. Correlation coefficients
were lower relative to those with latitude for all of the most
frequently detected pesticides except dieldrin (Figure 2).
Additionally, correlation coefficients were positive in all cases;
i.e., log pesticide concentrations increased with site elevation.
However, it is critical to note that mean winter air temperature
increases with elevation (although not with statistical sig-
nificance) at our sites because the highest-elevation sites
(e.g., Sequoia and Rocky) are located at the lowest latitudes
(SITable 1). Thus, increases in pesticide concentration with
elevation among the sites in this study cannot be attributed
to cold condensation. Daly and Wania reviewed previous
investigations into the relation between pesticide concentra-
tion and elevation and noted that proximity to sources may
be more important than elevation when sample sites are not
located along a single mountain slope (1).

Correlation analysis was conducted between log pesticide
concentration and the concentration of particulate matter
in snowpack samples based on the hypothesis that pesticides
may be associated with particulate matter, such as dust from
agricultural fields, in the atmosphere. An example regression
plot (for dacthal) is shown in SI Figure 2d. Correlation
coefficients for this analysis were low compared to those for
latitude for all of the most frequently detected pesticides
(Figure 2). Moreover, pesticide concentrations decreased with
increasing particulate matter because particulate matter
concentrations were generally highest at the highest-latitude
parks (SI Table 1). Thus, particulate matter concentration
did not play an important role in controlling the distribution




of pesticides among the sites in this study. Latitude was
negatively correlated with temperature and elevation at p <
0.01, whereas the relation between latitude and particulate
matter was positive but not statistically significant. Correla-
tion coefficients describing the relation between log pesticide
deposition and latitude, mean winter air temperature,
elevation, and particulate matter concentration (SI Figure 3)
were generally similar to those obtained using log pesticide
concentration (Figure 2).

Correlation with Indicators of Regional Pesticide Use.
Correlation analyses implied that neither cold condensation
nor particulate matter played a dominantrole in determining
the distribution of pesticides among the sites in this study
because the highest pesticide concentrations were found at
the warmest temperatures, elevations, and latitudes and at
the sites with the lowest concentrations of particulate matter.
Therefore, we investigated the potential role that pesticide
sources associated with regional agriculture might play in
influencing observed pesticide distributions. Correlation
analyses between log pesticide concentration and two
indicators of regional pesticide use were conducted. The first
was cropland intensity, defined as cropland area as a
percentage of total land area within a given radius of a park.
The second indicator was the quantity of a current-use
pesticide applied within a given radius of a park. Although
pesticide-application data is highly specific for current-use
pesticides, cropland intensity data is useful because it
potentially represents land-use associated with both past
and present pesticide application (historic and current-use
pesticides). Past agricultural practices cannot be ignored
because many historic-use pesticides persist in agricultural
soils and continue to volatilize from them (30). Cropland
intensity in the vicinity of the parks in this study did not vary
significantly between 1950 and 1990 (31).

Aradial area of influence was selected because air masses
from different wind directions are likely to influence the
snowpack during the 6-month snow-accumulation period.
Additionally, diurnal upslope/downslope wind patterns are
important in mountain systems (1) and are likely to transport
contaminated air to high elevations from all directions.
Regional cropland intensity was calculated for radial distances
of 75 km, 150 km, and 300 km. The atmospheric travel times
for these distances (with a mean wind speed of 6 km/h) are
12.5, 25, and 50 h, respectively, and represent the low end
of the range of half-lives in air for the selected pesticides (SI
Table 4). Correlation coefficients describing the relation
between log pesticide concentration and cropland intensity
within each of the radial distances were calculated (SI Figure
4a). An example regression plot (for dacthal with 150 km) is
shown in SI Figure 2e. For total chlorpyrifos, total chlordane,
and HCB, the optimal distance (defined here as the distance
at which the correlation coefficient was highest) was 75 km;
for dacthal, total endosulfan, y-HCH, and dieldrin, it was
150 km; and for o-HCH, it was 300 km. When correlation
coefficients were calculated using log pesticide deposition,
optimal distances were the same as those for log pesticide
concentration for all pesticides except y-HCH (SI Figure 4b).
Correlations for both sets of data indicated statistical
significance at p < 0.05 between pesticide half-life in air (SI
Table 4) and the optimal radial distance (if HCB was
excluded). Because the optimal radial distance was best at
150 km for the largest number of pesticides, it was used for
further analysis. From this point forward, regional cropland
intensity refers to that calculated with a radial distance of
150 km unless otherwise noted.

Correlation analysis indicated that both log pesticide
concentrations (Figure 2) and log pesticide depositions (SI
Figure 3) were positively correlated with regional cropland
intensity at p < 0.05 for all of the most frequently detected
current and historic-use pesticides. For the current-use

pesticides, thisimplies that they are at least persistent enough
to travel to cold ecosystems within proximity of application
sites and that current regional use is important in dictating
their distribution at remote sites. For the historic-use
pesticides, this implies that past agricultural practices
continue to influence their distribution in national parks in
the Western U.S. This influence is likely due to volatilization
from historically contaminated agricultural soils (30). Note
that the half-lives for the most frequently detected pesticides
are longer in soil than in air (SI Table 4). In a study designed
to investigate the distribution of organochlorine chemicals
in European mountains, the potential effects of cold con-
densation and source proximity confounded each other
because the coldest sites were located closest to suspected
source regions (32). This was not the case in our study because
the coldest sites were located farthest from the source regions
(SI Table 1).

Correlation analysis was conducted between log pesticide
concentrations of current-use pesticides (dacthal, total
chlorpyrifos, and total endosulfan) and the quantities of these
pesticides applied in 1997 within 150-km radii of the parks
(Figure 2). An example regression plot (for dacthal) is shown
in SI Figure 2f. Identical analysis was conducted with log
pesticide deposition (SI Figure 3). For dacthal and total
chlorpyrifos, correlation coefficients were positive and
statistically significant at p < 0.05 (for analysis with both
concentration and deposition), providing further evidence
that regional pesticide use influenced their distribution at
these parks. The correlation was not statistically significant
at p < 0.05 for total endosulfan (for analysis with both
concentration and deposition). Correlation analysis was not
conducted for y-HCH because there was no record of its
application within 150 km of the parks in this study in the
1997 pesticide-use database (22); however, that database does
not include pre-plant seed treatments. The U.S. EPA’s
September 2002 Reregistration Eligibility Decision document
states that y-HCH is registered for use as a seed treatment
for barley, corn, oats, rye, sorghum, and wheat (27). Thus,
usage of y-HCH as a seed treatment on one or more of these
crops may have occurred within 150 km of the national parks
in this study. Although y-HCH has been used heavily in the
Canadian prairie provinces (33, 34), all uses in Canada were
phased out between 2001 and 2004 (35). Thus, our snowpack
samples were collected during the Canadian phase-out
period.

o-HCH and HCB. The distributions of the more-volatile
pesticides, namely o-HCH and HCB, merit additional at-
tention because their distributions over large latitudinal
ranges have been investigated in several previous studies. In
tree bark (6) and surface soil (36) samples from around the
world, a-HCH and HCB concentrations increased with
latitude. In contrast, a-HCH and HCB concentrations in air
were relatively uniform across the U.S. and Canada (29, 37).
A third trend was observed in our study where o-HCH and
HCB concentrations in snow decreased with latitude (38).
Differences in distribution patterns between matrixes may
be attributed to their varying capabilities to retain volatile
pesticides. Although snow is efficient at scavenging con-
taminants from the atmosphere (3, 16), a-HCH and HCB are
more likely to be retained by lipid-rich tree bark and soil
than by lipid-deficient snow. For example, rapid volatilization
of a-HCH and HCB from fresh snow was observed in the
Norwegian Arctic (39). It is possible that more-rapid vola-
tilization occurred at the higher-latitude sites in our study
than at the lower-latitude sites due to differences in wind
ventilation. Wind ventilation, which enhances the transfer
of SOCs from snow to air and affects snow surface area, is
maximized when the snowpack depth is minimal and the
exposure to wind is maximal (3, 17). At our high-latitude
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sites, snowpack depths were relatively low (SI Table 1) and
wind exposure was particularly high.

Regional Versus Long-Range Transport. The relative
importance of regional versus long-range (or global back-
ground) sources in influencing pesticide concentrations in
the national parks in this study was investigated. Percent
pesticide concentration due to regional transport (%RT) was
estimated for each pesticide at each park. This was ac-
complished by assuming that pesticide concentrations due
to long-range sources are the same at all parks and that
observed variations between parks are due entirely to
contributions from regional sources. Although this assump-
tion is simplistic, it is a useful approximation that facilitates
initial investigation into regional versus long-range source
apportionment. Based on this assumption, the y-intercept
of the regression line for log pesticide concentration with
regional cropland intensity represents the pesticide con-
centration due to long-range transport. In other words, where
regional cropland intensity is zero (e.g., at the Alaskan parks),
pesticide deposition must be due entirely to long-range
transport. %RT for a pesticide at a given park was calculated
by subtracting the concentration representing long-range
transport (as determined by the y-intercept) from the total
(regional plus long-range) concentration at the park (as
determined from the regression line) and then dividing that
value by the total concentration and multiplying by 100. For
example, the calculated concentration due to long-range
transport for dacthal was 0.011 ng/L (SI Figure 2e). The total
concentration of dacthal at Rocky, where cropland intensity
within 150 km was 8.1 (SI Table 1), was 0.58 ng/L (SI Figure
2e). Thus, the %RT for dacthal at Rocky was 98%. %RT was
calculated using regional cropland intensity values where
“regional” was defined as 75 km, 150 km, and 300 km (Figure
3). %RT was not significantly different when calculated using
deposition rather than concentration (data not shown).
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%RT was highest at parks with higher regional cropland
intensity (Sequoia, Glacier, and Rocky) (SI Table 1) and for
pesticides with relatively low vapor pressures and shorter
half-lives in air (e.g., dacthal and dieldrin) (SI Table 4). %RT
was lowest at parks with lower regional cropland intensity
(Rainier and the Alaskan parks) (SI Table 1) and for pesticides
with higher vapor pressures and longer half-lives in air (e.g.,
o-HCH and HCB) (SI Table 4). At Sequoia, Glacier, and Rocky,
%RT was greater than 50% for all compounds at all radial
distances. %RT varied the most at Rainier (Figure 3) because
regional cropland intensity varied more with radial distance
at Rainier than at the other parks.

Our results suggest that both current-use and historic-
use pesticides are currently undergoing deposition via snow
to remote high-elevation and high-latitude ecosystems in
national parks in the Western U.S. Clearly, regional U.S. and
Canadian agricultural practices, both past and present, play
a significant role in contributing to the accumulation of
pesticides in the seasonal snowpack. However, a more
detailed analysis of the source regions (both regional and
long-range) through in-depth air trajectory analysis is needed,
using pesticide snowpack accumulations over several years,
to better determine the relative contribution of regional and
long-range sources to national parks. Finally, detailed
information on the fate and effects of pesticides, and other
anthropogenic SOCs, in remote high-elevation and high-
latitude ecosystems in U.S. national parks is needed.

Acknowledgments

This work is part of the Western Airborne Contaminants
Assessment Project (WACAP) (http://www2.nature.nps.gov/
air/Studies/air_toxics/wacap.htm). This publication was
made possible in part by grant P30ES00210 from the U.S.
National Institute of Environmental Health Sciences, NIH.
Its contents are solely the responsibility of the authors and



do not necessarily represent the official view of the NIEHS,
NIH. This work was partially funded by the U.S. Environ-
mental Protection Agency and the Department of the Interior.
It has been subjected to review by these government entities
and approved for publication. Approval does not signify that
the contents reflect the views of the U.S. Government, nor
does mention of trade names or commercial products
constitute endorsement or recommendation. The authors
thank Tamara Blett, Daniel Jaffe, Sascha Usenko, David
Schmedding, and snow-sampling crews from the U.S.
Geological Survey and the U.S. National Park Service.

Note Added after ASAP Publication

Atypographical error appeared in the Regional Versus Long-
Range Transport section in the version published ASAP on
April 15, 2006; the corrected version was published April 25,
2006.

Supporting Information Availahle

Site information, concentration and deposition values,
physical-chemical properties for selected pesticides, a U.S.
cropland map, correlation plots for an example pesticide
(dacthal), correlation coefficients for deposition with each
investigated factor, and correlation coefficients between
concentration/deposition and regional cropland intensity
defined using different radii. This material is available free
of charge via the Internet at http://pubs.acs.org.

Literature Cited

(1) Daly, G. L; Wania, F. Organic contaminants in mountains.
Environ. Sci. Technol. 2005, 39 (2), 385—398.

(2) Muir, D. C. G.; Shearer, R. G.; Van Oostdam, J.; Donaldson, S.
G.; Furgal, C. Contaminants in Canadian Arctic biota and
implications for human health: Conclusions and knowledge
gaps. Sci. Total Environ. 2005, 351—352, 539—546.

(3) Halsall, C. J. Investigating the occurrence of persistent organic
pollutants (POPs) in the Arctic: Their atmospheric behaviour
and interaction with the seasonal snow pack. Environ. Pollut.
2004, 128, 163—175.

(4) U.S. Department of Health and Human Services—Agency for
Toxic Substances and Disease Registry. www.atsdr.cdc.gov.

(5) Kallenborn, R. Persistent organic pollutants (POPs) as envi-
ronmental risk factors in remote high-altitude ecosystems.
Ecotoxicol. Environ. Saf. 2006, 63, 100—107.

(6) Simonich, S. L.; Hites, R. A. Global distribution of persistent
organochlorine compounds. Science 1995, 269, 1851—1854.

(7) Blais,J. M.; Schindler, D. W.; Muir, D. C. G.; Kimpe, L. E.; Donald,

D.B.; Rosenberg, B. Accumulation of persistent organochlorine

compounds in mountains of Western Canada. Nature 1998,

395, 585—588.

Grimalt, J. O.; Borghini, F.; Sanchez-Hernandez, J. C.; Barra, R.;

Garcia, C. J. T.; Focardi, S. Temperature dependence of the

distribution of organochlorine compounds in the mosses of the

Andean Mountains. Environ. Sci. Technol. 2004, 38 (20), 5389—

5392.

LeNoir, J. S.; McConnell, L. L.; Fellers, G. M.; Cahill, T. M.; Seiber,

J. N. Summertime transport of current-use pesticides from

California’s Central Valley to the Sierra Nevada Mountain Range,

USA. Environ. Toxicol. Chem. 1999, 18 (12), 2715—2722.

(10) Zabik, ].; Seiber, J. N. Atmospheric transport of organophosphate
pesticides from California’s Central Valley to the Sierra Nevada
Mountains. J. Environ. Qual. 1993, 22, 80—90.

(11) McConnell, L. L; LeNoir, J. S.; Datta, S.; Seiber, J. N. Wet
deposition of current-use pesticides in the Sierra Nevada
Mountain Range California, USA. Environ. Toxicol. Chem. 1998,
17, 1908—1916.

(12) Mast, M. A.; Campbell, D. H.; Ingersoll, G. P.; Foreman, W. T,;
Krabbenhoft, D. P. Atmospheric deposition of nutrients, pesti-
cides, and mercury in Rocky Mountain National Park, Colorado,
2002; U.S. Geological Survey Water Resources Investigative
Report 03-4241; U.S. Geological Survey. U.S. Government
Printing Office: Washington, DC, 2003.

(13) National Park Service Organic Act of 1916.

(14) Wilderness Act of 1964.

(15) Landers, D. H.; Simonich, S. L.; Campbell, D. H.; Erway, M. M.;
Geiser, L. H.; Jaffe, D. A.; Kent, M. L.; Schreck, C. B.; Blett, T. F.;
Taylor, H. E. Western Airborne Contaminants Assessment Project

—
&

(€]

=

Research Plan; EPA/600/R-03/035; U.S. Environmental Protec-
tion Agency. U.S. Government Printing Office: Washington,
DC, 2003.

(16) Lei, Y. D.; Wania, F. Is rain or snow a more efficient scavenger
of organic chemicals? Atmos. Environ. 2004, 38, 3557—3571.

(17) Daly, G. L.; Wania, F. Simulating the influence of snow on the
fate of organic compounds. Environ. Sci. Technol. 2004, 38,
4176—4186.

(18) Usenko, S.; Hageman, K. J.; Schmedding, D. W.; Wilson, G. R.;
Simonich, S. L. Trace analysis of semi-volatile organic com-
pounds in large volume samples of snow, lake water, and
groundwater. Environ. Sci. Technol. 2005, 39, 6006—6015.

(19) Wania, F.; Mackay, D.; Hoff, J. T. The importance of snow
scavenging of polycyclic biphenyl and polycyclic aromatic
hydrocarbon vapors. Environ. Sci. Technol. 1999, 33,3 (1), 195—
197.

(20) U.S. Department of Agriculture—National Agriculture
Statistics Service, 2002. http://151.121.3.33: 8080/Census/
Create_Census_US_CNTY.jsp#top.

(21) Statistics Canada, Census of Agriculture for Alberta, 2001. http://
wwwl.agric.gov.ab.ca/$department/deptdocs.nsf/all/
sdd57262opendocument.

(22) U.S. Geological Survey, Pesticide National Synthesis Project,
1997. http://ca.water.usgs.gov/pnsp/pesticide_use_maps_1997.

(23) 2001 Stockholm Convention on Persistent Organic Pollutants.

Www.pops.int.

Bailey, R. E. Global hexachlorobenzene emissions. Chemosphere

2001, 43, 167—182.

(25) Di Muccio, A.; Camoni, I; Citti, P.; Pontecorvo, D. Survey of
DDT-like compounds in dicofol formulations. Ecotoxicol. En-
viron. Saf. 1988, 16 (2), 129—132.

(26) Domagalski, J. Occurrence of dicofol in the San Joaquin River,
California. Bull. Environ. Contam. Toxicol. 1996, 57, 284—291.

(27) U.S. Environmental Protection Agency. http://www.epa.gov/
oppsrrd1/REDs/factsheets/lindane_fs.htm.

(28) Muir, D. C. G.; Teixeira, C. F.; Wania, F. Empirical and modeling
evidence of regional atmospheric transport of current-use
pesticides. Environ. Toxicol. Chem. 2004, 23 (10), 2421—2432.

(29) Shen, L.; Wania, F.; Lei, Y. D.; Teixeira, C. F.; Muir, D. C. G,

Bidleman, T. F. Atmospheric distribution and long-range

transport behavior of organochlorine pesticides in North

America. Environ. Sci. Technol. 2005, 39 (2), 409—420.

Meijer, S. N.; Shoeib, M.; Jantunen, L. M. M.; Jones, K. C.; Harner,

T. Air-soil exchange of organochlorine pesticides in agricultural

soils. 1. Field measurements using a novel in situ sampling

device. Environ. Sci. Technol. 2003, 37 (7), 1292—1299.

(31) Ramankutty, N.; Foley, J. A. Estimating historical changes in
land cover: North American croplands from 1850 to 1992. Global
Ecol. Biogeogr. 1999, 8, 381—396.

(32) Grimalt,J. O.; Ferndndez, P.; Berdié, L.; Vilanova, R. M.; Catalan,
J.; Psenner, R.; Hofer, R.; Appleby, P. G.; Rosseland, B. O.; Lien,
L.; Massabuau, J.; Batterbee, R. W. Selective trapping of
organochlorine compounds in mountain lakes of temperate
areas. Environ. Sci. Technol. 2001, 35 (13), 2690—2697.

(33) Li,Y.F.; Struger, J.; Waite, D. T.; Ma, J. Gridded Canadian lindane
usage inventories with 1/16 and 1/4 latitude and longitude
resolution. Atmos. Environ. 2004, 38, 1117—1121.

(34) Waite, D. T.; Hunter, F. G.; Wiens, B. J. Atmospheric transport
of lindane (y-hexachlorocyclohexane) from the Canadian
prairies— A possible source for the Canadian Great Lakes, Arctic,
and Rocky Mountains. Atmos. Environ. 2005, 39, 275—282.

(35) Health Canada Pest Management Regulatory Agency. http://
www.pmra-arla.gc.ca/english/highlights/in20050704-e.html.

(36) Meijer, S.N.; Ockenden, W. A.; Sweetman, A.; Breivik, K.; Grimalt,
J. O.; Jones, K. C. Global distribution and budget of PCBs and
HCB in background surface soils: Implications for sources and
environmental processes. Environ. Sci. Technol. 2003, 2003 (4),
667—672.

(37) Shen, L.; Wania, F.; Lei, Y. D.; Teixeira, C. F.; Muir, D. C. G;
Bidleman, T. F. Hexachlorohexanes in the North American
atmosphere. Environ. Sci. Technol. 2004, 38 (4), 965—975.

(38) Carrera, G.; Fernandez, P.; Vilanova, R. M.; Grimalt, J. O.
Persistent organic pollutants in snow from European high
mountain areas. Atmos. Environ. 2001, 35, 245—254.

(39) Herbert, B. M. ].; Halsall, C.].; Villa, S.; Jones, K. C.; Kallenborn,
R. Rapid changes in PCB and OC pesticide concentrations in
Arctic snow. Environ. Sci. Technol. 2005, 39 (9), 2998—3005.

(24

[
e

Received for review January 23, 2006. Revised manuscript
received March 15, 2006. Accepted March 21, 2006.

ES060157C

PAGE EST: 7 VOL. xx, NO. xx, xxxx / ENVIRON. SCI. & TECHNOL. s G



