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Abstract There is concern that visitor-use asso-
ciated activities, such as bathing, dish washing,
wastewater production, and stock animal use near
lakes and streams, could cause degradation of
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water quality in Yosemite National Park. A study
was conducted during 2004–2007 to assess pat-
terns in nutrient and Escherichia coli (E. coli) con-
centrations in the Merced and Tuolumne Rivers
and characterize natural background concentra-
tions of nutrients in the park. Results indicated
that nutrient and E. coli concentrations were
low, even compared to other undeveloped sites
in the United States. A multiple linear regres-
sion approach was used to model natural back-
ground concentrations of nutrients, with basin
characteristics as explanatory variables. Modeled
nitrogen concentrations increased with eleva-
tion, and modeled phosphorus concentrations in-
creased with basin size. Observed concentrations
(±uncertainty) were compared to modeled con-
centrations (±uncertainty) to identify sites that
might be impacted by point sources of nutrients,
as indicated by large model residuals. Statistically
significant differences in observed and modeled
concentrations were observed at only a few loca-
tions, indicating that most sites were representa-
tive of natural background conditions. The empirical
modeling approach used in this study can be used
to estimate natural background conditions at any
point along a study reach in areas minimally im-
pacted by development, and may be useful for set-
ting water-quality standards in many national parks.
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Introduction

In the mid-1980s, the U.S. Congress designated
the Merced and Tuolumne Rivers in Yosemite
National Park, California, as Wild and Scenic
Rivers, reflecting the importance of these river
systems as a natural and cultural resource for
the country (Merced River, Public Law 100–149;
Tuolumne River, Public Law 98–425). The Wild
and Scenic River designation provides special pro-
tection for the rivers’ Outstandingly Remarkable
Values (ORVs) and free-flowing status while al-
lowing for public use and enjoyment (16 USC
1271–1287). Outstandingly Remarkable Values
are river-related values that make a river unique
and worthy of special protection. In Yosemite,
these values include aesthetic, recreational, bio-
logical, and hydrological features. Water quality is
intimately linked to each of these values, and the
Wild and Scenic Rivers Act requires protection of
water quality along designated reaches.

Yosemite National Park receives approxi-
mately 3.4 million visitors per year, and the park’s
waterfalls, streams, and lakes are a primary attrac-
tion (National Park Service, Public Use Statistics
Office, personal communication, 2008). As such,
the areas around these water features receive
heavy visitor-use, especially in Yosemite Valley
and in Tuolumne Meadows, and there is con-
cern that this could cause degradation of natural
and cultural resources. Extensive social trails in
some high-use areas near the rivers have led to
increased bank erosion, channel width, and sedi-
ment transport (Madej et al. 1994). Impacts from
camping activities (e.g., bathing, swimming, and
dish washing) and from pack animals at stream
crossings are of concern because of their poten-
tial to introduce nutrients and other contaminants
into surface waters.

Thin, poorly developed soils and an abun-
dance of exposed granitic bedrock provide little
buffering or nutrient assimilation capacity, espe-
cially during snowmelt or storm events; as a re-
sult, pollutants may enter streams and lakes with
little attenuation (Clow et al. 1996; Hoffman et al.
1976; Sorenson and Hoffman 1981). The prob-
lem is particularly acute at high elevation, where
aquatic ecosystems are being impacted by excess

atmospheric deposition of nitrogen, a non-point
source pollutant (Clow 2010).

Lower elevation ecosystems may be less sus-
ceptible to atmospheric deposition impacts be-
cause they tend to have more soil and vegetation;
however, they tend to have higher visitor-use.
Degradation of water quality in Yosemite Val-
ley is of particular concern because of the large
number of visitors the area receives. Although
a study of water quality in the Merced River
during the 1990s indicated low nutrient concen-
trations in Yosemite Valley, nutrient concentra-
tions increased downstream from the wastewater
treatment plant at El Portal, which processes
wastewater from the valley (Brown and Short
1999).

The Wild and Scenic Rivers Act requires the
National Park Service (NPS) to protect and en-
hance the ORVs for which the rivers were desig-
nated (including water quality), and specifies that
this be done through managing user capacities.
User capacity is defined as the type and amount
of visitor-use that can be accommodated without
adverse impacts on the ORVs of the river, or on
the quality of the recreational experience. Visitor-
use management in the NPS is an adaptive process
where limits are set based on recreational, natural
and cultural resources, and social considerations;
indicators of these factors are then monitored
in order to maintain acceptable park conditions.
Several similar frameworks are available for de-
veloping indicators and using monitoring data
to inform park management, including Limits of
Acceptable Change (Stankey et al. 1985), Visi-
tor Impact Monitoring (Graefe et al. 1990), and
the Visitor Experience and Resource Protection
framework (National Park Service 1997). These
frameworks generally have four key elements: (1)
determination of desired conditions for the re-
source, (2) selection of measurable indicators and
standards, (3) monitoring of the indicators and
comparison to standards, and (4) implementation
of management actions to be taken if desired con-
ditions are not being met. Desired conditions are
qualitative descriptions linked to the rivers’ ORVs
and quality of the visitor experience along the
river corridor. Indicators and standards are mea-
surable quantities that allow park management
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to determine whether the desired conditions are
met; standards reflect the minimal acceptable
condition of an indicator (National Park Service
1997). The word ‘standard’ as used in the context
of user-capacity management and in this paper
applies to park-specific goals and does not refer
to regulatory requirements (National Park Service
1997).

Selection of appropriate indicators and stan-
dards that will protect and enhance the rivers’
ORVs is an important step in the visitor-use man-
agement process. In Yosemite, selected indicators
include social and natural resource parameters
(Bacon et al. 2006). User capacities usually are
set using social indicators and models; natural
resource indicators, such as water quality, are used
as a check to ensure that no resource degradation
occurs. The focus of this paper is on water quality,
which is a key component in establishing user
capacities because of its link to river health, and
because water is related to all of the rivers’ ORVs
and recreational uses. Water-quality constituents,
such as nutrient concentrations, turbidity, bacte-
ria, and organic wastewater compounds (OWCs),
can be good indicators of whether desired condi-
tions are being met because they are responsive
to perturbation and can be quantified with high
accuracy.

Examples of visitor-use associated nutrient
sources include wastewater treatment plants,
stock use near surface-water bodies, and improper
waste disposal at campsites. Stream-bank erosion
may cause an increase in turbidity, particularly
during storms when loose soil may be washed into
streams and lakes. Escherichia coli (E. coli) is a
bacterium found in the lower intestine of humans
and other warm-blooded animals. It can exist for
short times outside the gut and is a useful indicator
of fecal contamination. OWCs include caffeine
and personal care products, which can be useful
indicators of visitor-use associated impacts; recent
advances in analytical methods have made it pos-
sible to detect OWCs at very low concentrations
(parts per trillion; Zaugg et al. 2006).

Development of standards is a challenging,
yet critical component of visitor-use management
(Hof and Lime 1997; National Park Service 1997).
Ideally, a standard would be set to a “natural

background condition” that reflects conditions
prior to human influences (Smith et al. 2003).
Quantification of natural background conditions
is problematic, however, because pristine refer-
ence sites are scarce in the industrialized world
(Smith et al. 2003). Even where point sources
of nutrients do not exist, atmospheric deposition
of nitrogen is an indirect source of nutrients to
watersheds that need to be accounted for when
establishing standards (Smith et al. 2003). As an
additional complication, nitrogen assimilation ca-
pacities vary in relation to basin characteristics,
such as distribution and type of vegetation, soils,
and geology (Rohm et al. 2002; Smith et al. 2003).
Thus, background conditions can vary spatially as
well, which should be considered when estimating
attainable conditions for stream-water quality.

Previous work on establishing reference con-
ditions for nutrients has mostly been conducted
at level III Ecoregion or larger scales. Clark et al.
(2000) compiled nutrient data from undeveloped
sites in the United States to provide baseline in-
formation on natural background concentrations
across the country. The U.S. Environmental
Protection Agency (USEPA) calculated reference
conditions for nutrients in level III Ecoregions of
the United States, including the Sierra Nevada,
based on the 25th percentile of a general popu-
lation of streams (U.S. Environmental Protec-
tion Agency 2000b). The data were aggregated
into 14 Nutrient Ecoregions, and nutrient criteria
for total nitrogen and total phosphorus were rec-
ommended for each of them (http://epa.gov/
waterscience/criteria/nutrient/ecoregions/; accessed
January 2010). The reference conditions and
nutrient criteria calculated by the USEPA repre-
sent nutrient levels that are designed to protect
aquatic ecosystems against adverse effects of
nutrient enrichment. Although useful at regional
scale, they are not designed to account for local-
scale variability in basin characteristics that lead
to spatial variability in the ability of ecosystems to
assimilate nitrogen and phosphorus.

The objectives of the study described in this
paper were to (1) document current conditions
and spatial patterns in water quality in the upper
Merced and upper Tuolumne River basins, (2)
identify major influences on water quality, with

http://epa.gov/waterscience/criteria/nutrient/ecoregions/
http://epa.gov/waterscience/criteria/nutrient/ecoregions/
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special emphasis on possible visitor-use effects,
and (3) develop a method for modeling natural
background concentrations of nutrients that could
account for local variability in nutrient assimila-
tion rates, and could be used to inform visitor-use
management in Yosemite National Park.

Study area

Yosemite National Park is located in the cen-
tral Sierra Nevada of California, approximately

300 km (200 mi) east of San Francisco (Fig. 1). The
park covers approximately 3,000 km2 (1,158 mi2),
with elevations ranging from 648 to 3,997 m (2,127
to 13,114 ft). Land use in most of Yosemite
is restricted to recreation; approximately 95%
of the park is designated wilderness, where
mechanized travel is prohibited (http://www.
nps.gov/yose/planyourvisit/wildregs.htm; accessed
1/15/2011). High elevations have extensive ar-
eas of neoglacial till (late Holocene till with
minimal soil development), talus, and exposed
bedrock with sparse alpine grasses and herbs.

Fig. 1 Map showing
locations of study
sampling sites in
Yosemite National
Park, California
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Thick deposits of Pleistocene till occur at middle
elevations. Coniferous forest dominates middle
elevations, and mixed deciduous and coniferous
stands occur at the lowest elevations in the park
(Huber et al. 1989).

The Merced and Tuolumne Rivers drain the
two primary river basins in Yosemite. The upper
Merced River basin (upstream from the western
park boundary) is 1,320 km2 (510 mi2), and in-
cludes the main stem and the South Fork of the
Merced River, both of which are west-flowing
tributaries of the San Joaquin River. A U.S. Ge-
ological Survey (USGS) stream gage has been in
operation on the Merced River at Happy Isles,
which is at the upper end of Yosemite Valley,
since 1915. Developments in the upper Merced
River basin upstream from Happy Isles include
trails, small utility systems, wilderness campsites,
and three Yosemite High Sierra Camps, which
are developed campgrounds with rustic lodg-
ing surrounded by wilderness. Downstream from
Happy Isles, the main stem of the Merced River
flows through Yosemite Valley, where infrastruc-
ture includes roads, bridges, buildings, parking
lots, campgrounds, lodging units, horse camps,
and electric, water, and sewer systems. Below
Yosemite Valley, the Merced River flows adja-
cent to the El Portal Administrative Site, which
includes housing for approximately 640 residents,
park maintenance, storage, warehouse facilities, a
privately owned hotel, and the El Portal Wastewa-
ter Treatment Plant, which serves all of Yosemite
Valley. The South Fork of the Merced River flows
through Wawona, where developments include
a campground, horse camp, hotel, golf course,
maintenance buildings, employee housing, ap-
proximately 300 privately owned residences, a
wastewater treatment plant, leach fields, store, gas
station, and an impoundment for the community’s
water supply. Although park land upstream from
Wawona on the South Fork is free of development
or roads, adjacent Sierra National Forest lands
within the basin contain roads, informal camping
areas, and evidence of logging.

The upper Tuolumne River basin (upstream
from the western park boundary) drains approx-
imately 1,733 km2 (669 mi2) in the northern
part of the park, and has several large tribu-

taries. Development is concentrated in Tuolumne
Meadows, and includes a 304-site campground,
store, gas station, horse camp, buildings, em-
ployee housing, and a wastewater treatment fa-
cility. Downstream from Tuolumne Meadows, de-
velopment consists of a High Sierra Camp and
Hetch Hetchy reservoir, which provides drinking
water for the City of San Francisco (San Francisco
Public Utilities Commission; http://sfwater.org/
msc_main.cfm/MC_ID/13/MSC_ID/165; accessed
1/15/2011).

Methods

Water-quality sampling strategy

Water-quality surveys were conducted 6 to 12
times per year on the Merced River during 2004–
2007, and a similar program was performed on
the Tuolumne River during 2005–2007. Sampling
sites included wilderness and non-wilderness sites,
which covered a gradient of visitor-use and de-
velopment. Sampling frequency was tailored to
match the seasonal hydrograph (where access per-
mitted), with the highest frequency (weekly) dur-
ing the high-flow snowmelt period (May–June)
and the lowest frequency (monthly to bi-monthly)
during the winter low-flow period (October–
April). The objectives of this sampling strategy
were to characterize seasonal variability in solute
concentrations and to obtain a suite of samples
that would be representative of the true popula-
tion of stream chemistry. Winter samples were not
obtained at wilderness sites because trails were
closed by deep snow from November through
May. Stream-water samples also were collected
opportunistically during storms at selected sites on
both rivers; these stream samples were referred
to as storm samples. The purpose of the storm
sampling was to characterize how nutrient and
E. coli concentrations responded to rain events;
previous studies have documented substantial in-
creases in nutrient concentrations during storms
(Peters 1994; Tsihrintzis and Hamid 1997; Wetzel
2003).

Indicator constituents included dissolved nitrite
plus nitrate, hereinafter referred to as NO3; dis-
solved nitrogen, DN; dissolved phosphorus, DP;

http://sfwater.org/msc_main.cfm/MC_ID/13/MSC_ID/165
http://sfwater.org/msc_main.cfm/MC_ID/13/MSC_ID/165
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total (unfiltered) phosphorus, TP; and E. coli.
Concentrations of NO3 are expressed in mg L−1

“as N” throughout this paper. Reconnaissance
data on the occurrence of OWCs were collected
at a subset of sites during late summer 2006
(Table 1). Results of the OWC sampling indicated
that despite the high sensitivity of the analytical
method, 98% of concentrations were below the
limit of quantification, and all were within the
range of blanks. Thus, OWC data are not further
described in this paper, however, sampling meth-
ods and results are presented in the electronic
supplement (ESM Table 3, ESM Fig. 1).

Nutrients and E. coli

Water samples were collected for nutrient analy-
ses at 11 sites on the main stem of the Merced
River, 2 tributaries to the main stem of the
Merced River, 3 sites on the South Fork of the
Merced River, and 6 sites in the Tuolumne River
(June–October only) (Table 1). Samples for E.
coli analyses were collected at a subset of sites
(Table 1).

Water-quality samples were collected using
grab-sampling methods along well-mixed reaches;
adequacy of mixing was established by measur-
ing specific conductivity in cross sections across
the stream (U.S. Geological Survey 2011). Ad-
ditional details on sampling methods and field
measurements are available in the USGS Na-
tional Field Manual (U.S. Geological Survey
2011) and 2005 User Capacity Management Pro-
gram Field Guide (http://www.nps.gov/archive/
yose/planning/ucmp2005fieldguide.pdf; accessed
2/2/2009).

Quality-control procedures included collection
and analyses of field blanks and replicates, which
comprised 10 percent of the total sample load.
A list of analytical methods, method detection
limits, and reproducibility of replicates is provided
in Table 1 in the electronic supplement (ESM
Table 1). Concentrations in blanks were below
the Method Detection Limits (MDLs) 89% of the
time for NO3, 76% for DN, 97% for DP, and
100% for TP. Median differences in replicates
(n = 76) were 0.001 mg L−1 for NO3, 0.001 mg L−1

for DN, 0.0007 mg L−1 for DP, and 0.0006 mg L−1

for TP.

Statistical methods

Concentration distributions

Concentration distributions at individual sites
were characterized by calculating percentiles us-
ing uncensored concentration data. By using
uncensored data to calculate concentration distri-
butions, subjective reclassification of values be-
low the MDL was avoided (e.g., to zero or to
0.5 × MDL). It should be recognized, however,
that individual data points below the MDL are
not considered quantitative. E. coli data below
the analytical detection limit were censored, so
concentration distributions were calculated using
Kaplan–Meier estimation techniques (Klein and
Moeschberger 1997).

The bootstrapping technique was used to quan-
tify the uncertainty of median concentrations
for sites with at least 20 observations (Efron
1981; Efron and Tibshirani 1993). In the boot-
strap method, random samples of size n − 1 with
replacement are drawn from the original data,
where n is the number of observations. The statis-
tic of interest (median in our case) is computed for
each of those samples. Usually many such boot-
strap samples are drawn and the resulting values
of the statistic of interest are used to approximate
its distribution. In particular, bootstrap distribu-
tion of a statistic is often used to approximate
its percentiles, mean, or variance and construct
confidence intervals for those parameters (Efron
1981; Efron and Tibshirani 1993). In this study,
500 bootstrap samples were drawn to obtain 95%
confidence intervals around the median. For sites
with fewer than 20 observations, uncertainty was
calculated as the standard error of the median
(Wilcox 2005).

Major assumptions of the bootstrap method are
that there are no trends in the data (stationarity),
and that the observed data represent the true pop-
ulation (Efron and Tibshirani 1993). Trends were
evaluated using Seasonal Kendall’s Tau (SKT)
trend test (Helsel and Hirsch 1992; Helsel et al.
2005). Results indicated no significant trends, as
expected given the short time period of the study.
To obtain sample data representative of the true
population, samples were collected over a range
of hydrologic conditions and throughout the year,

http://www.nps.gov/archive/yose/planning/ucmp2005fieldguide.pdf
http://www.nps.gov/archive/yose/planning/ucmp2005fieldguide.pdf
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except at wilderness sites where winter trail clo-
sures precluded access.

Spatial dif ferences

Differences in concentration distributions among
sites were tested in two steps using nonparamet-
ric methods. First, the Kruskall–Wallis test was
used to determine whether the medians of the
distributions of nutrient concentrations at all the
sites were identical (Helsel and Hirsch 1992). If
the Kruskall–Wallis test result indicated that at
least one site was significantly different from the
others, an analysis of variance (ANOVA) was
performed on ranked data with a Tukey multiple-
range test to identify sites or groups of sites that
differed from each other in median concentration.
The objective of these tests was to identify spatial
patterns in nutrient concentrations that might be
related to visitor-use. All tests for statistical sig-
nificance were evaluated at a significance level of
0.05 unless otherwise stated.

Characterizing natural background
concentrations

To characterize spatially varying natural back-
ground concentrations, statistical models were de-
veloped by regressing median observed nutrient
concentrations against a suite of basin charac-
teristics using stepwise multiple linear regression

(MLR). The results, which were median mod-
eled nutrient concentrations for each site, reflect
the ability of the upstream basin area to assimi-
late inputs of nitrogen and phosphorus. Modeled
nutrient concentrations were compared to ob-
served concentrations to identify sites with large
model residuals, which can be indicative of im-
pacts from point sources of contamination. The
significance of differences between modeled and
observed concentrations was evaluated by de-
termining whether the 95% confidence intervals
of modeled and observed concentrations over-
lapped. If they overlapped, then differences were
not statistically significant; if they did not overlap,
differences were significant.

The input variables considered in the MLR
analysis included, but were not limited to, basin
area, average elevation, slope, aspect, bedrock
and surficial geology, vegetation, and atmospheric
deposition (for N only, because atmospheric de-
position of phosphorus was considered negligi-
ble; see Table 2 for a complete list of possible
explanatory variables). The basin characteristic
that explained the most variance in the chemical
variable entered the model first. The variances
explained by the remaining explanatory variables
were recalculated, and the variable that explained
the next greatest amount of variance entered
the model next. This iterative process was re-
peated until no additional variables showed sta-
tistically significant correlations to the dependent
chemical variable at p ≤ 0.1. Multicollinearity

Table 2 Basin
characteristics used in
regression analysis,
grouped by data layers
[Atmospheric deposition
of nitrogen not listed
here, but was included
in analysis]

aDatum, NAD83

Topographya Geology Vegetation

Basin area (mi2) Alluvium (%) Mixed conifer (%)
Relief (ft) Diorite (%) Deciduous (%)
Average elevation (ft) Granite (%) Foothill woodland (%)
Max elevation (ft) Granodiorite (%) Juniper/cedar (%)
Min elevation (ft) Mafic Intrusive (%) Unvegetated (%)
Average slope (%) Metasediments (%) Snow (%)
Slope > 30◦ (%) Metavolcanics (%) Talus (%)
North (%, aspect) Neoglacial and talus (%) Water (%)
Northeast (%, aspect) Pleistocene glacial till (%) Riparian (%)
East (%, aspect) Other (%)
Southeast (%, aspect)
South (%, aspect)
Southwest (%, aspect)
West (%, aspect)
Northwest (%, aspect)
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among explanatory variables was evaluated us-
ing the variance inflation factor [1/(1 − r2)] (Hair
et al. 2005), with a threshold for exclusion of 0.2.
The resulting beta coefficients (partial regression
coefficients) for the explanatory variables repre-
sent independent contributions of each explana-
tory variable (Kachigan 1986). Residuals plots and
normal probability plots were used to check for vi-
olation of assumptions of normality, linearity, and
homoscedasticity (Kachigan 1986). The standard
errors of the regression equations were used to
calculate 95% confidence intervals for modeled
solute concentrations.

Basin characteristics were quantified in ArcGIS
using a 10-m resolution digital elevation model
(DEM), 1:125,000 scale geologic and 1:24,000
scale vegetation layers obtained from the National
Park Service (NPS; http://www.nps.gov/gis/data_
info/park_gisdata/ca.htm; accessed 2/5/2009), and
a 1:24,000 scale hydrologic layer obtained from
the USGS (http://nhd.usgs.gov/; accessed 2/5/
2009). Geologic units with similar geochemical
characteristics were combined to obtain a sim-
plified classification scheme, resulting in ten geol-
ogy classes (Table 2); intrusive rocks covered the
largest area, but volcanic and metamorphic rocks
were locally important. Important surficial units
included talus and neoglacial deposits, glacial
till, and alluvium. Vegetation units were grouped
into nine classes based on major vegetation or
land-cover types (Table 2); the most important
classes by area were unvegetated, mixed conifer,
juniper/cedar, and foothill woodland.

Current conditions and spatial patterns
in nutrient and E. coli concentrations

Nutrient concentrations in the upper Merced,
South Fork of the Merced, and Tuolumne River
basins were low, with median NO3, DN, DP,
and TP concentrations below 0.082 (10−1.08), 0.135
(10−0.87), 0.003 (10−2.52), and 0.007 (10−2.16) mg
L−1, respectively, at all sites (Fig. 2a–d; ESM
Table 2). For comparison, median NO3 and TP
concentrations at almost all of the study sites were
below the medians calculated for undeveloped
sites in the U.S. by Clark et al. (2000; Fig. 2a,
d). Median TP concentrations at study sites also

were below reference conditions calculated by
the USEPA for the Sierra Nevada Ecoregion
(0.015 mg L−1, Fig. 2d) and were below TP nutri-
ent criteria established by the USEPA for Nutri-
ent Ecoregion 2 (0.01 mg L−1; U.S. Environmental
Protection Agency 2000a). These results confirm
that nutrient concentrations in Yosemite are low,
even compared to other undeveloped basins in the
United States.

Results from the Kruskall–Wallis tests indi-
cated that there were significant differences in
concentration distributions among sites for each
nutrient (NO3, DN, DP, and TP). ANOVA was
used to identify which sites or groups of sites
differed from each other. Results are shown in
Fig. 2; box plots with the same letter indicate
distributions that were not significantly different
from each other.

In general, NO3 concentrations tended to in-
crease with elevation (Fig. 3a); NO3 concen-
trations at high-elevation sites (LMTX, LAK4,
LFMC) were significantly greater than at most
low-elevation sites (Fig. 2a). There were few sig-
nificant differences in NO3 concentrations among
other sites, except at the lowest elevation site in
the Merced basin, Foresta (FRST). At Foresta,
although median NO3 concentrations were low,
there were numerous anomalously high values
(Fig. 2a), which occurred primarily during the late
summer and fall seasons. In the South Fork of
the Merced River basin, although median con-
centrations were low, concentrations were highly
variable, particularly during late summer and fall.

Spatial patterns in DN concentrations were
similar to those of NO3, exhibiting a general in-
crease with elevation, with a few notable excep-
tions (Fig. 3a–b). DN (and NO3) concentrations
were significantly higher at Foresta than at M140,
3 km upstream (Fig. 2a–b). These sites are located
approximately 0.5 km below and 2.5 km above
the El Portal wastewater treatment plant, respec-
tively, suggesting that stream-water nitrogen con-
centrations might be influenced by the treatment
plant. As with NO3, concentrations of DN were
relatively variable at Foresta and at the sites on
the South Fork of the Merced River.

The ratio of NO3 to DN declined with el-
evation, and most of the decline occurred be-
tween 3,200 and 2,100 m (Fig. 3c). This pattern

http://www.nps.gov/gis/data_info/park_gisdata/ca.htm
http://www.nps.gov/gis/data_info/park_gisdata/ca.htm
http://nhd.usgs.gov/
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� Fig. 2 Concentration distributions for a NO3, b dissolved
nitrogen (DN), c dissolved phosphorus (DP), and (d) total
phosphorus (TP) at study sites in Yosemite National Park.
Number of samples at each site is indicated by number
at top of plot. Box plots identif ied by the same letter at
bottom of each plot indicate that the distributions were not
significantly different. Short dashed horizontal blue lines in-
dicate median NO3 and TP concentrations at undeveloped
sites from Clark et al. (2000). Longer dashed horizontal
red lines indicate USEPA reference conditions for TP in
Sierra Nevada ecoregion (U.S. Environmental Protection
Agency 2000a, b). Dashed vertical green lines separate sites
in Merced, S. Fork, and Tuolumne river basins

is consistent with conversion of atmospherically
deposited inorganic nitrogen to organic nitrogen
in the aquatic environment. The relatively large
change in NO3:DN from high- to mid-elevations
reflects rapid conversion of inorganic nitrogen to
organic nitrogen as water moves from the alpine
zone down into the montane forest.

In contrast with the nitrogen species, DP
and TP tended to vary inversely with elevation
(Fig. 3d–e). Although most DP and TP concen-
trations were below the MDL, there were a few
significant differences among sites. Median DP
and TP concentrations at low-elevation sites on
the Merced River (POHO, M140, and FRST) and
the South Fork of the Merced (SFWC) were sig-
nificantly greater than at most high-elevation sites
on the South Fork of the Merced and Tuolumne
Rivers (Fig. 2c–d). All of the sites with elevated
DP and TP were below areas of high visitor-use
or development, suggesting that disturbance or
point sources might be influencing phosphorus
concentrations at those locations.

E. coli concentrations also were low, with me-
dian concentrations below 5 MPN 100 ml−1, and
they exhibited substantial intra- and inter-site
variability (Fig. 4; MPN is most probable number).
The sites with the highest median E. coli concen-
trations were the four sites on the Merced River
in and below Yosemite Valley (excluding HAPI),
and SFWC and SFKB on the South Fork of the
Merced. These sites are in areas receiving high
visitor-use or are downstream from substantial

�Fig. 3 Scatter plots showing log median concentrations of
a NO3, b DN, c NO3:DN, d DP, and e TP against elevation
at study sites in the upper Merced River basin
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Fig. 4 Concentration
distributions of E. coli at
study sites during
2004–2007. Number of
samples at each site
indicated by number at
top of plot. Box plot
symbology as in Fig. 2;
dots indicate individual
data points. In some
cases, medians overlap
quartiles. Box plots
identified by same letter
indicate that the
distributions were not
significantly different
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developments, including wastewater treatment
plants. E. coli concentrations typically were low
at the Tuolumne River sites. Relatively few of the
differences among sites were statistically signifi-
cant; exceptions included POHO and SNTB on
the Merced River in Yosemite Valley, where E. coli
concentrations were significantly higher than at
TRBC and DFGC on the Tuolumne River.

For comparison, measured concentrations of
E. coli at sites downstream from developed ar-
eas were within the range observed at undevel-
oped sites, and were substantially below those
observed at urban, agricultural, and rural sites
in several previous USGS studies (Ebbert et al.
2000; Hoos et al. 2002). No samples exceeded
the USEPA single-sample standard for E. coli
of 235 MPN/100 ml for moderate recreational
contact (U.S. Environmental Protection Agency
1986). Possible sources of E. coli include hu-
mans, stock animals, and wildlife; it is not possible
to determine the dominant source of E. coli at
Yosemite sampling locations with available infor-
mation. However, DNA microbial source tracking
(ribotyping) might be a useful tool for identifying
the source(s) of E. coli contamination in future
studies (Stoeckel et al. 2004).

Seasonality in nutrient concentrations
and E. coli concentrations

Temporal variability in nutrient concentrations is
driven by a combination of seasonal hydroclimatic

and biological cycles and short-term hydrologic
variability related to storm events. Seasonal pat-
terns in nutrient concentrations varied by nutrient
species (Fig. 5). For the purpose of this study,
the issue of primary concern is identifying when
exceedance of nutrient standards is most likely.

Median NO3 concentrations were highest dur-
ing June–September, reflecting release of NO3

from melting snow. In contrast, median DN con-
centrations were relatively low during this period,
due to dilution of organic nitrogen by snowmelt.
Variations in NO3 and DN concentrations were
greatest during late summer through early fall
(July–October), probably because of a combina-
tion of factors. Summers usually are quite dry in
the Sierra, and snowmelt is the dominant source
of water to streams from May through Septem-
ber. As snowmelt inputs and streamflow decline
through the summer, the concentrating effect of
evapotranspiration on stream-water chemistry in-
creases. By late summer and early fall, effluent
from wastewater treatment plants can contribute
5–15% of flow in reaches downstream from the
treatment plants. Wash off of dry deposition and
flushing of accumulated salts from soil can provide
an additional source of nutrients to streams during
storms, particularly the first storms of the fall sea-
son. Opportunistic samples collected from streams
during storms indicate that nutrient and E. coli
concentrations tend to increase substantially dur-
ing storm events, particularly for the phosphorus
species (Peavler 2008). The coefficient of varia-
tion for all of the nutrient species was greatest
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Fig. 5 Concentration
distributions of a NO3,
b DN, c DP, and d TP at
study sampling sites by
month, during 2004–2007.
Number of samples at
each site indicated by
number at top of each
plot. Box plot symbology
as in Fig. 2; dots indicate
individual data points
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during October, which often coincides with the
first rainstorms of the fall season. Median con-
centrations of DP and TP generally were highest
during fall and winter (Fig. 5).

The seasonal pattern of variations in nutri-
ent concentrations has implications for meeting
water-quality standards in Yosemite. Exceedance
of standards for nutrients is most likely to occur
during late summer and early fall, particularly
during storms.

Models of natural background concentrations
of nutrients

The empirical models of nutrient concentrations
simulated observed concentrations reasonably
well, reproducing general trends with elevation
and spatial patterns among the three study basins
(Fig. 6). The amount of variance in observed con-
centrations explained by the models was greater
for the nitrogen species than for the phosphorus
species (Table 3). This might be due, in part,
to the very low concentrations of phosphorus in
Yosemite streams, which resulted in a low “signal
to noise ratio.”

The selected input variables (and the sign of
their coefficients) for NO3 included average ele-
vation (positive), % Pleistocene glacial till (neg-
ative), and % unvegetated terrain (positive) in
the basins (Table 3). This model explained 86%
of the variance in median NO3 concentrations
and had an RMSE of 0.122. The input variables
selected by the stepwise MLR procedure are not
unique in their predictive ability; other models
with different explanatory variables can be useful
as well, providing only slightly less explanatory
power and slightly greater RMSE. For example,
when average elevation and basin area were man-
ually excluded from consideration in the model,
the stepwise MLR substituted % neoglacial till
and talus (positive) for elevation (other explana-
tory variables were the same); the adjusted r-
square for this model was 0.85 and the RMSE
was 0.126 (not listed in Table 3 for brevity). To
some extent, the interchangeability of input vari-
ables reflects collinearity among them. Alternate
models could be developed for any of the nu-
trients; examination of alternate models can be

useful for gaining a better understanding of how
basin characteristics influence natural background
concentrations of nutrients.

Input variables for the DN model were sim-
ilar to those in the NO3 model, and included
% neoglacial till and talus (positive) and %
Pleistocene glacial till (negative; Table 3). The
commonalities of input variables in the nitrogen
models indicate that there are processes associ-
ated with these basin characteristics that strongly
influence natural background concentrations of
nitrogen. The signs of the coefficients of the vari-
ables provide information about the nature of the
processes involved, and scaled coefficients show
the relative influence of factors in the regres-
sion equations. The primary source of nitrogen
in Yosemite wilderness areas is atmospheric de-
position, which is a non-point source of nitrogen
(Clow 2010). Nitrogen concentrations generally
increase with elevation or as the fraction of basin
area classified as neoglacial till, talus, or unveg-
etated terrain increases; this reflects the low as-
similation capacities of these areas with respect to
atmospherically deposited nitrogen. The positive
relation between elevation and NO3 may be due
in part to a decline in growing season length with
elevation, which limits the period of nitrogen up-
take. Neoglacial till, talus, and unvegetated terrain
have minimal soil and vegetation, further limiting
nitrogen uptake. In contrast, nitrogen concentra-
tions varied inversely with % Pleistocene glacial
till, reflecting comparatively high nitrogen assim-
ilation capacities in those areas, which tend to
have deep soil and well established forests. An
abundance of Pleistocene till in the DFGC basin
explains the relatively low observed and modeled
nitrogen concentrations in stream water at that
site (Fig. 6).

It is noteworthy that atmospheric deposition of
nitrogen was not a significant predictor of stream-
water nitrogen concentrations in the MLR mod-
els. The influence of atmospherically deposited
nitrogen on natural background concentrations
was pointed out by Smith et al. (2003) in their
large-scale study of natural background con-
centrations in the conterminous United States.
Although the effect of nitrogen deposition on
surface-water chemistry in Yosemite is recog-
nized, nitrogen deposition is difficult to quantify.
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Fig. 6 Modeled and
observed median nutrient
concentrations at study
sites in Yosemite. Error
bars indicate 95%
confidence intervals in
modeled and observed
median concentrations.
Vertical dashed lines
separate basins. Sites in
each basin are ordered
from lowest elevation on
left to highest elevation
on right
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Table 3 Parameter
coefficients for multiple
linear regression models
of median NO3, DN, DP,
and TP in surface waters
in Yosemite National
Park

Scaled coefficients are the
coefficients centered by
mean, scaled by range/2

Variable Coefficient Scaled coefficient

log NO3 model
Intercept −2.50665
Average elevation (m) 0.00031 0.20036
Pleistocene glacial till (%) −0.01683 −0.39392
Unvegetated (%) 0.05055 0.22496
Adjusted r-square 0.86
RMSE 0.122

log DN model
Intercept −1.01166
Neoglacial till and talus (%) 0.01897 0.08443
Pleistocene glacial till (%) −0.01140 −0.26679
Adjusted r-square 0.85
RMSE 0.061

log DP model
Intercept −2.91836
Basin area (km2) 0.00040 0.20398
Adjusted r-square 0.53
RMSE 0.114

log TP model
Intercept −2.57483
Basin area (km2) 0.00054 0.27457
Neoglacial till and talus (%) −0.03421 −0.15225
Pleistocene glacial till (%) −0.00785 −0.18364
Adjusted r-square 0.78
RMSE 0.107

This is because complex terrain causes complex
spatial patterns in nitrogen deposition, which are
difficult to simulate with existing deposition models.

Basin area was the most important explana-
tory variable in the MLR models for DP and TP
(Table 3). The relation between basin area and
DP and TP concentrations was positive, and may
reflect several inter-related basin characteristics.
Mineral weathering is a common source of phos-
phorus in basins lacking anthropogenic inputs
(Mueller and Spahr 2006; Shacklette et al. 1971).
In Yosemite, as basin size increases, average soil
depth and soil temperatures increase, so mineral
weathering sources of phosphorus are likely to
increase as well. Atmospheric deposition of phos-
phorus might increase in concert with basin size
if it is a substantial component of dry deposition
because of an inverse relation between dry depo-
sition and elevation; however, atmospheric depo-
sition of phosphorus has not been quantified in
Yosemite. Additionally, land disturbance is likely
to increase with basin area, although this effect
could not be quantified with available information.

Comparison of modeled and observed nutrient
concentrations

Observed concentrations of nutrients exceeded
modeled natural background concentrations by
statistically significant amounts at only a few sites
(Fig. 6). Observed NO3 exceeded modeled NO3

at two adjacent sites in Yosemite Valley (SNTB
and HAPI). Observed DN exceeded modeled DN
at the lowest elevation site on the Merced River
(FRST) and at HAPI. Observed DP exceeded
modeled DP at SFWC, on the South Fork of
the Merced River. Observed TP exceeded mod-
eled TP at POHO, in Yosemite Valley, and at
SFWC.

Sites where observed median concentrations
exceeded modeled median concentrations may or
may not be affected by point sources of conta-
mination. It is possible that the models did not
accurately simulate natural background concen-
trations at those sites; this could occur if the basin
characteristics used in the models did not reflect
important processes or nutrient sources within
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the basin. Secondly, although the nitrogen models
were able to explain ≥85% of the variance in
nitrogen concentrations, the phosphorus models
were not as powerful, explaining 53% and 78% of
the variance in DP and TP concentrations, respec-
tively (Table 3). Despite these caveats, it is worth
noting that sites where observed concentrations
exceeded modeled concentrations often occurred
in areas downstream from possible point sources
of nutrients. The DN exceedance at the site down-
stream from the El Portal wastewater treatment
plant (FRST) is consistent with studies that have
documented elevated nitrogen concentrations be-
low wastewater treatment plants (Mueller and
Spahr 2006). The TP exceedances at POHO and
SFWC might reflect streambank disturbance asso-
ciated with visitor-use, which is high in areas up-
stream from the sites. The SFWC site also might
be affected by leach fields at the campground,
or by inputs from tributaries originating outside
the park. It is suggested that sites where observed
concentrations exceeded modeled concentrations
merit additional observation and study; this is
particularly true for sites where exceedances in
multiple nutrient species occurred, such as HAPI
and SFWC.

Alternatives for setting nutrient standards
in Yosemite

The empirical models of natural background con-
centrations of nutrients may be useful for setting
goals or standards for water quality in Yosemite
National Park and many other national parks. The
modeled nutrient concentrations reflect the inte-
grated chemical signal resulting from processing
of non-point sources of nutrients within the basin.
The models do not account for point sources of
nutrients; thus, deviations from modeled concen-
trations can be used to identify sites where point
sources of nutrients might be influencing water
quality. One benefit of the empirical modeling ap-
proach is that, after model development, natural
background concentrations could be estimated for
any stream site along the study reach based on
basin characteristics. Thus, new sites could be eas-
ily incorporated into the monitoring program to
fill spatial gaps or to perform model validation.

An alternative to using the empirical modeling
approach to setting standards for water quality in
Yosemite is to use the nutrient criteria established
by the USEPA for Nutrient Ecoregion 2 (U.S.
Environmental Protection Agency 2000b). There
are two problems with using this approach in
Yosemite. First, it does not account for local-scale
variability in the capacity of watersheds to assim-
ilate non-point sources of nutrients. This variabil-
ity can be large, as reflected in highly variable
natural background concentrations of nutrients in
the park. Second, the USEPA nutrient criteria
are designed to reflect nutrient concentrations at
relatively undeveloped sites, rather than at sites
where there is essentially no development. Water
quality in Yosemite is managed to a higher stan-
dard; where water quality is acceptable, essentially
no degradation is permitted (National Park Ser-
vice 1997). Thus, applying the USEPA nutrient
criteria in Yosemite might not provide sufficient
protection for aquatic resources in the park.

Another alternative for setting nutrient stan-
dards for use within the visitor-use management
framework is to use observed concentrations at
unimpacted sites as a reference for future com-
parison. Trends in nutrient concentrations could
be evaluated periodically, or a percentile (e.g.,
95th percentile) could be established as a site-
specific standard. If concentrations exceed the
95% percentile of concentrations at unimpacted
sites, specific management actions could be im-
plemented. This approach would be simpler to
apply than developing empirical models of natural
background concentrations of nutrients because
GIS and multiple-regression analyses would not
be required. A disadvantage of this alternative is
that identification of unimpacted sites would be
subjective.

Summary and conclusions

This study documented that nutrient and E. coli
concentrations in Yosemite National Park were
low, even compared to other undeveloped sites
in the United States, and they showed consid-
erable spatial and temporal variability. Nutrient
concentrations tended to be highest during late
summer or early fall, particularly during storms,
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and exceedance of standards is most likely at those
times.

Spatial variations in nutrient concentrations
were strongly associated with variations in basin
characteristics. Concentrations of NO3 and DN
generally increased with elevation, and concentra-
tions of DP and TP increased with basin area. The
positive correlation between nitrogen species and
elevation is consistent with effects of atmospheri-
cally deposited nitrogen and low rates of nitrogen
assimilation at high elevation, as has been ob-
served in previous studies in Yosemite and other
mountainous areas in the Western United States.
DP and TP patterns likely reflected increasing
mineral weathering sources of phosphorus, or in-
creasing land disturbance as basin size increased.

Empirical models of natural background con-
centrations of nutrients were developed, with
basin characteristics as explanatory variables. Rel-
atively few sites had significant differences in ob-
served and modeled concentrations that might be
attributable to point sources of pollution associ-
ated with visitor-use. The empirical modeling ap-
proach used in this study can be used to estimate
natural background conditions at any point along
a study reach in areas minimally impacted by
development; and could be used for setting water-
quality standards in Yosemite and other national
parks.

Acknowledgements This work was supported by the U.S.
Geological Survey/National Park Service Water Quality
Assessment and Monitoring Program. The authors wish to
thank David K. Mueller, Barbara Ruddy, and an anony-
mous reviewer for helpful reviews of the manuscript.

References

Bacon, J., Roche, J., Elliott, C., & Nicholas, N. (2006).
VERP: Putting principles into practice in Yosemite
National Park. The George Wright Forum, 23, 73–83.

Brown, L. R., & Short, T. M. (1999). Biological, habitat,
and water quality conditions in the upper Merced River
drainage, Yosemite National Park, California, 1993–
1996 (p. 56). U.S. Geological Survey Water-Resources
Investigations Report 99-4088.

Clark, G. M., Mueller, D. K., & Mast, M. A. (2000). Nu-
trient concentrations and yields in undeveloped basins
of the United States. Journal of the American Water
Resources Association, 36, 849–860.

Clow, D. W. (2010). Changes in the timing of snowmelt and
streamflow in Colorado: A response to recent warm-
ing. Journal of Climate, 23, 2293–2306.

Clow, D. W., Mast, M. A., & Campbell, D. H. (1996). Con-
trols on surface water chemistry in the upper Merced
River basin, Yosemite National Park, California. Hy-
drological Processes, 10, 727–746.

Ebbert, J. C., Embrey, S. S., Black, R. W., Tesoriero,
A. J., & Haggland, A. L. (2000). Water quality in the
Puget Sound basin, Washington and British Columbia,
1996–98 (p. 31). U.S. Geological Survey Circular
1216.

Efron, B. (1981). Nonparametric standard errors and
confidence intervals. Canadian Journal of Statistics, 9,
139–172.

Efron, B., & Tibshirani, R. J. (1993). An introduction to
the bootstrap: Monographs on statistics and applied
probability (p. 456). New York: Chapman & Hall.

Graefe, A., Kuss, F., & Vaske, J. (1990). Visitor impact
management: The planning framework (p. 100). Na-
tional Parks Conservation Association.

Hair, J. F., Black, W. C., Babin, B., Anderson, R.,
& Tatham, R. L. (2005). Multivariate data analysis
(6th ed., p. 928). Upper Saddle River: Prentice Hall.

Helsel, D. R., & Hirsch, R. M. (1992). Statistical methods in
water resources (p. 522). Amsterdam: Elsevier.

Helsel, D. R., Mueller, D. K., & Slack, J. R. (2005). Com-
puter program for the Kendall family of trend tests
(p. 13). U.S. Geological Survey Scientific Investiga-
tions Report.

Hof, M., & Lime, D. (1997). Visitor experience and re-
source protection framework in the national park sys-
tem: Rationale, current status, and future direction. U.S.
Department of Agriculture, Forest Service, Rocky
Mountain Research Station General Technical Report
INT-GTR-371.

Hoffman, R. J., Dong, A. E., & Keeter, G. L. (1976).
Water-quality study of a reach of the Merced River in
Yosemite National Park and vicinity, California, April
1973 through September 1974 (p. 66). U.S. Geological
Survey Open-File Report 76-326.

Hoos, A. B., Garrett, J. W., & Knight, R. R. (2002).
Water quality of the Flint River basin, Alabama and
Tennessee, 1999–2000 (p. 46). U.S. Geological Survey
Water Resources Investigations Report 01-4185.

Huber, N. K., Bateman, P. C., & Wahrhaftig, C. (1989).
Geologic map of Yosemite National Park and vicinity,
California. U.S. Geological Survey, 1:125,000.

Kachigan, S. K. (1986). Statistical analysis (p. 589).
New York: Radius.

Klein, J. P., & Moeschberger, M. L. (1997). Survival
analysis: Techniques for censored and truncated data
(p. 556). New York: Springer.

Madej, M. A., Weaver, W. E., & Hagans, D. K. (1994).
Analysis of bank erosion on the Merced River,
Yosemite Valley, Yosemite National Park, California,
USA. Environmental Management, 18, 235–250.

Mueller, D. K., & Spahr, N. E. (2006). Nutrients in streams
and rivers across the nation—1992–2001 (p. 44). U.S.
Geological Survey Scientific Investigations Report
2006-5107.



Environ Monit Assess

National Park Service (1997). Visitor experience and re-
source protection (VERP) framework: A handbook for
planners and managers (p. 108). National Park Service.

Peavler, R. S. (2008). Design and implementation of a
water-quality monitoring program in support of es-
tablishing user capacities in Yosemite National Park
(p. 101). Masters thesis, University of Nevada, Reno.

Peters, N. E. (1994). Water-quality variations in a forested
Piedmont catchment, Georgia, USA. Journal of Hy-
drology, 156, 73–90.

Rohm, C. M., Omernik, J. M., Woods, A. J., & Stoddard,
J. L. (2002). Regional characteristics of nutrient con-
centrations in streams and their application to nutrient
criteria development. Journal of the American Water
Resources Association, 38, 213–239.

Shacklette, H. T., Hamilton, J. C., Boerngen, J. G.,
& Bowles, J. M. (1971). Elemental composition of
surf icial materials in the conterminous United States
(p. 71). U.S. Geological Survey Professional Paper
574-D.

Smith, R. A., Alexander, R. B., & Schwarz, G. E. (2003).
Natural background concentrations of nutrients in
streams and rivers of the conterminous United States.
Environmental Science & Technology, 37, 3039–3047.

Sorenson, S. K., & Hoffman, R. J. (1981). Water-quality
assessment of the Merced River, California, in the 1977
water year (p. 37). U.S. Geological Survey Water-
Resources Investigations Report 80-75.

Stankey, G. H., Cole, D. N., Lucas, R. C., Petersen, M. E.,
& Frissell, S. S. (1985). The limits of acceptable change
(LAC) system for wilderness planning (p. 37). U.S.
Department of Agriculture, Forest Service General
Technical Report INT-176.

Stoeckel, D. M., Mathes, M. V., Hyer, K. E., Hagedorn,
C., Kater, H., Lukasik, J., et al. (2004). Comparison

of seven protocols to identify fecal contamination
sources using Escherichia coli. Environmental Science
& Technology, 38, 6109–6117. doi:10.1021/es0354519.

Tsihrintzis, V. A., & Hamid, R. (1997). Modeling and man-
agement of urban stormwater runoff quality: A re-
view. Water Resources Management, 11, 137–164.

U.S. Environmental Protection Agency (1986). Ambient
water quality criteria for bacteria, 1986 (p. 18). U.S.
Environmental Protection Agency EPA 440/5-84-002.

U.S. Environmental Protection Agency (2000a). Ambi-
ent water quality criteria recommendations: Rivers and
streams in nutrient ecoregion II (p. 39). U.S. Environ-
mental Protection Agency EPA-822-B-00-015.

U.S. Environmental Protection Agency (2000b). Nutrient
criteria technical guidance manual, rivers and streams
(p. 253). U.S. Environmental Protection Agency EPA-
822-B00-002.

U.S. Geological Survey (2011). National f ield manual for
the collection of water-quality data. U.S. Geologi-
cal Survey Techniques of Water-Resources Investiga-
tions Book 9, chapters A1–A9. Available online at
http://pubs.water.usgs.gov/twri9A.

Wetzel, K. F. (2003). Runoff production processes in
small alpine catchments within the unconsolidated
Pleistocene sediments of the Lainbach area (Upper
Bavaria). Hydrologic Processes, 17, 2463–2483.

Wilcox, R. R. (2005). Introduction to robust estimation and
hypothesis testing (p. 608). Elsevier.

Zaugg, S. D., Smith, S. G., & Schroeder, M. P. (2006). De-
termination of wastewater compounds in whole water
by continuous liquid–liquid extraction and capillary-
column gas chromatography/mass spectrometry. U.S.
Geological Survey Techniques and Methods Book 5,
Chapter 4. Available online at http://pubs.usgs.gov/
tm/2006/05B04.

http://dx.doi.org/10.1021/es0354519
http://pubs.water.usgs.gov/twri9A
http://pubs.usgs.gov/tm/2006/05B04
http://pubs.usgs.gov/tm/2006/05B04

	Assessing possible visitor-use impacts on water quality in Yosemite National Park, California
	Abstract
	Introduction
	Study area
	Methods
	Water-quality sampling strategy
	Nutrients and E. coli

	Statistical methods
	Concentration distributions
	Spatial differences
	Characterizing natural background concentrations


	Current conditions and spatial patterns in nutrient and E. coli concentrations
	Seasonality in nutrient concentrations and E. coli concentrations
	Models of natural background concentrations of nutrients
	Comparison of modeled and observed nutrient concentrations
	Alternatives for setting nutrient standards in Yosemite
	Summary and conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


