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Ozone concentration spatial patterns remain largely uncharacterized across the extensive wilderness
areas of the Sierra Nevada, CA, despite being downwind of major pollution sources. These natural areas,
including four national parks and four national forests, contain forest species that are susceptible to
ozone injury. Forests stressed by ozone are also more vulnerable to other agents of mortality, including
insects, pathogens, climate change, and ultimately fire. Here we analyze three years of passive ozone
monitor data from the southern Sierra Nevada and interpolate landscape-scale spatial and temporal
patterns during the summer-through-fall high ozone concentration period. Segmentation analysis
revealed three types of ozone exposure sub-regions: high, low, and variable. Consistently high ozone
exposure regions are expected to be most vulnerable to forest mortality. One high exposure sub-region
has been documented elsewhere as being further vulnerable to increased drought and fire potential.
Identifying such hot-spots of forest vulnerability has utility for prioritizing management.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The poor air quality in many parts of the southern Sierra Nevada
mountain range in California is a result of major upwind pollution
sources. While the ozone concentrations of the adjacent populated
landscape are well-characterized and continuously monitored
(CARB, 2013), the ozone concentrations of the extensive downwind
wilderness areas in the Sierra Nevada remain largely unmapped.
These natural areas, including four national parks and four national
forests (Supplementary Data Fig. 1), contain ecosystem types that
have been documented as being vulnerable to ozone pollution
(Miller and Millecan, 1971; Duriscoe, 1990; Arbaugh et al., 1998;
Bytnerowicz et al., 2003a,b). While significant direct injury to
these forests from ozone pollution has been reported, forests that
have been stressed by ozone are also more vulnerable to other
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agents of mortality, including insects (Stark et al., 1968; Eatough
Jones et al., 2004), pathogens (James et al., 1980; Fenn et al.,
1990), climate (Weaver et al., 2009) and ultimately fire (Van
Mantgem et al., 2003; Grulke et al., 2009).

The goal of this study was to develop a map of ozone exposure
across wilderness areas in the heavily ozone-impacted southern
Sierra Nevada, with an eye toward identifying ecosystems that are
left vulnerable to other agents of mortality by ozone exposure.

The foothill and mountain ecosystems of the Sierra Nevada lie
along the eastern edge of the San Joaquin Valley Air Basin (Fig. 1),
the southern half of California’s broad central valley, which is
classified as “extreme non-attainment”, the worst category relative
to federal standards of ozone (USEPA, 2011). The San Joaquin Valley
accounts for about 14 percent of total California statewide emis-
sions (CARB, 2010). Generalized surface airflow patterns carry
pollutants southeastward from their sources into major drainages
in the Sierra Nevada, as well as in a large counterclockwise eddy
northward along their western flank (Fig. 1).

Combining data from real-time, continuous ozone monitoring
networks with GIS-based spatial interpolation models has
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Fig. 1. The San Joaquin Valley air basin. Arrows show general surface airflow patterns, including an eddy that circulates counterclockwise along the western front of the Sierra

Nevada.

established a powerful approach to estimating ozone concentration
surfaces over broad, populated landscapes in Europe and the U.S.
(Loibl et al., 1994; Wong et al., 2004; De Marco et al., 2010; Denby
et al., 2011; Singh et al., 2011). Estimating landscape-scale ozone
concentrations in remote mountainous terrain is difficult, however,
due to steep elevational gradients, heterogeneous terrain, complex
wind and deposition patterns, and the lack of power/access needed
to maintain continuous monitors. Passive sampler networks can
provide coarse seasonal and spatial ozone concentration dynamics
across these large areas. These networks integrate ozone concen-
trations over long periods and can be a critical element of charac-
terizing ozone concentration in complex terrain (Krupa and Legge,
2000). Following the approach used with continuous monitor
networks, we sought to combine data from a passive monitor

network with a spatial interpolation model that included param-
eters suitable for the southern Sierra Nevada, to estimate ozone
surfaces over this remote, ecologically-vulnerable landscape. Pa-
rameters influencing ozone concentrations can vary spatially, daily
and seasonally. Uptake by, and impacts on, vegetation are further
complicated by daily and seasonal plant physiological patterns that
influence ozone uptake (Panek, 2004; Panek and Goldstein, 2001).

1.1. Climate drivers of ozone concentration

The Mediterranean climate of California influences timing and
distribution of ozone. In the Sierra Nevada, precipitation falls
mainly between October and June. The summer months are
generally dry and hot. High summertime temperatures and greater
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solar radiation lead to higher ozone concentrations in the summer
months (Van Ooy and Carroll, 1995; Bytnerowicz et al., 2002).
[solated rainstorms may temporarily scrub ozone from the air. A
combination of rising temperatures, solar radiation and water
availability in spring and early summer months enhances Sierra
Nevada forest physiological activity (Panek, 2004), which has the
potential to remove ozone from the air and thus decrease atmo-
spheric concentrations. Surface wind patterns move ozone and its
precursors through the San Joaquin Valley Air Basin and force it
upslope in the Sierra Nevada. These patterns are influenced by
temperature and topography (Beaver et al., 2010).

1.2. Spatial drivers of ozone concentration

Spatial distribution of ozone across the Sierra Nevada depends
on source strength, transport characteristics, topography, and sur-
face and chemical characteristics influencing deposition (Van Ooy
and Carroll, 1995; Carroll and Dixon, 2002). However, generally,
ozone concentrations in the Sierra Nevada have been reported to be
highest closest to the San Joaquin Valley and decrease with distance
eastward and northward across the range (Preisler and Schilling,
2003; Fraczek, 2003).

1.3. Fire effects on ozone concentration

Fire affects the source strength of precursors that can ultimately
influence downwind ozone concentrations (Pfister et al., 2008;
Bytnerowicz et al.,, 2013). In 2007, northern California fires in
September affected ozone concentrations in northern and central
parts of California and Nevada (Pfister et al., 2008). In 2008, the
largest California wildfire season to date, wildfires started in late
June and lasted through most of the summer season. Effects on
ozone concentrations were noted in Devil’'s Postpile National
Monument (Bytnerowicz et al., 2013). The summer of 2006 expe-
rienced a smaller wildfire season, mostly in northern California
(InciWeb, 2006), and effects on ozone concentrations were
undetermined.

2. Materials and methods
2.1. Passive samplers and network

Passive ozone samplers were deployed continuously over sequential two-week
periods in 2006, 2007 and 2008 during the highest ozone concentrations period of
the year — June through October — to estimate average 24-h ozone concentrations
for each two-week period. The networks were the same in 2006 and 2007, with 38
samplers (Fig. 2, circles). In 2008, a smaller network of 18 samplers that included
samplers in the eastern Sierra Nevada was deployed (Fig. 2, triangles). Samplers
were distributed over a broad area of the southern Sierra Nevada including multiple
natural resource management jurisdictions (Supplementary Fig. 1). A description of
Ogawa passive ozone samplers, and methods for calculating the 24-h average ozone
concentration, can be found in Koutrakis and Kelly (1993).

2.2. Defining the analysis region

The extent of the ozone analysis boundary was determined by a scientifically
supported, standardized definition for “ecological region” which was developed as
part of an ongoing natural resource analysis collaboration between federal man-
agement agencies, universities, and non-governmental organizations in the south-
ern Sierra Nevada (NPS 2013). The region was defined in a series of steps described in
detail in Thorne et al. (2013) as a spatial overlay of the major biotic and abiotic
landscape features that are integral to understanding the relationship between a
protected area and its surrounding ecosystems, including watersheds, natural dis-
turbances, and crucial and contiguous habitat for select species.

2.3. Geospatial regression

Geographically weighted regression (GWR) is one of several spatial regression
techniques. GWR provides a local model of a variable or process by fitting a
regression equation to every feature in the dataset. In this study both ordinary least

squares (OLS) regression and GWR approaches were tested to build an ozone
regression from a selection of independent variables.

The GWR models provided a better fit than the OLS models and were used for
the analysis. Regression kriging was also considered, but ultimately determined
inappropriate. Like geographically weighted regression (GWR), regression kriging
(RK) is a powerful local spatial prediction model (Singh et al., 2011; Denby et al.,
2011), however the samples used in this analysis were not spatially uniform and
were non-stationary, thus GWR provided a more flexible estimation of parameters.
Geographically weighted regression emphasizes spatial non-stationarity, but takes
no account of spatial correlation. An adaptive kernel sampling was used to calculate
the weight. The RK approach would use the weight matrix and the spatial semi-
variogram for regression parameter estimation, determined by an optimal semi-
variogram function that quantitatively models the spatial dependence and structure.
The RK approach would have been problematic with the sampling design and model
variables used.

All the GWR analyses were run using an adaptive kernel that searched for an
optimal number of neighbors, selected over the fixed distance kernel based on
model design constraints, and an Akaike information criterion bandwidth method.
The independent variables considered for the full model included mean tempera-
ture, elevation, distance to the bottom of the nearest drainage, and maximum
normalized wind velocity. Temperature and elevation were highly correlated, so
only elevation was kept because of its continuous spatial coverage. The normalized
wind field calculations were derived from a USDA Forest Service Joint Fire Science
Program model that simulates terrain effects on wind flow at scales relevant to
wildland fires and, in this case, ozone concentration (Forthofer and Butler, 2013).
There is no temporal component to this variable. It is an estimate of available wind
given a constant gust modified by topography and vegetation.

The same full model was applied independently to each two-week time period,
with a resulting full or reduced model depending on fit. The median adjusted R was
45% for all two-week periods, and the highest frequency of R? was in the 50—70%
range.

Using the resulting geographically-weighted regression equation for that
period, a continuous ozone concentration layer was extrapolated to the region, at
3500 m resolution, which is the finest resolution at which error was minimized. A
separate ozone layer was made for each of the 27 two-week periods. Because ozone
concentration and distribution are source- and weather-dependent, the magnitude
of ozone concentration between time-periods was very different, however the
distribution of ozone through each period was generally similar. The spatial average
of the 27 ozone concentration layers is shown in Fig. 2.

2.4. Analysis uncertainty

Variation and uncertainty were quantified in several ways. To determine the
goodness of fit of the GWR model, residuals representing the observed minus the
predicted ozone concentration value at each monitoring site were analyzed for each
two-week period. The absolute value of the residual at each site was normalized by
the observed ozone concentration at the site and time period to allow for temporal
and spatial comparison of residuals despite changes in ozone concentration over
time. The annual mean and standard error of normalized residuals were calculated
by site for each of the years 2006, 2007, and 2008, to show average and spread in
goodness of fit. To show the variation due to ozone concentration changes over time,
the standard deviation of the annual mean of modeled ozone layers was calculated
within each grid cell over all measurement periods within a year.

2.5. Segmentation analysis

An Object Based Image Analysis (OBIA) segmentation algorithm was used to
create 16 unique regions using eCognition® version 8.7. OBIA techniques use ele-
ments of image interpretation to automate manual interpretation of spatial data,
extracting features using spectral, geometric, and contextual information in an
image (Olson, 1960). Several studies have demonstrated that OBIA techniques are
superior to traditional pixel-based approaches for impervious surface mapping
(Thomas et al., 2003; Finke et al., 2009; Miller et al., 2009), and some have even
concluded that the accuracy can approach that of manual interpretation
(Kampouraki et al., 2008).

OBIA techniques focus on the application of image segmentation algorithms that
group pixels into objects (Baatz and Schape, 2000). Like pixels, image objects have
spectral properties (mean band values), but unlike pixels they have spatial charac-
teristics (shape, size, texture) and are topologically aware (i.e., each object “knows”
its neighbor objects). The segmentation took into consideration the variability of the
input surface but not the uncertainty associated with the surface.

Regions across the landscape with high, low and variable ozone concentration
classes were identified with OBIA. This analysis consisted of three major steps. The
first step was to quantify the normalized variability in ozone concentrations within
each raster cell. This was accomplished by quantifying a regional ozone mean then
re-classifying each of the 27 two-week ozone surfaces into an above-mean or below-
mean cell value. The second step then investigated the variability in ozone con-
centrations of step one for each cell and categorized a single surface into a high,
variable, and low class. Specifically, if a cell was categorized as high 80% of the time
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Fig. 2. Average 24-h ozone concentrations for the region, from a geographically weighted regression analysis of passive ozone monitors sampled in two-week periods over the
summer and early fall months (June—October) in 2006, 2007 and 2008. Grid size is 3500 m. National forest and national park boundaries are outlined within the region. Passive
ozone monitor sites are shown with circles for the 2006—7 monitoring season, and triangles for the 2008 monitoring season.

(80% of the 27 two-week ozone surfaces), it was assigned to the high classification, if
it was low 80% of the time it was assigned to the low classification; otherwise it was
assigned to the variable classification. Using the data from step 2 the region was then
segmented into unique sub-regions of roughly 10,000 acres (40 km?) or less, using
OBIA to identify areas of similar ozone exposure.

3. Results
3.1. General spatial patterns

Average June—October ozone concentrations were generally
highest on the western side of the Sierra Nevada, and highest
specifically to the west of Sequoia and Kings Canyon Parks (Fig. 2),
showing the influence of the sources in the San Joaquin Valley and
surface airflow patterns moving southeastward toward the Sierra
Nevada, as well as the recirculation effect of the counterclockwise

eddy. The northern portion of the region, including Yosemite Na-
tional Park, was less ozone-impacted, protected from San Joaquin
Valley air basin ozone sources by distance and topography. The
higher elevations of the Sierra Nevada also had low average ozone
concentrations. These areas that are difficult to access, therefore
have fewer sampling points, thus extrapolation to these areas was
less certain. However, the pattern was consistent with the obser-
vation that the higher-elevation ozone monitoring sites in the
southern Sierra Nevada generally exhibit lower ozone concentra-
tions (Bytnerowicz et al., 2002; Panek et al., 2013). The eastern
slope of the Sierra Nevada experienced incursions of ozone from
the Owens Valley, so ozone concentrations were moderate there.
Airflow patterns generally bring ozone to the Owens Valley through
the San Joaquin River drainage to the north (Cisneros et al., 2010),
and also from the Mojave Desert to the south, but concentrations
were much lower than on the central western slopes.
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3.2. General temporal patterns

Comparing time trends for the three years 2006—2008 using the
passive sampler data revealed differences in mean ozone concen-
trations between years and over time (Fig. 3). Note that the 2008
monitoring network was smaller, shorter-term, and had a higher
presence of Owens Valley and eastern Sierra Nevada sites.

Late summer ozone was higher in 2006 than in 2007 and 2008.
All three years showed a drop in ozone mid-summer. Temperature,
measured at meteorological stations near the passive sampler sites,
explained 40% of the variation in measured ozone concentration
over time. Rain may explain low values in years 2006 and 2008,
when regional July rain events may have scrubbed ozone from the
air. The drop in ozone concentration mid-summer may also be due
to dynamics in source strength. Upwind fire emissions may play a
role in the 2006 late July rise in ozone concentrations and the 2007
September rise. However, the largest fire season in California record
to date, starting late June 2008, did not appear to greatly influence
measured ozone concentrations.

3.3. Detailed spatial patterns

Looking at detailed landscape patterns of ozone concentration
for each two week period allowed a closer look at regional simi-
larities and differences over time. Figs. 4 and 5 show how con-
centration distribution varied over the 2006 and 2007 ozone
seasons, the seasons that have the longest record.

Generally, the maps show that ozone lapped onto the lower
western slopes of the Sierra Nevada much like ocean waves lapping
onto a beach. Each two-week ozone period impacted the “shore-
line”, or the front of the range, depending on the overall magnitude
of the period (Figs. 4 and 5). Generally the lower elevation western
slopes of the southern Sierra Nevada received the highest ozone
concentrations. However, if the period had generally higher overall
ozone concentration, the “wave front” was generally greater in
magnitude, the northern extent of the front had higher concen-
trations and the ozone wave lapped higher in elevation. However
there was an area beyond the reach of the waves, the nominal
“high-tide line”. This break delineated a higher-elevation region
that has consistently low ozone concentration from one period to
the next.

Ozone penetrated into deeper river basins of the Sierra Nevada
that drain west, particularly the San Joaquin River drainage, the
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Fig. 3. Ozone concentration trends over time show differences between years, and
differences in pattern over time. Ozone concentration (ppb) is shown for three years —
2006 through 2008. Dates are the beginning of two-week sample periods. Bars show
standard error of the mean.

Middle Fork of the Kings River, and the South Fork of the Kaweah
River (Figs. 4 and 5). The Merced and Tuolumne Rivers, however,
were an exception. Much of Yosemite and the northern interior of
the study region appeared to be buffered from the brunt of ozone
exposure by the topography of the extended foothill region be-
tween Yosemite National Park and the San Joaquin Valley.

A particularly interesting spatial feature was the degree of ozone
penetration into the Owens Valley on the eastern side of the Sierra
Nevada (Figs. 4 and 5). A wide, indefinite corridor of ozone was
apparent through the San Joaquin river drainage north of Kings
Canyon National Park that connects the San Joaquin Valley to the
Owens Valley. Another corridor of ozone was seen from the south
into the Owens Valley on the eastern side of the Sierra. Both
appeared to contribute to ozone levels on the eastern side of the
Sierra.

A strong feature of the spatial/temporal analysis was the general
consistency of ozone distribution from one measurement period to
the next. This suggested that segmentation analysis might be useful
in delineating different classes of ozone exposure across the
landscape.

3.4. Segmentation analysis

Object-based image segmentation of all ozone events from
2006 through 2008 revealed 16 different sub-regions that fell into
three categories of ozone concentration, high, variable and low
(Fig. 6). The high ozone sub-regions were along the western edge
of the Sierra Nevada, but including the southern portion of the
range as well. The variable ozone sub-regions included the upper
elevations of the western side of the Sierra Nevada as well as the
Owens Valley area and other contiguous valleys on the eastern
side of the mountains. The low ozone sub-regions included the
higher elevations of the Sierra as well as most of Yosemite Na-
tional Park.

Although each sub-region was classified as “high”, “variable”
and “low”, some sub-regions had a greater or lesser percentage of
their pixels in a given category. Sub-region 12, for example, clearly
had the greatest ozone exposure of the entire region (Fig. 6).
Ninety-nine percent of the pixels in sub-region 12 were in the
“high” category, only 1% in the “variable” category, and none in the
“low” category (Table 1). Sub-region 2, also classified as “high”, had
lower ozone exposure, with 73% of pixels in the “high” category and
26% in the “variable” category. Sub-region 12 is the hottest hot-spot.
Analogously, sub-region 10 is the area with the lowest ozone
exposure, i.e. the coolest hot-spot.

3.5. Detailed temporal patterns

The time trends of mean ozone concentration, taken from the
passive sampler data and assigned to their respective geographic
sub-region classifications, tracked one another over time and
consistently rise and drop together (Fig. 7). This suggests that by
knowing the ozone concentration over time in one sub-region
class, the concentrations in other sub-regions can be generally
estimated. “High” and “low” classes tracked each other most
consistently, while the “variable” class, not surprisingly, tracked
the least consistently, generally somewhere between the other
two.

The average difference between the low and the high ozone
class was 14.2 (43.8 standard deviations) parts per billion (ppb).
The average difference between the variable and the high class was
5.7 (£14.2 standard deviations) ppb. Not surprisingly, the vari-
ability in the difference between the higher and variable class was
much greater.
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3.6. Analysis uncertainty

The spatial ozone concentration data were interpolated from
widely spaced passive ozone monitors. Uncertainty was associated
with several steps of the analysis. Uncertainty in passive ozone
measurement in general in the Sierra Nevada, described as the
mean absolute percent difference between ozone measured with
passive samplers and continuous monitors, was investigated in an
earlier study designed to assess passive monitor performance (Lee,
2003) and reported as 7.6%. When averaged over the season, it
dropped to 5.8%.

Number of collectors per unit area also influenced uncertainty.
Generally, the area with the greatest number of collectors per area
was the western portion of the region. Here ozone concentration
was highest and the concentrations were interpolated with
greater certainty due to a greater number of collectors. There is
significant management concern about penetration of ozone into
the national parks and wilderness areas of the higher elevations
and the eastern side of the Sierra. While ozone concentrations
appear lower here, these areas had fewer collectors and thus lower
certainty.

The goodness of fit of GWR in estimating ozone concentration
surfaces was quantified through residual analysis. Mean residuals
from model fit at sites on the western edge of the region were
generally below 10% of the measured ozone concentration, for each
of the years (Fig. 8). The remaining sites generally had mean re-
siduals below 20%. Two sites had residuals greater than 20% in
2006. The year 2006 had greater residual magnitude than the other
years, as well as greater variation in ozone concentration over time
(Fig. 8). The spread of residuals in a year at each site was quantified
with the standard error of the mean. Generally the westernmost
sites had lowest residual standard error (Fig. 8). The spread in re-
siduals was greatest in 2006. Thus, the GWR approach showed
overall good performance in predicting ozone concentrations over
the region, with residuals generally less than 20% of the observed
value. The best model fit was in the westernmost part of the region,
where there is generally a higher ozone signal and less complex
terrain. The increasing complexity of the landscape as ozone moves
eastward into the mountains likely introduces variation in ozone
concentration due to microclimate, deposition to vegetation, and
other factors that is not explained by the parameters of the GWR
model.

The standard deviation of the mean annual ozone concentration
was greatest at the westernmost extent of the region, where the
episodic temporal variation in ozone concentration was most
evident (Fig. 8). The standard deviation was greater over the region
in 2006 than in 2007 or 2008.

3.7. Consistency with past analyses

A previous spatial analysis (Fraczek, 2003) of a 1999 passive
ozone network had good overlap in timing and some overlap in
extent with the region of the current analysis. We sought to
determine whether the two spatial ozone analyses showed similar
results. The comparison method and results are shown in the
Supplementary Data section.

4. Discussion

The method of combining passive ozone monitors, geographi-
cally weighted regression, and segmentation analysis has identified
patterns in ozone concentration over time and over the landscape.
From these analyses it was possible to identify sub-regions of
potentially vulnerable forests in the Sierra Nevada region.
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Fig. 6. Object-based image segmentation identified 16 unique sub-regions of ozone exposure that were further classified as “high”, “variable” and “low”.

Table 1

Sub-regions falling into categories of high, low or variable ozone exposure were
identified using object-oriented image analysis. Each sub-region had a unique per-
centage of pixels in each category.

Region ID Area (km?) % Low % Variable % High Class

1 10,405 90% 8% 2% Low

2 6739 0% 27% 73% High

3 5372 0% 8% 92% High

4 968 29% 51% 20% Variable
5 977 9% 79% 13% Variable
6 1170 22% 54% 24% Variable
7 539 41% 36% 23% Variable
8 1274 26% 59% 15% Variable
9 1358 41% 55% 4% Variable
10 1342 98% 2% 0% Low

11 3957 39% 56% 4% Variable
12 4411 0% 1% 99% High

13 4190 85% 15% 0% Low

14 1446 31% 55% 14% Variable
15 3292 3% 57% 40% Variable
16 1604 2% 29% 69% High

4.1. Ozone exposure

Ozone concentrations in the southern Sierra Nevada showed a
remarkable consistency of pattern, across time and across the
landscape. Segmentation analysis revealed large areas of the region
that behave similarly with respect to ozone. The western edge of
the Sierra Nevada closest to the San Joaquin Valley, had the greatest
ozone concentrations, with the impact of surface air pollution
recirculation patterns within the San Joaquin Valley seen as a
consistently higher ozone exposure area in the lower portion of its
western edge. Ecosystems within this sub-region, representing
roughly 10% of the entire region, were consistently exposed to the
highest ozone concentrations of the entire 49,000 km? region.

The break delineating the edge of the high-ozone sub-regions
along the western edge of the Sierra and the rest of the region to the
east was at a consistent elevation of approximately 1700—2400 m
(Fig. 9), analogous to a “high-tide line”. This supports the concept of
a limited pollutant transport efficiency over the mountains. Other
researchers have noted the break at roughly the same elevation.
Bytnerowicz et al. (2002) measured pollutants along an elevational
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Fig. 7. Average ozone concentrations in the high and low ozone sub-region classes tracked each other consistently over time in each of three years 2006, 2007, 2008. The variable

class generally tracked the other classes over time, but less consistently.

gradient in Sequoia and Kings Canyon and showed a linear drop
ozone with increasing elevation between 1200 m and 2300 m. This
is also consistent with Cahill et al. (1996) who showed a sharp
reduction in ozone and aerosols between measurement sites in
Sequoia and Kings Canyon National Parks at 1830 m and 3050 m.

The line is also likely a result of ozone loss as it moves upslope
during the day and is deposited on vegetation. At night, downslope
airflow brings cleaner air from aloft. Ozone does move eastward
across the Sierra Nevada range, however it takes a lower elevation
path. An indistinct corridor is seen in the San Joaquin River
drainage area, apparent in Figs. 4 and 5. The corridor is evident in
both the high, moderate and low concentration events. This
transport was specifically measured by Cisneros et al. (2010) and
reported in Bytnerowicz et al. (2003a).

4.2. Forest vulnerability, mortality and implications for
management

The results have implications for landscape vulnerability to
agents of forest mortality. Ozone-stressed pine forests have been
shown to be more susceptible to pest and pathogen infestation, to

drought stress, and to fire. Pines in southern California can serve as
host to the western pine beetle (Dendroctonus brevicomis LeConte)
and the mountain pine beetle (D. ponderosae Hopkins). Pine with
measurable ozone injury show greater damage from, and less
resistance to, bark beetle attack (Stark et al., 1968). In sites with high
ozone and nitrogen exposure in the San Bernardino Mts., bark beetle
activity and tree mortality were significantly higher than at lower
exposure sites (Eatough Jones et al., 2004). Ozone-injured pine are
also more likely to get infected by the pathogens annosus root
disease (Heterobasidion annosum, James et al., 1980) and black stain
root disease (Leptographium wageneri, Fenn et al., 1990).

Ozone-stressed pine forests are more susceptible to drought.
Physiologically, forest exposure to ozone at moderate to high ozone
exposure can lower soilwater uptake due to reduced root mass size
and also increase demand for water due to loss of moisture regu-
lation at the leaf-level (see review in Grulke et al.,, 2009). This
enhanced susceptibility to drought would exacerbate the impact of
documented increasing drought conditions in the southern Sierra
brought on by decreased moisture availability due to climate
change, evidenced by decreasing runoff and earlier runoff timing
(Andrews, 2012; Rice and Bales, 2013).
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Fig. 9. The 1700—2400 m elevation band was a marked break between high and low ozone concentrations along an elevational gradient. This delineation is analogous to a “high-
tide line”.

Forests exposed to ozone are more susceptible to fire, both
indirectly and directly. The ozone-induced forest susceptibility to
bark beetles, pathogens and drought can exacerbate the risk of fire.
But ozone stress in trees can directly increase fire vulnerability as
well, through greater foliar loss, increased litter accumulation, and
decreased litter decomposition (Grulke et al., 2009).

The pine-forested landscape along the western front of the Si-
erra Nevada is highly vulnerable to stress and at risk of mortality.
Sub-regions 2, 12, 16, and 3 are the areas with highest ozone
exposure. The western slopes of the Sierra Nevada are also expe-
riencing increasingly longer dry seasons on average resulting in less
soil moisture availability, due to earlier-season snowmelt of the
mid-elevation Sierra (Andrews, 2012; Rice and Bales, 2013). Inde-
pendent of these factors, the chance of fire in these regions is high,
particularly in sub-regions 12, 16 and parts of 3. The interval since
the last fire in these areas is 5—17 times greater than it was under
historical conditions (Thorne et al.,, 2013), putting this area at

“extreme” fire risk. With the added stress of drought and ozone, the
forested regions of this area are possibly the most vulnerable to
mortality in the southern Sierra Nevada.

5. Conclusions

Characterizing the spatial distribution of ozone concentration
through the combined use of passive samplers and GWR quantified
patterns of ozone exposure across the landscape. Some of these
patterns corroborated insights inferred from other studies. Identi-
fying zones of ozone exposure can aid in prioritizing management.
Regions in the southern Sierra Nevada above 2400 m are relatively
pristine. Ecosystems in high ozone concentration regions in the
south and southwestern Sierra Nevada, particularly sensitive pine
forests, are more vulnerable to mortality. Spatial maps of direct
foliar injury on sensitive pines would provide further evidence of
areas of greater and lesser forest vulnerability.
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