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Ozone effects on two ecosystem services at Great 
Smoky Mountains National Park, USA
By Andrew Bingham and Ellen Porter

Abstract
Protected areas such as national parks are recognized as important 
providers of ecosystem services, the benefits nature conveys to 
humans. However, some threats to these services, such as air 
pollution, can derive from outside a park’s boundaries. Ground-level 
ozone (O3) is a human-made pollutant that at elevated levels can 
damage vegetation, resulting in decreased growth and increased 
water loss through evapotranspiration, which in turn results in 
decreased overall streamflow. Using studies conducted on similar 
ecosystems in and near Great Smoky Mountains National Park, 
we estimated the potential loss from O3 damage of two ecosystem 
services, climate regulation (through the intermediate service of 
carbon sequestration) and water provisioning (through streamflow), 
at this national park. These ecosystem functions directly benefit 
humans by providing a livable climate and by providing downstream 
beneficiaries with water for drinking, agriculture, recreation, 
and hydropower. We found the loss from impairment of these 
services could be significant when O3 levels are elevated. A 50% 
increase in O3 exposure is projected to result in a loss of carbon 
(C) sequestration of 500,000–960,000 t C yr −1 (metric tons of 
C per year) (551,000 sh t C yr −1), while a 25% reduction in O3 
concentrations could result in an increase in streamflow of 109.6 
M m3 (million cubic meters) (88,854 ac-ft) from the park during the 
critical dry August–October period. This highlights the important 
services provided by protected landscapes such as this national park 
and the need for more in-depth research on the effects air pollution 
can have on the benefits we receive from nature.
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Figure 1. Streams originating in Great Smoky Mountains 
National Park are an important source of water for 
downstream communities. Streamflow can be diminished 
significantly because of ozone damage to vegetation.
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THE ASSESSMENT OF ECOSYSTEM SERVICES IS IM-
portant for characterizing the benefits nature provides to 
humans, and facilitates the use of ecosystem indicators 

in public decision making (Patterson and Coelho 2009). Eco-
system services have been defined as “components of nature, 
directly enjoyed, consumed or used to yield human well-being” 
(USEPA 2013a, 3). Some ecosystem services, such as crop pol-
lination and flood protection, are well documented and are fairly 
straightforward to quantify; others, such as scenic vistas, are less 
tangible yet no less important to human well-being. As protected 
areas, the National Park System is ideally situated to provide many 
services that are beneficial to humans. Traditionally parks have 
been valued for their aesthetic, spiritual, and cultural contribu-
tions to human welfare. Using the ecosystem services framework, 
however, we now realize that while many services, such as climate 
regulation or water provision, are directly generated by protected 
park ecosystems, they flow outside park boundaries and provide 
significant benefits beyond park borders (fig. 1, previous page). 
These external contributions are little studied, if at all, but can be 
crucial sources of services required for human well-being.

Although national parks are among the most protected land-
scapes in the country, some threats do not respect boundaries. Air 
pollution may principally originate outside a park but can damage 
park ecosystems and the services these ecosystems provide if 
levels are too high. One such pollutant is tropospheric ozone 
(O3), which has long been known to damage vegetation and is 
still considered to be one of the most harmful air pollutants to 
forests and rural areas (figs. 2 and 3) (Ashmore 2005; Paoletti et 
al. 2010). It is formed via a complex set of atmospheric reactions 
in the presence of sunlight as a secondary reaction; generally 
its precursors are oxidized nitrogen (NOx) and volatile organic 
compound (VOC) emissions from stationary and mobile sources 
(Finlayson-Pitts and Pitts 1993). Over the past 20 years there has 
been a shift in research on the effects of air pollution on forests 
from a focus on forest health and effects on forest production to 
a focus on ecosystem services (Paoletti et al. 2010). Much of the 
focus of air pollution effects on ecosystem services provided by 
forests has been on changes to intermediate services such as car-
bon (C) sequestration or nitrogen effects, which can affect climate 
regulation and biodiversity; however, forest ecosystems are also 
important sources of other services, including provision of water 
for human consumption, agricultural and recreational uses, and 
hydropower production (Compton et al. 2011).

Great Smoky Mountains National Park (hereafter “the park”), 
incorporating approximately 210,500 ha (520,157 ac), is located in 
Tennessee and North Carolina. The headwaters for 45 watersheds 
are located in the park and half of the old-growth forest still pres-
ent in the eastern United States is located within its boundaries. It 

has more species of native vascular plants than any other park in 
North America and more tree species than all of northern Europe 
(NPS 2002). High levels of tropospheric O3 have been a concern 
at the park since the 1970s and can be double those in the nearby 
cities of Knoxville and Atlanta (NPS 2011). In 2011, O3 at the park 
remained at elevated levels associated with demonstrated damage 
to vegetation (NPS 2013).

We examined two ecosystem services: C sequestration and drinking 
water provision. Carbon sequestration in biomass has been identi-
fied as a key strategy for mitigating the effects of climate change 
caused by anthropogenic additions of carbon dioxide (IPCC 2014). 
Provision of water for extractive purposes such as municipal, agri-
cultural, and commercial use, and in situ uses such as hydropower 
production, recreation, and transportation, is a vital benefit provided 
by ecosystems (Brauman et al. 2007). We used data quantifying 
changes to tree growth and stream base flow because of O3 damage 
to vegetation obtained at a nearby study area to estimate effects on 
these ecosystem services provided by the park as a whole.

The ecosystem services framework provides an easily understood 
way for policymakers and nonscientists to conceptualize the im-
portant benefits nature provides and to assess the effects external 
influences can have on protected areas. By translating empirical 
data concerning effects of air pollution on vegetation to effects on 
ecosystem services, land managers and policymakers will be able 
to better incorporate the benefits provided by protected areas in 
their decisions. Though this approach may not be as robust as 
direct measurement or modeling, these calculations set the stage 
and demonstrate the need for further research to better assess the 
effects of air pollution on ecosystem services.

Carbon sequestration

We used existing data from studies of changes to tree growth 
because of O3 exposure to estimate reduction in carbon sequestra-

Figure 2. Comparison of healthy black cherry (Prunus serotine) leaves 
on the left and ozone-injured leaves on the right. Black cherry is one 
of the species planted in the park’s ozone garden as a bio-indicator 
for ground-level ozone.
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tion. Ozone has the effect of reducing carbon storage by reducing 
the net primary production (NPP) of vegetation (Felzer et al. 2002) 
(fig. 4). McLaughlin et al. (2007a) found that high levels of O3 can 
limit the growth of mature forest trees because of chronic altera-
tions in photosynthetic production and carbon allocation, and 
increased levels of water stress through increased transpiration. 
Stem increment and sap flow velocity were measured in a variety 
of tree species over three sites in eastern Tennessee, including the 
park. McLaughlin et al. (2007a) compared responses between two 
years with average cumulative seasonal O3 exposure >60 parts per 
billion (ppb) and one year with elevated O3 cumulative exposure 
(50% higher). They found that elevated levels of ambient O3 expo-
sure were associated with growth reductions of 30–50% (averag-
ing about 40%). Similar reductions in angiosperm biomass were 
reported by Wittig et al. (2009) for O3 concentrations above 80 ppb.

Because the McLaughlin et al. study used tree stem increment 
measurements to obtain changes in rates of growth because of 
O3, we used measurements of aboveground net primary produc-
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tion (ANPP) to obtain carbon-budget estimates for southeastern 
U.S. deciduous forests. Busing (2005) used tree growth incre-
ments and relationships between characteristic tree dimensions 
in the Great Smoky Mountains, Tennessee, to estimate ANPP and 
found that a range of 630–860 g C m−2 yr−1 (grams of carbon per 
square meter per year) (18–25 oz C yd−2 yr−1) is accumulated in old 
stands of temperate deciduous forest similar to those found in the 
park (table 1). We also used results from two modeling studies to 

Figure 3. Comparison of healthy tall milkweed (Asclepias exaltata 
L.) leaves on the left and ozone-injured leaves on the right. Tall 
milkweed is distributed widely throughout the park and is especially 
sensitive to ozone.

Figure 4. Forests of the southeastern United States can sequester 
large amounts of carbon and high ozone levels can reduce tree 
growth by 40% or more.
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Table 1. Range of carbon sequestration losses with 40% reduction in aboveground net primary production

Study ANPPg C m−2 yr−1 GRSM t yr−1 Is 40% of (t) Difference (t) Equal to Cars yr−1

Busing (2005) 860 1,437,760 2,396,266 958,506 688,686

Curtis et al. (2002) 446 745,629 1,242,714 497,085 357,156

GRSM = Great Smoky Mountains National Park
Deciduous acreage in Great Smoky Mountains National Park (m2): 1.67 billion
Average car emissions yr −1 (t C): 1.4



inform our range of ANPP. Curtis et al. (2002) used biomet-
ric as well as eddy covariance methods to estimate NPP for 
several sites. The eastern Tennessee deciduous forest site in 
this study had an estimated ANPP of 446 g C m−2 yr−1 (13 oz 
C yd−2 yr−1) (wood + leaves portion of their NPP estimate). 
Zhang et al. (2007) used the Dynamic Land Ecosystem Model 
to estimate carbon storage in the park. Their results revealed 
an NPP contribution of 748 g C m−2 yr−1 (22 oz C yd−2 yr−1). 
They assumed a belowground-to-aboveground NPP ratio of 
0.4, which resulted in an estimated ANPP of 449 g C m−2 yr−1 
(13 oz C yd−2 yr−1).

Based on these studies of C accumulation in eastern Tennes-
see deciduous forests, we examined a range of ANPP values, 
using the value of 446 g C m−2 yr−1 (13 oz C yd−2 yr−1) as a lower 
bound and 860 g C m−2 yr−1 (25 oz C yd−2 yr−1) as an upper 
bound for estimates of C sequestration in the park. Decidu-
ous forest in the park comprises an area of 167,181 ha (413,114 
ac). Under the assumption that all deciduous forest adds 
biomass at the same rate, we estimate from the ANPP values 
that 0.7–1.4 M t C yr−1 (million metric tons of carbon per year) 
(0.8–1.5 M short tons [sh t] C yr−1) is added as biomass to the 
aboveground vegetation in the park. Under conditions of 
elevated cumulative O3 exposure, these ANPP values would 
represent a 40% reduction in growth according to McLaugh-
lin et al.’s observations. Therefore, carbon sequestration 
without O3 damage could be about 1.2–2.4 M t C yr−1 (1.3–2.6 
M sh t C yr−1). The difference from the current level of C 
sequestration, and consequently the lost C sequestration in 
the park deciduous forest in a year with 50% above average O3 
exposure, could be in the range of 500,000–960,000 t C yr−1 
(551,000–1,057,920 sh t C yr−1) because of the growth effects of 
O3 damage.

Carbon sequestration discussion

Damage to vegetation from enhanced levels of O3 has been 
documented in Great Smoky Mountains National Park 
(Neufeld et al. 1991; Chappelka et al. 1999, 2007) and results 
in lowered amounts of biomass accumulation (McLaughlin 
et al. 2007b) (see figs. 2 and 3). Our climate has unequivocally 
been shown to be warming because of observed increases in 
anthropogenic greenhouse gases, especially carbon dioxide 
(CO2) from fossil fuel burning (IPCC 2013). Trees can act as 
a sink for CO2 by fixing carbon during photosynthesis and 
storing excess carbon as biomass (Nowak and Crane 2002) 
and can store large amounts of carbon for long time periods 
(Heath et al. 2003). About 20% of the world’s plant biomass 
can be found in temperate forests such as those found in 

the park, and mature temperate forests have high rates of C 
sequestration (Bonan 2008). Ozone can act to reduce car-
bon storage by reducing net primary production, and on a 
worldwide scale has been found to account for a reduction of 
carbon storage of about 800–1,300 M t C yr−1 (882–1,433 M sh t 
C yr−1) (Felzer et al. 2005).

The southeastern United States has been identified as an 
especially important region for C sequestration because it is 
an area where high O3 levels coincide with high plant pro-
ductivity (Felzer et al. 2005). Applying the growth reduction 
estimate of ~40% in deciduous forest found by McLaughlin 
et al. (2007b) to the ANPP estimates of biomass accumula-
tion, we find that approximately 500,000–960,000 t C yr−1 
(551,000–1,057,920 sh t C yr−1) of C sequestration can be lost 
during a year with high cumulative O3 exposure. To put this 
in context, according to the U.S. Environmental Protection 
Agency, the average vehicle in the United States emitted 5.1 t 
(metric tons) (5.6 sh t) of CO2 in 2007 (USEPA 2012). Using 
this figure, the amount of lost C sequestration is similar to 
the amount of carbon emitted by about 360,000 to 690,000 
vehicles per year.

Our analytical approach documents an effective method for 
translating growth reductions because of O3 damage to effects 
on ecosystem services, and finds that in an anomalously high 
year of O3 exposure, when cumulative O3 exposure exceeds 
the average by 50% and hourly maximum values reach 120 
ppb, significant losses of C sequestration can occur. While 
this is a relatively uncommon level, the park has experienced 
elevated levels of O3 as recently as 2012 (National Park Ser-
vice, B. Sive, atmospheric chemist, personal communication, 
Lakewood, Colorado, 29 May 2014), and the large amount 
of lost C sequestration at this exposure suggests that even 
at lower O3 levels there is likely to be a substantial loss of C 
sequestration capacity. A meta-analysis by Wittig et al. (2009) 
found growth reductions of 11–17% at an elevated O3 exposure 
average of 97 ppb. Even at average background O3 levels of 
40 ppb across the 263 studies, researchers found a reduction 
in tree biomass of 7%. These widely documented reductions 
in photosynthetic capacity and plant growth suggest that 
even with a large amount of uncertainty there is likely to be a 
substantial negative effect on C sequestration at more typical 
O3 levels (USEPA 2013b).

Water provisioning

We also examined how previous study results could be 
employed to obtain estimates of changes to water provision 
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because of O3 damage to vegetation. High levels of O3 expo-
sure, especially acute exposure at high concentrations, have 
been found to have several harmful effects on vegetation, 
including the onset of sluggish stomatal responses to stimuli 
(McLaughlin et al. 2007b) (see figs. 2 and 3). This can lead 
to incomplete closure of the stomata, weakening control of 
water loss that can persist long after O3 exposure, and may 
lead to increased evaporation of water from leaves as the 
stomata fail to close (McLaughlin et al. 2007b; Paoletti 2007). 
This increased water use and loss through the leaves causes 
reduced soil moisture and reductions in streamflow in the 
watershed as trees increase their uptake of water to offset the 
loss. Using a stepwise regression model, McLaughlin et al. 
(2007b) predicted that a 25% reduction in O3 would increase 

watershed base flow by 62% during the dry August–Octo-
ber period and would result in a long-term annual average 
increase in streamflow of around 5%, as less soil water would 
be lost through vegetation.

We evaluated the potential consequences of an O3-induced 
decrease in streamflow on an area of the park. The U.S. Geo-
logical Survey (USGS) stream gauge 03497300 is located near 
the park boundary and records outflow from a drainage area 
of approximately 27,500 ha (67,954 ac) (USGS 2012), nearly all 
of which is located within two watersheds in the park (fig. 5). 
Mean annual volume of water passing this gauge for the pe-
riod 1964–2010 is 251 million m3, which is more than 66 billion 
gallons, or 203,488 ac-ft. During the August–October period 

Figure 5. Deciduous area in the two watersheds in Great Smoky Mountains NP used to estimate reductions of base flow. Base flow from 
deciduous areas can be reduced by as much as 62% during August–October because of ozone injury to foliage.
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the mean total flow passing the gauge is 30,866,988 m3 (25,024 
ac-ft) (table 2). McLaughlin et al. (2007a) estimated that dur-
ing this period 95% of the streamflow (29,323,638 m3 or 23,773 
ac-ft) comprises base flow. Using ESRI’s ArcGIS 10.1 software 
and the USGS 2006 National Land Cover Database (NLCD), 
we have calculated that deciduous forest occupies an area of 
approximately 24,000 ha (59,305 ac) of the 27,500 ha (ArcGIS 
NLCD value; 67,954 ac) of the two watersheds that drain past 
this stream gauge, or about 88% of the land area.

We assumed an even distribution of precipitation across these 
two watersheds during the 1964–2010 period from which the 
stream gauge average is computed. Since the McLaughlin et 
al. (2007a) study examined base flow effects in deciduous 
forests, we calculated that approximately 25.7 M m3 (20.8 M 
ac-ft) (88%) of base flow would originate in deciduous for-
est areas of the two watersheds during the August–October 
period when O3 exposure is at average levels. McLaughlin et 
al. (2007a) predicted that if O3 were decreased 25% from av-
erage-year concentrations, an increase in streamflow of 62% 
could occur; this would increase flow to 41.5 M m3 (33.6 M 
ac-ft) at the stream gauge. The difference, meaning the missed 
base flow as a result of O3 damage to vegetation, is about 15.8 
M m3 (12.8 M ac-ft) over these two watersheds (table 3). Over 
the entire park area (1,671,813,900 m2; 167,814 ha [413,114 ac] 
of deciduous forest according to NLCD) this would indicate 
a lost base flow of 109.6 M m3 (88,854 ac-ft) over the August–
October period.

Water provisioning discussion

Provisioning of water is one of the most important services 
ecosystems provide to humans (Brauman et al. 2007), and 
high O3 exposure may indirectly threaten water delivery from 
Great Smoky Mountains National Park. Forest ecosystems 
are the most important source of water in the United States, 
providing 53% of the nation’s water supply and about 62% 
of the water supply in North Carolina and Tennessee (Brown 
et al. 2008). Climate change may exacerbate stress on water 
resources because of increased precipitation variability, and it 
may change seasonal timing of runoff (IPCC 2013). This could 
act to intensify changes in streamflow from O3, as the cumula-
tive seasonal effects of O3 exposure on base flow are expected 
to have the greatest impact during the late-season low-flow 
period (McLaughlin et al. 2007b). Base flow is one aspect of 
the flow regime that is critical for regulating biotic produc-
tion and diversity, and reductions are expected to have effects 
on in-stream nutrient concentrations, water temperatures, 

and dissolved oxygen levels (Baron et al. 2002; McLaughlin et 
al. 2007b; Baron et al. 2013).

In addition to ecological consequences, streamflow originat-
ing in the park is appropriated for human uses downstream. 
Many rivers and streams originating in the park drain into 
impoundments where the water is used for agriculture, recre-
ation, and hydropower. Much of eastern Tennessee relies on 
both groundwater and surface water as sources of drinking 
water. Maryville, for example, a city of 27,000, relies on the 
Little River (approximately 30 km [19 mi] downstream from 
the USGS gauge used in this analysis) for its drinking water. 
Some of these cities, including Maryville, have identified 
drought as a potential threat, even implementing mandatory 
water restrictions in the past (Tennessee Department of Envi-
ronment and Conservation 2009).

By applying McLaughlin et al.’s (2007a) findings of a 62% 
reduction of stream base flow during the crucial dry August–
October period, we find that 109.6 M m3 (88,854 ac-ft) of lost 
base flow is possible over the entire park because of damage 
to vegetation when O3 levels are elevated by 25%. Alcoa, Ten-
nessee, is downstream from the Little River USGS gauge and 
draws its water from the Little River (City of Alcoa 2007). An 
average resident uses approximately 73.3 m3 mo−1 (19,364 gal/
month) of water (City of Alcoa 2007). The amount of stream 
base flow reduction because of O3 damage to vegetation 
in the park is approximately equal to the amount of water 
used by 498,000 residents of Alcoa during an average three-
month period. A subsequent study found similar reductions 
in streamflow in high O3 years over a wide geographic area 
of the southern Appalachian Mountains consisting of many 
tree species (Sun et al. 2012). This indicates that O3 could be 
an important influence on streamflow and ecosystem services 
over a large area, and could act to exacerbate drought condi-
tions.
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Table 2. Streamflow at USGS gauge 03497300, Little River, 
above Townsend, Tennessee

Month Mean CFS Seconds mo−1 M3 mo−1

August 162 2,678,400 12,288,071

September 126 2,592,000 9,249,085

October 123 2,678,400 9,329,831

August–October 30,866,987

Note: CFS = cubic feet per second
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Conclusions

As permanently protected areas, national parks are impor-
tant providers of ecosystem services that benefit humans in 
multiple ways. However, threats to these services often come 
from outside the park’s borders and are beyond the con-
trol of the National Park Service. The benefits from nature 
preserved in national parks can be great, yet decision makers 
often lack information on how people benefit from specific 
ecosystem services (Turner and Daily 2008; Compton et al. 
2011). Resource preservation and protection are often over-
looked policy objectives, yet these objectives can be justified 
powerfully by consideration of ecosystem services and the 
benefits they provide (Salzman et al. 2001). This is especially 
true for O3, as the long-range transport of O3 can result in 
elevated levels in rural protected areas far from emissions 
sources (Adams et al. 1986).

Although this analysis entails a greater level of uncertainty in 
results because of the limited number of studies used to es-
timate the effects on changes to ANPP and especially stream 
base flow (and assumptions about the transfer of effects 
to the ecosystem scale), it nonetheless demonstrates a fast, 
straightforward, and easily comprehensible method for deter-
mining effects on ecosystem services. We found that injury to 
vegetation when O3 levels are 50% above normal is projected 
to decrease carbon sequestration across the park by 500,000–
960,000 t C yr−1 (551,000–1,057,920 sh t C yr−1), the amount of 
carbon added to the atmosphere by 360,000–690,000 cars in 
a year. In addition we found that reducing O3 levels by 25% 
could increase streamflow originating in the park by 109.6 
M m3 (88,854 ac-ft) during the dry August–October period. 
This is the equivalent water use of approximately 500,000 

municipal consumers at a time when water demand by both 
humans and ecosystems is often at its peak but supplies are 
often reduced.

The potential magnitude of losses draws attention to the 
urgent need for further investigation and more rigorous 
estimates of loss of ecosystem services and human well-being 
that is incurred from continued O3 pollution. Connecting the 
environmental consequences of air pollution (effects on tree 
growth, water loss, and streamflow) to the human beneficia-
ries of these services is a crucial link, especially since inter-
mediate ecosystem services such as C sequestration are often 
underappreciated components of final ecosystem services 
(USEPA 2013a). Framing this link in a manner that is accessi-
ble to policymakers, such as putting it in terms of automobile 
emissions or municipal water customers, is an important step 
toward communicating the damage suffered by ecosystem 
services from O3 incursion and the benefits of implementing 
mitigation measures.

Managing ecosystem services will become increasingly im-
portant as the human footprint on the landscape continues 
to grow (Kreman 2005). Raising the awareness of policymak-
ers about how their decisions affect how humans can benefit 
from nature, even when these benefits originate in otherwise 
protected areas such as national parks, is crucial to their 
preservation and the human well-being associated with those 
services. Quantifying the deleterious effects of O3 pollution 
on ecosystem services and putting them in a framework that 
can easily be understood and used to guide policy decisions 
are an important component of pollution mitigation strate-
gies.

RESEARCH REPORTS

Table 3. Base flow reduction due to ozone-damaged vegetation

Parameter Volume (m3) Comparison Metric

August–October streamflow 30,866,987

August–October base flow 29,323,638

Base flow originating in deciduous in-stream gauged watersheds 25,707,169

Deciduous base flow (m3) per m2 in gauged watersheds 0.11 Alcoa resident average water usage 73.3 m3 mo−1

62% of base flow originating in deciduous watersheds 41,463,175

Difference between measured deciduous base flow and 100% 15,756,006 Equivalent Alcoa residential customers 71,629

Deciduous base flow in GRSM 178,751,369

62% of deciduous base flow in GRSM 288,318,357

Difference between measured deciduous GRSM base flow and 100% 109,566,988 Equivalent Alcoa residential customers 498,106
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