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Out of sight, Out of mind — but not Out of scope: the
need to consider ozone (O3) in restoration science,
policy, and practice
Michael P. Perring1,2,3,4 , James M. Bullock5 , Jamie Alison1 , Amanda J. Holder1 ,
Felicity Hayes1

Restoration ecologists have local- to global-scale ambitions in a policy framework of sustainable development goals and reversing biodi-
versity loss. Emphasis is given to environmental alteration, typically considering land degradation and climate change. Other related
environmentaldrivers, suchaspollution,receive lessattention.Hereweemphasize that terrestrial restorationdiscourseneeds toconsider
tropospheric ozone (O3)pollution.O3’spervasive influenceonplantsandother ecosystemcomponentsprovides for thepossibilityof con-
sequences at community and ecosystem levels.Theprecursor chemicals that lead toO3 formationare increasing, precipitously so in rap-
idly industrializingregionsof theworld.Yet, areviewof critical restorationguidanceandjournals suggests thatbecauseO3 isoutof sight,
it remains out of mind. Based on a narrative cross-discipline literature review, we examine: (1) HowO3 could affect the achievement of
restorationgoals and (2)Howrestoration interventions could feedbackon troposphericO3.Evidence, currently limited, suggests thatO3

could impair the achievement of restoration goals to as great an extent as other drivers, but, in general, we lack direct quantification.
Restoration interventions (e.g. tree planting) that may be considered successful can actually exacerbate O3 pollution with negative con-
sequences for food security and human health. These wide-ranging effects, across multiple goals, mean that O3 is not out of scope for
restoration science, policy, and practice. In detailing a strategic ozone-aware restoration agenda, we suggest how restoration science
and policy can quantify O3’s influence, while outlining steps practitioners can take to adapt to/mitigate the impacts of O3 pollution.
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Conceptual Implications

• Restoration science, policy, and practice need to account
for impacts of tropospheric ozone (O3) pollution on the
attainment of restoration goals.

• Restoration science needs to examine how O3 interacts
with multiple drivers to affect restoration success at com-
munity and ecosystem levels.

• Restoration science needs to examine how restoration
interventions feedback on O3 generation, with implica-
tions for food security, human health, and wealth.

• Restoration policy documents need to consider the risk
posed by O3, including in relation to scaling-up,
e.g. continued high-quality seed supply.

• Restoration practice needs to consider the ozone tolerance
and/or susceptibility of plant species, and other ecosys-
tem components, in different environmental contexts.

Introduction

National and international restoration targets are designed to tackle
integrated socio-ecological issues, encompassed by the sustainable
development goal (SDG) agenda. Issues restoration can address

include climate change, biodiversity loss, dwindlingwater supplies,
and land degradation (Gann et al. 2019). In trying to reach targets of
resilient and sustainable systems, restoration ecologists, policy-
makers, and practitioners often focus on threats such as climate
change, but are also aware of air pollution issues, especially nitro-
gen deposition (e.g. Bobbink et al. 2010; McPhee et al. 2015). In
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this review article, we emphasize that threat awareness does not yet
extend to one key aspect of air pollution: tropospheric (ground
level) ozone (O3). There appears to be a void in the science, policy,
and practice of ecological restoration in relation to O3.

Here, we explore this void from the perspective of terrestrial
ecosystem restoration.We explain the relevance of O3 for the cur-
rent terrestrial restoration agenda, and we detail how the void can
be filled. Filling the void will enable restoration scientists, practi-
tioners, and policymakers to appropriately place O3 among other
drivers and threats affecting, and affected by, restoration interven-
tions. It will also allow them to assess how actions to address O3

may trade off or synergize with approaches to other drivers.
Wefirst present useful background onO3 in the context of ecolog-

ical restoration. We particularly note O3’s cascade of consequences
for individual plants, and plant–plant, plant–soil, and plant–animal
interactions.We demonstrate that key guidance documents and pub-
lications for restoration apparently overlook O3. We then use a nar-
rative review, from agricultural, forestry, and conservation
literature, to describe and exemplify how O3 may compromise
selected key goals for ecological restoration at community and eco-
system levels. Based on contemporary foci across the restoration
continuum, we cover biodiversity restoration, contaminated land
remediation, carbon storage and climate change mitigation, and the
provision of multiple ecosystem functions and services (ES). We
then examine how restoration interventions may directly, or indi-
rectly, affect tropospheric O3 itself, at regional to global scales, with
consequent feedbacks on wider society through O3’s effects on cli-
mate change, food security, and human health. Finally, we provide
a strategic agenda to show how restoration science, policy, and prac-
tice can act in the face of tropospheric O3 pollution.

Tropospheric Ozone: A Primer in Relation to
Ecological Restoration

Some of the processes behind atmospheric O3 formation, trans-
port, and destruction, and its effects on plants and other organ-
isms, can be complex and/or nuanced. Here, we provide an
overview of important elements, relevant to the terrestrial resto-
ration agenda. However, we do not aim to present a detailed dis-
cussion of the complex nature of these processes.

Tropospheric O3 forms when emissions of precursor chemi-
cals, such as nitrogen oxides and volatile organic compounds
(VOCs), associated with soil, vegetation, and fires, coincide
with sunlight (Jaffe & Wigder 2012). This “natural” formation
has implications for how restoration interventions themselves
could feedback on tropospheric O3 dynamics. Species selection
will influence which biogenic VOCs (bVOCs) are emitted, and
the balance between those bVOCs that tend to increase O3 for-
mation (e.g. isoprenes), and those (e.g. sesquiterpenes) that tend
to depress O3 concentrations through ozonolysis (as explored in
more detail later: see Feedbacks: Restoration interventions as a
solution to tropospheric ozone pollution?).

Rapid industrialization has led to large increases in precursor
chemicals, meaning the formation of O3 has been bolstered beyond
“natural” rates; from atmospheric amounts of 10–20 parts per bil-
lion (ppb) in pre-industrial times to a global average 40 ppb
(Mills et al. 2018a). These current ambient O3 concentrations

damage human health and materials, have deleterious consequences
for plants and other ecosystem components (Emberson et al. 2018;
Agathokleous et al. 2020a), and exacerbate climate change (Lee
et al. 1996; Ainsworth et al. 2012; Malley et al. 2017; Zhang
et al. 2019). Even in the absence of future changes in industrial pre-
cursors, highO3 concentrationswill remain due to continuedO3 gen-
eration under the influence of climate change, and dynamics of the
VOC methane (CH4) (Fu & Tian 2019).

Plants have defense mechanisms that can deal with possible
deleterious consequences of low concentrations of O3

(Wieser & Matyssek 2007; Grulke & Heath 2020). However,
under high O3 concentrations and conditions favoring O3 uptake,
plant defenses can be overwhelmed, leading to cell death and vis-
ible leaf injury. Even at lower concentrations, chronic exposure
and uptake leads to a “phytotoxic ozone dose” (POD) with plant
leaf responses including altered metabolism (e.g. reduced photo-
synthesis) and stomatal sluggishness. The latter means there is a
slower response from the stomata in response to external stimuli,
such as light, temperature, and soil moisture. For instance, sto-
mata can take longer to open when atmospheric conditions are
suitable for photosynthesis or can take longer to close under
adverse conditions, such as limited soil moisture, leading to
excessive water loss. Consequences at the individual plant level
include changed allocation of assimilates, accelerated senescence,
reduced whole-plant leaf area, lowered productivity, fewer
flowers, and poor seed yield and quality (Leisner & Ains-
worth 2012; Emberson et al. 2018). Poorer seed yield is especially
problematic when trying to ensure adequate seed supply for scal-
ing up restoration. Furthermore, plant volatile emission profiles
are changed, with impacts on pollinators, herbivores, and preda-
tors (e.g. Papazian & Blande 2020). Greater shoot-to-root ratios,
although not a universal response (Grantz et al. 2006), can increase
the susceptibility of plants to other threats such as drought and
insect pests (Grulke & Heath 2020). Changed nutrient contents
can also affect belowground organisms through altered litter quan-
tity and chemistry (Agathokleous et al. 2020a) (Fig. 1).

O3 concentrations are spatially and temporally variable, due
to the reactive nature and relatively complex atmospheric chem-
istry of O3. This variability has implications for the achievement
of restoration goals at global, regional, and local levels, given
not all interventions and goals will be equally exposed to O3.
Typically, O3 increases with elevation (e.g. Chevalier
et al. 2007), meaning that restoration projects in higher altitude
areas will likely have higher O3 exposures. Geographically, O3

is likely to affect restoration targets in areas where restoration
will increase in scale and ambition in the coming decades
(e.g. sub-Saharan Africa, Ethiopia, and Asia particularly the
Himalaya, Indian coastline, the south of Asia, and Japan), while
it is unlikely to affect restoration goal achievement in Austral-
asia (Thompson et al. 2014; Agathokleous et al. 2020a). Some
authors have limited expectations for high O3 exposure in South
America (Agathokleous et al. 2020a). However, there are “hot-
spots” of concern (Fig. 2) and recent evidence suggests fire
activity in certain South American systems (e.g. the cerrado)
has increased O3 concentrations by 10 ppb per decade (Pope
et al. 2020). In the Mediterranean Basin, elsewhere in Europe,
and in North America, the likelihood of high O3 exposures in
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rural systems will remain as peak episodes decline but
background concentrations continue to increase (Paoletti
et al. 2014). Background O3 concentrations are also increasing
in cities in North America and Europe, ironically because of
lower levels of other pollutants such as NO that previously
broke down O3 (Sicard et al. 2018); urban restoration projects
also need to consider O3 pollution.

The Ozone Void in Restoration Ecology Discourse

Given the widespread evidence for impacts of O3 on terrestrial
plant growth and O3’s wider implications for society, you might
expect restoration ecology discourse to consider it. However,
despite comprehensive searching (Supplement S1), the disci-
pline apparently overlooks O3. For instance, “ozone” was only
mentioned twice, and with reference to stratospheric O3

depletion, in a selection of 22 key restoration ecology guidance
documents, position papers, and/or reviews, and it does not
appear in the recently released Standards (Gann et al. 2019). In
contrast, “degraded/degradation”was found 417 times, “climate
change” 213 times, and “nitrogen” 83 times in the 22 documents
(Supplement S1). Web of Science (WoS) searches in five resto-
ration ecology/conservation biology disciplinary journals only
found 49 articles considering “ozone” (out of a total of
29,335); none of these articles had a clear focus on tropospheric
O3 and its implications for restoration science, policy, or prac-
tice (Supplement S1). A more general search onWoS with topic
“restoration ecology”OR “ecological restoration” found 22,571
results (August 2021) only 10 of which remained when these
were searched for “ozone” (or O3). Of these 10 articles, one con-
sidered feedbacks between removal of invasive species, VOC
emissions, and O3 generation for urban air quality (Mistry

Figure 1. Evidence for the impacts of tropospheric ozone (O3) on individuals, and community and ecosystem processes. Elevated levels of O3 (compare right-
hand side of each subpanel with the left-hand side) have a number of impacts on plant individuals, including fewer leaves, reduced growth, accelerated
senescence, altered biomass allocation, and changed volatile emission profiles. These effects have a cascade of consequences (solid arrows) for above- and
belowground communities (e.g. alteredmicrobial community, changed plant communities) and ecosystem processes (e.g. changed nutrient quantities and quality,
altered water relations, and impaired pollination), as explained in the main text and Table 1. The changes in communities and ecosystems can feedback on each
other and the plant individual (dotted arrows) although these effects are not described herein. Based on a narrative review across disciplines, and as explained in
the main text, O3 effects on individuals, but particularly on communities and ecosystems, could have consequences for numerous restoration goals (top of figure),
while restoration interventions themselves can feedback on tropospheric O3 concentrations. However, evidence is scarce for specific O3 effects on restoration
trajectories because the discipline has its own “ozone hole.” The main text provides a strategic agenda for how this void can be filled.
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et al. 2021), one examined O3 effects on tree growth in nature
reserves in the Czech Republic (Vacek et al. 2019), and the
remainder tended to refer to O3 only in passing (Supplement
S1). Further searches suggested this overlooking of O3 may relate
to air pollutants more generally, with only 82 journal articles or
book chapters out of the 22,571 results (compared to, e.g., nearly
3,000 articles with “climate change”) (Supplement S1).

We contend that the demonstrated void suggests policy-
makers, restoration ecologists, and practitioners are unaware of
O3’s cascade of consequences for plants and other ecosystem
components, and any implications this has for the achievement
of restoration goals (Fig. 1).

Potential Effects of Ozone on Restoration Goals and
Feedbacks from Restoration Interventions

People do restoration for many reasons and use a variety of inter-
ventions (Hobbs et al. 2011; Gann et al. 2019), but generally aim
to place systems on a trajectory of change that will improve
(socio-)ecological conditions locally, and potentially over larger
scales. Since O3 is missing from restoration discourse, it is diffi-
cult to quantify how restoration trajectories may be deflected by,
or how restoration interventions feedback on, tropospheric O3.
To gain an overview of the range of possible effects and feed-
backs, we carried out a cross-disciplinary narrative review.
Our review aimed to assess a representative selection of classic
papers and recent advances in the field through capturing a
breadth of evidence from agriculture, forestry, and ecological
enquiries in semi-natural vegetation. To capture recent advances
across disciplines, and in May 2021, we considered papers pub-
lished since 2010 in any journal retrieved from aWeb of Science

search with the topic “ozone” refined by “tropospher*” or
“ground level.” To capture classic papers from a range of rele-
vant journals that consistently publish on the ecological effects
of O3, we searched for highly cited (>100 citations as of
13 May 2021) papers from any year with “ozone” in the title
fromGlobal Change Biology, Science of the Total Environment,
Environmental Pollution, and Water, Air, and Soil Pollution.
From these same journals, and to avoid any date penalty associ-
ated with citation number, we searched for papers from any year
and any number of citations with topics “ozone” and “ground
level” or “tropospher*” (see Supplement S2 for search statis-
tics). Our review included any relevant manuscripts not other-
wise incorporated that we encountered when addressing the
void in restoration discourse (Supplement S1).

We considered how paper findings applied to a selection of
pertinent restoration goals, from biodiversity restoration to mul-
tiple ecosystem functions. Our choice of goals was necessarily
subjective, but reflects contemporary foci (some of which have
a long history in restoration discourse), the local to global-scale
ambitions of restoration ecologists, and accounts for restoration
occupying a continuum of approaches (Gann et al. 2019). The
body of evidence for each considered restoration goal varies,
partially reflecting the fact that the strength of evidence declines
from individual-level plant effects to community and ecosystem
level impacts (Fig. 1), the latter organizational levels being
the foci of restoration. In a separate section, we considered
how restoration interventions themselves feedback on tropo-
spheric O3 dynamics. We use the main text to communicate gen-
eral messages from the literature. Illustrative case study findings
are presented in Tables 1 and 2, along with their source
references.

Figure 2. Potential exposure of restoration projects to ozone (O3) risk. The risk to (some) restoration projects fromO3 could be calculated based on a “phytotoxic
ozone dose” (POD). POD expresses the exposure to O3 taking into account the rate of uptake into the plant based on environmental conditions, and accounting for
the innate ability of the plant to detoxify O3. POD varies by species and is difficult to calculate at the community level but is preferred to exposure-based metrics
which may not reflect what is taken in by vegetation (De Marco et al. 2016; Ronan et al. 2020). Here, we overlay areas (red hatching) on or above a single POD
value (3 nmol m�2 s�1) based on unirrigated vegetation, against a smoothed (aggregated to same resolution as POD values) map of global tree restoration
potential (Bastin et al. 2019) (per pixel= (potential) tree cover percentage as indicated by sidebar on righthand side). This figure demonstrates certain regions of
the globe are expected to have forest restoration projects that will be more affected by O3 pollution than others. Readers should note the preliminary nature of this
analysis: As noted in Table 3, O3 risk assessment for communities and ecosystems needs advancement.
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Tropospheric Ozone and Restoration Goals

Goal 1: Biodiversity Restoration with a Focus on (Plant)
Community Composition

Ecological restoration was historically focused on plant compo-
sitional goals (Young 2000), and such biodiversity goals remain
pertinent. Given differential sensitivities of species to O3, it has
been suggested that communities across trophic levels and func-
tional roles (e.g. microbial decomposers) will be modified by
sustained chronic O3 exposure (Agathokleous et al. 2020a).
However, we only have knowledge of O3’s effects on a limited
selection of the world’s flora, and even less knowledge on other
organisms (Weigel et al. 2011; Agathokleous et al. 2020a)
(Table 1) (but note Bosch et al. 2021). There are suggestions that
generally herbs/deciduous trees are more susceptible than grasses/
conifers to O3 (Bergmann et al. 2017), and legumes more deleteri-
ously affected than non-legumes (Hewitt et al. 2016). Different
metrics can indicate different susceptibilities to O3—for instance,
declines in flower number in grassland perennials occur at lower
O3 fluxes than declines in biomass (Hayes et al. 2021). These
results imply that in locations where O3 could be influential, and
change in a restored community is greater than desired, there
may need to be flexibility in choice of target communities, and/or
a need for careful species selection.

Interactions among individuals of different species in plant
communities mean that simple expectations based on individual
responses may not occur (Table 1). The impact of O3 on commu-
nities may also depend on other environmental changes, and leg-
acies from previous events. For instance, O3 is suspected to have
more of an impact in subalpine grassland communities under
increased temperature (Bassin et al. 2013). In dune systems with
a history of high nitrogen deposition, ozone-sensitive species
have been lost, leaving the remaining community resistant to O3

exposure (Hayes et al. 2019). Legacies of old fields are particu-
larly problematic in a restoration context (Standish et al. 2008)
and O3 has been shown to alter maternal seed traits that will make
undesired weed communities more difficult to remove
(Landesmann et al. 2013), as well as altering communities at other
trophic levels, e.g. carnivorous arthropods (Martinez-Ghersa
et al. 2017). The legacy of elevatedO3 itself may affect restoration
trajectories: changed bacterial and fungal composition, and the
nematodes that feed upon these microbes, can have knock-on
effects on plant growth even after O3 levels have decreased
(Li et al. 2015). The extent to which such initial responses matter
for longer-term restoration trajectories is unknown.

Indeed, restoration can be focused on the assembly of com-
munities, rather than impacts on extant communities. We are
not aware of restoration projects that have specifically consid-
ered the impact of O3 on biodiversity/community composition
restoration trajectories. However, seeded plots in semi-natural
vegetation demonstrated more ozone-resistant individuals per-
sisting through high seedling mortality events. Competitive
dynamics in the understory were then affected by ozone-induced
premature senescence of taller species which allowed more light
to this layer (Pfleeger et al. 2010). Whether assembled commu-
nities are then at risk from further O3 exposure is hard to
estimate.

Goal 2: Contaminated Land Remediation

Remediation of contaminated land was historically a core focus
of restoration projects (Bradshaw 1983) and remains in some
restoration goals (Gann et al. 2019). Given the importance of
industrial processes for generating O3 precursors, it may be that
there is spatial overlap between areas of contaminated land,
especially due to deposition of airborne pollutants, and O3 expo-
sure. Regardless of overlap, plants on contaminated landscapes
often need to be metal hyperaccumulators and able to tolerate
extremely stressful conditions (Kramer 2010; Drzewiecka
et al. 2012), the latter aided by pre-formed and inducible defense
mechanisms to deal with oxidative stress. These defense mech-
anisms are key in plant responses to O3 (Wieser & Matys-
sek 2007; Emberson et al. 2018), suggesting that plant species
appropriate for contaminated land remediation will be resilient
to O3 exposure. This contention requires testing.

Goal 3: Carbon Storage and Climate Change Mitigation

Restoration is suggested as a key approach to increasing terres-
trial carbon (C) storage, and thus mitigating climate change
(Griscom et al. 2017). The O3 effects on individual plants, in
terms of their structure and function, have consequences for
the ability of entire systems to sequester C. Across modeling,
longitudinal observational studies, and experiments, O3 has
been shown to compromise gross and/or net primary productiv-
ity (by up to 43%), with subsequent deleterious effects on soil C
storage (Table 1). These negative effects can be offset by species
compositional change, at least in mature forests (Wang
et al. 2016).

Of particular concern for achieving climate mitigation goals
through forest restoration is that impacts of O3 on productivity
are expected to be far greater for young trees. With immature
trees, and in successional phases of renewal, plants tend to have
traits of low leaf density, high photosynthetic capacity per dry
weight, low water-use efficiency and low leaf longevity
(Bussotti 2008). Such traits can make plants more susceptible to
the oxidative pressures induced by O3 (see also Landry
et al. 2013) in a way that adult trees in late successional stands
are not, especially those that have acclimated to higher O3 condi-
tions (Bussotti 2008). Currently, it is difficult to assess the likely
impact of O3 on carbon drawdown in immature restoration tree
plantings, especially at landscape scales. This is compounded by
the fact that there is a need to incorporate within-plant feedbacks
(e.g. sluggish stomatal responses) (Huntingford et al. 2018) (see
also Feedbacks: Restoration interventions as a solution to tropo-
spheric ozone pollution?). O3 can however increase stability of
soil C, with this effect depending on plant community composition
(Hofmockel et al. 2011), reinforcing the message that species
choice in restoration interventions could modify the expected
impact of enhanced O3 on climate mitigation potential.

In peatlands, the evidence of O3’s effects is mixed (Table 1),
perhaps because temperature, photosynthetically active radia-
tion, and water level more strongly regulate carbon dioxide
(CO2) and CH4 exchange (Rinnan et al. 2013). Some grasslands
also appear to be relatively resistant to the impacts of elevated
O3 (Table 1), at least in terms of their carbon dynamics (note
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the responses presented in Goal 1 subsection). Like peatland,
this may be because other factors more strongly regulate their
carbon exchange dynamics. On the other hand, recent evidence
from subtropical grasslands, and the Mediterranean, suggests
that O3 will deleteriously impact C drawdown and soil C
(e.g. Dolker et al. 2020).

The degree to which restoration can contribute to carbon
drawdown and climate mitigation also likely depends on co-
occurring stressors, such as nitrogen (N) deposition, temperature
increases, pests and diseases, and drought. Other stressors may
even mask the influence of O3; for instance, mortality seem-
ingly associated with insect outbreaks in forests may be indic-
ative of underlying stress due to O3 (Grulke & Heath 2020). A
recent meta-analysis concluded that O3 will remain an ecolog-
ical issue across systems regardless of N deposition (Feng
et al. 2019). O3 generally, but not universally, leads to
decreases in individuals’ root to shoot ratios (Fig. 1) suggest-
ing restoration interventions may be less resilient to future
drought, heat stress or nutrient shortage, further compromising
their ability to store carbon. Indeed, recent model analyses sug-
gest O3 and drought stress may both damage GPP in to the
future (Otu-Larbi et al. 2020).

Goal 4: Multiple Ecosystem Functions and Services

Practitioners can attempt to restore multiple functions, including
ecosystem services (ES) such as regulated water supply and
replenishment of freshwater aquifers (van Wilgen & Wannen-
burgh 2016), efficient nutrient cycling, pollination, esthetics
(e.g. for recreational users), and pest control (Dudley
et al. 2018; Manning et al. 2018) (Fig. 1). More recently, forest
(and) landscape restoration consider the use of agroforestry and
the delivery of livestock feed and browse from restored land-
scapes (FAO 2020). Air pollution amelioration, including of
O3, is another ES provided by restoration interventions. Given
the potential for feedbacks between restoration interventions
and atmospheric O3 dynamics, we devote a separate sub-
section to this aspect (see Feedbacks: Restoration interventions
as a solution to tropospheric ozone pollution?).

In general, trajectories toward multiple functional/ES goals can
be altered by O3 effects on individuals that then cascade to stand/
landscape levels. For instance, and in a non-restoration context,
late-season stream flow was reduced in six forested watersheds
across the south-eastern United States due to impaired stomatal
control of transpiration under elevated O3, with potential effects
on aquatic biota (Sun et al. 2012). However, in contrast to carbon
drawdown, the evidence for O3 effects on hydrology, and nutrient
cycling, remains quite mixed (Table 1).

Clearer evidence exists for the impact of O3 in relation to pol-
lination and esthetics. When provided by fauna, pollination
depends on the presence of flowers/nectar rewards and the pres-
ence of the pollinator. O3 can reduce flower number and size,
and thus lower the amount of reward available for pollinators.
O3 also changes the volatile emission profiles from flowers mak-
ing them harder for pollinators to discover (Table 1)
(e.g. Papazian & Blande 2020). If such changes lead to declines
in pollinator populations, achieving a restoration goal of a

sustainably pollinated system can become more difficult, while
potentially compromising pollinators’ abilities to sustain polli-
nation in agricultural areas. In O3 episodes, plant appearance
can be affected, due to visible leaf injury, that is, areas of cell
death. Reddening, early senescence, and mottling can occur
under chronic O3 exposure, with superficial resemblance to
drought effects. Such responses, and those of reduced flower
number in certain systems, compromise esthetic goals, poten-
tially affecting recreationists’ enjoyment and giving a sense of
failure to restoration activities.

Recently, agroforestry/degraded rangeland restoration
schemes can aim to provide food and medicinal plants for
humans, or shelter and fodder for livestock (Table 1) while
returning native biodiversity. Again, evidence suggests that O3

could affect trajectories toward these goals, sometimes in posi-
tive ways (e.g. Ansari et al. 2021) but more likely negatively
through compromising fodder value and food security (e.g. Tai
et al. 2014).

Feedbacks: Restoration Interventions as a Solution to
Tropospheric Ozone Pollution?

In attempting to reach different targets, restoration practices may
depress ambient O3 concentrations. This occurs through
(1) Plants taking upO3 through their stomata, with the potential con-
sequences for restoration goals explored above; (2) Non-stomatal
deposition pathways; and (3) Reactions with bVOCs. Any decrease
in O3 through restoration interventions suggests they could
reduce tropospheric O3 pollution. However, complicated feed-
backs among plant species selection, plant volatile emissions,
climate change, and atmospheric O3 dynamics mean restora-
tion may not be the first-glance solution to O3 pollution it
appears to be (Table 2). We elucidate this complexity below,
emphasizing that further investigations are needed to quantify
the O3 (dis)benefit from restoration interventions relative to
other goals, and with comparisons of O3 dynamics between
restoration trajectories and the unrestored state.

Firstly, the determinants of the magnitude and spatio-
temporal variability of non-stomatal deposition remain poorly
understood (Clifton et al. 2020). For instance, in a restoration
context, how does species composition and associated canopy
roughness affect deposition velocities of O3? Secondly, climate
warming and associated changes, such as the rise in CH4, will
likely increase O3 concentrations in the future. The expected
magnitude of this “climate change penalty” depends on feed-
backs. Some key feedbacks are not yet characterized, including
dynamic changes in plant species composition (Fu&Tian 2019),
a key role of restoration interventions, especially as they are
rolled out at scale.

Indeed, species selection would play a key role in the evolu-
tion of atmospheric O3 dynamics even in the absence of climate
change, through biogeochemical and biogeophysical pathways.
Plant species emit varying bVOC profiles, with younger plants
making a greater contribution to bVOC emissions, and with
dependence on environmental conditions and on the O3 concen-
tration in the surrounding air (Table 2). In some cases, bVOCs
react with the O3 in the atmosphere outside of the plant and

Restoration Ecology September 20228 of 14

Ozone in restoration discourse

 1526100x, 2022, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.13622 by U

kri C
/O

 U
k Shared B

usiness N
A

T
U

R
A

L
 E

N
V

IR
O

N
M

E
N

T
 R

SC
H

 C
O

U
N

C
IL

, W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



change it into other products (e.g. secondary organic aerosols)
through ozonolysis (Y�añez-Serrano et al. 2020). Again, this path-
way is not insignificant: in Amazonia, the net O3 flux can be
reduced by nearly 30% through sesquiterpenes reacting with O3

in the canopy (Jardine et al. 2011). However, in other cases, bio-
geochemical activity from plant-emitted isoprenes, aromatics,
and monoterpenes can raise summer maximum O3 levels by
14 ppb (Porter et al. 2017). Thus, emitted bVOCs can contribute
to O3 formation, so that trees and other plants can indirectly gen-
erate O3, but how this generation potential compares to canopy
deposition (stomatal and non-stomatal) that would “protect”
lower strata from harmful O3 effects remains unclear. At global
scales, if the terrestrial surface were to be covered by “potential
natural vegetation,” isoprene would be expected to increase by
55% (Unger et al. 2013). The implications of such a rise for O3

generation may depend on the relative saturation state of the
atmosphere, i.e. NOx or VOC-saturated (Table 2). Any estimation
of a restoration intervention’s (dis-) benefit also needs to consider
how the target trajectory compares to the unrestored state: for
instance, restoration could increase bVOC emissions but decrease
contributions from NOx, relative to inaction. Equally, if forested
areas depress fire intensity and frequency compared to other land
uses, it may be that other indirect pathways to O3 generation are
altered, for example, as ozone precursor molecules are formed
during fires and biomass burning.

Biogeophysical effects from land use/land cover change
(LULCC) include modification of albedo and evapotranspiration,
leading to changes in surface temperature, hydrometeorology, and

atmospheric circulation with subsequent impacts on O3 pollution
(Table 2). Even subtle changes in species composition can have bio-
geophysical (as well as biogeochemical) effects with subsequent
impacts on O3. Admixing of silver fir (Abies alba) into a beech
(Fagus sylvatica) forest landscape in Europe decreased albedo,
increased evapotranspiration, and thus led to awarmer and drier for-
est. Together with changes in bVOCs, Bonn et al. (2020) estimated
these effects would increase O3 concentrations regionally.

Better quantification of biogeochemical and biogeophysical
feedbacks in the light of restoration interventions likely needs
to consider other aspects. For instance, agricultural research
has shown that the release of stress volatiles in response to O3

is highly dependent on priming from low-level O3 exposure
(Li et al. 2017). Likewise, interactions with other abiotic and
biotic stressors, such as drought (Saunier et al. 2017) and insects
(Ghimire et al. 2017), can influence the release of bVOCs with
subsequent impacts on O3 pollution.

A Strategic Ozone Agenda for Restoration Ecology

We have presented evidence that tropospheric O3 pollution can
potentially undermine restoration goals and provided arguments
as to how it may deflect restoration trajectories. Exactly where
O3 lies in the “league table” of drivers and threats affecting res-
toration interventions is unclear, since the evidence base from
specific restoration projects is lacking. However, in agricultural
systems, O3 has been shown to have effects of similar, or even
greater, magnitude compared to other stressors that restoration

Table 2. The pathways to impact of restoration interventions on ozone (O3) pollution. The balance between vegetation’s O3-generating and O3-depleting activity is
unclear and the extent to which restoration interventions will help provide a solution to O3 pollution, locally and at scale, depends on species selection, comparison to
the unrestored state, and saturation state (NOx vs. VOC) of the atmosphere. Note that literature cited within the table is provided in Supplement S3.

Impact Pathway Description Key Literature

Non-stomatal and
stomatal deposition

These processes lead to deposition of O3 on the plant and soil surface, or to the
absorption of O3 by vegetation, thus lowering the remaining amount of O3 in the
atmosphere. To our knowledge, we lack direct quantification of how restoration
plantings can affect deposition velocities

Clifton et al. (2020)

bVOC emissions The emission of bVOCs, which will depend on plant species composition, can react
with O3, removing it from the atmosphere.1 O3 itself can change the bVOCs
emitted by plants2

(1) Y�añez-Serrano et al.
(2020)

(2) Calfapietra et al. (2013)

Biogeochemical
feedbacks

bVOCs emitted by plants, especially isoprene, can act as O3 precursors (rather than
solely being reaction sinks for O3 [see above]). Impact of planting decisions can
be negligible3 to a net increase4 at regional level, while vegetation change can
depress O3 concentrations, e.g. shift from oak to red maple in north eastern forests
of the United States.5 At the global level, a shift to “potential natural vegetation”
would increase isoprene emissions by 55%6 although models are sensitive to
vegetation variability and climate7

Evidence that younger individuals emit more bVOCs8 (with implications for
restoration plantings) and that increased O3 concentrations from bVOC emissions
are most likely in NOx-saturated regions9

(3) Zenone et al. (2016)
(4) Zhang et al. (2020)
(5) Drewniak et al. (2014)
(6) Unger et al. (2013)
(7) Arneth et al. (2011)
(8) Lim et al. (2011)
(9) Porter et al. (2017),

Rasmussen et al. (2013)

Biogeophysical
feedbacks

Biogeophysical impacts can be more important than any biogeochemical impacts at
the global scale on O3 pollution. Models suggest that intensive reforestation in
boreal and temperate mixed forest regions will lead to higher O3 pollution. Even
in regions remote from substantial land use/land cover change, O3 pollution will
increase due to the evolution of warmer and drier conditions. Reforestation in
broadleaf forests of the subtropics has minimal impacts on O3 levels due to limited
boundary layer meteorology effects

Wang et al. (2020)
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ecologists do consider, such as aridity, nutrient stress, and heat
stress (Mills et al. 2018b). At the same time, restoration inter-
ventions could play a role in reducing O3 pollution, from local
to global scales, and mitigate O3’s broader contributions to cli-
mate change, food security, and human health. Yet such mitiga-
tion depends on species selection and biogeochemical and
biogeophysical feedbacks that remain to be fully elucidated.

For these reasons, and given the current gap in the subject-
specific literature, we argue that restoration ecology needs a
strategic agenda for O3. This agenda needs to account for O3 in
the context of other socio-environmental factors that will affect
the success of restoration goals, thus ensuring restoration for resil-
ience to global environmental change (Timpane-Padgham
et al. 2017). The agenda also needs to consider how actions to
address other threats may complement, or impinge, addressing
O3. For instance, tree planting for climate change mitigation may
exacerbate O3 pollution if the “wrong” species are used, and fur-
thermore compromise climate mitigation efforts due to O3’s warm-
ing potential. We suggest shaping the strategic agenda in three
strands: restoration science, practice, and policy (Table 3) but
emphasize that integration across these strands is key. Collabora-
tive actions will increase the awareness around the phenomenon
of O3 pollution and help restoration achieve an overall goal of sus-
tainable, resilient ecosystems for the benefit of nature and people.

Actions suggested in Table 3 can be undertaken at different
scales, and opportunities exist to integrate O3 into restoration
discourse at relatively low cost. For instance, stakeholders can
be made more aware of O3 injury symptoms and register possi-
ble instances through the Ozone Injury App (https://
icpvegetation.ceh.ac.uk/get-involved/ozone-injury/record).
This will help scientists build up a more accurate picture of
where O3 risks are. Restoration scientists can actively collabo-
rate with practitioners, and other citizens, to deploy sensor

networks (e.g. Ripoll et al. 2019). This could include the use
of “phytometers”, i.e. planting a small area with a known
ozone-sensitive species (e.g. Pina et al. 2017), or through the
use of other biomonitoring methods (Agathokleous
et al. 2020b). These assessments are particularly important in
Africa, South America, and to some extent Asia. In these regions
it is rare to directly estimate tropospheric O3 concentrations.

Amore involved collaboration could be through screening for
ozone-sensitive and ozone-tolerant species, especially species
commonly planted in restoration interventions. This will avoid
restoration failure through planting sensitive species. For inter-
ventions that irrigate to aid establishment, avoiding O3 episodes
will further prevent failure (Table 3). Screening would arguably
be most useful if conducted in the frame of plant functional
traits, as understanding in the form of trait frameworks allows
knowledge transfer in a way that a purely taxonomic focus does
not (McGill et al. 2006). Indeed, traits can provide unifying
explanations as to when species are expected to be ozone-
sensitive or ozone-tolerant (Zhang et al. 2012; Feng
et al. 2018). Screening can also use techniques “borrowed” from
agriculture, such as ethylenediurea (EDU) application, as soil
drench or on leaves, to quickly assess O3 tolerance (Manning
et al. 2011; Agathokleous et al. 2015) or to protect trees from
O3 damage (Paoletti et al. 2011) (noting the potential for unan-
ticipated side effects; Agathokleous et al. 2018).

Restoration scientists themselves need to collaborate with
other disciplines (e.g. atmospheric physicists and chemists) to
help quantify the feedbacks from restoration interventions, both
locally (e.g. through urban greening; Manes et al. 2012) and at
regional to global levels as restoration interventions scale
up. Quantifying feedbacks will lessen the likelihood of restora-
tion interventions having unintended consequences, e.g., for
biodiversity, for atmospheric pollutants.

Table 3. A strategic ozone agenda in restoration ecology. Restoration ecology can address the phenomenon of tropospheric O3 pollution through initiatives in
restoration science, practice, and policy.

Restoration Science Restoration Practice Restoration Policy

(1) Answer how and why background and
episodic O3 concentrations affect
restoration trajectories and the
achievement of restoration goals

(2) Answer this primary focus in different
environmental contexts, especially
considering co-occurring threats, e.g.
drought and nitrogen deposition and
different legacy conditions, preferably
using networked, embedded experiments

(3) Help atmospheric O3 science by
including field-based estimations of
atmospheric O3 concentrations in
restoration projects, and by quantifying
feedbacks of restoration interventions on
atmospheric pollutants

(4) When, where, and what restoration
interventions will exacerbate/ameliorate
O3 levels? Can restoration reduce the
effects of O3?

(1) Cost-effectively assess likelihood of O3

being a threat by planting a small area
with a known O3 sensitive species

(2) Collaborate with scientists to deploy O3

diffusion tubes and/or wireless sensor
networks (can be through citizen science
approaches) to monitor ambient O3

levels and/or register instances of O3

injury through the Ozone Injury App
(https://icpvegetation.ceh.ac.uk/get-
involved/ozone-injury/record)

(3) Collaborate with scientists to screen
tolerance and/or sensitivity of species to
O3, potentially using low-cost charcoal
filtered air equipment to assess current
impacts of ambient air

(4) If using irrigation to aid establishment,
avoid O3 episodes

(1) Raise awareness of O3 as a threat to the
achievement of restoration goals,
including in relation to scaling up seed
supply

(2) Stimulate efforts to map areas,
communities, and ecosystems, and
restoration interventions, most at risk
from tropospheric O3 pollution

(3) Raise awareness of useful sources of
information on tropospheric O3, e.g. the
Tropospheric Ozone Assessment
Report (TOAR)

(4) Raise awareness of the co-benefits of
climate change and air pollution
mitigation options, while being mindful
to not oversimplify given the
biochemical and biophysical feedbacks
of restoration interventions
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A primary scientific focus must be understanding how andwhy
background and episodic O3 concentrations affect the achieve-
ment of restoration goals. Embedding experiments in a networked
manner (Gellie et al. 2018) will help reveal the relative importance
of O3 as a driving force of system change while improving resto-
ration practice. Such investigations need to explore interactions
among co-occurring phenomena such as drought and nitrogen
deposition (Mills et al. 2016; Ainsworth et al. 2020) as well as leg-
acies, which can be crucial for dictating the trajectories of change
that systems follow under contemporary change (Brudvig
et al. 2021). Scientific understanding will likely be bolstered by
understanding what constitutes a POD for different species and/or
communities, that is, the amount of O3 taken into the plant / across
a community that subsequently leads to damage / deflection from
desired restoration trajectories. Policymakers can encourage rapid
progress in this area given their need to accurately map areas, and
vegetation types, most at risk from O3 pollution (e.g. Anav
et al. 2016; DeMarco et al. 2020) to help avoid restoration failure.

Closing Remarks

The growth in acute and/or chronic O3 exposure is one of a num-
ber of environmental changes facing ecosystems, but suffers
from the lack of attention given to it in the restoration literature.
This is a large knowledge gap that needs to be filled, especially
given some evidence for (i) the potential of important effects on
restoration goals, and (ii) feedbacks on tropospheric O3 dynam-
ics from restoration interventions themselves.

Next steps for restoration ecology are:

(1) Quantify the relative and absolute importance of O3 pollu-
tion in relation to other environmental changes affecting res-
toration goals.

(2) Identify when and where different restoration goals may be
affected by variable O3 exposures.

(3) Estimate feedbacks from restoration interventions on O3

dynamics.
(4) Elucidate where restoration actions to address O3 pollution

complement or trade-off with actions to address other
threats and drivers.

Progress needs the adoption of a strategic agenda that will
encompass integrated action by restoration scientists, practi-
tioners and policymakers. Ozone may be out of sight, and appar-
ently out of mind at the beginning of the UN Decade on
Ecosystem Restoration. Yet, it is not out of scope as ecological
restoration aims to achieve targets associated with SDGs.
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