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ABSTRACT

Restoration ecologists have local- to global-scale ambitions in a policy framework of sustainable
development goals and reversing biodiversity loss. Emphasis is given to environmental alteration, typically
considering land degradation and climate change. Other environmental drivers, such as pollution, receive
less attention. Here we emphasize that terrestrial restoration discourse needs to consider tropospheric
ozone (O3) pollution. Os’s pervasive influence on plants and other ecosystem components provides for the
possibility of consequences at community and ecosystem levels. The precursor chemicals which lead to Os;
formation are increasing, precipitously so in rapidly-industrialising regions of the world. Yet, a review of
critical restoration guidance and journals suggests that because Os is out of sight, it remains out of mind.
Based on a narrative cross-discipline literature review, we examine: (i) how O3 could affect the achievement
of restoration goals; and, (ii) how restoration interventions could feedback on tropospheric Os. Evidence,
currently limited, suggests that O3 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 consequences for
food security and human health. These wide-ranging effects, across multiple goals, mean that Os 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 Os’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 (Os) pollution

on the attainment of restoration goals.

Restoration science needs to examine how Os interacts with multiple drivers to affect restoration success at

community and ecosystem levels.

Restoration science needs to examine how restoration interventions feedback on O; generation, with

implications for food security, human health and wealth.

Restoration policy documents need to consider the risk posed by Os, 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

ecosystem components, in different environmental contexts.
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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, dwindling water 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 nitrogen deposition (e.g. Bobbink et al. 2010; McPhee et al. 2015). In this review article, we
emphasize that threat awareness does not yet extend to one key aspect of air pollution: tropospheric
(ground-level) ozone (0s). There appears to be a void in the science, policy and practice of ecological

restoration in relation to Os.

Here, we explore this void from the perspective of terrestrial ecosystem restoration. We explain the
relevance of Os for the current terrestrial restoration agenda, and we detail how the void can be filled.
Filling the void will enable restoration scientists, practitioners and policy makers to appropriately place Os;
among other drivers and threats affecting, and affected by, restoration interventions. It will also allow them

to assess how actions to address O3 may trade-off or synergise with approaches to other drivers.

We first present useful background on Os in the context of ecological restoration. We particularly note Os’s
cascade of consequences for individual plants, and plant-plant, plant-soil and plant-animal interactions. We
demonstrate that key guidance documents and publications for restoration apparently overlook Os;. We
then use a narrative review, from agricultural, forestry and conservation literature, to describe and
exemplify how O3 may compromise selected key goals for ecological restoration at community and
ecosystem levels. Based on contemporary foci across the restoration continuum, we cover biodiversity
rastoration, 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 indirectly, affect tropospheric Os itself, at regional to global-scales, with
consequent feedbacks on wider society through Os’s effects on climate change, food security and human
health. Finally, we provide a strategic agenda to show how restoration science, policy and practice can act

in the face of tropospheric O3 pollution.
TROPOSPHERIC OZONE: A PRIMER IN RELATION TO ECOLOGICAL RESTORATION

Some of the processes behind atmospheric ozone formation, transport, and destruction, and its effects on
plants and other organisms, can be complex and/or nuanced. Here, we provide an overview of important
elements, relevant to the terrestrial restoration agenda. However, we do not aim to present a detailed

discussion of the complex nature of these processes.

Tropospheric O3 forms when emissions of precursor chemicals, such as nitrogen oxides and volatile organic

compounds (VOCs), associated with soil, vegetation and fires, coincide with sunlight (Jaffe & Wigder 2012).
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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 Oz formation (e.g. isoprenes), and those (e.g.
sesquiterpenes) that tend to depress O; concentrations through ozonolysis (as explored in more detail

later: see Feedbacks subsection).

Rapid industrialisation has led to large increases in precursor chemicals, meaning the formation of O3 has
been bolstered beyond ‘natural’ rates; from atmospheric amounts of 10 to 20 parts per billion (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 precursors, high O3 concentrations will remain due to its continued generation under the

influence of climate change, and dynamics of the VOC methane (CH,) (Fu & Tian 2019).

Plants have defence mechanisms that can deal with possible deleterious consequences of low
concentrations of O3 (Wieser & Matyssek 2007; Grulke & Heath 2020). However, under high Os;
concentrations and conditions favouring Os uptake, plant defences can be overwhelmed, leading to cell
death and visible 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
photosynthesis) 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, stomata 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 & Ainsworth
2012; Emberson et al. 2018). Poorer seed yield is especially problematic when trying to ensure adequate
seed supply for scaling up restoration. Furthermore, plant volatile emission profiles are changed, with
impacts on pollinators, herbivores and predators (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 below-ground organisms through altered litter quantity and chemistry (Agathokleous et al. 2020a)

(Figure 1).

Os concentrations are spatially and temporally variable, due to the reactive nature and relatively complex
atmospheric chemistry of Os. 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 Os.

Typically, Os increases with elevation (e.g. Chevalier et al. 2007), meaning that restoration projects in
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higher altitude areas will likely have higher O; exposures. Geographically, Os 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 Australasia (Thompson et al. 2014;
Agathokleous et al. 2020a). Some authors have limited expectations for high Os; exposure in South America
(Agathokleous et al. 2020a). However, there are ‘hotspots’ of concern (Figure 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 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 North America and Europe, ironically because of lower levels of other pollutants
such as NO that previously broke down Os (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 O; on terrestrial plant growth and Os’s wider implications for
society, you might expect restoration ecology discourse to consider it. However, despite comprehensive
searching (Supplement S1), the discipline apparently overlooks Os. For instance, “ozone” was only
mentioned twice, and with reference to stratospheric O; depletion, in a selection of 22 key restoration
ecology guidance documents, position papers and/or reviews, and it doesn’t 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 5 restoration ecology / conservation biology disciplinary journals only found 49 articles
considering “ozone” (out of a total of 29335); none of these articles had a clear focus on tropospheric O3
and its implications for restoration science, policy or practice (Supplement S1). A more general search on
WoS with topic “restoration ecology” OR “ecological restoration” found 22571 results (August 2021) only
ten of which remained when these were searched for “ozone” (or Os). Of these ten articles, one considered
feedbacks between removal of invasive species, VOC emissions and Os generation for urban air quality
(Mistry et al. 2021), one examined Os; effects on tree growth in nature reserves in the Czech Republic
(Vacek et al. 2019), and the remainder tended to refer to Os; 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 22571 results (compared to e.g. nearly 3000 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 (Figure 1).
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POTENTIAL EFFECTS OF OZONE ON RESTORATION GOALS AND FEEDBACKS FROM RESTORATION
INTERVENTIONS

People do restoration for many reasons and use a variety of interventions (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
difficult to quantify how restoration trajectories may be deflected, or how restoration interventions
feedback on tropospheric Os. To gain an overview of the range of possible effects and feedbacks, 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 published since 2010 in any journal retrieved from a Web of
Science search with the topic ‘ozone’ refined by ‘tropospher*’ or ‘ground level’. To capture classic papers
from a range of relevant 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 from Global
Change Biology, Science of the Total Environment, Environmental Pollution and Water, Air, & Soil Pollution.
From these same journals, and to avoid any date penalty associated 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 statistics). Our review included any relevant manuscripts not otherwise

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 multiple 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 (Figure 1), the latter organisational levels being the foci of restoration. In a separate section,
we considered how restoration interventions themselves feedback on tropospheric Oz dynamics. We use
the main text to communicate general messages from the literature, while illustrative specific case study

findings are presented in Tables, along with their source references.
TROPOSPHERIC OZONE AND RESTORATION GOALS

Goal 1: Biodiversity restoration with a focus on (plant) community composition

Ecological restoration was historically focused on plant compositional goals (Young 2000), and such
biodiversity goals remain pertinent. Given differential sensitivities of species to Os it has been suggested

that communities across trophic levels and functional roles (e.g. microbial decomposers) will be modified
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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 Oz (Bergmann et al. 2017),
and legumes more deleteriously affected than non-legumes (Hewitt et al. 2016). Different metrics can
indicate different susceptibilities to Oz — 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 means that simple expectations
based on individual responses may not occur (Table 1). The impact of O; on communities may also depend
on other environmental changes, and legacies from previous events. For instance, Os 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 particularly
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 elevated Os 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 Os levels have decreased (Li et al. 2015). The extent to which such initial responses

matter for longer-term restoration trajectories is unknown.

Indeed, restoration is focused on the assembly of communities, rather than impacts on extant
communities. We are not aware of restoration projects that have specifically considered the impact of O
on biodiversity / community composition restoration trajectories. However, seeded plots in semi-natural
vegetation demonstrated more ozone-resistant individuals persisting through high seedling mortality
events. Competitive dynamics in the understorey were then affected by ozone-induced premature
senescence of taller species which allowed more light to this layer (Pfleeger et al. 2010). Whether

assembled communities are then at risk from further O; 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 Os precursors, it may be that there is spatial overlap between areas of contaminated land,

especially due to deposition of airborne pollutants, and Os; exposure. Regardless of overlap, plants on
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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
defence mechanisms to deal with oxidative stress. These defence mechanisms are key in plant responses to
Os (Wieser & Matyssek 2007; Emberson et al. 2018), suggesting that 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 terrestrial carbon (C) storage, and thus mitigating
climate change (Griscom et al. 2017). The Os effects on individual plants, in terms of their structure and
function, have consequences for the ability of entire systems to sequester C. Across modelling, longitudinal
observational studies, and experiments, O3 has been shown to compromise gross and/or net primary
productivity (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 O; 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 Os (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 Os; conditions (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 tropospheric 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 Os on climate mitigation potential.

In peatlands, the evidence of Os’s effects is mixed (Table 1), perhaps because temperature,
photosynthetically active radiation and water level more strongly regulate carbon dioxide (CO;) and CH,4
exchange (Rinnan et al. 2013). Some grasslands also appear to be relatively resistant to the impacts of
elevated Os (Table 1), at least in terms of their carbon dynamics (note 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, suggest

that Os 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
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diseases, and drought. Other stressors may even mask the influence of Os; for instance, mortality seemingly
associated with insect outbreaks in forests may be indicative of underlying stress due to Os; (Grulke & Heath
2020). A recent meta-analysis concluded that Os will remain an ecological 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 (Figure 1) suggesting 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 suggest 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 & Wannenburgh 2016), efficient
nutrient cycling, pollination, aesthetics (e.g. for recreational users), and pest control (Dudley et al. 2018;
Manning et al. 2018) (Figure 1). More recently, forest (and) landscape restoration consider the use of
agroforestry and the delivery of livestock feed and browse from restored landscapes (FAO 2020). Air
pollution amelioration, including of Os, is another ES provided by restoration interventions. Given the
potential for feedbacks between restoration interventions and atmospheric O; dynamics we devote a

separate subsection to this aspect (see Feedbacks: ...).

In general, trajectories towards multiple functional / ES goals can be altered by Os 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 Os, 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

~<ling, remains quite mixed (Table 1).

Clearer evidence exists for the impact of Os in relation to pollination and aesthetics. When provided by
fauna, pollination depends on the presence of flowers / nectar rewards, and the presence of the pollinator.
Os can reduce flower number and size, and thus lower the amount of reward available for pollinators. Os
also changes the volatile emission profiles from flowers making 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 pollination in agricultural areas. In O3 episodes, plant
appearance can be affected, due to visible leaf injury i.e. areas of cell death. Under chronic O3 exposure
reddening, early senescence and mottling can occur, with superficial resemblance to drought effects. Such
responses, and those of reduced flower number in certain systems, compromise aesthetic goals, potentially

affecting recreationists’ enjoyment and giving a sense of failure to restoration activities.
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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 towards these goals, sometimes in positive 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 (i) plants taking up Os through their stomata, with the potential consequences for
restoration goals explored above; (ii) non-stomatal deposition pathways; and, (iii) reactions with bVOCs.
Any decrease in O3 through restoration interventions suggests they could reduce tropospheric Os pollution.
However, complicated feedbacks among plant species selection, plant volatile emissions, climate change
and atmospheric O; dynamics mean restoration may not be the first-glance solution to Os 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 O; 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 ozone? Secondly, climate
warming and associated changes, such as the rise in CHg4, will likely increase Os concentrations in the future.
The expected magnitude of this ‘climate change penalty’ depends on feedbacks. Some key feedbacks are
~~t yet characterised, 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 evolution of atmospheric O; 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 Os; concentration in the surrounding air (Table 2). In
some cases, bVOCs react with the Os in the atmosphere outside of the plant and change it into other
products (e.g. secondary organic aerosols) through ozonolysis (Yafiez-Serrano et al. 2020). Again, this
pathway is not insignificant: in Amazonia, the net O3 flux can be reduced by nearly 30% through
sesquiterpenes reacting with Os in the canopy (Jardine et al. 2011). However, in other cases,
biogeochemical activity from plant-emitted isoprenes, aromatics and monoterpenes can raise summer
maximum O3 levels by 14 ppb (Porter et al. 2017). Emitted bVOCs can contribute to ozone formation, so

that trees and other plants can indirectly generate O, but how this compares to canopy deposition
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(stomatal and non-stomatal) which would ‘protect’ lower strata from harmful O3 effects, remains unclear.
At global scales, were the terrestrial surface 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 O; 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 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 NO,, 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 Oz 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 biogeophysical (as well as biogeochemical) effects with subsequent impacts on Os. Admixing of
silver fir (Abies alba) into a beech (Fagus sylvatica) forest landscape in Europe decreased albedo, increased
evapotranspiration and thus led to a warmer and drier forest. 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 Os 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 Os

pollution.
A STRATEGIC OZONE AGENDA FOR RESTORATION ECOLOGY

We have presented evidence that tropospheric Os pollution can potentially undermine restoration goals
and provided arguments as to how it may deflect restoration trajectories. Exactly where Os lies in the
‘league table’ of drivers and threats affecting restoration interventions is unclear, since the evidence base
from specific restoration projects is lacking. However, in agricultural systems, Os; has been shown to have
effects of similar, or even greater, magnitude compared to other stressors that restoration ecologists do
consider, such as aridity, nutrient stress, and heat stress (Mills et al. 2018b). At the same time, restoration
interventions could play a role in reducing Os pollution, from local to global scales, and mitigate Os’s
broader contributions to climate change, food security and human health. Yet such mitigation 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 Os. This agenda needs to account for Os in the context of other socio-
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environmental factors that will affect the success of restoration goals, thus ensuring restoration for
resilience 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 Os. For instance,
tree planting for climate change mitigation may exacerbate Os pollution if the ‘wrong’ species are used, and
furthermore compromise climate mitigation efforts due to Os’s warming 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. Collaborative actions will increase the awareness around the
phenomenon of Os pollution, and help restoration achieve an overall goal of sustainable, 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 Os;
into restoration discourse at relatively low cost. For instance, stakeholders can be made more aware of Os
injury symptoms and register possible 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 Os risks are. Restoration scientists can actively collaborate with practitioners, and
other citizens, to deploy sensor networks (e.g. Ripoll et al. 2019), including through the use of
‘phytometers’; i.e. planting a small area up 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, regions where it is rare to directly

estimate tropospheric Oz concentrations.

A more 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 interventions that irrigate to aid establishment, avoiding O3 episodes will
turther 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 Os tolerance (Manning et al. 2011; Agathokleous
et al. 2015) or to protect trees from O3 damage (Paoletti et al. 2011) (noting the potential for unanticipated
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 restoration interventions having unintended

consequences e.g. for biodiversity, for atmospheric pollutants.
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A primary scientific focus must be understanding how and why background and episodic Os; concentrations
affect the achievement of restoration goals. Embedding experiments in a networked manner (Gellie et al.
2018) will help reveal the relative importance of O; as a driving force of system change while improving
restoration practice. Such investigations need to explore interactions amongst co-occurring phenomena
such as drought and nitrogen deposition (Mills et al. 2016; Ainsworth et al. 2020) as well as legacies, 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 i.e. the amount of O; taken into the plant that subsequently
leads to damage. Policy makers can encourage rapid progress in this area given their need to accurately
map areas, and vegetation types, most at risk from Os pollution (e.g. Anav et al. 2016; De Marco et al. 2020)

to help avoid restoration failure.
CLOSING REMARKS

The growth in acute and/or chronic Oz exposure is one of a number 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 which needs to be filled, especially given some evidence for the potential of important
effects on restoration goals, and feedbacks on tropospheric O3 dynamics from restoration interventions

themselves. Next steps for restoration ecology are:

e quantify the relative and absolute importance of Os pollution in relation to other environmental
changes affecting restoration goals;

e identify when and where different restoration goals may be affected by variable O; exposures;

o estimate feedbacks from restoration interventions on Os; dynamics; and,

e 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, practitioners and policy makers. Ozone may be out of sight, and apparently 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 sustainable development goals.
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FIGURE LEGENDS

Figure 1: Evidence for the impacts of tropospheric ozone (Os) 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 below-ground communities (e.g. altered microbial
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 Os; 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.

Figure 2: Potential exposure of restoration projects to ozone (Os) risk. The risk to (some) restoration
projects from O3 could be calculated based on a “phytotoxic ozone dose” (POD). POD expresses the
exposure to Os 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 Os. 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 ms?) 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). This figure demonstrates certain regions of the globe are
expected to have forest restoration projects that will be more affected by O pollution than others. Readers
should note the preliminary nature of this analysis: as noted in Table 3, Os risk assessment for communities

and ecosystems needs advancement.
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STRENGTH OF EVIDENCE

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 below-ground communities (e.g. altered microbial
~~mmunity, 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 Oz 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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Figure 2: The risk to (some) restoration projects from O3 could be calculated based on a “phytotoxic ozone
dose” (POD). POD expresses the exposure to Os 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 Os. 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?s?) 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). This figure demonstrates certain regions
of the globe are expected to have forest restoration projects that will be more affected by Os 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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TABLES

Table 1: The potential impact of tropospheric ozone (0s) on restoration targets. Note that literature cited within tables is provided in Supplement S3.

Restoration Target

Example ozone effects with a bearing on restoration
trajectories

Example future directions

Key literature

Biodiversity restoration
(with an historic focus
on plant community
composition)

Expectation that forbs more susceptible than grasses
(Bergmann, Bender, & Weigel 2017), yet in a plant
community the effect is dependent on the relative
sensitivity of the component species. Decline in key grass
species (Anthoxanthum odoratum) under O; means forb:
grass ratio increased in grassland community?.

Expectation that legumes more susceptible than non-
legumes (Hewitt et al. 2016a), but interactions among
species in Mediterranean annual pastures means one
legume profits (Ornithopus compressus) at expense of
others (Trifolium sp.)>.

Limited impacts in subalpine grassland but juveniles more
strongly affected, regardless of mycorrhizal colonization®

Other trophic levels: soil Collembola strongly decreased
under Os exposure but this can be buffered depending on
the plant species present*,

In peatlands, testate amoebae (important microbial
consumer) declined in diversity with elevated Os;
exposure, while undifferentiated microalgae, nematodes
and rotifers were unchanged. One particular consumer
genus (Phyrganella spp) markedly increased, likely related
to fungal species®.

Consider interactions with other
variables (e.g. drought, climate change,
N deposition).

Interactions with other trophic levels
and mutualists e.g. pollinators and
mycorrhizae.

Importance of legacy effects

What are the mechanisms that drive the
structure and function of plant, insect
and soil communities in Os polluted
atmospheres®?

1: (Hayes et al. 2010)

2: (Calvete-Sogo et al. 2016)
3: (Bassin et al. 2017; Bassin,
Volk, & Fuhrer 2013; Bassin et
al. 2009)

4: (Chang, Liu, & Ge 2011)

5: (Payne et al. 2017)

6: (Agathokleous et al. 2020)

Contaminated land
remediation

No evidence

Physiological mechanisms for e.g. heavy
metal tolerance’ should confer O;
resistance — needs to be tested

7: (Drzewiecka et al. 2012)
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Restoration Target

Example ozone effects with a bearing on restoration
trajectories

Example future directions

Key literature

Climate change
mitigation through
carbon storage

Generally negative consequences for GPP, NPP (ranging
from 0.4 to 43 %) and soil C storage. Direction and range
can depend on consideration of other driving factors,
forest / vegetation type and composition, and location?,
but some evidence for increased soil C stability®.

Peatland methane emissions can reduce by 25 % under
high 05!, but have also been shown to increase and then
decline across a gradient!?, or be little affected?®. CO,
emissions have shown minor impacts of O3 exposurel?.

Limited evidence of an effect of O3 on carbon dynamics in
subalpine grassland, likely because management and
drought dominated a signature of C loss, exacerbated by
nhitrogen deposition®.

Above and below-ground biomass reduced by 26 and 30
% respectively in subtropical grassland of Indo-Gangetic
plain, with a 24 % decrease in total organic carbon?®,

Green and total aboveground biomass reduced, by up to
25 %, in annual Mediterranean pastures. Could be offset
by N deposition, at least at moderate O3 levels’ but
cumulative N,O emissions (another greenhouse gas)
doubled due to peaks in soil microbe activity®.

Understand what happens with peak O3
decreases: observations include limited
mature forested ecosystem
responsiveness due to photosynthesis
happening in shade leaves?®.

Understand what happens with peak Os;
increases: in peatland, methane
emissions reduced under elevated Os;
peaks in summer?2,

Interactions with other air pollution
variables e.g. N deposition. For
instance, a decline in carbon increment
was observed at moderate Os levels (20
to 30 ppb) and moderate N deposition
(15 to 25 kgN ha? yr?) in Californian
ponderosa pine; this disappears at
highest pollution levels®®. Conversely,
Japanese Fagus crenata forests are
more at risk of Os-induced relative
growth reduction at higher levels of N
deposition?.

Interactions with other stressors e.g.
drought, pests and diseases

8: (Banger et al. 2015; Braun,
Schindler, & Rihm 2014; de
Vries et al. 2017; Fenn et al.
2020; Kou et al. 2014; Oliver
et al. 2018; Ollinger et al.
2002; Proietti et al. 2016; Ren
et al. 2011; Talhelm et al.
2014; Wang et al. 2016; Wang
et al. 2019; Yue & Unger
2014)

9: (Hofmockel et al. 2011)
10: (Yue et al. 2016)

11: (Toet et al. 2011)

12: (Williamson et al. 2016)
13: (Toet et al. 2017)

14: (Haapala et al. 2011)

15: (Volk et al. 2011)

16: (Dolker et al. 2020)

17: (Calvete-Sogo et al. 2014)
18: (Sanchez-Martin et al.
2017)

19: (Fenn et al. 2020)

20: (Watanabe et al. 2012)

Multiple ecosystem
services

Water supply — reduction in stream flow from lower
forest water use efficiency due to stomatal sluggishness,
and changed root and branch structure?!. Note that some
mature beech forests can show resistance to elevated
05%.

What species and communities can
show resistance to elevated O3 such
that the delivery of multiple ecosystem
services is not compromised?

To what extent do other trophic levels
(e.g. herbivores) mediate litter

21: (Rhea et al. 2010; Rhea &
King 2012; Sun et al. 2012)
22: (Paoletti, Grulke, &
Matyssek 2020)

23: (Baldantoni et al. 2013;
Baldantoni, Fagnano, & Alfani
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Restoration Target

Example ozone effects with a bearing on restoration
trajectories

Example future directions

Key literature

Nutrient cycling — mineralization and decomposition rates
slowed across systems with potential impacts on soil
health? but can be a weak effect®.

Pollination — O3 effects on flowers and pollinators. For the
flowers: reproductive period sensitive to Oz, sometimes
with lagged effects to subsequent seasons, and becoming
earlier and/or with fewer flowers (humber and biomass),
depending on species®. For the pollinator, disruption of
volatile signalling from plant prevents efficient search, at
cost to plant and pollinator?.

Agroforestry — limited evidence for Os’s effects on
medicinal plants?. More evidence for deleterious impacts
on sugar content and total consumable value in improved
grassland, deleterious impacts on leguminous
components, increases in acid detergent fibre, crude fibre
and lignin content thus reducing metabolizable energy
across pasture types, and a loss of feed quality for
mammalian herbivores®. Note that this loss of quality
may not persist, with regrowth grasses in pasture
showing increased relative feed value and percentage
crude protein in doubled O3 exposure as compared to
ambient O; regrowth grasses®Z.

decomposition dynamics and
sustainability of nutrient cycling?

To what extent can adaptation to Os;
exposure occur in plant and pollinator
populations?’?

To what extent will O3 contribute to
perception of restoration failure due to
acute and chronic leaf injuries?

Wider screening of Os effects on
medicinal plants e.g. recent evidence
for increase in steroid metabolites®.

To what extent will food security in
multiple use restoration schemes be
compromised? Given Oz is deposited on
upper surfaces, plants at lower heights
within a multi-layered system may be
less exposed to the damaging effects of
03, potentially alleviating ‘open-field’
effects.

2011; Dolker et al. 2020; He et
al. 2014; Holmes et al. 2003)
24: (Chen et al. 2015;
Kasurinen et al. 2017)

25: (Hayes et al. 2021; Hayes
et al. 2011; Hayes,
Williamson, & Mills 2012)

26: (Papazian & Blande 2020)
27: (Cook et al. 2020)

28: (Agathokleous, Saitanis, &
Koike 2015)

29: (Ansari, Agrawal, &
Agrawal 2021)

30: (Hayes et al. 2016 Gilliland
et al. 2012; Hewitt et al.
20164a,b; Volk et al. 2006)

31: (Gilliland et al. 2016)
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Table 2: The pathways to impact of restoration interventions on ozone (0s) pollution. The balance between vegetation’s Os-generating and Os-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 (NO, vs VOC) of the atmosphere. Note that literature cited within herein is provided in Supplement S3.

Impact pathway Description Key references
Non-stomatal and These processes lead to deposition of Os; on the plant and soil surface, or to the | (Clifton et al. 2020)
stomatal deposition absorption of O3 by vegetation, thus lowering the remaining amount of Oz in the

atmosphere. To our knowledge, we lack direct quantification of how restoration
plantings can affect deposition velocities.

[ERN

: (Yanez-Serrano et al. 2020)
: (Calfapietra et al. 2013)

bVOC emissions The emission of bVOCs, which will depend on plant species composition, can
react with Os, removing it from the atmosphere?. Os itself can change the bvVOCs
emitted by plants?.

N

Biogeochemical bVOCs emitted by plants, especially isoprene, can act as Os precursors (rather 1: (Zenone et al. 2016)
feedbacks than solely being reaction sinks for O3 (see above)). Impact of planting decisions | 2: (Zhang et al. 2020)
can be negligible! to a net increase? at regional level, while vegetation change 3: (Drewniak et al. 2014)
can depress O3 concentrations e.g. shift from oak to red maple in north eastern 4: (Unger et al. 2013)
forests of the United States®. At the global level, a shift to ‘potential natural 5: (Arneth et al. 2011)
vegetation’ would increase isoprene emissions by 55 %* although models are 6: (Lim et al. 2011)

7

sensitive to vegetation variability and climate® : (Porter, Safieddine, & Heald 2017; Rasmussen et

al. 2013)
Evidence that younger individuals emit more bVOCs® (with implications for
restoration plantings) and that increased O3 concentrations from bVOC
emissions are most likely in NO,-saturated regions’.
Biogeophysical Biogeophysical impacts can be more important than any biogeochemical (Wang et al. 2020)

faedbacks impacts at the global scale on Os pollution. Models suggest that intensive
reforestation in boreal and temperate mixed forest regions will lead to higher Os;
pollution. Even in regions remote from substantial land use — land cover change
(LULCC), 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.
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Table 3: A strategic ozone agenda in restoration ecology. Restoration ecology can address the phenomenon of tropospheric O; pollution through initiatives in
restoration science, practice and policy.

Restoration Science Restoration Practice Restoration Policy

e Answer how and why background and e Cost-effectively assess likelihood of O3 e Raise awareness of Os as a threat to the
episodic O3 concentrations affect being a threat by planting a small area with achievement of restoration goals, including
restoration trajectories and the a known Os sensitive species. in relation to scaling up seed supply.
achievement of restoration goals. e Collaborate with scientists to deploy O3 e Stimulate efforts to map areas,

e Answer this primary focus in different diffusion tubes and/or wireless sensor communities, and ecosystems, and
environmental contexts, especially networks (can be through citizen science restoration interventions, most at risk from
considering co-occurring threats e.g. approaches) to monitor ambient Os; levels tropospheric O3 pollution
drought and nitrogen deposition and and/or register instances of Os injury e Raise awareness of useful sources of
different legacy conditions, preferably through the Ozone Injury App information on tropospheric Os e.g. the
using networked, embedded experiments. (https://icpvegetation.ceh.ac.uk/get- Tropospheric Ozone Assessment Report

o Help atmospheric O3 science by including involved/ozone-injury/record). (TOAR).
field-based estimations of atmospheric O e Collaborate with scientists to screen e Raise awareness of the co-benefits of
concentrations in restoration projects, and tolerance and/or sensitivity of species to climate change and air pollution mitigation
by quantifying feedbacks of restoration 03, potentially using low-cost charcoal options, while being mindful to not
interventions on atmospheric pollutants. filtered air equipment to assess current oversimplify given the biochemical and

e When, where and what restoration impacts of ambient air. biophysical feedbacks of restoration
interventions will exacerbate / ameliorate e If using irrigation to aid establishment, interventions.

Os levels? Can restoration reduce the avoid O3 episodes.
effects of 03?






