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O; sensitive Reduced O, sensitivity
community of community

We need to protect unpolluted habitats from both N
deposition and O, pollution
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Abstract

Nitrogen deposition and tropospheric ozone are mapb drivers of vegetation damage, but
their interactive effects are poorly understoods®tudy assessed whether long-term
nitrogen deposition altered sensitivity to ozona isemi-natural vegetation community.
Mesocosms were collected from sand dune grasshatind iUK along a nitrogen gradient (5
to 25 kg N/haly, including two plots from a longfreexperiment), and fumigated for 2.5
months to simulate medium and high ozone expofirene damage to leaves was
guantified for 20 ozone-sensitive species. Soiltsmh dissolved organic carbon (DOC) and
soil extracellular enzymes were measured to ingatgisecondary effects on soil processes.

Mesocosms from sites receiving the highest N déipasshowed the least ozone-related leaf
damage, while those from the least N-polluted sitese the most damaged by ozone. This
was due to differences in community-level sengitiviather than species-level impacts. The
N-polluted sites contained fewer ozone-sensitivbd@nd sedges, and a higher proportion of
comparatively ozone-resistant grasses. This @iffez in the vegetation composition of
mesocosms in relation to N deposition conveyecehfitial resilience to ozone.

Mesocosms in the highest ozone treatment showedtel soil solution DOC with
increasing site N deposition. This suggests thedpite showing relatively little leaf damage,
the ‘ozone resilient’ vegetation community mayl stilstain physiological damage through
reduced capacity to assimilate photosynthate, igtbubsequent loss as DOC through the
roots into the soil.

We conclude that for dune grassland habitats,gg®ns of highest risk to ozone exposure
are those that have received the lowest levelrgd-lerm nitrogen deposition. This
highlights the importance of considering communége ecosystem-scale impacts of
pollutants in addition to impacts on individual si@s. It also underscores the need for
protection of ‘clean’ habitats from air pollutionédother environmental stressors.

Capsule
For dune grassland habitats, the regions of higissto ozone exposure are those that have
received the lowest level of long-term nitrogen @&pon
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Introduction

Excess nitrogen deposition and elevated tropospbedne are two of the most important
pollutants driving vegetation damage and commuBtyposition change. There are many
studies on the impacts of these pollutants indiiigybut few on their combined effects, and
a particular knowledge gap is the in-combinatispaosses of intact communities or species
mixes (Mills et al., 2016).

Atmospheric nitrogen deposition impacts on vegetati

Atmospheric deposition of reactive nitrogen (‘Ngshgreatly increased in the UK over the
last century (Fowler et al., 2004). Nitrogen isitéad to the atmosphere in gaseous form both
as reduced nitrogen (NHammonia, and related forms) for which the souezes
predominantly agricultural (livestock and fertilizeand as oxidized nitrogen (NO and NO
from a variety of combustion processes includiregrtransport. The gases j@nd NH as
well as the aerosol nitric acid (HNJOcan be deposited directly to vegetation (‘dry
deposition’) over relatively short distances, withens of kilometers. In addition, long-range
transport of air pollutants can also occur wheregas nitrogen and sulphur compounds react
to form particulate matter, that is washed ouhefatmosphere by precipitation (‘wet
deposition’), sometimes thousands of kilometermftbe source. Atmospheric emissions of
both NH; and NQ peaked in western Europe and the UK around 199@E&(N\N2012).

During recent decades there have been significaeredses in NOx emissions, which have
fallen to approximately half of the 1990 level, anthore modest decrease of 20% insNH
emissions. However, the atmospheric depositiad bés declined at a slower rate and
whereas NQdeposition decreased by approximately 22%, thad tiposition of N changed
very little over the period 1987-2006, due to tla4inearity of atmospheric chemistry
including the influence of climate variability, paularly temperature (RoTAP, 2012; Tang
et al, 2018). In addition, observations of atmosjhdH; mixing ratios have been shown to
increase over recent decades in large parts ofdeuarner et al., 2007). Effective
reductions of NQand SQ emissions lead to a lower abundance of acids Kyt react

with and form particulate matter, with the resudtimgher NH mixing ratios leading to

higher NH deposition rates and therefore a lower decling @eposition than expected.

Nitrogen is an essential nutrient for plants: idisomponent of amino acids and proteins and
is needed for growth and repair of tissue. Howeercess nitrogen deposition has been
identified as an important driver of vegetationmip by processes including competitive
exclusion of species characteristic of nutrientspmmmmunities, soil acidification, increased
susceptibility to environmental stressors, andatlifeliar damage (Dise et al 2011; De
Schrijver et al., 2011, Maskell et al., 2010). I&Fiexperiments have shown that the
abundance of sensitive forbs and bryophytes deciiieen exposed to long-term excess
nitrogen deposition, with nutrient- or acid-tolergnasses and shrubs increasing (Cunha et
al., 2002, Throop and Lerdau, 2004, Jones et al. 2BlAdenix et al. 2012). Changes in
species composition of plant communities in refatim nitrogen deposition have also been
demonstrated through spatial gradient surveys emgadral re-surveys in many habitats,
including nutrient-poor sand dune and other grasislabog, heathland, and forest floor
communities (Stevens et @&004; Jones et al. 2004; Dupre et al. 2010; Feehl. 2014).
Nitrogen deposition over many sensitive habitatSunope and other densely populated
global regions exceeds the critical levels anddaset for those habitats (Matejko et al, 2009;
ROTAP, 2012).

Tropospheric 0zone impacts on vegetation
Tropospheric ozone is created and destroyed thraigghies of photochemical reactions
involving precursor molecules including nitrogend®es, methane, carbon monoxide and
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non-methane volatile organic carbons (Royal Soc@98). Ozone concentrations in
Europe have been rising since the Industrial Reiariidfrom 10-15 ppb to current levels of
30-40 ppb (Stich et al., 2007, Schultz et al., 2@doper et al., 2014). More recently, the
size of ozone peaks has been decreasing over nmirape (Schultz et al., 2017, Cooper et
al., 2014), but background concentrations in Eumthroughout the northern hemisphere
have been rising due to increased emissions ofiecmolecules, particularly from sources
in Asia (Granier et al., 2011).

Ozone affects plants in a variety of ways includieduced photosynthesis rate, impaired
stomatal control, accelerated leaf senescencegdaptive damage, a reduction in the supply
of photosynthate to roots, other changes in cadilogation, and impaired root respiration
(Yue and Unger, 2014; Wagg et al, 2013; Embersah €2018). Responses of vegetation to
ozone can vary greatly between species. ReasoddfiErential sensitivity include
differences in the ability to exclude ozone by satethregulation (Hoshika et al, 2013), the
rate at which plants can detoxify reactive oxygeecges to protect the photosynthetic
apparatus (Di Baccio et al, 2008), and the plagtafi resource partitioning to replace
damaged leaves (Grantz et al, 2006). However, @miittogen, ozone is chemically unstable
and does not accumulate in the vegetation or tthe Sberefore, although its impacts can be
long-term (e.g. changes in community compositiobelow-ground carbon cycling) ozone
itself does not remain in the ecosystem. Ozoneag@no individual plants can often be
detected over periods of days (VanderHeyden e2@0D1), although impacts on higher-level
characteristics such as plant community compositiay take years to manifest.
Physiological damage can reduce the capacity otpla assimilate carbon, which is then
lost as DOC through the roots. Soil enzymes regporchanges in root exudates and plant
litter quality and quantity, which are in turn goned by rates of plant growth, litter
production and root decomposition (Henry et alQ®20Allison and Treseder 2008). Thus
measuring these soil components can give an indicat the functioning of the community
as a whole.

Nitrogen-ozone interactions

While numerous studies have been conducted selyapatéhe impacts of ozone or nitrogen
on semi-natural and cultivated vegetation, far fe@geriments have investigated the
interactions between these two pollutants in coetioan. The studies to date have shown a
wide range of vegetation responses, with nitrogeal@rating (Yendrek et al., 2013; Jones
et al. 2010; Haikio et al., 2007), exacerbatinga(\tabe et al., 2012, Wyness et al. 2011,
Hayes et al., 2007), or not affecting sensitivityozone (Bassin et al, 2013; Harmens et al
2017).

Some of the variation in vegetation responses eaxplained by differing physiological
responses. For example, a plant may respond tocagaise in available N by increasing
photosynthetic rate, opening stomata to take iren@@ which would then also increase the
passive uptake of ozone, causing N to exacerbai@eodamage. Conversely, a plant may
react to ozone stress by allocating additional Nrtiect or repair photosynthetic apparatus,
with an amelioration of ozone damage (Jones @04I0). Intrinsic differences in species’
metabolic and growth rates can also explain diffees in rates of response to N and ozone,
as well as the relative importance of other drivaersh as climate and hydrology. Responses
of individual species, and interactions betweenamdng species may then be reflected in
different responses to N and ozone at the populana community levels (e.g. Payne et al.,
2011). Both nitrogen and ozone can affect plamroanity composition and species
richness, but the few studies considering bothupatits together have not demonstrated
interactive effects (Payne et al. 2011, Bassin. &(04.3).
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In this study we assessed whether chronic long-iégeposition affects the sensitivity of
dune grassland vegetation to acute short-term ozolgtion. We address this question by
experimentally elevating the tropospheric ozoneceairations to sand dune ecosystem
mesocosms collected from sites along a range gfterm nitrogen deposition in the UK,
and measuring species- community- and ecosysteah{lesponses. We chose dune
grassland because it is a well-studied communitly documented sensitivity to both
nitrogen deposition (Field et al., 2014, Plassmetrad., 2009) and ozone enrichment (Mills
et al., 2007). The UK is well documented for bhNtland ozon@mpacts, has strong N
gradients across the country, and previous studies shown impacts on plant communities
across this gradient after accounting for climaie ather drivers (e.g. Payne et al., 2011).
Ozone is a more transient pollutant, the locatibnighest impact can vary between and
within years (Hewitt et al., 2016). Typically tlees a gradient of ozone fluxes across the
UK, but is less strong than for N, particularlytive northern half of the UK, from where we
collected our mesocosms. Since the impact of ldroecosystem can take decades to
manifest, we use the N gradient of deposition ad\baddition ‘experiment’. Thus this study
uniquely combines a gradient and an experimenfaiogeh to investigate the combined
long-term effects of N and the acute effects ofnezon a habitat vulnerable to both stressors.

Specifically, we address the research questiomo#&ys N deposition change the ozone
sensitivity of individual species, and does thieralthe sensitivity of the community to ozone
via changes in plant community composition? 2)$ibe combined impacts of N and ozone
affect plant community functioning, specificallyastges in dissolved organic carbon (DOC)
in soil pore-water, and soil extracellular enzyrmgwaty?

Methods

Habitat and site selection

Dune grasslands in Europe are distributed arouvaddhastal fringes and are most extensive
around the north-Eastern Atlantic, North Sea antid&ea regions (Doody, 2001).

Although often sites of conservation status, dursgjand are threatened by a range of
factors such as land use change (e.g. grazingneathtion, sea level rise, and air pollution
(Jones et al, 2011). Grassland habitats in gehexed a high proportion of ozone-sensitive
species (Mills et al., 2007) which may be in pare ¢o the low leaf mass area (LMA) of
these plants, giving a relatively high leaf surfacea for ozone uptake (Feng et al., 2018).
Since sandy soils are generally poor in nutrients &/low acid neutralising capacity, dune
grassland communities are also potentially semstwnutrient enrichment and acidification
from atmospheric nitrogen pollution (Bobbink et 2003). Changes in species composition
or abundance in dune grassland have been demeaisimatl-addition studies (van den Berg
et al. 2005, Plassmann et al. 2009), in nationdlbaal-scale N-gradient studies (Jones et al.
2004, Field et al. 2014) and in re-surveys (Pakeetah., 2016). These have shown evidence
of eutrophication above 4-6 kg Nhgr in fixed dune vegetation in the UK, with a shift
towards species with higher Ellenberg N indicat@lues, indicating a change towards
component species with increased nutrient tolerance

From a previous N-gradient survey of dune grass{dades et al, 2004, Field et al, 2014),
we selected a subset of seven sites, ranging iepdsition from 5.4 to 16.7 kg N/hal/yr, and
with relatively constant long-term background ozerposure of approximately 30 ppb
(Figure 1, Table S1). Site selection was desigoadaximise the N deposition gradient
within the existing survey whilst keeping as consts possible other drivers such as rainfall
and temperature, although we ackowledge that tbesiigs with the lowest N deposition had
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the lowest temperature and the highest rainfale al¢o included two 11-year nitrogen
addition experiments at one of the sites, NewbdnangVales (Plassmann et al., 2009). In
these experiments, N deposition was increased iackground levels of 10 kg N/ha/yr to
17.5 and 25 kg N/ha/yr by monthly additions of ND3;. During that time period, soil pH
remained around 6.5, indicating some soil bufferpassibly from soil carbonates.

The mesocosm sites are a subset of a larger saf\&ydune grassland habitats studied in
2009, in which the species richness of forbs andse®was significantly negatively related
to nitrogen deposition after accounting for othevets such as precipitation, temperature,
soil chemistry, and altitude (Field et al. 2014).choosing our sub-sites we took advantage
of a large amount of background information frora thll survey, such as community
composition, species richness, soil chemistry, lasel temperature and precipitation (Table
S1). Analysis of the larger survey data identifdedeposition and soil pH as the major
correlates to species richness and composition.

Site-specific nitrogen deposition and 0zone exposundelling

The Concentration Based Emissions and Depositiateil@BED, Smith et al., 2000) was
used to estimate total inorganic N deposition todites (Figure 1A). The CBED model uses
a network of measured ionic concentrations in pigaion interpolated with annual
precipitation to generate national-scale estimateget deposition of Nif and NQ at a 5

km spatial resolution. Annual dry deposition of N&shd NQ is similarly calculated as the
product of network-based annual average gas camatiem and modelled concentrations and
deposition velocities (Sutton et al., 2001, Smithle 2000).

The EMEP MSC-W model (www.emep.int; Simpson et2012), an atmospheric chemistry
transport model that simulates atmospheric comipositnd deposition of pollutants
including ozone, was used to estimate ozone flu2@d5 (Figure 1B). Data are presented
as PORIAM, which is the Phytotoxic Ozone Dose above &shold of 3 nmol i s*
accumulated during daylight hours, and althouglapa&terised based on the response by
wheat, indicates the potential ozone uptake by-$erniral vegetation.
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Figure 1: Modelled A) total N deposition averaged overyears 2012-2014, using CBED
and B) ozone fluxes (PQIAM) for the year 2015 for the UK, using EMEP. &itused in
this study are indicated.

Mesocosm extraction and preparation

Between 10th April and 6th June 2014, nine intagsacosms of size 30 cm diameter, 25 cm
deep were collected from each site and the twd B&periments, choosing areas where the
organic layer of the soil was 5 to 10 cm deep. eMgrated plastic base was added to each
mesocosm and they were transported to our fieliltfaim Abergwyngregyn, North Wales,

UK (Latitude 53.2389, Longitude -4.0185). In Juoeyer estimates of all vascular plants
were made for each mesocosm, and the vegetatiopasition of each mesocosm was
photographed, after which the vegetation was ccik ba3 cm for standardisation.
Supplementary watering was given to all mesocoamisgl dry periods.

Ozone exposure system

Mesocosms were exposed to ozone using a Free AméEnrichment (FAOE) facility. The
FAOE system uses nine 4 m diameter rings to supgdye at a height of 30 cnihe rings
were arranged in a 3 x 3 matrix, with 10 m betwiencentres of each ring (Figure S1).
Treatments were an ambient air (AA) control, ‘AAaith an addition of approximately 10
ppb & to ambient, and ‘AA++’, with an addition of appromately 20 ppb @to ambient air.
There were three replicate FAOE rings per treatment

After a 2-week acclimation period in ambient aizpne fumigation started on % 3uly and
ended on 13 October (Figure 2). Ozone was suppbeng an ozone generator (G11, Pacific
Ozone) which utilised oxygen concentrated from ambair (Integra 10, SeQual). Ozone
delivery was via computer-controlled (LabView vers012) solenoid valves operating
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using pulse width modulation. Small fans (200 mrpebéir) were used to push the ozone
through the delivery pipe (65 mm diameter, with @ mmoles every 20cm; Figure S2) at a rate
of 0.17 ni/s per FAOE ring. Wind speed was monitored comtirsly (WindSonic, Gill
Instruments Ltd, UK) and was used to instantangoadjust solenoid operation and thus
ozone delivery. Ozone release was reduced at wieeds below 16 m/s and stopped below 2
m/s and, therefore, the ozone mixing ratio was ddaet on windspeed.

Ozone was sampled adjacent to the plants in eaglatia height of 30 cm for approximately
3.5 minutes in every half-hour using an ozone a®lyThermo 49i). During the period of
ozone exposure of the mesocosms, the ozone coatentin the AA control remained fairly
constant with a mean concentration of 28 ppb (31t AA+ treatment had a mean
concentration of 36 ppb (x4.0), and the AA++ treatirhad a mean concentration of 48 ppb
(£5.6) (Figure 2B; Table 1). Over this period thean daytime temperature was 17.5 °C,
and mean N deposition at the site estimated ube@BED model (Smith et al., 2000) was
approximately 20 kg/ha/yr. We recognise that tgesented an increase in N deposition for
all but one of the mesocosms, but was negligiblepgared with the previous N deposition
history for these mesocosms, and N impacts on aggetcomposition of intact communities
tend to act over timescales of years to decadese (&ial, 2011).
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Figure 2: Daily mean ozone concentration for the ambiemtyiant + and ambient ++
treatments for the duration of the exposure period.

Table 1: Season ozone exposure of the ambient air, ambrentaad ambient air ++
treatments. Standard errors are shown.

Ozone treatment  24h mean Daylight Mean daily AOT40
(ppb) mean (ppb) maximum (ppb) (ppm.h)
Ambient air (AA) 27.8 (£ 1.2) 299 (x15) 39.01) 1.2 (£ 0.3)
AA+ 36.3(x4.1) 38.7(x3.6) 66.6(x11.1) 8.944)
AA++ 48.9 (£ 5.7) 48.9 (+4.5) 97.7 (x12.4) 2181.5)
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Ozone injury assessment.

On 5" August, after exposure of all mesocosms to th@ezegime for three weeks, an
assessment of visible leaf injury was undertakevisible leaf damage was widely occurring
and clearly identifiable at this time. Twenty sgecexhibited signs of leaf injury or
senescence: 6 grasses, 11 forbs and 3 sedges/rlisass 20 target species were
subsequently assessed in each mesocosm in therarmibiehigh ozone treatments after
exposure to the ozone regime for six weeks. Fcin &arget species we counted the number
of damaged leaves and the total number of leavesipsocosm. For forbs, full leaves were
classified as either damaged or healthy. For geaged sedges, a leaf was classified as
damaged if >25% of the leaf blade was affectecgmilse it was classified as healthy.

Porewater DOC extraction and analysis

Water samples were collected from each mesocosny ave weeks between f4August

and 22% October using Rhizon MOM samplers (RhizosphereReh Products, The
Netherlands). All samples were filtered immediaiéilyer pore size 0.45 um) and stored at 5
°C in the dark until analysis. Samples were analyse®OC using a TOC and TN analyser
(ThermaloX Analytical Sciences). Samples were first acidifieith 45pL of 1M HCI for
samples from Newborough, Ainsdale, Morfa Bychan dodh Walney, and 75 pL of 1M

HCI for Lytham St Annes, Balnakiel and Oldshoremda&sed on the concentration of total
inorganic carbon in the samples. All standards aése acidified to the same level.

Soil enzyme extraction and assay

We also measured the activity of the soil-basegres B-D-glucosidase (which degrades
carbohydrates, particularly cellulose) and N-aebgtia-D-glucosaminidase (which converts
complex organic molecules to simpler amino-sugatrghe end of the ozone exposure period;
these enzymes are important for the microbially-ated cycling of carbon and nitrogen,
respectively, in the soil.

Soil samples (approximately 10 g) were collectedifieach mesocosm on the"asf

October 2014 and stored at@ The samples were homogenised by hand, remaving
stones and/or large roots. Three 1 g (+/- 0.05)ssubples of each soil sample were placed
into reinforced stomacher bags (Seward, UK) ancedtat 4°C overnight. 7 ml of substrate
(4-MUF beta-D-glucopyranoside for Beta-D-glucoselas 4-MUF N-acetyl-beta-D-
glucosaminide for N-acetyl-beta-D-glucosaminidasa$ added to one 1 g of each soil
sample. Each bag was homogenised for 30 then itedilaa 18C for 55 minutes, after

which they were removed and 1.5 ml was transfdine@d each bag and centrifuged at
10,000 rpm for 5 minutes. 250 microliters of thuparnatant from each enzyme sample was
extracted and added to 50 pL of ultrapure wat&terilin® Microplate wells which were
analysed using a plate reader (Spectramax M2&trdine the fluorescence at 450 and 330
nm excitation and then emission. Fluorescence wasgeasted into enzyme activity according
to Dunn et al. (2014).

Statistical analyses

Stepwise multiple linear regression was used totifyepredictive relationships from the
potential driver variables (total N deposition, W&D; deposition, mean annual precipitation,
growing degree days, total mineralisable N, soi] pitl % soil organic matter, Table S1),
and the response variables of total number of spegrass species number, sedge species
number, forb species number, and bryophyte specieter. We employed a combination of
forwards and backwards selection, with variabletuished if they explained significant




316 variation in addition to those already includedhia model. Analysis of the distribution of
317 residuals was made to confirm that the overall mggions of the regression were met.

318 Results

319 Pre-ozone treatment

320  Speciesrichness relationships with long-term N deposition

321 Inthe pre-treatment assessment of the mesoco&¥spBthe variability (p < 0.001) in total
322  species richness was explained by a model combsguilgyH (65%) and total nitrogen

323  deposition (28%), although the single best prediatas growing degree days (72%; p =

324 0.002). When these three variables were includede regression, the remaining variables
325 of annual precipitation, wet Nf@leposition, total mineralisable N, and % soil miganatter
326  were not significant. Annual precipitation, wet N@eposition, and % soil organic matter
327 were also not significant explanatory variableBnear regression relationships using single
328 predictors (Table 2, Table S2). There was no sisgkcies group that dominated this

329 relationship, as soil pH was one of the signifigargdictors for the forb (67%; p = 0.033),
330 grass (47%; p = 0.033) and sedge (82%; p = 0.06iness. The relationships between

331  nitrogen deposition and growing degree days witdtiEs richness were negative, whilst the
332 relationship between pH and species richness wsiiyis

333 There was a significant negative relationship (2@31) between the number of vascular
334 plant species and the nitrogen deposition at gBigrire 3A), with species number declining
335 from 15-20 in mesocosms from the least polluteeksiv 5-10 for the sites with the highest N
336 deposition. The change in species number was pnosbunced for forbs, which declined
337 from 8-10 at low-N sites to 0-2 at high-N sites{(.006; Figure 3B). Both relationships
338  were best fitted with an exponential curvet0.57 for all species®# 0.50 for forbs),

339 indicating a greater reduction in species numbekgeN as nitrogen deposition increased
340 from the least polluted sites. The number of sexpgeies per mesocosm showed a non-
341  significant decline with increasing N depositiorhexreas the number of grass species and the
342  number of moss species showed no significant tréhd.relationship between species

343  number and nitrogen deposition in the mesocosmssimatar to that found in the larger

344  survey of 24 sites (Field et al. 2014), althougréhwere more species found in the survey
345 quadrats, which at 2x2 m were over four times tiea af the mesocosms.

346
347

348 Table 2: P-values based on linear regressions betweemespazhness per mesocosm and
349  driver variables. Significant relationships (p<0.@% shown in bold, and the response

350 direction is indicated. Correspondirfgvalues are shown in Supplementary Material Figure
351 S2.

N Wet NGOy Annual Growing Total Soil % soill

deposition deposition precipitation degree mineralisable pH  organic

days N matter

Grasses 0.743 0.648 0.278 0.381 0.827 0.033 0.534

Sedges 0.441 0.585 0.314 0.033 0.158 0.001 0.538

Forbs 0.038 0.929 0.281 0.006 0.007 0.033 0.202
Bryophytes 0.221 0.113 0.342 0.997 0.641 0.471 10.50

Total species  0.046 0.887 0.132 0.002 0.032 0.006 0.383
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353
354  Figure 3: Species richness in relation to modelled N demysdf mesocosms for A) all

355  species, and B) forbs only. Filled symbols are rnesms, this study; open circles are survey
356 field data from a larger survey of 2x2 m quadradsnf sand dunes (Field et al. 2014),
357 including some of the same sites, shown for corspari

358

359  With increasing site nitrogen deposition and séilthere were changes in the cover of the
360 different species groups (Figure 4). The covdopdis and sedges in the mesocosms showed
361 adecline with increasing nitrogen deposition (028.for combined forb + sedge cover,

362  Figure 4e), with an increasing but non-significeand for the cover of grasses (Figure 4a).
363 There was also a decrease in the forb:grass rtiesocosms with increasing N deposition
364 (p =0.081, Figure 4g). However, with increasing pH there was a significant decline in
365 grass cover (p = 0.031, Figure 4b) and an incrgdsirh non-significant trend for the cover of
366 forbs, giving an increase in the forb:grass ratimesocosms with increasing soil pH (p =
367 0.015, Figure 4h). A model combining nitrogen depon and soil pH explained 62% of the
368 variability in forb cover (p = 0.021) and 37% o€thariability in grass cover (p = 0.115).
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Figure 4: Average % cover of grasses (a, b), forbs (cnhd)sedges+forbs (e, f) in the
mesocosms in relation to site nitrogen depositimh il pH. Forb:grass ratio in the
mesocosms in relation to site nitrogen depositgyragd soil pH (h). Solid trendlines indicate

statistically significant relationships (p<0.05).
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Post-Ozone treatment

After six weeks of the 2.5 month ozone fumigatiwe, found that the highest ozone
treatment, AA++, caused damage to some individiuwaia all of the 20 target species. The
AA+ ozone treatment also caused damage, but lessede and to fewer individuals and
species. For each of the target species in eashaosm of the control and AA++

treatments, we identified the number of leaves shgwzone damage or senescence, and the
number of healthy leaves, and calculated the ptmpoof damaged or senesced leaves. We
used the mean proportion of leaf damage or senesceithe unfumigated mesocosms as the
baseline, and subtracted the mean values fromréhgrient mesocosms to give an average
damage estimate.

We found that the mean proportion of damaged leewveach mesocosm declined with
increasing site N depositiorf fior logarithmic curve = 0.40; p = 0.042, Figure B) other
words, vegetation from the mesocosms receivingdrigghdeposition was in aggregate less
sensitive to ozone. This could be due to a dpbgsiological effect: exposure to elevated N
imparting increased ozone resilience to individulahts by, for example, the allocation of
additional N to protect or repair tissues from azdiamage. Alternatively, it could be due to
a community composition shift at elevated N to mazene-resistant species. Further
investigation of all species present in cores fadrteast three different N-deposition sites
supports the latter hypothesis. The site N dejoositad no additional effect for any species
on the proportion of damaged leaves at a given [@wezone exposure, with one exception
(the forbLeontodon spp, which showed a reduced response to elevated azitmécreasing
site N deposition). Thus it appears that ‘ozorsdiezce’ in mesocosms from sites receiving
higher N deposition is a result of a community-lediéference in species compaosition.

N
(%)
T
o

N
o
T

Proportion of damaged leaves with
increasing ozone exposure (%)
[y
(9}

10 }
y = -5.164In(x) + 28.932
< | R?=0.40
p =0.042
0 1 1 1 1 1 J
0 5 10 15 20 25 30

N deposition, kg ha? yr!

Figure 5: Community-level ozone sensitivity in relationltmg-term nitrogen deposition
based on the aggregate response of 20 potentallyessensitive dune grassland species, and
the difference between the % damaged leaves iIAARe- compared to AA ozone treatment.

At the end of the 2.5 month ozone treatment thennl#aC concentration in soil pore water
showed a positive relationship with long-term N agpon (p = 0.008 across all ozone
treatments). There was, however, a non-significgetaction between the two treatments (p
= 0.058), with no relationship between DOC and WNa#ition for the ambient mesocosms, an
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increasing (non-significant) trend for the AA+ messms, and a significant increase in DOC
with increasing long-term N deposition for the masms receiving the highest ozone dose
AA++ (p = 0.023; Figure 6). There were no sigrafit differences in the activity of either
the soil-based enzymes B-D-glucosidase or N-adettd-D-glucosaminidase in relation to
site N deposition or ozone treatment and no inter@aeffects detected (data not shown).
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Figure 6: DOC of soil solution in relation to site N depasn (p=0.008) and ozone
treatment. The slope of the regression line fothilgbest ozone treatment is significant (p =
0.023).

Discussion

Nitrogen deposition and ozone pollution can bofeafsemi-natural vegetation, with effects
including vegetation damage, species compositidtssand changes in soil biology and
chemistry. Our study has supported these findiogdune grassland vegetation, and
provided new evidence of interactions betweenwegollutants. We found that the sites
that are the least damaged by nitrogen depositmalao the most sensitive to ozone
pollution. However, for all but one of the 20 sj@sanvestigated, there was no change in the
sensitivity to ozone of an individual species witbreasing long-term N deposition.
Together with the decline in forb species and covidlt increasing nitrogen deposition, this
implies that it is the change in species compasitiat is driving the change in ozone
sensitivity of the mesocosms. Although some giaase sensitive to ozone pollution, the
dominant grasses in the mesocosms in this steelyuca rubra, Agrostis capillaris,
Anthoxanthum odoratum) are classified as resistant (Hayes et al., 280d)did not have any
additional leaf damage with increasing of ozoneosxipe.

Because of its short duration, we are unable tdreay the experiment if 0zone exposure
alone alters vegetation community composition. tMggar ozone exposure studies have
shown few changes in species community compositiamact communities (Thwaites et al,
2006; Bassin et al 2007). This may be because, @her pollution exposure studies
(including nitrogen), the experiments were not l@ngugh to detect a community shift. It
also may be due to the fact that ozone does notadate in the ecosystem as nitrogen does.

On a regional scale, ozone is a more spatiallytamgborally variable pollutant than nitrogen
and, although there are broad-scale trends aauogs dreas such as the UK (see Figure 1),
areas of high or low ozone exposure can vary greathin and between years (Hewitt et al,
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438  2016). This makes it difficult to identify an ozgradient to investigate species richness or
439  cover trends in the same way as has been dondérogen. Payne et al. (2011), however,
440  attempted this by relating the species composdiuhrichness of acid grassland in Great
441  Britain to modelled 5-year annual average tropogpltzone exposure (AOT40, from the
442 UK Air Pollution Information System — APIS), modedl annual N deposition (from CBED,
443  as with our study) and a number of other poteutiiziers. They found nitrogen deposition
444  and ozone exposure to be associated with diffgriant community parameters: N deposition
445  was most strongly associated with species richaedgliversity indices, and ozone exposure
446  with overall community composition, but not neceggahe richness or diversity of the

447  community. Despite year-to-year variability in oedevels, the relative crudeness of the
448  AQOT40 calculation used, and the uncertainty inheireapplying regional-scale modelled

449  data to specific localities, ozone exposure wagrafecant predictor of plant community

450  composition, illustrating the potential importarafe>zone on a national scale.

451

452  In this study, the cores receiving the highest ezoeatment had significantly increased soill
453  DOC with increasing site N deposition, despite singwo additional visual damage to

454  aboveground tissues. Whereas elevated N deposdioimcrease the capacity of vegetation
455  to assimilate carbon (Dise et al., 2011), elevatsahe reduces photosynthetic capacity and,
456  through early senescence or leaf death, can lemdreased release of stored carbon as root
457  exudates (McCrady and Andersen, 2000). Root ersdat mostly comprised of low

458  molecular weight compounds such as sugars, orgaids and amino acids (van Hees et al.,
459  2005) and these have a fast turnover in the sodi{| et al., 2007). Carbon can leave the
460 plant via root exudate only a few hours after bdirgd by the plant, and it is estimated that
461  70-80% of the carbon exuded is cycled through tleeahial biomass (Boddy et al., 2007).
462  Thus the interactions between N and ozone couéttfhe structure and composition of the
463  microbial community, thereby affecting C and N a@ygl(Manninen et al., 2009). These

464  ecosystem-level changes may be apparent well hedoeven in the absence of, apparent
465 damage to vegetation or community composition shiRespite the increase in DOC

466  concentration in the high-N cores, we found no enak of changes in the activity of either
467  of the carbon- or nitrogen- cycling enzymes we igtthdin line with changes in low

468  molecular weight substrates that can be direcg8ynatated, rather than long chain polymers
469  requiring enzymic cleavage before microbial uptake.

470  An important finding of our study is that the ‘clesst’ habitats, those that have been the least
471  damaged by nitrogen pollution, are the most vulblerto ozone damage. Conversely, those
472  that have been the most damaged by nitrogen pmtlatie the most resilient to ozone. In
473  both cases, the impact is at the level of the comiyuather than the species. The dune

474  grasslands in this study are most similar to tlufsbe Baltic, North Sea, English Channel
475 and northern Atlantic regions (EUNIS category B1 BUNIS habitat classification 2007).
476  Over much of this area, both ozone flux and nitrogeposition are elevated due to regional-
477  scale pollution, and for some of the areas of thgliEh Channel and North Sea coastal

478  regions, nitrogen deposition is higher than thatwfstudy sites (Figure 7). Itis likely that
479  dune grasslands over this region have already ibggacted by nitrogen deposition, and our
480  study would predict that they are relatively resitito ozone damage. However, this

481  ‘resilience’ is because they have shifted to a ngpess-dominated vegetation composition,
482  having lost forb species richness. The returndifvarse forb community to these habitats
483  would require a long-term reduction of nitrogenlptibn, may take many years, and,

484  depending on the level of damage, may require acastoration.

485  Dune grassland receiving low nitrogen depositiokumope occurs in the northern UK,
486 Ireland, and Scandinavia. These are likely to beenfiorb-rich than more N-polluted
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487  habitats, and therefore more sensitive to ozondik&the polluted habitats, they have

488  retained a high species-richness and require eovierition other than the prevention of new
489  sources of pollution, although they could stillibgacted by stressors such as climate

490 change or changes in land use. We therefore sutjgeprotection of ‘clean’ habitats from
491 any increases in nitrogen or ozone pollution shaeldhe first priority for policymakers and
492 managers. Since ozone and nitrogen interactiendraren by community level species-

493  change, these findings are likely to be applicabla wider range of vegetation communities
494  and global regions which are known to respondsimalar way to nitrogen deposition

495  (Midolo et al. 2019), and potentially to differesdmbinations of pollutants. This highlights
496 the need for awareness that habitats in the redtiaoe exposed to numerous interacting
497  environmental drivers, including multiple pollutantvhich may combine with, enhance, or
498  negate the effects of each other. Determiningnétdong-term effect on habitats of drivers
499 that are changing in space and time, and completdyacting, is a major challenge in

500 environmental science.

501

502  Figure7: a) Nitrogen deposition) and b) ozone flux (P{O"M for arable crops) to coastal
503 western European regions. Both calculated wittEfki&P model (Simpson et al, 2012) for
504 the year 2014. Areas where sand dune grasslamevalpnt are indicated in grey (based on
505 data from Doody, 2001).

506
507 Acknowledgements

508 The authors would like to thank Natural England{uxa Resources Wales, North Wales
509  Wildlife Trust, and the Rhiconich Estate for persms for mesocosm collection. We also
510 thank Aled Williams (Aled Williams Mechatronics)rfeechnical support for the FAOE
511  0zone exposure system.

512  This study was funded by European Union FramewdPkdject ECLAIRE (Effects of

513 Climate Change on Air Pollution Impacts and Resp®isategies for European Ecosystems,
514  project number 282910), by the Natural EnvironnResearch Council, UK (project

515 NECO05574 and NEC6150). Bethan Lloyd was funded Kp@awledge Economy Skills

516  Scholarship (KESS).

15



517
518
519
520

521
522
523

524
525
526

527
528
529
530

531
532
533

534
535
536
537
538
539
540

541
542

543
544
545
546

547
548
549

550
551

552
553

554
555
556

References

Allison S.D. and Treseder K.K. (2008) Warming amgirtg suppress microbial activity and
carbon cycling in boreal forest soils. Global Chagology 14:2898-2909.

Bassin S., Volk M., Fuhrer J. (2013) Species contiposof subalpine grassland is sensitive
to nitrogen deposition but not ozone, after seveary of treatment. Ecosystems 16:1105-
1117.

Bassin S., Volk M., Suter M., Buchmann N. and Fulitg2007) Nitrogen deposition but not
ozone affects productivity and community compositid subalpine grassland after 3 yr of
treatment. New Phytologist 175:523-534

Bobbink R., Ashmore M., Braun S., Flickiger W. atath den Wyngaert 1.J.J. (2003)
Empirical critical loads for natural and semi-nalugcosystems: 2002 update. In: Empirical
Critical Loads of Nitogen. Eds B Achermann and PbBiak. Swiss Agency for Environment
Forests and Landscape, Bern. Pp 43-169.

Boddy E., Hill P.W., Farrar J. et al. (2007) Fasthbver of low molecular weight
components of the dissolved organic carbon poté¢mperate grassland field soils. Soill
Biology and Biochemistry 39:827-835.

Cooper, O.R., Parrish, D.D., Ziemke, J., Balashy,., Cupeiro, M., Galbally, I.E., Gilge,

S., Horowitz, L., Jensen, N.R., Lamarque, J.F. 8kN¥. (2014) Global distribution and

trends of tropospheric ozone: An observation-basadew. Elementa: Science of the
Anthropocene 2, 000029. DOI: 10.12952/journal.eletz©00029.

Cunha, A., Power, S.A., Ashmore, M.R., Green, P.,R48worth, B.J., Bobbink, R. (2002)
Whole ecosystem nitrogen manipulation: an updatesw. JNCC Report No. 331.

De Schrijver A., De Frenne P., Am Poorter E. e{2011) Cumulative nitrogen input drives
species loss in terrestrial ecosystems. Globaldggoand Biogeography 20:803-816.

Di Baccio D., Castagna A., Paoletti E., Sabastiraihd Ranier A. (2008) Could the
differences in @sensitivity between two poplar clones be related tlifference in
antioxidant defense and secondary metabolic regpon® influx? Tree Physiology
28:1761-1772.

Dise N., Ashmore M., Belyazid S. et al. (2011) bigfen as a threat to European terrestrial
biodiversity. In M.A. Sutton, C.M. Howard, J.W. Eman et al. (Eds) The European Nitrogen
Assessment, Cambridge University Press.

Doody J.P., 2001. Coastal Conservation and Managerme Ecological Perspective.
Kluwer, Academic Publishers, Boston, USA, 306 ppns§ervation Biology Series, 13

Dunn C., Jones T.G., Girard A. et al. (2014) Mettlodies for extracellular enzyme assays
from wetland soils. Wetlands 34:9-17.

Dupré C., Stevens C.J., Ranke T. et al. (2010) @émim species richness and composition
in European acidic grasslands over the past 7Gy#a contribution of cumulative
atmospheric nitrogen deposition. Global Changedgjpl16:344-357.

16



557
558
559

560
561
562
563

564
565
566

567
568
569

570
571

572
573
574

575
576
577

578
579
580

581
582

583
584
585

586
587

588
589
590
591

592
593

594
595
596
597

Feng Z.Z., Buker P., Pleijel H., Emberson L., Ksols P.E., Uddling J. (2018) A unifying
explanation for variation in ozone sensitivity argamoody plants. Global Change Biology
24:78-84.

Field C., Dise N., Payne, R., Britton, A., Emmé&tt, Helliwell R., Hughes S., Jones L.,
Leake J., Leith I., Phoenix G., Power S., Sheppar&outhon G., Stevens C., Caporn S.J.M.
(2014). Nitrogen drives plant community changessrsemi-natural habitats. Ecosystems
17:864-877.

Fowler D., Donoghue O.M., Muller J.B.A., Smith RDragosits U. et al. (2004) A
chronology on nitrogen deposition in the UK betw&800 and 2000. Water, Air and Soll
Pollution: Focus 4:9-23.

Granier C., Bertrand B., Bond T. et al. (2011) Enioin of anthropogenic and biomass
burning emissions of air pollutants at global aggional scales during the 1980-2010 period.
Climatic Change 109:163-190.

Grantz D.A., Gunn S., Vu H.B. (2006 @npacts on plant development: a meta-analysis of
root/shoot allocation and growth. Plant Cell andiEanment 29:1193-1209.

Harmens H., Hayes F., Sharps K. et al. (2017). tra#t6 and photosynthetic responses of
Betula pendula saplings to a range of ground-level ozone conceotrsat a range of
nitrogen loads. Journal of Plant Physiology 211522-

Hayes F., Jones M.L.M., Mills G., Ashmore M. (200Vleta-analysis of the relative
sensitivity of semi-natural vegetation specieszore. Environmental Pollution 146:754-
762.

Henry H.A.L., Juarez J.D., Field C.B. et al. (200%8gractive effects of elevated GO\
deposition and climate change on extracellular erezgctivity and soil density fractionation
in a California annual grassland. Global Changddgjy11:1808-1815.

Hewitt D.K.L., Mills G., Hayes F. et al. (2016) Nkation in legumes — An assessment of the
potential threat posed by ozone pollution. Envirental Pollution 208:909-918.

Hoshika Y., Watanabe M., Inada N., Koike T. (200B)del-based analysis of avoidance of
ozone stress by stomatal closure in Siebolds b@egus crenata). Annals of Botany
112:1149-1158.

Jones M.L.M., Hayes F., Mills G. et al. (2007) Reidg community sensitivity to ozone,
using Ellenberg indicator values. EnvironmentaliRmn 146:744-753.

Jones M.L.M., Wallace H., Norris D.A., Brittain/s, Haria S., Jones R.E., Rhind P.M.,
Williams P.D., Reynolds B. and Emmett B.A. (2004)a@ges in vegetation and soll
characteristics in coastal sand dunes along aggradf atmospheric nitrogen deposition.
Plant Biology 6:598-605.

Jones M.L.M., Hodges G., and Mills G. (2010). Nifea mediates some ozone effects but
exacerbates others in a rhizomatous sedge. EnvaotaiPollution 158:559-565.

Jones L., Provins A., Harper-Simmonds L., Holland Mills G., Hayes F., Emmett B.A.,
Hall J., Sheppard L.J., Smith R., Sutton M., HisksAshmore M., Haines-Young R. (2014)
A review and application of the evidence for nigagmpacts on ecosystem services.
Ecosystem Services 7:76-88.

17



598 Jones M.L.M., Angus S., Cooper A., Doody P., Evéidr, Garbutt A., Gilchrist P., Hansom

599 G., Nicholls R., Pye K., Ravenscroft N., Rees ShjinR P. and Whitehouse A.. (2011)

600 Coastal margins [chapter 11]. In: UK National Exieyn Assessment. Understanding
601  nature's value to society. Technical Report. Cadgeri UNEP-WCMC, 411-457.

602  Manninen S., Huttunen S., Tommervik H. et al. (2098rthern plants and ozone. Ambio
603  38:406-412.

604 Maskell L.C., Smart S.M., Bullock J.M., Thompsondtd Stevens C.J. (2010) Nitrogen
605 deposition causes widespread loss of species 8shneBritish habitats. Global Change
606  Biology 16:671-679.

607 Matejko M., Dore A.J., Hall J, Dore C.J., Blas Mryza M., Smith R. and Fowler D. (2009)
608  The influence of long term trends in pollutant esraas on deposition of sulphur and

609  nitrogen and exceedance of critical loads in th#ddnKingdom. Environmental Science and
610 Policy 12:882-896.

611  McCrady J.K. and Andersen C.P. (2000) The effectzoine on below-ground carbon
612  allocation in wheat. Environmental Pollution 10754472.

613  Midolo, G., Alkemade, R., Schipper, A.M., Benitdzpez, A., Perring, M.P. and De Vries,
614 W., 2019. Impacts of nitrogen addition on plantcsge richness and abundance: A global
615 metalanalysis. Global Ecology and Biogeography, 28(B)398-413.

616 Mills G., Harmens H., Wagg S. et al. (2016) Ozaneacts on vegetation in a nitrogen
617  enriched and changing climate. Environmental Piollu08:909-918.

618 Mills G., Hayes F., Jones M.L.M. and Cinderby S2(4(2). Identifying ozone-sensitive
619 communities of (semi-) natural vegetation suitdblenapping exceedance of critical levels
620 Environmental Pollution 146:736-743.

621  NAEI - UK National Atmospheric Emissions Inventdritp://naei.defra.gov.uk/;

622 Pakeman R.J., Alexander J., Brooker R. et al. (RQbfg-term impacts of nitrogen
623  deposition on coastal plant communities. EnvirontalePollution 212:337-347.

624 Payne R.J., Stevens C.J., Dise N.B., Gowing DilkinBton M.G., Phoenix G.K., Emmett
625 B.A., Ashmore M.R. (2011) Impacts of atmospheritiyimn on the plant communities of
626  British acid grasslands. Environmental Pollutio®:P%02-2608.

627  Phoenix G.K., Emmett B.A., Britton A.J., Caporn.Bl] Dise N.B., Helliwell R., Jones L.,
628 Leake J.R., Leith I.D., Sheppard L.J., SowerbyPNkington M.G., Rowe E.C., Ashmore
629 M.R. and Power S.A. (2012) Impacts of atmosphaitiogen deposition: responses of
630  multiple plant and soil parameters across contrggicosystems in long-term field

631 experiments. Global Change Biology 18:1197-1215.

632 Plassmann K., Edwards-Jones G., Jones M.L.M. (20B8)effects of low levels of nitrogen
633  deposition and grazing on dune grassland. Sciehite d otal Environment 407:1391-1404.

634 ROTAP (2012) Review of Transboundary Air Pollutiéwidification, Eutrophication,
635 Ground-Level Ozone and Heavy Metals in the UK p:iitvww.rotap.ceh.ac.uk/

636  Royal Society (2008) Ground-level ozone in the tydinst century: Future trends, Impacts
637 and Policy Implications. Science Policy Report 85/0

18



638
639
640
641
642
643
644
645

646
647
648
649
650
651

652
653
654

655
656
657
658

659
660

661
662

663
664
665

666
667
668

669
670
671

672
673
674

675
676
677

Schultz, M.G., Schroder, S., Lyapina, O., CoopeR.Cet al. (2017) Tropospheric Ozone
Assessment Report: Database and metrics data dfalgleurface ozone observations.
Elementa-Science of the Anthropocene 5:Atrticle 58.

Simpson D., Benedictow A., Berge H., BergstromHEnperson L.D., Fagerli H., Hayman
G.D., Gauss M., Jonson J.E., Jenkin M.E., Nyirilichter C., Semeena V.S., Tsyro S.,
Tuovinen J.-P., Valdebenito A.', Wind P. (2012) BHMEP MSC-W chemical transport
model e technical description. Atmospheric Cheryiatrd Physics 12:7825e7865.

Smith R.1., Fowler D., Sutton M.A., Flechard C. &adyle, M. (2000) Regional estimation of
pollutant gas dry deposition in the UK: model dggan, sensitivity analyses and outputs.
Atmospheric Environmen#4:3757-3777.

Stevens C.J., Dise N.B., Mountford J.O. and Govidngy (2004) Impact of nitrogen
deposition on the species richness of grasslamisn& 303:1876-1879.

Sutton M.A., Tang Y.S, Miners B., Fowler D. (2008 new diffusion denuder system for
long-term regional monitoring of atmospheric amnacgand ammonium Water, Air and Soil
Pollution: Focus 1145-156

Tang Y.S., Braban C.F., Dragosits U., Dore A.Jni8ons I., van Dijk N., Smith R.I., Poskitt
J., Pereira M.G., Keenan P.O., Carter H., ConollpMihcent K., Smith R.I., Heal M.R. and
Sutton M.A. (2018) Drivers for spatial, temporatldong-term trends in atmospheric
ammonia and ammonium in the UK. Atmospheric Chametd Physics 18:705-733.

Throop H.L. and Lerdau M.T. (2004) Effects of ngem deposition on insect herbivory:
implications for community and ecosystem procedsessystems 7:109-133.

Thwaites R.H., Ashmore M.R., Morton A.J. et al.@BY The effects of tropospheric ozone
on the species dynamics of calcareous grasslanitoEmental Pollution 144:500-509.

Van den Berg L.J.L., Tomassen H.B.M., Roelofs J.Gakt Bobbink R. (2005) Effects of
nitrogen enrichment on coastal dune grassland: sooesm study. Environmental Pollution
138:77-85.

Van Hees P.A.W., Jones D.L., Finlay R. et al. (900% carbon we do not see — the impact
of low molecular weight compounds on carbon dynanaied respiration in forest soils: a
review. Soil Biology and Biochemistry 37:1-13.

VanderHeyden D., Skelly J., Innes J., Hug C., Zhangandolt W., Bleuler P. (2001) Ozone
exposure thresholds and foliar injury on foreshpgan Switzerland. Environmental Pollution
111:321-331.

Wagg S., Mills G., Hayes F.; Wilkinson S. and Daw&.J. (2013) Stomata are less
responsive to environmental stimuli in high backgn ozone irDactylis glomerata and
Ranunculus acris. Environmental Pollution 175:82-91.

Warner J.X., Dickerson R.R., Wei Z., Strow L.L., lgaY. and Liang Q. (2017) Increased
atmospheric ammonia over the world’s major agricaltareas detected from space.
Geophysical Research Letters 44:2875-2884.

19



678
679
680

681
682

Yendrek C.R., Leisner C.P., Ainsworth E.A. et @013) Chronic ozone exacerbates the
reduction in photosynthesis and acceleration oésegnce caused by limited N availability in
Nicotiana sylvestris. Global Change Biology 19:3155-3166.

Yue X. and Unger N. (2014) Ozone vegetation danedigets on gross primary productivity
in the United States. Atmospheric Chemistry andsikisy14:9137-9153.

20



Highlights
O The N-polluted sites contained fewer ozone-sensitive forbs and sedges

O Vegetation composition in relation to N deposition conveyed differentia ozone-
resilience.

O Mesocosmsin the highest ozone treatment showed elevated soil solution DOC.
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