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Abstract

In this study we have demonstrated that rising background ozone has the potential to reduce
grassland forage quality and explored the implications for livestock production. We analysed
pasture samples from seven 0zone exposure experiments comprising mesotrophic,
calcareous, haymeadow and sanddune unimproved grasslands conducted in open-top

chambers, solardomes and a field release system. Across all grassland types, there were



significant increases in acid detergent fibre, crude fibre and lignin content with increasing
0zone concentration, resulting in decreased pasture quality in terms of the metabolisable
energy content of the vegetation. We derived a dose-response function for metabolisable
energy of the grassland with ozone concentration, applicable to a range of grassland types,
and used this to predict effects on pasture quality of UK vegetation at 1km resolution using
modelled ozone data for 2007 and for predicted higher average ozone concentrations in 2020.
This showed a potential total reduction in lamb production in the UK of approximately 4% in
2020 compared to 2007. The largest impacts were in geographical areas of modest ozone
increases between the two years, but where large numbers of lambs were present. For an
individual farmer working to a very small cost margin this could represent a large reduction
in profit, both in regions where the impacts per lamb and those where the impacts per km? of
grazing land are largest. In the short term farmers could adapt their lamb management in
response to changed forage quality by additional supplementary feed of high metabolisable
energy content. Nationally this increase in annual additional feed in 2020 compared to 2007
would be 2,166 tonnes (an increase of 0.7%). Of added concern are the longer-term
consequences of continual deterioration of pasture quality and the implications for changes in

farming practices to compensate for potential reductions in livestock production capacity.

Keywords: grazing, air pollution, pasture quality, livestock production, ozone, metabolisable

energy, sheep, lambs

1. Introduction

Current ozone concentrations are known to decrease crop yields and affect crop quality, with

global agricultural economic losses estimated to be $17 - $35 billion annually (Avnery et al.,



2011a). Crops that have been demonstrated to be sensitive to ozone include wheat (e.g.
Piikki et al., 2008, Pleijel et al., 2007), potato (e.g. Donnelly et al., 2001, Vandermeiren et al.,
2005) and tomato (e.g. Bermejo, 2002, Calvo et al., 2007). However, in addition to effects on
agricultural crops that are used directly as a food source, several individual experiments have
shown effects on yield and quality of component species of pasture used for animal grazing.
Globally, in 2000, the area of pasture and fodder crops was 3.5 million km?, representing
26% of the world land area and 70% of the world agricultural area (FAOSTAT). Across
Europe, the total fodder area (grasslands and fodder crops) comprises 43% of the utilised
agricultural area. This land is grazed by approximately 100 million sheep and 89 million
cattle (including 23 million dairy cattle), the majority of which are dependent on managed
pasture or grassland for a significant portion of their diet (FAOSTAT). In this study, for the
first time, ozone impacts on pasture quality from experiments on different types of grassland
have been analysed using common methodology to allow development of common dose-
response functions. To demonstrate the potential spatial extent of ozone-induced reductions
on pasture quality and consequent effects on lamb production, worth £980million in the UK
in 2010 (UK agriculture) and contributing 9.5% of global sheepmeat exports in 2012
(nationalsheep.org.uk), the response functions have been applied to UK data at 1km?

resolution.

Some deleterious effects of ozone on yield of pasture have been previously demonstrated
(e.g. Pleijel et al., 1996). Most such studies have focussed on reductions in the legume
fraction as this could affect productivity of ruminant herbivores that feed on the pasture either
directly via grazing or through silage production due to the higher nitrogen content of
legumes. Reductions in the legume fraction, but not the grass fraction, of harvested biomass

as a result of ozone exposure have been demonstrated using both intact managed pasture



(Fuhrer, 1994, Fuhrer et al., 1994), Trifolium repens — Lolium perenne mixtures established
in field conditions from seed (Wilbourn et al., 1995), and T. repens — L. perenne established
in mesocosms (Hayes et al., 2009). Similarly, reductions in the clover:grass ratio due to
ozone have been reported by Nussbaum et al. (1995) and Heagle et al. (1989) using T. repens
and L. perenne and T. repens and Festuca arundinacea respectively, which can also occur if
the above-ground biomass of the grass component increases due to reduced competition from
the legume content. Reductions in N-fixation in clover in response to increasing ozone
concentrations have also been shown (Hewitt et al., 2014), implying a reduced nitrogen

content of the clover component of the pasture.

Forage quality is influenced by combinations of several factors including content of desirable
nutrients e.g. protein as well as the composition of the cell wall, which must be broken down
as part of the digestive process for the nutrients to be released. Any ozone-induced decrease
in forage quality could be via changes in species composition, changes to individual
component species such as altered plant structure or changes to biosynthesis or partitioning of
secondary metabolites. One of the measures that integrates the nutrient content and
digestibility aspects of forage quality is ‘Relative Feed Value’ (RFV). It has been
demonstrated that early season ozone exposure (non-filtered air + 50 ppb) of Poa pratensis in
mesocosms decreased RFV by 8%, despite no reduction in biomass production (Bender et al.,
2006). Nutritive quality of Trifolium subterraneum was decreased by 20% with ozone
concentrations of approximately 56 ppb compared to charcoal-filtered air (Sanz et al., 2005),
in addition to a decrease in biomass. The change in nutritive quality in the Sanz et al. (2005)
study was shown to be due to increased concentrations of “acid detergent fibre” (ADF),
“neutral detergent fibre” (NDF) and lignin. In addition, the RFV of clover monocultures has

been shown to be 2.4 times greater than that of equivalent grass (L. perenne) mesocosms



(Gonzalez-Fernandez et al., 2008), implying that a decrease in clover content of pasture
would cause a decrease in RFV. However, these studies have assessed impacts on vegetation
representative of high quality, productive grasslands. To date there have been no studies on
ozone effects on the overall quality of pasture in low production semi-natural grasslands,

where species such as clover would constitute a much smaller component.

Quality of forage has been shown in previous studies to be an important factor influencing
liveweight gain of lambs, with liveweight gain being much lower (86g per day) when grazing
grass compared to clover (123g per day, Court et al. 2008). Several other studies have shown
a link between the metabolisable energy of the feed and liveweight gain of sheep and/or
lambs, but these often compared only two metabolisable energy feeds, which were
contrasting in species composition, making these unsuitable to derive a response relationship
(e.g. Black et al., 2007 using grass compared to clover, Ramirez-Restrepo et al., 2004
comparing Lotus spp. to a Lolium/Trifolium mixture, and Speijers et al., 2005 comparing
Lotus, red clover and rye grass). A feeding trial in Oman, with the chemical composition of
the different feeds balanced in terms of crude protein and vitamins and minerals, showed that
for Omani lambs the relationship between metabolisable energy and liveweight gain was
linear with diet formulations between 8.67 and 11.2 MJ ME/kg DM (Mahgoub et al., 2000),

with the rate of growth also being linear throughout the trial for each of the different diets.

To date, the majority of studies investigating the effects of ozone on pasture quality have
used highly productive grass-clover mixtures; however, a considerable amount of grazing
occurs on lower-quality grasslands. In the UK 5.6 million hectares (23% of the UK land

area) is ‘rough grazing’, comprising many different species, including grasses and related



vegetation, and is largely grazed by sheep. The vegetation present is variable and depends on
soil type, climate (particularly rainfall) and management. This compares to 6.1 million
hectares of ‘permanent grassland and pasture’ of higher quality and widely used for sheep,
beef and dairy production, and 1.2 million hectares of ‘rotational grassland’ of highest quality
and suited to silage making or feeding to milking cows (ukagriculture.com). The large
proportion of rough grazing land shows that it is therefore also important to consider the
impact of ozone on lower quality grasslands when investigating potential damage to pasture
quality caused by ozone pollution, and that on this type of land sheep production is more

likely to be affected than other livestock.

In previous studies where pasture quality has been investigated, typically only two or three
ozone treatments were used in an individual study, and the parameters measured and the
methodology for forage quality analysis varied between studies. In addition, the size of
effects of ozone on quality may be influenced by the species composition of the vegetation,
for example, it has been shown that the size of the effect of ozone on nutritive quality of P.
pratensis varied according to the species that it was grown with (Bender et al., 2006). In this
study, pasture samples were taken from ozone experiments on seven semi-natural grasslands
using in-situ or mesocosm approaches to test the hypothesis that exposure to ozone decreases
pasture quality. By using the combined data set from this range of experimental studies, each
with different species composition and using a variety of ozone treatments, widely applicable
dose-response relationships have been obtained for forage quality parameters, such as RFV
and metabolisable energy. These relationships were applied spatially to investigate the extent
of current (2007) and future (2020) ozone pollution impacts on pasture quality to test the
hypothesis that marginal increases in ozone concentrations would be sufficient to further

decrease pasture quality. The implications of these effects are discussed in relation to farm



management practices and potential reductions in meat production, using lamb production as

an example.

2. Materials and Methods

2.1 Plant material and ozone exposure

Harvested plant material from a range of studies of ozone impacts on grasslands conducted in
the UK was used. Summary details of the individual studies, including sub-treatments such
as drought and N addition from which this harvested material was obtained are provided in
Table 1. Experiments in solardomes and Open-Top chambers used mixed-species
mesocosms of vegetation, whereas the field-release experiment used intact vegetation. The
grassland vegetation used can be separated into four categories: calcareous, conservation-
grade haymeadow, mesotrophic and sand dune grasslands, with the highest legume content
present in the sand dune grasslands, an intermediate amount present in the calcareous
grassland and a very small amount of legumes in the haymeadow. No legumes were present
the mesotrophic grassland communities used in this study. The range of ozone treatments of
each individual study is also shown in Table 1. For all analysis, 24h mean ozone
concentration was chosen as the input parameter to avoid uncertainty associated with use of a
threshold concentration (e.g. 40 in AOT40, see Simpson et al., 2007), night-time as well as
daytime ozone is included, and previous publications of results from these studies have
indicated a linear relationship with this parameter and biological effects on grassland (e.g.
Hayes et al., 2011, Hewitt et al., 2014). As this study was considering full canopy effects, it
was not possible to use a flux-based parameter such as POD; as stomatal conductance data
was only available for a small number of individual species for some of the experiments and

a full canopy flux-effect model was not available for any of the grassland types. Seasonal



24h mean ozone concentrations were calculated from raw hourly mean ozone data either for
the duration of the experiment for experiments lasting less than one year, or for each current

growing season for the longer experiments.

For each individual experiment, harvested above-ground plant material representing the
whole community was dried to constant weight in an oven immediately after cutting. Where
necessary, individual pot/plot replicates were bulked to give samples large enough for

analysis (>150g of dried plant material).

2.2 Forage quality analysis

All samples from all contributing studies were sent for analysis to the same specialist
laboratory (AUNIR, Towcester, UK). Each sample was individually ground, and near
infrared reflectance spectroscopy was used for analysis of neutral detergent (NDF) and acid
detergent (ADF) fractions, crude fibre, protein, sugar, lignin and fat content. This method of
analysis measures the chemical composition of samples based on the principle that each
component chemical has unique infrared absorption and radiation scattering properties which
can be used to differentiate the components within the sample. As the vegetation in the
samples was predominantly grass, the laboratory’s own grass standards were used for
calibrations. The mean and range of values for the parameters measured (% content) is

shown in Table 2.



Table 1: Brief summary/overview of component experiments

Experiment, type of  Location Exposure Range of Length of  Species Sub-treatments
grassland and Systemand  Og exposure, and years used in
reference number of treatments years of analysis (if more
treatments (24h mean)  exposure than one year of
exposure)
Calcareous CEH-Bangor, Solardome. 17-73ppb 12 weeks 7 species mixtures  Well-
grassland North Wales 8 ozone in both of Lotus watered/drought,
(Hayes et al., 2012) treatments 2009 and  corniculatus, 2010
2010 Helianthemum
nummularium,
Campanula
rotundifolia,
Scabiosa
columbaria,
Sanguisorba
minor, Briza
media, Festuca
ovina
D. glomerata-R. CEH-Bangor, Solardome, 19-71ppb 8 weeks 2 species mixutres  Reduced-
acris mesotrophic North Wales 8 ozone in 2009 of Dactylis water/well-
grassland treatments glomerata, watered/wet
(Cape 2010) Ranunculus acris
L. hispidus-A. CEH-Bangor, Solardome, 16-90ppb 18 weeks 2 species mixutres
odoratum North Wales 5 ozone in 2007 of Leontodon
mesotrophic treatments and 2008  hispidus,
grassland Anthoxanthum
(Wyness 2011) odoratum
L. hispidus-D. CEH-Bangor, Solardome. 16-90ppb 18 weeks 2 species mixutres
glomerata North Wales 5 ozone in 2007 of Leontodon
mesotrophic treatments with hispidus, Dactylis
grassland (Hayes et recovery glomerata
al., 2011) in 2008
D. glomerata-R. CEH-Bangor, Solardome. 17-93ppb 12 weeks 2 species mixutres  Reduced-
acris mesotrophic North Wales 8 ozone in 2008 of Dactylis water/well-
grassland treatments glomerata, watered
(Wagg et al., 2012) Ranunculus acris
Sand dune grassland ~ University of OTC. 4 21-51ppb  Since Legume rich 2009
(Cape 2012) Newcastle ozone 2007 community
treatments comprising many
species.
Keenley Northumberland  Field- 28-88ppb  Since Many species, +/- nitrogen (all
haymeadow release (free 2008 comprising ungrazed), 2009,
(Ungrazed plots) air). 3 ozone grasses, legumes 2010 and 2011
(Wyness 2011) treatments and forbs
Keenley Northumberland  Field- 28-57ppb  Since Many species, 2010 and 2011
haymeadow (Grazed release (free 2008 comprising (all grazed)
plots) (Wedlich et al air). 3 ozone grasses, legumes
2012) treatments and forbs




Table 2: Mean and range of values for the parameters measured (% content) across all

samples
Experiment Protein NDF ADF Lignin Sugar Fat Crude Fibre

1.  Calcareous grassland 8.0 54.3 39.38 7.4 6.3 3.0 32.0
(43-124) (39.9- (30.0 - (6.6 - (44-86) (23-38) (220-

71.0) 45.5) 8.1) 38.3)

2. D.glomerata-R. acris 5.9 54.9 35.4 7.1 23.6 3.6 28.3
mesotrophic grassland (2.2-6.6) (50.3 - (21.7 - (2.8 (135- (1.9-26) (186—

56.5) 29.7) 4.1) 19.1) 26.0)

3. L. hispidus-A. odoratum 3.8 58.4 32.7 6.5 20.6 26 26.2
mesotrophic grassland 4.3-7.4) (45.1- (34.9 - (6.0 (22.2 - (33-37) (279-

68.2) 35.6) 7.7) 27.1) 29.1)

4. L. hispidus-D. glomerata 4.8 56.7 34.1 6.8 221 3.1 27.3
mesotrophic grassland (2.5-5.6) (52.0 - (30.0 - (5.9- (19.8 - (23-27) (239-

70.6) 40.0) 8.2) 22.3) 31.9)

5. D.glomerata-R. acris 7.9 63.9 33.6 4.5 13.3 3.1 29.1
mesotrophic grassland (8.3-14.3) (60.0— (28.6 — 3.9- (9.0 (26-42) (242-

67.7) 37.0) 6.2) 13.6) 30.0)

6.  Sand dune grassland 8.2 58.8 39.9 9.0 8.7 3.2 30.9
(44-12.0) (52.6- (345- (7.8- (6.6 - (24-41) (26.1-

63.1) 50.9) 10.6) 11.3) 40.3)

7. Keenley haymeadow 10.5 62.8 36.9 6.9 115 24 30.1
(ungrazed plots) (7.2-139) (54.1- (31.2- (5.2- 6.4- (1.8-2.9) (244-

69.0) 42.2) 8.7) 16.8) 33.9)

8.  Keenley haymeadow 11.6 61.1 354 6.9 125 25 28.6
(grazed plots) (7.2-134) (48.0- (31.7- 6.2- (10.2 - (14-28) (249-

66.9) 41.7) 8.0) 23.7) 33.7)

2.3 Data analysis and calculation of forage quality parameters

Due to variation in values of each measured parameter between experiments, sub-treatments
and years, datasets were standardised. As the lowest ozone treatment for the different
experiments was very variable and in some cases may already be high enough to cause
effects (for example in the free-air system, where the lowest treatment was ambient air), a
regression approach for each experimental dataset using all datapoints within each dataset
(even the ‘control’ treatment) was used and the measured response value was expressed
relative to the extrapolated value at 0 ppb ozone. This method allows each control, as well as
each treatment, a unique position on the x-axis and thus, any small effects of ozone on the
control treatments, as a result of the different ozone concentrations in the different control
treatments, to be accounted for. Each sub-treatment or year within an experiment was
considered an individual dataset for this standardisation purpose, and each measured

parameter was standardised separately. Mean values per ozone treatment (for each sub-



treatment and/or year if relevant) were then calculated based on the standardised data, and

these mean values were used in subsequent analysis.

Total “yield’ of each parameter was the combination of the percentage component (quality) of
the vegetation sample and above-ground biomass. For consistency, these were calculated
based on treatment mean biomass (per year and sub-treatment) as in many cases individual

samples had been bulked for forage quality analysis.

For all quality and quantity parameters, linear regression was used to calculate the change in
individual quality parameters with increasing ozone concentration. The significance of the
relationship was analysed using Minitab (Version 15) and calculation of the critical ozone
concentration for a significant effect of ozone (from a starting concentration of 30 ppb and
using 95% confidence intervals) was carried out using Sigmaplot (Version 12.3). 30 ppb was
chosen as the starting concentration as this is the current mean ozone concentration at

European rural monitoring sites (EEA, 2015).

Digestible dry matter (DDM) was calculated according to Mertens (1987)
%DDM = 88.9 — (0.779*ADF)

Where ADF represents the acid detergent fraction (%)

Voluntary dry matter intake was predicted from NDF using the equations of Mertens

(1987)



DMI = 120/NDF

Where NDF represents the neutral detergent fraction (%)

Relative feed value (RFV) was calculated from dry matter intake and digestible dry matter

(DDM) using the equations of Linn and Martin (1989).

RFV = (DDM*DMI)/1.29

Where DDM and DMI are the percentage of digestible dry matter and the voluntary dry
matter intake, respectively, calculated by reference to a digestible DM intake that has been

adopted to standardise forage containing 53% NDF and 41% ADF to a RFV of 100.

Digestible energy (DE) of the forage (for sheep) was calculated according to the equations of

Fonnesbeck and Harris (1981).

DE (in Mcal/kg) = 3.887 — (0.0313 * NDF) + (0.186 * lignin).

Metabolisable energy (ME) was calculated according to the conversion of Johnson (1972)

ME = DE * 0.82

DE and ME were converted into MJ/kg using the equation

1 calorie = 4.184 joules



To determine the relationship between ME and ozone exposure, a mixed model in R (R
Development Core Team, 2010) was used to allow calculation of the common slope of the
regression response for the different contributing experiments, as actual values of ME were

required for subsequent analysis (rather than a relative response).

2.4 Calculation of changes in liveweight gain in sheep

Relationships between energy intake and liveweight gain were derived from McDonald et al.
(2002), where calculations were made based on maintenance metabolisable energy
requirements. The relationship between liveweight gain and daily energy requirements (in
MJ) were modified to account for the daily dry matter intake of the animals (given in
McDonald et al, 2002) to obtain relationships of liveweight gain based on metabolisable

energy requirements per kg of forage. The relationship used was:

Liveweight gain of lambs and sheep

LWgainlambsandsheep (g/day) = 24.06*MEpasture - 16456

The distribution of lambs in the UK was obtained at 2km x 2km resolution (Agcensus 2004
data; http://edina.ac.uk/agcensus/), and the numbers of lambs were distributed equally

between each of the four component 1km x 1km gridsquares.

Spatially explicit ozone concentrations were available at 1x1 km from the FRAME model in
CEH, using a 5-year average for 2002-2006. Data for the future scenario were available at

10x10 km from the Ozone Source Receptor Model (OSRM, Hayman et al., 2010), established



for 2007 and forecast for 2020 based on emissions projections under the DECC UEP43
energy projection, interpolated linearly between the time points. The OSRM provides an
average concentration throughout the surface boundary layer and the model outputs were
adjusted to give concentrations at the top of the canopy using the tabulated correction factors
in the ICP Modelling and Mapping manual (LRTAP, 2010). The projections to 2020 used
2007 as the base year for climatic influences on ozone, therefore the broad spatial pattern did
not change, but the magnitude changed to reflect changes in precursor chemicals. These
modelled ozone concentrations were used to calculate the metabolisable energy of the
grassland within each 1 x 1 km gridsquare, and from these, the effects on the potential

liveweight gain of lambs under the different ozone scenarios was calculated.

Due to the different flock management regimes of upland lambs compared to lowland lambs,
their location was differentiated by using an upland mask based on the combination of
altitude and vegetation type used in the UK Countryside Survey (© Database
Right/Copyright NERC- Centre for Ecology & Hydrology), which separated upland
gridsquares from lowland gridsquares (Carey et al., 2008). Although the number of rearing
days is not fixed in farm management practices, as an indication of potential response for the
purposes of this study it was assumed that for lowland flocks, lambs were reared on the
pasture for 112 days, after which 80% of the lambs were slaughtered ‘for the table’, and for
upland flocks it was assumed that lambs were reared for 224 days, after which 50% were

slaughtered ‘for the table’ (Chris Short, University of Gloucestershire, pers. comm.).

2.5 Supplementary feeding




To maintain high growth rates, additional concentrate feed is given to lambs. ‘Long-keep’
lambs have a target weight gain of 80-100g per day (Eblex Sheep BRP Manual 5, 2005).
Using the metabolisable energy requirements for growth and the amount of forage eaten per
day, the amount of energy required from supplementary feed can be calculated for an
anticipated target weight gain of 100g per day. These values of forage eaten and energy
requirements are different for lambs of different sizes, therefore, in this study calculations
were made for lambs of 25kg (consuming 0.5kg forage (dry weight) per day and with a daily
ME requirement of 6MJ) and for lambs of 35kg consuming 0.845kg of forage (dry weight)
per day and with a daily ME requirement of 9MJ) using information from McDonald et al.
(2002). With a decrease in pasture quality, an increase in energy from supplementary feeding
would be required to maintain growth rate at 100g per day. Based on a recommended
supplementary feed recipe of 12.5 MJ/Kg metabolisable energy (Eblex Sheep BRP Manual 9,
2009), the amount of feed required per lamb was calculated according to pasture quality.
Although there is some divergence in the amount of supplementary feed needed for lambs of
different size at very low pasture quality, within the ‘normal’ range of 6-10 MJ/Kg for the
ME of pasture, the amount of feed required is similar for lambs of both sizes and therefore a
mean response for all lambs was used as the pasture quality was within this range (6 — 9

MJ/kg in the component experiments). The equation used was:

Concentrate feed required (kg) = 0.6 — 0.0538 * MEpasture

3. Results

There was a decrease in pasture quantity, equating to a decrease in plant growth, with

increasing ozone exposure when all grassland types were combined (p=0.023, using



grassland type as a factor in GLM, Figure 1). Although there was some variation in the
relationship between plant biomass and 24h ozone between different experiments and
subtreatments, all showed a decrease in pasture quantity with increasing ozone concentration
(Figure 1a) and there was no significant difference in the slope of the relationships between
experiments. The slopes were broadly similar with the exception of sand dune grassland,
which appeared to be more sensitive to ozone (in terms of biomass) than the other grassland
communities studied, although this difference in sensitivity was not statistically significantly
different (GLM p>0.05). A single response function through all datapoints is shown in
Figure 1a, but due to the different ranges of ozone treatments for the different experiments,
resulting in a greater influence of those with the largest range of ozone treatments, this single
response function has a slope very different to the mean and median slopes. The mean slope
of the trendlines is shown in Figure 1b, together with the 10" and 90™ centile of the slopes.
Applying the resulting function the decline in biomass (pasture quantity) at 60 ppb ozone
(24h mean) relative to 30 ppb was a mean of 7% (range 0% — 50% depending on the

vegetation community).
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Figure 1: Relationship between ozone concentration (24h mean) and relative biomass for
grassland vegetation subsequently used for forage quality analysis. Different experiments
and their sub-treatments are identified by number (see Table 1 for full details) and coded
according to vegetation type. For multi-year experiments, points are plotted separately for
each year, but are not identified with individual symbols in the key. ‘a’ shows trendlines for
the individual experiments and subtreatments, together with the regression through all
datapoints in bold. ‘b’ shows the mean slope of the trendlines, together with the 10" and 90

centile of the slopes, with the equation of the mean slope shown.

3.1 Quality parameters

The measured ‘desirable’ quality parameters of fat, sugar and protein, which increase the
nutritional value of forage, showed no statistically significant effects of increasing ozone
concentration (data not presented). In contrast, ‘undesirable’ quality parameters generally
showed an increase in concentration with increasing ozone exposure. ADF, lignin and crude

fibre content showed significant increases in concentration with increasing ozone exposure



(Figure 2; p=0.001, p<0.001, p=0.005respectively), whereas NDF showed no significant
effect of ozone exposure (data not presented). Although there was variation in the slope of
the response line to ozone for the different grassland types, these were not statistically
different from each other allowing all data to be combined. The ozone concentrations
required for a significant increase in these parameters compared to the content at 30 ppb
ozone were 48 ppb for ADF, 50 ppb for crude fibre and 48 ppb for lignin (this concentration
was not calculated for the remaining quality parameters as the response to ozone was not

statistically significant).
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Figure 2: Effect of ozone on the content of (a) Acid Detergent Fibre, (b) lignin and (c) crude
fibre in grassland samples. The different types of grassland are indicated by different
symbols and the component experiments identified by number (see Table 1 for full details).
The statistical significance of the response relationships are ADF p=<0.001; lignin p=<0.001;

crude fibre p=<0.005.

3.2 Quantity parameters




When the treatment biomass was combined with the quality data and used to calculate the
quantity or ‘yield’ of each parameter in the vegetation, the net effect of quality and quantity
was for no change in overall pasture yield of fat and protein in response to ozone (Figure 3).
However, there was a significant decrease in yield of sugar in response to increasing ozone
(Figure 3c, p=0.034) and the ozone concentration required for a significant decrease in sugar

yield compared to the content at 30 ppb ozone was 59 ppb.

Any change in pasture biomass can have a large influence on the total yield of the parameters
such as protein. For the majority of vegetation communities in these studies, any change in
concentration within the grassland was offset by changes in the grassland biomass. The
response of fat, protein and sugar yield to ozone for sand dune grassland was larger than for
the other grassland types due to the large impact of ozone on the biomass of this type of

grassland.
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Figure 3: Effect of ozone on the yield of (a) protein, (b) fat and (c) sugar in grassland
vegetation in response to ozone exposure. The different types of grassland are indicated by
different symbols and the component experiments identified by number (see Table 1 for full

details). The significances of the response relationships are: protein ns; fat ns; sugar p=0.034.

3.3 Derived quality parameters

The Relative Feed Value decreased with increasing ozone concentration (p=0.017; Figure 4).
An increase in 0zone concentration from 30 ppb to 40 ppb decreased RFV of pasture by
approximately 1%, whilst an increase in ozone concentration to 60 ppb decreased RFV by

approximately 5.5%.

Metabolisable energy of the vegetation (for sheep) decreased with increasing ozone
concentration (Figure 5, p=0.002). The intercept of the slopes for the different grassland
types was significantly different, but there was no improvement to the model by fitting a
separate slope to each line, therefore a common slope was fitted. In the mixed model we
have assumed, in addition to a common slope treated as a fixed effect, a common intercept
for all grassland types, with a random deviation from that intercept for each grassland type.

This model is:

y,; =intercept+a, +6xozone, . +¢, ; €

a,“N(O,cpz)

T N(O, 02)
(0.1)
The model given by equation (0.1) gives an estimated value for the parameter 6 (slope) of -

0.011194, with standard error of 0.0035 (t-value -3.18). The common intercept is estimated



as 7.93 with standard error 0.242 (p=0). The variance terms 02 and (p2 are estimated as

0.288 and 0.178. The response relationship used was therefore determined to be:

MEpasture (MJ/kg) = -0.011194 * O3z 24n + 7.93.

Combining this equation with that for liveweight gain of lambs in response t0 MEpasture gives

a relationship of:

LWgainIambsandsheep (g/day) = 2635 — 02692*03 (ppb)
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Figure 4: Effect of ozone on the Relative Feed Value (RFV) of grassland vegetation, where
the RFV was calculated using measured parameters from the raw data. The different types of
grassland are indicated by different symbols and the component experiments identified by

number (see Table 1 for full details). p=0.004
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Figure 5: Effect of ozone on calculated metabolisable energy from forage (for sheep)
(p=0.002). The different types of grassland are indicated by different symbols and the
component experiments identified by number (see Table 1 for full details). The overall
response function is indicated, and the trendlines for the individual grassland relationships are
also shown. The dotted horizontal line indicates the calculated minimum level of
metabolisable energy for lamb growth (6.84 MJ/kg). Also shown are datapoints available
from published literature for clover using the combined data from Gonzalez-Fernandez et al.
(2008) and Sanz et al. (2005) using Trifolium repens and Trifolium subterraneum
respectively (these points were not included in the analysis or the overall response function,
but are shown for information as these are more representative of high-quality pasture and

this is referred to in the discussion).



3.4 Changes in liveweight gain.

The mean predicted increase in 24h ozone concentration for the UK between 2007 and 2020
was 2.98 ppb (from 30.86 to 33.84 ppb). However, the range for the individual gridsquares
was from 0 to 8 ppb, with the largest increases occurring in southern and central England
(Figure 6) where the ozone concentrations are predicted to increase from 28 to 34 ppb,
potentially resulting in an 8% decrease in liveweight gain per lamb. Taking into account lamb
distribution (Figure 6d), there is a large variation in the magnitude of predicted change in
daily liveweight gain per gridsquare in 2020 compared to 2007 (Figure 7), with the largest
reductions predicted to occur generally in northern and southwest England, and in Wales.
These areas are where predicted ozone increases are moderate, but these correspond with
areas of large lamb numbers (Figure 6). In some other areas, the predicted change in daily
liveweight gain was very small bringing down the 50" centile (based on liveweight gain per
gridsquare) to a reduction of 15g per day. Reflecting the larger decreases elsewhere in the
country, the 75" centile was a reduction of 53g per day and the 90" centile was a reduction of
114q per day. At the end of the normal growing periods for upland and lowland lambs, this
would result in a difference in final weight of 3.64% and 4.36% in upland and lowland lambs

respectively in 2020 compared to 2007 (Table 3).

These reductions in liveweight gain assume that farmers will not change their lamb and

pasture management in response to ozone. However, it is likely that instead of selling lambs
below target weight, farmers will fatten the lambs for longer, or will supplement their dietary
intake with concentrate feed. The predicted reductions in liveweight gain due to ozone could

be mitigated by an average 0.6% increase in supplementary feeding for upland lambs and



0.8% increase for lowland lambs compared to the quantities used in 2007 (Table 3),
representing a total increase of 2,166 tonnes in 2020 compared to 2007, with the pattern of

effect reflecting that of predicted changes in daily liveweight gain (Figure 7).

Table 3: Predicted effects on meat production, based on liveweight gain and additional
supplementary feed required based on the required dietary intake to maintain liveweight gain
for 2020 compared to 2007 ozone concentrations for total lamb production of upland and

lowland lambs across the UK.

Reduction in Additional concentrate feed
Liveweight Gain in requirements in 2020
2020 compared to 2007  compared to 2007
Upland
Total weight change 494 tonnes 1,106 tonnes
% change 3.6% weight loss 0.63% increased feed
Lowland
Total weight change 474 tonnes 1,061 tonnes
% change 4.4% weight loss 0.76% increased feed

Total (all lambs) 968 tonnes 2,167 tonnes
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Figure 7: Predicted reduction in daily liveweight gain in lambs per 1km x 1km gridsquare in
2020 compared to 2007 ozone concentrations, scaling impact per lamb by lamb numbers to

show where economic impact is likely to be greatest in the UK.

4. Discussion

This study has shown that the quality of pasture of several grassland types was altered by
exposure to increasing background ozone in experiments with 0zone concentrations ranging
from 17-93 ppb. The vast majority of experimental datapoints are within the range of current
and near-future ozone scenarios in Europe, where there are many examples of 24h mean
concentrations over June, July and August of greater than 40 ppb (e.g. Kulkarni et al., 2013)
and which can currently exceed 50 ppb at some sites. Rather than through a decrease in the
content of ‘desirable’ characteristics such as protein, the changes occurred via an increase in
the ‘undesirable’ parameters such as lignin, resulting in a decrease in digestibility of the
forage. The NDF fraction of forage consists of partially digestible cell-wall constituents

(primarily cellulose, hemicelluloses, lignin, silica and insoluble N), whereas ADF consists of



the least digestible cell wall constituents and is inversely related to digestibility (Van Soest,
1994). Other data from the studies used here suggest that this is due to changes in plant
structure or physiology in response to ozone rather than to changes in species composition.
This is in agreement with previous studies where the ADF, NDF and lignin content increased
with elevated ozone in T. subterraneum (Sanz et al., 2005) and Briza maxima (Sanz et al.,
2011), and increased lignin content was found in T. repens and T. pratense exposed to ozone
in a free-air fumigation system (Muntifering et al., 2006). Some other studies have shown
that the content of ‘desirable’ parameters such as protein can also increase with increasing
ozone exposure (e.g. protein content of wheat, Pleijel et al., 1997), although this did not occur
in the current study. Due to the different nutritional quality of different species, changes in
species composition as a result of 0zone exposure may also affect the nutritional quality of
the pasture. The relative change in nutritive quality in response to ozone was similar for all
of the different grassland vegetation mixtures used in the component studies, and there was
no difference in the relative response of forage quality in mesocosms compared to that of the
open-field study. There were also no significant differences between simple species mixtures
and species rich communities. Given that we have included data from four grassland types
and several sub-treatments, we are confident that the relationships found are widely

applicable to a range of temperate grassland types.

As a consequence of these changes in pasture quality, our study has shown that liveweight
gain in lambs could be reduced by ozone, if farmers do not compensate by providing
additional feed. The size of the effect was variable across the UK and in some regions where
the predicted increases in 0zone concentration were largest, the effect on pasture quality
could give reductions in liveweight gain per lamb of 8% in 2020 compared to 2007.

However, the spatial pattern of lamb numbers meant that the largest reductions in liveweight



gain per gridsquare tended to occur where the predicted increases in 0zone concentrations
were moderate but these coincided with areas of high lamb density. Therefore from a lamb
production viewpoint, both of these combinations could represent a substantial loss of
production for farmers in areas where predicted impacts are highest. Although these losses
could be partially offset in the short-term by increased use of concentrate feed, in the longer-
term a sustained deterioration in pasture quality could be a concern, particularly as lamb and
sheep production in the UK already has very small profit margins, and in some cases current

pasture quality may not be much above the minimum level for lamb growth.

The DECC UEP43 emissions scenario used in this study predicted fairly modest increases in
ozone concentrations between 2007 and 2020. Even so, reductions in lamb liveweight gain
were predicted. It is anticipated that a similar scale of losses could occur for farmers across
NW Europe and in the USA, where large numbers of lambs are reared for meat production
and ozone concentrations are also predicted to increase over the coming years (Royal Society,
2008). Our calculations indicate that if pasture quality declines with an increase in ozone
concentration from 20ppb to 30ppb, then the liveweight gain per lamb could decrease by
12%. The predicted reductions in potential liveweight gain of lambs demonstrated in this
study are of a similar magnitude to some ozone-sensitive crops and trees, for example, wheat
in Europe has been predicted to have average yield losses of an additional 3-5% in 2030
compared to 2000 when using the SRES A2 scenario (Avnery 2011a and b) and biomass
losses of an additional 4% for trees in 2050 conditions compared to current concentrations

have been predicted (Wittig et al., 2009).



Ozone concentrations further into the future than 2020 are more difficult to predict, partly
due to uncertainties of precursor emissions and the influence of climate on ozone production.
Some models e.g. the ACCMIP series include a large influence of sea surface temperature
(Lamarque et al., 2013). There is also a wide range of emission scenarios for precursors and
in addition model chemical schemes vary greatly in complexity, particularly for the range of
non-methane VOCs that are simulated. Although some of the IPCC 5" Assessment Report
(AR5) climate projections assume declines in emissions of precursor compounds such as NOx
(e.g. the representative concentration pathways, RCPs 2.6 and 4.5;, van Vuuren et al., 2011)
and therefore a subsequent reduction in 0zone concentrations, other projections e.g. RCP8.5
show increases in predicted ozone despite this due to increased stratospheric influx and
increased emissions of methane (Young et al., 2013). Many studies consider that although
the ozone daily profile may be altered, the ozone concentrations over land will increase
further (Royal Society, 2008; Szopa et al., 2013) which could further decrease pasture quality
and therefore lamb production. Ozone concentrations are predicted to be much higher in
countries such as India, Turkey and the USA in the future, where lamb production is also
important and therefore the deterioration in pasture quality in these countries due to elevated

0zone concentrations may be substantial.

This study assumed that the reduction in metabolisable energy of grassland with increasing
ozone concentration was the same in high quality improved grassland as in the lower quality
conservation grade grasslands of the experiments used to derive the function. There is some
data in the literature supporting this assumption, in that the slope of the relationship between
ozone and metabolisable energy used in the current study was similar to that calculated using
the combined data from Gonzalez-Fernandez et al., 2008 and Sanz et al., 2005 (using T.

repens and T. subterraneum respectively), but further experimental evidence would be



needed to verify this. In addition, other factors such as increased N deposition may alter
sensitivity of a grassland to ozone, although no significant effects on sensitivity were found
between the two N treatments of one of the component experiments of the current study
(Wyness, 2011). The response of the different pasture types to ozone were most different to
each other in terms of biomass, and less so for the quality parameters. In addition, the
community type that is most sensitive to 0zone may vary according to which quality
parameter is being considered, for example, calcareous grassland was one of the more ozone
sensitive communities in terms of crude fibre, but less sensitive when considering lignin. Itis
possible that changes in forage quality would be different in higher quality pasture,
particularly as high quality pasture contains a large proportion of legumes, which are known
to be sensitive to ozone (e.g. Hayes et al., 2007). However, the additional data presented in
Figure 5, together with the common slope across experiments with a range of legume
contents from the component experiments of this study implies that the slope of the response
of forage quality to ozone exposure was not altered with different pasture types. In the
current analysis, no account was taken of the duration of the experiment, or any carry-over or
cumulative effect of ozone exposure, although it is possible that cumulative or carry-over
effects of ozone on the vegetation could have occurred. In addition, linear regression lines
were fitted to all data as there was no evidence of non-linear effects of ozone on forage

quality from this dataset.

Although not a component of the RFV and DDM calculated, sugar content of vegetation is
also thought to be related to digestibility of the vegetation, with high sugar content a desirable
feature of pasture (e.g. Ellis et al., 2011). The decreased sugar yield in response to ozone in
the experiments described here gives further indication that pasture quality was reduced by

ozone. In addition, it has been demonstrated that methane emissions from sheep production



are affected by diet and that methane emissions are lower with a diet of grasses with higher
sugar content (Hybu Cig Cymru, 2011). Since our results show a decrease in sugar content
with increasing ozone concentration, the potential exists for ozone to be indirectly leading to

an increase in methane emissions but this needs further study for verification.

Quantification of ozone effects on lamb production in this study has used the numbers of
lambs being slaughtered for meat production, but there are other impacts that could occur as a
consequence of an ozone-induced reduction in pasture quality. For the purposes of the
current study it has been assumed that lambs will be reared for a standard length of time and
that the total liveweight gain will be reduced by ozone, however, an alternative response from
a farmer may be to keep the lambs for a longer time until the desired weight is achieved.
There could also be implications for the lambs retained for flock replacement and wool
production. Numbers and health of lambs produced by a ewe may be influenced by the
weight of the breeding ewe, which is also thought to be affected by the pasture quality
(Eblex, 2008). Effects on meat production via effects on silage quality have not been
determined, but one of the factors determining the quality of silage is the quality of grassland
used to make the silage. The figures calculated in this study are therefore likely to be an

underestimate of the total impacts of ozone on lamb production and the sheep industry.

In conclusion, this study has shown that across four upland grassland types, statistically

significant reductions in individually measured components of pasture quality, such as ADF,
lignin and crude fibre could occur with mean ozone concentrations of only 48 ppb compared
to values at 30 ppb, and that these translate into derived pasture quality measures that reduce

livestock production. Modelled surface ozone concentrations for 2000 and projections for



2050 using the ACCENT (Atmospheric Composition Change: the European Network) 2030
results show concentrations in this range during the summer months for Europe, North
America and South and East Asia (Royal Society, 2008). However, as there was a linear
decline in pasture quality with increasing ozone exposure, reduced livestock production may
also occur in other regions, where smaller increases in ozone concentration are predicted.
This study has indicated that livestock production may already be negatively impacted by
ambient ozone pollution in these regions and that further reductions in production due to

ozone pollution are likely over the coming decades.
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