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ABSTRACT

Forage species common to the southern USA Piedmont region, Lolium arundinacea,
Paspalum dilatatum, Cynodon dactylon and Trifolium repens, were established in a
model pasture system to test the future climate change scenario of increasing ozone
exposure in combination with varying rainfall amounts on community structure and
nutritive quality. Forages were exposed to two levels of ozone [ambient (non-filtered;
NF) and twice ambient (23) concentrations] with three levels of precipitation (aver-
age or �20% of average) in modified open-top chambers (OTCs) from June to Sep-
tember 2009. Dry matter (DM) yield did not differ over the growing season between
forage types, except in primary growth grasses where DM yield was higher in 23 than
NF treatment. Primary growth clover decreased in nutritive quality in 23 ozone
because of increased concentrations of neutral detergent fibre (NDF), acid detergent
fibre (ADF) and acid detergent lignin (ADL). Re-growth clover exhibited the largest
decrease in nutritive quality, whereas grasses were not adversely affected in 23 ozone.
Re-growth grasses responded positively to 23 ozone exposure, as indicated in
increased relative food value (RFV) and percentage crude protein (CP) than NF-
exposed re-growth grasses. Effects of precipitation were not significant over the grow-
ing season for primary or re-growth forage, except in primary growth grasses where
DM yield was higher in chambers with above average (+20%) precipitation. Total can-
opy cover was significantly higher over the growing season in chambers receiving
above average precipitation, but no significant effects were observed with ozone.
Results indicate shifts in plant community structure and functioning related to mam-
malian herbivore herbivory in future climate change scenarios.

INTRODUCTION

Tropospheric (ground level) ozone is a phytotoxic air pollutant
that is globally pervasive and can be transported from metro-
politan areas to rural, agricultural and forested lands (Chame-
ides et al. 1994; Ashmore 2005). Middleton (1956) first
reported ozone as phytotoxic, and since then the US EPA
(2006, 2013) has recognised it as the most significant air pollu-
tant affecting vegetation in the USA. The southern USA has a
warm climate and dense vegetative cover that is a source of
organic hydrocarbons, both of which contribute to the produc-
tion of tropospheric ozone (Chameides et al. 1988; National
Research Council 2004).

The Earth’s climate has been altered dramatically over the
last century and is projected to continue to change (Christen-
sen et al. 2007; US Climate Change Science Program 2008;
IPCC 2013). Some models predict that tropospheric ozone
concentrations will increase globally by ca. 20% (0.3–2.0%
year�1) over the next 20 years (Thompson 1992; Vingarzan
2004). Also, summer rainfall may decrease or increase based on
model predictions for the southeast USA (MacCracken et al.

2001). The Canadian and Hadley global circulation models
(GCM) predict various increases in temperatures and total
annual rainfall amounts for the southeast USA, although the
Hadley model estimates 20% more rainfall in the summer
months whereas the Canadian model predicts 10% less precipi-
tation (MacCracken et al. 2001). Increasing ozone concentra-
tions in combination with other factors involved in climate
change, such as elevated temperatures, increased nitrogen
deposition and altered precipitation events, will potentially
cause perturbations in species composition and function in
grassland communities (Ashmore & Ainsworth 1995; Power &
Ashmore 2002; Bassin et al. 2007; Ren et al. 2007; Suttle et al.
2007).
Long-term exposure to elevated ozone concentrations

over an entire growing season can lead to decreased plant
growth and productivity (Barbo et al. 1998; Muntifering
et al. 2006; US EPA 2006, 2013). In addition, ozone-
induced changes in foliar chemistry may result in decreased
nutritive quality of herbaceous vegetation for ruminants
(Krupa et al. 2004) and other mammalian herbivores
(Gilliland et al. 2012).
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Barbo et al. (1998) showed that ozone could shift commu-
nity richness and evenness in an old-field community, as well
as increase visible foliar injury in blackberry (Rubus cuneifo-
lius). Vegetation exposed to CF (carbon-filtered) air had higher
species richness and diversity, and the plant community was
more vertically dense than plants exposed to ambient and twice
ambient (29) ozone concentrations. Increasing ozone concen-
trations have detrimental effects on sensitive plant species in
grasslands (Ashmore & Ainsworth 1995; Power & Ashmore
2002; Bender et al. 2006; Hayes et al. 2007), and can alter com-
munity structure and function (Fuhrer et al. 1994; Barbo et al.
1998; Kim et al. 1998; Gonzalez-Fernandez et al. 2008). Indi-
rect effects, or community-level responses, to ozone in cool-
season grasses have been reported in Europe (Ashmore et al.
1995; Power & Ashmore 2002; Hayes et al. 2009). In a study in
the southeast USA to determine ozone effects on cool-season
clover–fescue pastures, Heagle et al. (1989b) reported that
growth of white clover (Trifolium repens) was reduced after
ozone and water stress, whereas growth of tall fescue (Lolium
arundinacea) increased. Hayes et al. (2009) examined inter-
and intra-species competition of T. repens (clover) and L. per-
enne (grass) using mesocosms in solar domes in the UK. The
authors reported that the clover was more sensitive than the
grass species, and the sensitivity was directly related to a
decrease in photosynthetic capacity. Using mesocoms, Gonz-
alez-Fernandez et al. (2008) reported white clover nutritive
quality and canopy cover decreased after ozone treatment,
whereas ryegrass (Lolium multiflorum) permeated areas previ-
ously occupied by the clover when the two were grown
together. It is important that whole plant communities be
investigated and the effects of ozone exposure are quantified to
gain understanding of inter-specific responses to ozone and
competition (Heagle et al. 1989b, 1991; Barbo et al. 1998, 2002;
Davison & Barnes 1998; Lewis et al. 2006; Gonzalez-Fernandez
et al. 2008).
The main hypothesis of our study was that in future climate

change scenarios, elevated tropospheric ozone concentrations
alone or in combination with altered rainfall amounts would
adversely affect resource allocation, canopy structure and
nutritive quality of dominant forage species found in the
southern Piedmont region of the USA. This region, which cov-
ers 17 million ha from central Virginia to eastern Alabama
(USDA 1981), is experiencing rapid population growth (Alig
et al. 2004) and includes a number of areas that are not compli-
ant with current NAAQS for ozone (US EPA 2013). Our spe-
cific objectives were: (i) to determine if response to ozone
varies among grasses and/or a legume (clover) regarding com-
munity structure and function (nutritive quality); and (ii) to
ascertain whether species composition, canopy structure and
nutritive quality are affected by a combination of elevated
ozone and predicted future precipitation regimes.

MATERIAL AND METHODS

Study site, ozone exposure and rainfall treatment

The study site was located ca. 5 km from Auburn University
and was representative of non-intensively managed grasslands
throughout the southern Piedmont region (US Department of
Agriculture 1981). The ozone exposure system consisted of 12
large open-top chambers (OTC; 4.8-m high 9 4.5-m diameter;

Heagle et al. 1989a). Each OTC had a hood at the top to
exclude ambient precipitation, but allow ambient air circula-
tion (Manning & Krupa 1992). Using principal components
analysis (Gomez & Gomez 1984), the chambers were selected
on the basis of uniformity of initial plant communities and soil
characteristics.

Each chamber was aerially seeded with a combination of
three common grasses and one legume species found in the
southern Piedmont region (Ball et al. 2002): tall fescue (Lolium
arundinacea, C3, cool season grass), dallisgrass (Paspalum dilat-
atum, C4, warm season grass), ladino clover (Trifolium repens,
C3, cool season legume) and common bermudagrass (Cynodon
dactylon, C4, warm season grass). Prior to seeding, existing veg-
etation was mowed in each chamber and treated with glypho-
sate, then the soil was tilled, all dead vegetation removed, and
the soil surface raked and seeded (ca. 1 week after herbicide
treatment). Tall fescue and white clover were aerially seeded in
October 2007 at rates of 7.00 and 0.84 kg pure live seed (PLS)
ha�1, respectively. Dallisgrass and common bermudagrass were
seeded in March 2008 at rates of 4.20 and 2.80 kg PLS�ha�1,
respectively. After seeding the area was covered with ca. 1 cm
of soil and wheat straw and each chamber misted daily to
enable germination. Seeding rates for all species were estab-
lished on the basis of Alabama Cooperative Extension System
recommendations (D. Ball, personal communication). Prior to
the 2009 growing season (early March), all chamber vegetation
was cut to 0.5 cm to ensure uniformity.

The two ozone treatments applied in this study were: non-
filtered air (NF), representative of ambient air found in rural
areas within the Piedmont region (US EPA 2006, 2013); and
air enriched to twice ambient (29 ambient) ozone concentra-
tion, i.e. future ozone predictions for rural areas in the South-
ern Piedmont region (Lefohn et al. 1992; Thompson 1992;
Vingarzan 2004). There were six replicates (OTCs) of both the
NF and 29 ozone treatments.

Water lines were placed underground and routed to the cen-
tre of each chamber, ca. 0.5 m above ground level, for irriga-
tion purposes. Individual radial sprinklers were attached to
each water line, and their operation controlled by automatic
timers and manipulated in zones of four chambers each (one
zone per rain treatment). Operational constraints of the irriga-
tion system allowed precipitation to be grouped into three
zones (blocks) that were then used in the split-plot design with
two ozone treatments per precipitation zone. An individual
water meter was attached to each sprinkler to measure the
amount of water dispensed per simulated rain event. Water
was applied three times daily, recorded weekly, and converted
to cm rainfall to ensure chambers received target precipitation
amounts. Styrofoam cups were also randomly placed in each
chamber to ensure uniform water distribution throughout the
chambers. The 12 chambers were blocked into three zones of
varying precipitation amount (four chambers per precipitation
treatment). Each water treatment zone contained two cham-
bers receiving NF air and two receiving 29 ambient ozone. The
three different precipitation blocks were used to simulate
future predicted rainfall amount: zone 1, average (30-year aver-
age monthly rainfall for Auburn, AL, USA); zone 2, average
monthly rainfall +20% (Hadley GCM); and zone 3, 20% less
than average (representative of Canadian GCM; MacCracken
et al. 2001). These rainfall amounts were selected based on the
uncertainty of future rainfall predictions for the southeast USA
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(Burkett et al. 2001; MacCracken et al. 2001; Christensen et al.
2007) and on average monthly rainfall in the Auburn AL area
from 1971 to 2000 (Alabama Weather Information System).

Ozone fumigation and rainfall treatments were initiated on
1 June and continued until 30 September. Ozone was generated
by passing pure oxygen through a high-intensity electrical dis-
charge source (Griffin Inc., Lodi, NJ, USA) and added propor-
tionally above ambient (NF) to the chambers for 12 h�day�1

(09:00–21:00 h), 7 days�week�1. Fans were turned off from
23:00 to 05:00 h to allow for natural dew formation within the
chambers. Instruments were calibrated according to US EPA
quality assurance guidelines.

Plant measurement

In each chamber two randomly selected permanent plots of
0.5-m diameter each were delineated with circular metal rings
on the ground. These plots were harvested each month to
determine re-growth capacity of each forage type (clover and
grasses). In addition, primary growth forage from two ran-
domly selected plots (0.5-m diameter) within each chamber
was harvested each month. Plots within chambers were
assigned randomly for each harvest and designated for selection
using a random numbers table in Microsoft Excel (Microsoft
Corp., Redmond, WA, USA). Primary and re-growth plots
were established to investigate whether ozone adversely affects
certain species at different stages of growth, and to simulate
mechanical harvesting of pasture for hay production (Munti-
fering et al. 2000; Bender & Weigel 2003). Because seasonal dis-
tribution of forage growth varies among species (Ball et al.
2002), periodic harvests throughout the growing season were
expected to contain an optimal representation of cool season
C3 grasses, warm season C4 grasses and clover. Consideration
was given to edge effects associated with OTCs (Fuhrer 1994)
and accounted for by maintaining an effective exposure area of
within 0.5 m from the inside edge of the chambers.

A point-frame canopy cover count was conducted before
each harvest using a method modified from Bonham (1989)
and Barbo et al. (1998). This device used was circular in design
and covered an area of ca. 0.2 m2 per plot (two plots each for
the permanent and re-growth plots). Total percentage canopy
and individual species cover was evaluated each month
throughout the duration of the study. For purposes of this
study, the percentage canopy cover was separated into grasses
and clover, with all grass species from each plot pooled into a
single ‘grass’ sample per chamber. The total effective exposure
area in each chamber was 9.5 m2, with ca. 10% of this area
sampled each month.

Laboratory analysis

Samples (two each collected from the plots referenced above)
from each monthly harvest of primary and re-growth forage
were cut with scissors to 0.5 cm from ground level, placed in
paper sacks and transported to the laboratory. The samples
were then manually separated into grasses and clover, with all
grass species from each plot pooled into a single ‘grass’ sample
(one re-growth, one primary growth) per chamber. Clover dry
matter (DM = biomass) in the average precipitation chambers
was insufficient for laboratory analysis and consequently was
omitted, leaving only comparisons of above and below average

precipitation treatments in clover forage analysis. After
separation of forage types, harvested material was dried in a
conventional forced-air oven at 50 °C to constant weight,
air-equilibrated and weighed for DM yield. Samples were then
ground in a Wiley mill to pass through a 1-mm screen, and
sequentially fractionated according to Van Soest et al. (1991)
for isolation of cell wall constituents (hemicellulose, cellulose
and lignin): neutral detergent fibre (NDF), acid detergent fibre
(ADF) and acid detergent lignin (ADL). An ANKOM fibre ana-
lyser (ANKOM Technology Corp., Fairport, NY, USA) was
used for sequential detergent fractionation of samples. Percent-
age DM and concentration of crude protein (CP; Kjeldahl
N 9 6.25) in samples was calculated according to the Associa-
tion of Official Analytical Chemists (1995). Relative food value
(RFV), an index of forage quality that integrates forage DM
intake and digestibility (Rohweder et al. 1978), was calculated
from forage concentrations of NDF and ADF using prediction
equations of Linn & Martin (1989).

Experimental design and statistical analysis

The experimental design for this field fumigation study was a
randomised split-plot design with two ozone treatments repli-
cated within three zones (blocks) of precipitation, and forage
re-growth and primary growth plots within each treatment.
The experimental unit was the OTC, with plant communities
in each OTC representing individual sampling populations.
Overall effects are presented using P-values, with a rejection
level of the null hypothesis set at P = 0.10 (Peterman 1990).
Treatment effects were analysed using univariate ANOVA and
simple t-tests were used to test significance within treatments
for ozone. To test differences among primary and re-growth
harvests over time multivariate ANOVA was used. Analyses were
conducted using the R package for statistical analysis (R Devel-
opment Core Team 2010).

RESULTS

Climate data and ozone exposure

Monthly air temperatures (24-h average) were similar to the
30-year averages throughout the growing season at 26.0 and
25.1 °C, respectively, for June and September 2009. Total pre-
cipitation in the Auburn area for June–September 2009 was 47.
6 cm, compared with 44.0 cm for the 30-year average
(ncdc.noaa.gov). Average simulated monthly rainfall amounts
for the three rainfall regimes were 11.9, 15.5 and 9.7 cm for
average, +20% (high) and -20% (low), respectively, close to
target average monthly rainfall of 11.4 cm for average, 13.7 cm
high ozone, 9.1 cm low ozone for each precipitation zone in
each month (Table 1).
Mean 12-h (09:00–21:00 h) ozone concentrations over the 4-

month experiment were 31 and 56 nl�l�1 (ppb), respectively,
for NF and 29 treatments (Table 2). Average peak ozone con-
centrations were 39 and 77 nl�l�1 for NF and 29 treatments.
Peak average 1-h ozone concentrations were 73 and 155 nl�l�1

for NF and 29 treatments, respectively. From the data, two
cumulative exposure response metrics were developed: (i)
AOT40 is the accumulated amount of ozone above the thresh-
old value of 40 ppb, and (ii) A sigmoidal weighting function
(W126) developed by Lefohn & Runeckles (1987). The total
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12 h AOT40 values for the two treatments throughout the 2009
growing season were 1.8 and 29.8 ppm�h�1 for NF and 29
treatments, respectively. Seasonal 12 h W126 values (ppm�h�1)
were 1.6 and 42.5 for NF and 29 treatments, respectively
(Table 2).

Plant measurements

Primary growth
Primary growth grasses, on average, increased growth in 29
ozone treatments over the growing season, with a 19% increase
in DM yield in 29 treatments compared with NF-exposed
grasses (Tables 3 and 4). Clover decreased in nutritive quality
in 29 ozone treatments, with significant (P = 0.05) increases in
ADL (Table 3). In the final harvest, CP concentration was 6%
higher (P = 0.10) in 29 ozone clover than NF clover (Table 4).
Precipitation had no effect over the entire growing season on

primary growth forage (grasses or clover), except for grass DM
yield, which increased 46% (P = 0.02) in chambers with high
(+20% of average) precipitation compared with average and
low precipitation treatments. Although this pattern was similar
in the final harvest (Table 4) it was not significant. A precipita-
tion 9 ozone interaction was also observed for grass DM yield
over the growing season. Low (�20% of average) and high pre-
cipitation/29 ozone treatment DM yield of grasses increased
significantly compared with average precipitation/NF treat-
ments (Table 3). Harvest (month) effects were significant in

grasses over the growing season for DM yield and nutritive
quality, with both declining in the later harvests.

Re-growth
Grasses exposed to 29 ozone treatments had significantly lower
concentrations of NDF throughout the season than NF grasses,
higher RFV and increased concentrations of CP than NF
exposed grasses through the growing season (Table 5). Re-
growth grasses exposed to 29 ozone concentrations had 40%
higher DM yield (P = 0.09) in the final harvest than NF grasses
(Table 6). Grasses also had 5% higher RFV (P = 0.03) in the
final harvest for 29 ozone compared with NF re-growth
grasses. Clover exposed to 29 ozone treatments had higher
concentrations of NDF and ADL (P < 0.03) over the growing
season than NF-exposed clover, resulting in a significant
(P = 0.06) decrease in RFV in 29 ozone treatments compared
with NF treatments over the growing season (Table 5). During
the final harvest, 29 clover experienced a 60% decrease
(P = 0.06) in DM yield compared with NF clover (Table 6).
Nutritive quality of the final harvest also significantly decreased
in 29 clover, which exhibited an 8% decrease in RFV com-
pared with that of the NF-treated plants.

Precipitation alone did not have significant effects on re-
growth forage (grasses or clover) over the growing season or in
the final harvest, although high precipitation amounts gener-
ally resulted in increased DM yield (Tables 5 and 6). There
were significant interactions of DM (P = 0.001) and ADL
(P = 0.04) with precipitation and ozone in grasses (Table 6).
The ozone 9 precipitation interaction resulted in higher DM
in grasses exposed to 29 ozone treatments in combination with
high and low precipitation amounts compared with NF/aver-
age precipitation treatments (P = 0.001).

Canopy cover

Total canopy cover did not differ significantly (P = 0.69)
between ozone treatments. Grasses in general did not differ
among ozone treatments but did decrease slightly (not signifi-
cant) in July and August compared with the earlier months of
the study (data not shown). Clover cover also did not differ for
ozone treatment (P = 0.19) or harvest (P = 0.38). Over the
growing season, total canopy cover was lowest (P = 0.001) in
the average precipitation treatments compared with the high
and low treatments (93%, 99%, 96%, respectively).

Table 1. Monthly average target and actual precipitation values (cm) over

the growing season for chambers by month and precipitation regime.

month

average high (+20%) low (�20%)

target achieved target achieved target achieved

June 11.4 11.8 13.72 15.7 9.1 9.7

July 11.4 12.22 13.72 16.0 9.1 9.6

August 11.4 11.22 13.72 15.3 9.1 9.5

September 11.4 12.22 13.72 15.0 9.1 9.8

total 45.7 47.5 54.9 62.0 36.6 38.6

season monthly

average

11.4 11.9 13.7 15.5 9.1 9.7

Average target = average precipitation in chambers 1–4, (30-year average

from 1971 to 2000 for Auburn area); High = chambers 5–8, 20% more than

average; Low = chambers 9–12, 20% less than average (Canadian GCM).

Table 2. Mean daytime (09:00–21:00 h) 12-h ozone concentration (ppb: nl�l�1), average ozone peaks, 1-h peaks, AOT 40_12 h [ppm (ll�l�1)-h] and W126

(ppm-h) concentrations from 1 June–30 September 2009.

month

12-h ozone

concentration

average ozone

peak

concentration

Peak 1-h

concentration AOT 40 (ppm-h) W 126 (ppm-h)

NF 29 NF 29 NF 29 NF 29 NF 29

June 35 68 44 91 59 126 742 10.6 0.6 15.8

July 35 61 43 79 73 155 713 8.6 0.7 12.2

August 26 47 34 66 56 113 169 5.0 0.2 6.6

September 26 50 35 73 55 136 188 5.6 0.2 7.9

season 31 56 39 77 73 155 1811 29.8 1.7 42.5

NF = non-filtered ambient, 29 = enriched to twice ambient ozone concentration, AOT40 = accumulated ozone value over a threshold of 40 ppb. W126 =

cumulative weighting index (Lefohn et al. 1992).
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DISCUSSION

To our knowledge, there are no published reports of grassland
community responses in the southern USA to increasing ozone
concentrations in concert with future precipitation scenarios
suggested in several global climate models (MacCracken et al.
2001). The ozone concentrations experienced in June–Septem-
ber 2009 were relatively low, approximately 30% lower than
those from similar studies in the Auburn area (Powell et al.

2003; Szantoi et al. 2007, 2009). The average peak values never
exceeded 100 ppb (max. 91 ppb), however, the maximum 1-h
peak value during the study was 155 ppb in the elevated (29)
ozone treatment. Although ambient rainfall did not fall directly
into the chambers, above average rainfall in the area (ca. 4 cm
more than average) may have affected ozone concentrations
due to cloud cover and limited sunlight.
During the experiment, minimal effects of precipitation

alone or in combination with ozone were observed. Ambient

Table 3. Significance (P-values) for ANOVA of biomass and nutritive quality for primary growth grasses and clover exposed to differing ozone and precipitation

amounts in 2009.

source of variation df DM (g) NDF (%) ADF (%) ADL (%) RFV CP (%)

primary grasses

precipitation 2 0.1* 0.75 0.38 0.63 0.62 0.35

O3 1 0.02** 0.62 0.81 0.89 0.70 0.17

harvest 3 0.001*** 0.001*** 0.01*** 0.11 0.001*** 0.001***

O3 9 precipitation 2 0.02** 0.12 0.38 0.61 0.17 0.48

precipitation 9 harvest 6 0.05** 0.02** 0.02** 0.42 0.02** 0.21

O3 9 harvest 3 0.65 0.16 0.54 0.08* 0.34 0.25

O3 9 precipitation 9 harvest 6 0.73 0.03** 0.27 0.76 0.05** 0.67

primary clover

precipitation 1 0.69 0.47 0.79 0.62 0.53 0.46

O3 1 0.57 0.12 0.12 0.05** 0.13 0.06*

harvest 3 0.004*** 0.43 0.01*** 0.001*** 0.50 0.001***

O3 9 precipitation 1 0.95 0.55 0.23 0.74 0.41 0.91

precipitation 9 harvest 3 0.39 0.11 0.04** 0.15 0.13 0.86

O3 9 harvest 3 0.83 0.17 0.11 0.30 0.18 0.89

O3 9 precipitation 9 harvest 3 0.95 0.14 0.12 0.37 0.14 0.99

Significance at ***P < 0.01, **P < 0.05, *P < 0.10. DM, dry matter (g); NDF, % neutral detergent fibre; ADF, % acid detergent fibre; ADL, acid detergent lig-

nin; RFV, relative feed value; CP, % crude protein. Due to a lack of clover in average precipitation treatments, chambers with average precipitation were

excluded from analysis of clover.

Table 4. Nutritive quality and biomass among ozone and precipitation treatments for final harvest data of primary growth grasses and clover

treatment DM (g) NDF (%) ADF (%) ADL (%) RFV CP (%)

ozone concentration

grasses

NF 78.2 (27.2) 69.3 (3.5) 32.9 (2.5) 2.2 (0.4) 85.2 (7.0) 6.8 (1.3)

29 96.8 (38.8) 69.8 (0.8) 33.4 (1.0) 2.0 (0.3) 83.9 (1.4) 7.1 (1.1)

P-value 0.25 0.73 0.63 0.24 0.63 0.35

clover

NF 3.5 (3.6) 31.4 (1.6) 18.6 (1.5) 3.4 (0.5) 220.5 (13.6) 19.2 (1.3)

29 3.3 (3.9) 34.2 (3.5) 20.7 (1.3) 3.8 (0.3) 199.9 (22.8) 20.5 (1.8)

P-value 0.45 0.35 0.15 0.23 0.31 0.10*

precipitation

grasses

average 75.8 (24.4) 70.9 (1.2) 33.6 (1.2) 2.0 (0.2) 82.4 (2.5) 5.9 (0.4)

high 120.0 (28.8) 70.4 (1.9) 34.3 (0.4) 2.3 (0.5) 82.2 (2.5) 7.0 (1.2)

low 67.0 (22.8) 67.4 (2.7) 31.5 (2.2) 2.0 (0.1) 89.0 (5.9) 8.0 (0.5)

P-value 0.17 0.21 0.21 0.52 0.20 0.20

clover

high 1.6 (1.1) 34.2 (3.5) 19.7 (1.9) 3.6 (0.6) 201.8 (24.3) 20.1 (2.2)

low 6.5 (4.2) 31.4 (1.8) 20.0 (1.4) 3.6 (0.1) 218.0 (15.4) 19.9 (0.7)

P-value 0.23 0.43 0.88 0.91 0.50 0.93

Significance at *P < 0.10. DM, dry matter (g); NDF, % neutral detergent fibre; ADF, % acid detergent fibre; ADL, acid detergent lignin; RFV, relative feed value;

CP, % crude protein. Due to a lack of clover in average precipitation treatments, chambers with average precipitation were excluded from analysis of clover.

SD of mean in brackets.
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rainfall outside of the chambers was above average for the
Auburn area in 2009. Although we attempted to isolate the
chambers from ambient rain using rain hoods, precipitation in
OTCs may have been affected by water percolation through the
soil. Soil moisture measurements were taken starting in June to
ensure soil moisture was congruent with rainfall treatments,
but measurements were inconsistent and therefore discontin-
ued. Rainfall patterns were calculated on a seasonal basis dur-
ing this initial effort, which may have influenced the results,

because periodicity of rainfall varies during the summer
months. These changes in frequency of periods with no rain
and higher temperatures during the summer months may be
very important, given future climate change scenarios (MacC-
racken et al. 2001; Christensen et al. 2007). Changes in the
periodicity of rainfall patterns could lead to more frequent
droughts and affect productivity of these communities. Main
effects of precipitation in the present study should be inter-
preted with caution, given the initial design of the experiment.

Table 5. Significance (P-values) for ANOVA of biomass and nutritive quality for re-growth grasses and clover exposed to ozone and different precipitation

amounts in 2009.

source of variation df DM (g) NDF (%) ADF (%) ADL (%) RFV CP (%)

regrowth grasses

precipitation 2 0.12 0.38 0.40 0.84 0.33 0.25

O3 1 0.19 0.02** 0.23 0.77 0.03** 0.001***

harvest 3 0.001*** 0.001*** 0.001*** 0.001*** 0.001*** 0.06*

O3 9 precip 2 0.001*** 0.69 0.92 0.04* 0.55 0.83

precipitation 9 harvest 6 0.77 0.69 0.96 0.14 0.82 0.38

O3 9 harvest 3 0.68 0.85 0.73 0.39 0.58 0.92

O3 9 precipitation 9 harvest 6 0.84 0.34 0.88 0.34 0.96 0.92

regrowth clover

precipitation 1 0.65 0.79 0.65 0.62 0.93 0.32

O3 1 0.64 0.10* 0.14 0.03** 0.06* 0.93

harvest 3 0.002*** 0.02** 0.001*** 0.001*** 0.001*** 0.02**

O3 9 precip 1 0.90 0.25 0.53 0.29 0.33 0.31

precipitation 9 harvest 3 0.82 0.50 0.20 0.39 0.35 0.64

O3 9 harvest 3 0.74 0.18 0.25 0.02** 0.12 0.35

O3 9 precipitation 9 harvest 3 0.84 0.75 0.75 0.59 0.67 0.74

Significance at ***P < 0.01, **P < 0.05, *P < 0.10. DM, dry matter (g); NDF, % neutral detergent fibre; ADF, % acid detergent fibre; ADL, acid detergent lig-

nin; RFV, relative feed value; CP, % crude protein. Due to a lack of clover in average precipitation treatments, chambers with average precipitation were

excluded from analysis of clover.

Table 6. Nutritive quality and biomass among ozone and precipitation treatments, for final harvest data of re-growth grasses and clover.

treatment DM (g) NDF (%) ADF (%) ADL (%) RFV CP (%)

ozone concentration

grasses

NF 11.4 (4.0) 68.9 (0.7) 34.8 (0.7) 2.3 (0.3) 83.5 (1.4) 9.39 (0.9)

29 18.9 (7.9) 67.5 (2.1) 33.8 (1.4) 2.2 (0.3) 88.0 (4.5) 10.1 (0.5)

P-value 0.09* 0.15 0.19 0.44 0.03** 0.13

clover

NF 2.6 (1.6) 29.0 (1.5) 17.6 (1.6) 3.6 (0.3) 241.3 (14.0) 20.3 (2.2)

29 1.0 (0.7) 31.2 (2.3) 18.6 (1.3) 3.6 (0.5) 221.9 (21.2) 19.2 (0.5)

P-value 0.06* 0.05** 0.14 0.78 0.03** 0.29

precipitation

grasses

average 9.8 (0.3) 68.1 (2.3) 34.7 (1.6) 2.0 (0.2) 84.6 (4.6) 9.9 (0.3)

high 17.1 (10.7) 67.6 (1.7) 33.9 (1.1) 2.5 (0.3) 86.1 (3.3) 10.0 (1.3)

low 18.5 (3.8) 68.9 (0.7) 34.1 (0.7) 2.2 (0.2) 86.6 (4.7) 9.4 (0.5)

P-value 0.33 0.66 0.67 0.29 0.79 0.53

clover

high 1.5 (1.7) 29.7 (1.4) 17.3 (1.4) 3.7 (0.4) 236.3 (12.8) 20.0 (1.9)

low 2.1 (1.1) 30.5 (1.6) 18.8 (0.4) 3.5 (0.2) 226.8 (12.2) 19.5 (0.6)

P-value 0.62 0.59 0.28 0.56 0.48 0.70

Significance at **P < 0.05 and *P < 0.10. DM, dry matter (g); NDF, % neutral detergent fibre; ADF, % acid detergent fibre; ADL, acid detergent lignin; RFV, rel-

ative feed value; CP, % crude protein. Due to a lack of clover in average precipitation treatments, chambers with average precipitation were excluded from

analysis of clover. SD of mean in brackets.
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Even with relatively low ozone concentrations, especially in
the final 2 months, differences were still observed in some
aspects of plant nutritive quality, DM yield and canopy cover
of clover. Clover has been reported in several studies as very
sensitive to ozone (Blum et al. 1982, 1983; Rebbeck et al. 1988;
Heagle et al. 1989b, 1991; Davison & Barnes 1998; Muntifering
et al. 2006) in terms of nutritional quality and DM yield. We
observed significant effects both for primary and re-growth clo-
ver in response to elevated ozone concentrations. Primary
growth clover, on average, declined in nutritive quality in 29
ozone compared with NF treatments over the harvest months
(June–September), with no differences in DM yield. Re-growth
clover exposed to 29 ozone treatment declined in nutritive
quality over the entire season, but there were no differences in
DM yield. However, re-growth clover exposed to 29 ozone
treatment did have a significantly decreased DM yield in the
final harvest compared with NF treatment. Our results are sim-
ilar to those from other studies (Blum et al. 1982, 1983; Heagle
et al. 1989b) in which DM yield of both primary and re-growth
clover decreased in response to ozone exposure.

Grasses generally did not experience detrimental ozone
effects, and even had increases in biomass (DM yield) over the
season; although the mechanism for this stimulation is
unknown, it has been reported in other systems (Blum et al.
1983; Davison & Barnes 1998; Bungener et al. 1999; Franzaring
et al. 2000; Power & Ashmore 2002). Power & Ashmore (2002)
examined a grassland system in the UK and found some species
had reduced aboveground biomass, others had decreased
belowground biomass and one species showed stimulation of
aboveground biomass. One possible explanation could involve
a shift in partitioning of photosynthate among various plant
parts, roots, shoots, foliage, etc. (Rennenberg et al. 1996; Pleijel
et al. 2014). Another explanation is that insensitive grasses
appear to fill niches left as the level of the clover falls, similar to
the report of Gonzalez-Fernandez et al. (2008), who found that
ryegrass (L. perenne) replaced clover when the two were grown
simultaneously under elevated ozone concentrations.

Our results indicate that clover in the grassland community
is sensitive to ozone. This response was higher in the re-
growth harvests, indicating that timing of harvest may be
important in the management of grassland communities
under a changing climate. Vegetation composition in commu-
nities may alter DM yield and overall community structure
such that community-level responses are not fully revealed
with simple DM harvests or canopy cover data. These results
are similar to those of Blum et al. (1983) with a fescue–white
clover pasture grown in OTCs in North Carolina. They found
that clover was very sensitive to elevated ozone, with fescue
replacing clover in the pasture, but after two seasons of expo-
sure the yield reduction in fescue re-growth fell. Nutritive
quality of clover (especially re-growth clover) was negatively
affected by increasing concentrations of ozone, whereas
grasses in general were less sensitive. These data are consistent
with other findings (Rebbeck et al. 1988; Muntifering et al.
2006; Gonzalez-Fernandez et al. 2008) that forage species
affected by ozone generally contained increased concentrations
of cell wall constituents such as NDF, ADF and ADL. Such
results, in addition to plant secondary metabolites, will have
detrimental effects on nutritional value for herbivores that rely
on forage crops such as these for energy (Blum et al. 1983;
Krupa et al. 2004; Gilliland et al. 2012).

Cell wall constituents are only partially and variably digest-
ible and have a considerable impact on forage nutritive quality
and food value to ruminant herbivores (Van Soest 1994; Powell
et al. 2003; Krupa et al. 2004; Gonzalez-Fernandez et al. 2008).
According to Van Soest (1994), NDF is inversely related to
free-range voluntary forage intake: as forage concentration of
the NDF fraction increases, forage intake decreases. Acid deter-
gent fibre is inversely related to forage digestibility; i.e. as
ADF concentration increases, forage digestibility decreases
(Van Soest 1994).
Decreases in nutritive quality due to ozone in clover and

other sensitive species such as highbush blackberry (Rubus
argustus) could have detrimental effects on wildlife that forage
on these species (Krupa et al. 2004; Ditchkoff et al. 2009;
Gilliland et al. 2012). Since grasses replace much of the area
vacated by clover, the overall community nutritive quality
could be adversely affected. The nutritive quality of many
grasses is much lower than that of clover, and increased fibre
content precludes the herbivores from consuming sufficient
forage to meet their nutritional needs (Blum et al. 1983; Krupa
et al. 2004; Gilliland et al. 2012).
Nutritive quality decline due to increased ozone concentra-

tions with no significant effect on DM yield has been reported
in studies with warm season forage crops (Powell et al. 2003;
Lewis et al. 2006). The lack of canopy cover changes due to
ozone treatment is important because grass canopy cover did
not change significantly but did have higher nutritive quality
in 29 ozone treatment than NF treatment. Clover canopy
cover also did not differ among ozone treatments, but did a
decrease in nutritive quality in 29 ozone treatments com-
pared with NF treatment. This observation can be interpreted
as communities appearing unchanged in terms of canopy
appearance, but did change in nutritive quality (Muntifering
et al. 2000; Powell et al. 2003; Lewis et al. 2006), litter decom-
position (Kim et al. 1998), N fixation (Montes et al. 1983)
and/or DM yield (Bungener et al. 1999; Franzaring et al. 2000;
Power & Ashmore 2002). Further research is needed in this
area. Also, while there was no visible foliar injury to any
plants inside the chambers, DM and nutritive quality were still
altered.
The relative insensitivity of grasses to ozone in this study

suggests that pooling of grasses into one collective ‘grass’ sam-
ple throughout the season was appropriate for testing our
hypothesis. The comparison of grasses (insensitive) to clover
(sensitive) is important in determining species- or growth-spe-
cific responses to different ozone and precipitation treatments
(climate change). Community structure and function are
important modifiers of the effects of ozone and may alter how
individual plants respond to elevated ozone, resulting in
changes to species abundance and composition (Barbo et al.
1998; Booker et al. 2009).

CONCLUSIONS

It is important to determine the effects that altered rainfall
amounts combined with different levels of ozone exposure may
have on local plant species in the southern Piedmont region of
the USA, as well as potential plant/animal interactions (Krupa
et al. 2004; Gilliland et al. 2012) in those communities. Due to
design limitations and only one growing season of exposure,
further research is needed in this area. However, our results
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indicate that clover is very sensitive to increasing ozone
concentrations regardless of rainfall pattern. In addition,
grasses (lower intrinsic nutritive quality) tend to out-compete
clover and allocate more resources when grown in competitive
environments with such a sensitive species. This may be impor-
tant for the health and welfare of herbivores that forage on
these species.
The southern Piedmont region spans 17 million hectares

from central Virginia to east-central Alabama (US Department
of Agriculture 1981) and mainly contains managed grasslands
and pastures that include C3 and C4 grasses and clovers such as
the species examined in this study. The differences in ozone
sensitivities of species in the southern Piedmont region suggest
community-level responses as well as species-specific responses
to the combination of altered rainfall amounts and increasing
ozone concentrations (Krupa et al. 2004; Booker et al. 2009).
The results described here have management implications in

that ruminant herbivores may be forced to alter feeding strate-
gies to account for declines in nutritive quality of forage. Natu-
ral declines in forage quality might be further compounded
through the detrimental effects of increasing ozone concentra-
tions as rural and forested areas become more urbanised in the
future.

ACKNOWLEDGEMENTS

The authors thank Dr. Ching Ming (John) Lin for assistance in
forage nutrient analysis and laboratory instruction, Efrem Rob-
bins for assistance with forage collection and fieldwork, Drs.
Todd Steury and Greg Somers for help with statistics and
experimental design, and Chris Chappelka and Nick Czerkaw-
ski who assisted with forage analysis and data processing.
Funding was provided by Hatch/Multi-State funding from the
Alabama Agricultural Experiment Station.

REFERENCES

Alig R.J., Kline J.D., Lichtenstein M. (2004) Urbaniza-

tion on the US landscape: looking ahead in the 21st

century. Landscape & Urban Planning, 69, 219–234.

Ashmore M.R. (2005) Assessing the future global

impacts of ozone on vegetation. Plant, Cell & Envi-

ronment, 28, 949–964.

Ashmore M.R., Ainsworth N. (1995) The effects of

ozone and cutting on the species composition of

artificial grassland communities. Functional Ecology,

9, 708–712.

Ashmore M.R., Thwaites R.H., Ainsworth N., Cousins

D.A., Powers S.A., Morton A.J. (1995) Effects of

ozone on calcareous grassland communities. Water,

Air and Soil Pollution, 85, 1527–1532.

Association of Official Analytical Chemists (1995) Offi-

cial Methods of Analysis, 16th edition. Association of

Official Analytical Chemists, Washington, DC, USA.

Ball D.M., Hoveland C.S., Lacefield G.D. (2002)

Southern Forages. Modern Concepts of Forage Crop

Management, 3rd edition. Potash and Phosphate

Institute, Norcross, GA, USA, p 322.

Barbo D.N., Chappelka A.H., Somers G.L., Miller-

Goodman M.S., Stolte K. (1998) Diversity of an early

successional plant community as influenced by

ozone. New Phytologist, 138, 653–662.

Barbo D.N., Chappelka A.H., Somers G.L., Miller-

Goodman M.S., Stolte K. (2002) Ozone impacts on

loblolly pine (Pinus taeda L.) grown in a competitive

environment. Environmental Pollution, 116, 27–36.

Bassin S., Volk M., Fuhrer J. (2007) Factors affecting

the ozone sensitivity of temperate European grass-

lands: an overview. Environmental Pollution, 146,

678–691.

Bender J., Weigel H.J. (2003) Ozone stress impacts on

plant life. In: Ambasht R.S., Ambasht N.K. (Eds),

Modern Trends in Applied Terrestrial Ecology. Kluwer

Academic/Plenum, New York, USA, pp 165–182.

Bender J., Muntifering R., Lin J., Weigel H. (2006)

Growth and nutritive quality of Poa pratensis as

influenced by ozone and competition. Environmen-

tal Pollution, 142, 109–115.

Blum U., Smith G.R., Fites R.C. (1982) Effects of mul-

tiple O3 exposure on carbohydrate and mineral con-

tents of ladino clover. Environmental and

Experimental Botany, 22, 143–154.

Blum U., Heagle A.S., Burns J.C., Linthurst R.A. (1983)

The effects of ozone on fescue–clover forage:

regrowth, yield and quality. Environmental and

Experimental Botany, 23, 121–132.

Bonham C.D. (1989)Measurements For Terrestrial Veg-

etation. John Wiley & Sons, New York, USA, p 338.

Booker F.L., Muntifering R.B., McGrath M., Burkey K.,

Decoteau D., Fiscus E., Manning W., Krupa S.,

Chappelka A., Grantz D. (2009) The ozone compo-

nent of global change: potential effects on agricul-

tural and horticultural plant yield, product quality

and interactions with invasive species. Journal of

Integrative Plant Biology, 51, 337–351.

Bungener P., Nussbaum S., Grub A., Fuhrer J. (1999)

Growth response of grassland species to ozone in

relation to soil moisture condition and plant strat-

egy. New Phytologist, 142, 283–293.

Burkett V., Ritschard R., McNulty S., O’Brien J.J., Abt

R., Jones J., Hatch U., Murray B., Jagtap S., Cruise J.

(2001) Potential consequences of climate variability

and change for the Southeastern United States. US

Global Change Research Team, Climate Change

Impacts on the United States: The Potential Conse-

quences of Climate Variability and Change. Cam-

bridge University Press, New York, USA, pp 137–

165.

Chameides W.L., Lindsey R.W., Richardson J., Kiang

C.S. (1988) The role of biogenic hydrocarbons in

urban photochemical smog: Atlanta as a case study.

Science, 241, 1473–1475.

Chameides W.L., Kasibhatla P.S., Yienger J., Levy H. II

(1994) Growth of continental-scale metro-agro-

plexes, regional ozone pollution, and world food

production. Science, 264, 74–77.

Christensen J.H., Hewitson B., Busuioc A., Chen A.,

Gao X., Held I., Jones R., Kolli R.K., Kwon W.-T.,

Laprise R., Maga~na Rueda V., Mearns L., Men�endez

C.G., R€ais€anen J., Rinke A., Sarr A., Whetton P.

(2007) Regional climate projections. In: Solomon S.,

Qin D., Manning M., Chen Z., Marquis M., Averyt

K.B., Tignor M., Miller H.L. (Eds), Climate Change

2007: The Physical Science Basis. Contribution of

Working Group I to the Fourth Assessment Report of

the Intergovernmental Panel on Climate Change.

Cambridge University Press, Cambridge, UK, pp

847–940.

Davison A.W., Barnes J.D. (1998) Effects of ozone on

wild plants. New Phytologist, 139, 135–151.

Ditchkoff S.S., Lewis J.S., Lin J.C., Muntifering R.B.,

Chappelka A.H. (2009) Nutritive quality of highbush

blackberry (Rubus argutus) exposed to tropospheric

ozone. Rangeland Ecology and Management, 62, 364–

370.

Franzaring J., Tonneijck A.E.G., Kooijman A.W.N.,

Dueck T.A. (2000) Growth responses to ozone in

plant species from wetlands. Environmental and

Experimental Botany, 44, 39–48.

Fuhrer J.H. (1994) Effects of ozone on managed pas-

ture. Effects of open-top chambers on microclimate,

ozone flux and plant growth. Environmental Pollu-

tion, 86, 297–305.

Fuhrer J., Shariatmadari H., Perler R., Tschannen W.,

Grub A. (1994) Effects of ozone on managed pas-

ture. 2. Yield, species composition, canopy structure,

and forage quality. Environmental Pollution, 86, 307–

314.

Gilliland N.J., Chappelka A.H., Muntifering R.B.,

Booker F.L., Ditchkoff S.S. (2012) Digestive utiliza-

tion of ozone-exposed forage by rabbits (Oryctolagus

cuniculus). Environmental Pollution, 163, 281–286.

Gomez K.A., Gomez A.A. (1984) Statistical Procedures

for Agricultural Research. John Wiley & Sons, New

York, USA, p 680.

Gonzalez-Fernandez I., Bass D., Muntifering R., Mills

G., Barnes J. (2008) Impacts of ozone pollution on

productivity and forage quality of grass/clover

swards. Atmospheric Environment, 42, 8755–8769.

Hayes F., Jones H.L.M., Mills G., Ashmore M. (2007)

Meta-analysis of the relative sensitivity of semi-natu-

ral vegetation species to ozone. Environmental Pollu-

tion, 146, 754–762.

Hayes F., Mills G., Ashmore M. (2009) Effects of inter-

and intra-species competition and photosynthesis in

mesocosms of Lolium perenne and Trifolium repens.

Environmental Pollution, 157, 208–214.

Heagle A.S., Philbeck R.B., Ferrell R.E., Heck W.W.

(1989a) Design and performance of a large, field

exposure chamber to measure effects of air quality

on plants. Journal of Environmental Quality, 18, 361–

368.

Heagle A.S., Rebbeck J., Shafer S.R., Blum U., Heck

W.W. (1989b) Effects of long-term exposure and soil

moisture deficit on growth of a ladino clover–tall

fescue pasture. Phytopathology, 79, 128–136.

Heagle A.S., McLaughlin M.R., Miller J.E., Joyner R.L.,

Spruill S.E. (1991) Adaptation of a white clover pop-

ulation to ozone stress. New Phytologist, 119, 61–68.

Intergovernmental Panel on Climate Change (2013)

Climate Change 2013: The Physical Science Basis.

Working Group I Contribution to the Fifth Assessment

Plant Biology 18 (Suppl. 1) (2016) 47–55 © 2015 German Botanical Society and The Royal Botanical Society of the Netherlands54

Climate, O3 and precipitation affect southern grasslands Gilliland, Chappelka, Muntifering & Ditchkoff



Report of the Intergovernmental Panel on Climate

Change. Cambridge University Press, Cambridge,

UK, pp. 1552.

Kim J.S., Chappelka A.H., Miller-Goodman M.S.

(1998) Decomposition of blackberry and brooms-

edge bluestem as influenced by ozone. Journal of

Environmental Quality, 27, 953–960.

Krupa S., Muntifering R., Chappelka A.H. (2004)

Effects of ozone on plant and nutritive quality char-

acteristics for ruminant animals. Botanica, 54, 129–

140.

Lefohn A.S., Runeckles V.C. (1987) Establishing a stan-

dard to protect vegetation – ozone exposure/dose

considerations. Atmospheric Environment, 21, 561–

568.

Lefohn A.S., Shadwick D.S., Somerville M.C., Chapp-

elka A.H., Lockaby B.G., Meldahl R.S. (1992) The

characterization and comparison of ozone exposure

indices used in assessing the response of loblolly

pine to ozone. Atmospheric Environment, 26A, 287–

298.

Lewis J.S., Ditchkoff S.S., Lin J.C., Muntifering R.B.,

Chappelka A.H. (2006) Nutritive quality of big blue-

stem (Andropogon gerardii) and eastern gamagrass

(Tripsacum dactyloides) exposed to tropospheric

ozone. Rangeland Ecology and Management, 59, 267–

274.

Linn J.G., Martin N.P. (1989) Forage Quality Tests and

Interpretation. (MN AG-FO-02637). University of

Minnesota Extension Service, Minneapolis, USA.

MacCracken M., Barron E., Easterling D., Felzer B.,

Karl T. (2001) Scenarios for climate variability and

change. Climate Change Impacts on the United States:

The Potential Consequences of Climate Variability

and Change. US Global Change Research Team.

Cambridge University Press, New York, USA, pp

13–71.

Manning W.J., Krupa S.V. (1992) Experimental meth-

odology for studying the effects of ozone on crops

and trees. In: Lefohn A.S. (Ed.), Surface Level Ozone

Exposures and Their Effects on Vegetation. CRC Press,

Boca Raton, FL, USA, pp 93–157.

Middleton J.T. (1956) Response of plants to air pollu-

tion. Journal of the Air Pollution Control Association,

6, 7–9.

Montes R.B., Blum U., Heagle A.S., Volk R.J. (1983)

The effects of ozone and nitrogen fertilizer on tall

fescue, ladino clover, and a fescue–clover mixture.

11. Nitrogen content and nitrogen fixation. Cana-

dian Journal of Botany, 61, 2159–2168.

Muntifering R.B., Crosby D.D., Powell M.C., Chapp-

elka A.H. (2000) Yield and quality characteristics of

bahiagrass (Paspalum notatum) exposed to ground-

level ozone. Animal Feed Science and Technology, 84,

243–256.

Muntifering R.B., Chappelka A.H., Lin J.C., Karnosky

D.F. (2006) Chemical composition and digestibility

of Trifolium exposed to elevated ozone and carbon

dioxide in a free-air (FACE) fumigation system.

Functional Ecology, 20, 269–275.

National Research Council (2004) Air Quality Manage-

ment in the United States. The National Academy

Press, Washington, DC, USA, p 401.

Peterman R.M. (1990) The importance of reporting

statistical power: the forest decline and acidic depo-

sition example. Ecology, 71, 2024–2027.

Pleijel H., Danielsson H., Simpson D., Mills G. (2014)

Have ozone effects on carbon sequestration been

overestimated? A new biomass response function for

wheat. Biogeosciences, 11, 4521–4528.

Powell M.C., Muntifering R.B., Lin J.C., Chappelka

A.H. (2003) Yield and nutritive quality of Sericea

lespedeza (Lespedeza cuneata) and little bluestem

(Schizachyrium scoparium) exposed to ground-level

ozone. Environmental Pollution, 122, 313–322.

Power S.A., Ashmore M.R. (2002) Responses of fen

and fen-meadow communities to ozone. New Phy-

tologist, 156, 399–408.

R Development Core Team (2010) R: A Language and

Environment for Statistical Computing. R Foundation

for Statistical Computing, Vienna, Austria.

Rebbeck J., Blum U., Heagle A.S. (1988) Effects of

ozone on the regrowth and energy reserves of a

ladino clover–tall fescue pasture. Journal of Applied

Ecology, 25, 659–681.

Ren W., Tian H., Chen G., Liu M., Zhang C., Chapp-

elka A.H., Pan S. (2007) Influence of ozone pollu-

tion and climate variability on net primary

productivity and carbon storage in China’s grassland

ecosystems from 1961 to 2000. Environmental Pollu-

tion, 149, 327–335.

Rennenberg H., Herschbach C., Polle A. (1996) Conse-

quences of air pollution on shoot–root interactions.

Journal of Plant Physiology, 148, 296–301.

Rohweder D.A., Barnes R.F., Jorgensen N. (1978) Pro-

posed hay grading standards based on laboratory

analyses for evaluating quality. Journal of Animal Sci-

ence, 47, 747–759.

Suttle K.B., Thomsen M.A., Power M.E. (2007) Species

interactions reverse grassland responses to changing

climate. Science, 315, 640–642.

Szantoi Z.A., Chappelka A.H., Muntifering R.B., Som-

ers G.L. (2007) Use of ethylenediurea (EDU) to ame-

liorate ozone effects on purple coneflower

(Echinacea purpurea). Environmental Pollution, 150,

200–208.

Szantoi Z., Chappelka A.H., Muntifering R.B., Somers

G.L. (2009) Cutleaf coneflower (Rudbeckia lacianata

L.) response to ozone and ethylenediurea (EDU).

Environmental Pollution, 157, 840–846.

Thompson A.M. (1992) The oxidizing capacity of the

earth’s atmosphere: probable past and future

changes. Science, 256, 1157–1165.

US Climate Change Science Program (2008) Scientific

assessment of the effects of global change on the United

States. Committee Report on Environment and Nat-

ural Resources, National Science and Technology

Council, Washington, DC, USA, 261 p.

US Department of Agriculture (1981) Land resource

regions and major land resource areas of the United

States. Soil Conservation Service Handbook 296.

US Department of Agriculture, Washington, DC,

USA.

US Environmental Protection Agency (US EPA)

(2006) Air quality criteria for ozone and other pho-

tochemical oxidants. EPA/600/R-05/004 a,b,c.

National Center for Environmental Assessment,

Research Triangle Park, NC, USA.

US Environmental Protection Agency (2013) Inte-

grated Science Assessment for Ozone and Related

Photochemical Oxidants. EPA 600/R-10/076F, Office

of Research and Development National Center for

Environmental Assessment-RTP Division, Research

Triangle Park, NC, USA.

Van Soest P.J. (1994) Nutritional Ecology of the Rumi-

nant, 2nd edition. Comstock, Ithaca, NY, USA.

Van Soest P.J., Robertson J.B., Lewis B.A. (1991)

Methods for dietary fiber, neutral detergent fiber,

and non-starch polysaccharides in relation to ani-

mal nutrition. Journal of Dairy Science, 74, 3583–

3597.

Vingarzan R. (2004) A review of surface ozone back-

ground levels and trends. Atmospheric Environment,

38, 3431–3442.

Plant Biology 18 (Suppl. 1) (2016) 47–55 © 2015 German Botanical Society and The Royal Botanical Society of the Netherlands 55

Gilliland, Chappelka, Muntifering & Ditchkoff Climate, O3 and precipitation affect southern grasslands


