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Abstract. Plants have a strong influence on climate by con-not easily generalized, existing correlations demonstrate that
trolling the transfer of carbon dioxide and water between thephotosynthesis tends to be weakly but negatively correlated
biosphere and atmosphere during the processes of photosymith CUO while stomatal conductance is more often posi-
thesis and transpiration. Chronic exposure to surface ozontvely correlated with CUO. Results suggest that large-scale
(0O3) differentially affects photosynthesis and transpiration models using data with strong negative correlations that only
because it damages stomatal conductance, the common lirddfect photosynthesis need to reconsider the generality of
that controls both processes, in addition to the leaf biochemtheir response. Data from this analysis are now available to
istry that only affects photosynthesis. Because of the integrathe scientific community and can be incorporated into global
role of Qs in altering plant interactions with the atmosphere, models to improve estimates of photosynthesis, global land-
there is a strong motivation to incorporate the influencef O carbon sinks, hydrology, and indirect radiative forcing that
into regional and global models. However, there are currentlyare influenced by chronic43exposure.
no analyses documenting both photosynthesis and stomatal
conductance responses t@ ©xposure through time using
a standardized ©parameter that can be easily incorporated
into models. Therefore, models often rely on photosynthesisl  Introduction
data derived from the responses of one or a few plant species
that exhibit strong negative correlations with Exposure to  Surface ozone (§) is a greenhouse gas that has increased by
drive both rates of photosynthesis and transpiration, neglect30—60 % globally since industrialization (Karnosky, 2005),
ing potential divergence between the two fluxes. Using dataresulting in large direct economic costs becausgi©a
from the peer-reviewed literature, we have compiled pho-strong oxidant that causes foliar damage and reductions
tosynthetic and stomatal responses to chronjoe@posure  in crop yield (Skérby et al., 1987; Mortensen, 1992; Ash-
for all plant types with data available in the peer-reviewed more, 2005; Morgan et al., 2006; Feng et al., 2008). Fos-
literature as a standardized function of cumulative uptakesil fuel combustion and industrial processes have increased
of Oz (CUO), which integrates §flux into leaves through atmospheric concentrations of nitrogen oxides ¢IN@nd
time. These data suggest that stomatal conductance decreasedatile organic compounds (Denman, 2007) that produge O
~ 11 % after chronic @ exposure, while photosynthesis in- through photochemical reactions. Ozone concentrations are
dependently decreases21 %. Despite the overall decrease predicted to continue increasing in polluted regions by 1-
in both variables, high variance masked any correlations bel0 ppb in coming decades due to climate change (Jacob and
tween the decline in photosynthesis or stomatal conductanc@/inner, 2009). At the same time, higher water vapor con-
with increases in CUO. Though correlations with CUO are centrations in future climates are expected to decrease global
background @ concentrations (Jacob and Winner, 2009),

Published by Copernicus Publications on behalf of the European Geosciences Union.



6816 D. Lombardozzi et al.: G4 influences on terrestrial processes

with expected summertime decreases in the United States 0. Photosynthesis b Transpiration
2-15ppb (Wu et al., 2008).

In addition to directly increasing radiative forcing through : qal ¢ i
its role as a greenhouse gas, &ters regional and global cli- l
mate through changing water and carbon exchange betwee|
plants and the atmosphere when transpiration and photosyn O Q O O HzOO O
thesis are affected (e.g., Sitch et al., 2007). Ongeh@s OZ) Mesophyll Conductance O O

entered the leaf, it has the potential to damage several as =~ @

pects of photosynthesis (Fig. 1a). Ozone (1) enters the leal (
through the stomata; (2) alters mesophyllic processes and ox
idizes cellular membranes (Fiscus et al., 2005; Francini et al.,

2_007; Noormets et a_I., 2001); and (3) decreases .Cgrbon. fIX"‘\fig. 1. An illustration of leaf cross sections. The process of photo-
tion by reducing Rubisco enzyme content and activity (Ojan-qynthesiga) relies on three steps: (1) G@nters the leaf through
pera et al., 1998; Farage and Long, 1999; Fiscus et al., 2005} stomata, which is regulated by the size of the opening between
as well as chlorophyll content (Heagle et al., 1996; Bortierthe stomatal cells, or the stomatal conductance; (2} @@vels

et al., 2000; Sharma, 2003; Fiscus et al., 2005; Herbinger ethrough the intercellular spaces to the chloroplasts (mesophyllic
al., 2007). Ozone also changes stomatal conductance, whigbrocesses); and (3) inside the chloroplasts,,@Ochanged into
regulates both photosynthesis and transpiration (Fig. 1b), disugars through biochemical carbon fixation. At the leaf-level, the
rectly by changing guard cell turgor pressure and signalingProcess of transpiratiofp) is only controlled by stomatal conduc-
pathways (e.g., abscisic acid;"KFreer-Smith and Dobson, tance (1). Stomatal conc_;luctance is & common mechanism that con-
1989: Maier-Maercker and Kock, 1991: Hassan et al., 1994,Irols both photosynthesis and transpiration, so these processes are

Torsethaugen et al., 1999; Manes et al., 2001; Mills et al often closely coupled and will continue to be coupled # @imar-
2009) and indirectl.); by in,creasing inter.hal Iea{f £eon- "ily effects stomatal conductance. However, experimental evidence

) . ) shows that @ damage primarily effects biochemical carbon fixa-

centration, signaling stomatal cells to close (Calatayud et al.y;g, (3) and mesophyllic processes (2), leading to a decoupling of

2007; Herbinger et al., 2007). On average, all of these mechphotosynthesis and transpiration.

anisms reduce transpiration and photosynthesis, though the

damage to internal leaf biochemistry often causes chrogic O

exposure to decrease photosynthesis more than transpiration,

leading to significant decoupling between the two over timeand can increase leaf-level and ecosystem-scale transpiration

(Mikkelsen, 1995; Tjoelker et al., 1995; Lippert et al., 1996; rates (Paoletti, 2005; McLaughlin et al., 2007).

Maurer et al., 1997; Soldatini et al., 1998; Novak et al., 2005; Despite differences in photosynthetic and stomatal re-

Paoletti, 2005; Calatayud et al., 2007; Francini et al., 2007)sponses to § many modeling studies assume a fixed rela-

It should also be noted that some studies find an increase itionship between photosynthesis and stomatal conductance

stomatal conductance with chronigg @xposure (e.g. Pao- (Ollinger et al., 1997; Felzer et al., 2004; Sitch et al., 2007)

letti, 2005; McLaughlin et al., 2007). and typically modify photosynthesis values using data from
Overall photosynthetic reductions after chronig €po-  four or fewer species per plant functional type. Simulat-

sure are common in many types of plants, though stomataing Os changes to photosynthesis in this manner typically

responses are more variable. Meta-analyses of trees (Wibverestimates the decrease in stomatal conductance (Lom-

tig et al., 2007), wheat (Feng et al., 2008), soybeans (Morbardozzi et al., 2012a). If stomatal conductance decreases

gan et al., 2003) and studies comparing plants from multipleless than photosynthesis during Exposure as suggested by

functional groups (Reich and Amundson, 1985; \olin et al., experiments, then hydrologic changes regulated by the bio-

1998) all suggest approximately a 20 % average decrease isphere, including precipitation, latent heat flux and surface

photosynthesis after chronic exposure (typically defined asunoff, are incorrectly predicted in most current model for-

exposures longer than seven days) t @ contrast, aver- mulations. Predictions of £damage and impacts on carbon

age stomatal responses tg €&posure show decreases of 6— and water cycling can be improved by separately incorporat-

10% in trees (Wittig et al., 2007) and20 % in crops (Mor-  ing photosynthetic and stomatal responses to chropiex®

gan et al., 2003; Feng et al., 2008), suggesting that stomposure (Lombardozzi et al., 2012b). However, few data are

atal conductance does not always respond similarly to photoavailable documenting responses of stomatal conductance to

synthesis and that responses are variable among plant type®z exposure through time, and large-scale models use spe-

Ozone exposure can also have inconsistent effects on leaf waific photosynthetic responses of plants sensitiveg@xpo-

ter loss. Several studies have reported that canopy evapotrasure rather than a photosynthetic response generalized over

spiration decreases withg@xposure (Bernacchi et al., 2011; multiple plant species.

VanLoocke et al., 2012), while others suggest that chronic Plant responses to chronigg@xposure through time de-

O3 exposure results in sluggish stomatal responses in mangend on the concentration ofzDlength of exposure time,

plants types (Mills et al., 2009; Paoletti and Grulke, 2010), and the vulnerability of the plant toOPlant vulnerability

1) Stomatal Conductance 1) Stomatal Conductance

C0,, 0, H,0
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is a function of both stomatal conductance, which can limit many plant species and functional types. CUO was calculated
the amount of @ entering the leaf, and antioxidant defenses using stomatal conductancez @oncentration, and exposure
within the leaf, which prevent oxidative damage by scav-duration data available within the literature (see Appendix
enging Q (Dizengremel et al., 2008). One metric of stan- A). Through incorporating all available information in the lit-
dardizing plant responses to chronig €xposure is to cal- erature, these data will provide a comprehensive data set for
culate cumulative uptake of{JCUO), which integrates ©  use in models that will greatly expand the number of species
flux into the leaf through time. Because CUO accounts forthat are represented in modeled photosynthetic and stomatal
changes in stomatal conductance and therefore describes tihesponses to 9exposure.
amount of @ that enters the leaf, it estimates the ability of
Og to oxidize biochemical components of the leaf that regu-
late photosynthesis and stomatal conductance. A flux threshp  Methods
old is sometimes used in CUO calculations to account for
the ability of the plant to detoxify using antioxidants found 2.1 Data collection
within plant leaves. However, CUO does not directly account
for internal defenses that can vary widely by plant and as-A database documenting the effects af@ photosynthesis
sumes that plants exposed to high concentrations for shond stomatal conductance was compiled by surveying peer-
periods of time will have similar CUO to plants exposed to reviewed literature using key word searches in the Web of
lower concentrations for longer periods of time. RegardlessScience (ISI). A total of 156 papers published between 1970
several studies have demonstrated strong negative correland June 2011 that chronically(/ days, consistent with
tions between CUO and photosynthesis (Reich, 1987; Wit-methods used by Morgan et al., 2003, Wittig et al., 2007) ex-
tig et al., 2007), biomass (Karlsson et al., 2004; Uddling etposed plants to ®using growth chambers, open-top cham-
al., 2004) or relative crop yield (Pleijel et al., 2002; Plei- bers, branch chambers, or other fumigation methods con-
jel et al., 2004), making CUO a better metric for predict- tained data sufficient to calculate CUO (see Egs. 1 and 2)
ing plant responses togQhan concentration or cumulative and reported changes in photosynthesis and stomatal con-
O3 exposure (Reich, 1987; Wieser, 1997; Musselmann andluctance. Individual measurements within papers were con-
Massmann, 1999; Matyssek et al., 2007). To our knowledgesidered independent if they were not previously reported and
there is no comprehensive analysis that documents responsesgre measured for different species or genotypes or on dif-
of stomatal conductance to CUO in multiple plant types. Ad- ferent days, similar to methods used by Wittig et al. (2007).
ditionally, most available CUO data are based on responseBata from papers were eliminated ig@oncentration or ex-
of temperate deciduous trees and crops, though other plaqtosure duration used to calculate CUO were unclear; if both
functional types may respond differently. control and treatment responses were not reported,; if photo-
The objective of this work was to determine generalizedsynthesis was not reported in conjunction with stomatal con-
responses of photosynthesis and stomatal conductance thuctance; if units of stomatal conductance or photosynthesis
chronic G exposure in multiple plant types, using CUO as were not reported per leaf area; if the type of gas that stomatal
an index for damage to plant physiological processes. Thisonductance was measured for was unclear; if other environ-
study improves upon work presented in previous syntheseanental interactions were included so that the effect of just
which document specific plant type responsesi@@ncen- Oz was unclear; or if studies were shorter than seven days.
trations (Morgan et al., 2003; Wittig et al., 2007; Feng et al., In total, data were collected from 108 papers representing 79
2008), because it determines the physiological responses tgpecies providing sample sizes of 670 for photosynthesis and
chronic G exposure as a function of bothg@oncentration 772 for stomatal conductance for analyses. A list of publica-
and time in multiple plant functional types. We collected all tions used in this analysis is provided in Appendix A and data
available data from the peer-reviewed literature to determineare available upon request.
whether photosynthesis and stomatal conductance respondedValues of photosynthesis, stomatal conductariGgax
differently to chronic @ exposure, and whether responses which reflects the amount and activity of enzymes used in
varied by plant functional types. Modeling CUO using con- biochemical carbon fixation and is often damaged with O
tinuous environmental data is the ideal method to estimatexposure (Calatayud et al., 2010; Cardoso-Vilhena et al.,
O3 uptake and damage (e.g. Emberson et al., 2000; KarlssoB004; Farage and Long, 1999; Feng et al., 2008; Fiscus
et al., 2004; Mills et al., 2011; Pleijel et al., 2004). How- et al., 2005; Noormets et al., 2001; Ojanperé et al., 1998;
ever, simultaneous high-resolution environmental data andPellegrini et al., 2010; Zheng et al., 2002), and CUO (if
O3 concentrations are rarely presented in conjunction withavailable) from control and elevatedsQreatments were
response variables within manuscripts. In our assessment allected from tables, figures, and text within papers and
the literature, only eleven publications that documented phocompiled into a database. If data were presented graphi-
tosynthetic and stomatal responses @30 calculated high  cally, data were extracted using PlotDigitizer (PlotDigitizer
resolution CUO data, so an alternative method for calculating?.5.1, Sourceforge, Japan). Additional information about fac-
CUO was needed to determine generalized responses acrogss that might influence the response of photosynthesis and
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stomatal conductance to CUO was recorded for each dat@ ppb (e.g., AOT40 or SUMO06) were not used in this analysis.

point. These factors included plant type, plant age, type ofCumulative uptake of @was calculated using CEJsimi-

air to which control plants were exposed (e.g., ambient orlar to Reich, 1987; Nunn et al., 2006; Wittig et al., 2007,

charcoal-filtered), @ exposure system, Oconcentration, Lombardozzi et al., 2012a):

and rooting environment. Confidence in CUO calculations

and estimated vulnerability of the plant ta @ere also doc-  CUO (mmol m2) = CEQ; x gs x ko, x 3600x 10°®  (2)

umented (see Table 1). ) )
Confidence levels for CUO calculations were assigned Wheregs is the mearl leaf-level stomatal conductance in

based on the quality of data presented in the publicationtNits 0f mol LOM™“s™% ko, = 1.67 and is the ratio of leaf

Data were assignedigh confidence if CUO was presented resistance fgr_@to leaf resistance f_or water vapor (Sitch et

in the publication ormedium confidence if the publica- al., 2007; Wittig et al., 2007); 3600 is the number of seconds

tion contained multiple stomatal conductance measurementg€r hour; and 10° is the conversion from nmol to mmol.
throughout the course of the experiment, allowing calcula-B€cause stomatal conductance likely changes over the du-

tions to account for changes in stomatal conductance througFAtion of the experiments, CUO calculations were adjusted
time and resulting in more accurate calculations of CUO. [ ccount for these changes when papers reported multiple
Data were assignetbw confidence if only an end-point measurements of stomatal conductance. For example, when

stomatal conductance measurement was reported or if anyfomatal conductance values were presented at day 10 and
assumptions were made about duration g®posure. day 20 of an exp_enment, uptake was calculated between
Vulnerability was estimated using the ratio of photo- days 0 and 10 using the mean stomatal conductance value

synthesis to stomatal conductance in control plants, asffom day 10, and uptake between days 10 and 20 was cal-
suming that higher stomatal conductance allowed highercu'ated using the stomatal conductance value from day 20.
flux of Oz into the leaf (Reich and Amundson, 1985) and 'N€ uptake from days O through 10 was added to the up-
that leaf internal defense was a function of photosynthe-12ke from days 10 through 20 to get a CUO value at day 20.
sis (Massman, 2004). \Volin et al. (1998) found a strongTh'S process was repeated at every time point for each_pa—
positive correlation between reduction in biomass due toP€' 'eporting multiple stomatal conductance values, allowing
O3 and the ratio of photosynthesis to stomatal conduc-for the most accurate CUO estimates possible with the avail-

tance. Therefore, a plant with low photosynthesis relative@ble data by accounting for changes in stomatal conductance

to stomatal conductance (i.e., photosynthesis:conductand@roughout each experiment. Calculations of CUO using this

<0.02 umol C@ mol~1 H,0) was considered vulnerable be- method were strongly correlated to CUO presented within
. inte, — i

cause it was susceptible to higher CUO relative to its abil-manuscriptsi(” = 0.92, Fig. B1).

ity to defend itself against ©damage internally. Ratios -

of photosynthesis to stomatal conductance (photosynthe?'3 Statistical analyses

sis : conductance) were grouped into quartiles and data with, |inear regression framework was used to analyze data for

high values assigned tow vulnerability (highPPotosynthe- relationships between change in photosynthesis or stomatal
sis per unit conductance; 0.06 umol CQmol™"H20) and  ¢qnqyctance relative to plants exposed to little or RO(®@

low va!ues assigned @gh vulnerability (highlconductance of control) with CUO (an indicator of @plant physiologi-

per unit photosynthesis; 0.02 umol CQ mol™= H0). cal damage through time) using the generalized linear model
(glm) function in F® version 2.11.1. Both response vari-
ables were normally distributed, though graphs depict log-
If available, CUO was collected from tables, figures, or text ransformed CUO for visual purposes. Linear and log-linear
in publications. Otherwise, CUO was estimated using datd€lationships between the variables and CUO were tested,
contained within the papers. From each publication, Stom_thoug.h linear relatlonsh|ps were almost always stronger and
atal conductance and cumulative exposured¢@EOs) was useq in al! analy_ses._ L|_n(_aar models were co_nstructed to test
recorded. Cumulative Dexposure was either presented in relationships using individual and combinations of factors

2.2 CUO calculations

the paper (i.e., AOT00, SUMOO, etc.) or calculated as (listed above) and their interactions, with models having
’ ’ ’ p values< 0.05 considered significant. The best combination
CEQG3 (nmol molt —h)=[03]x H x D, (1) of predictors that explained the relationships between pho-

tosynthesis or stomatal conductance and CUO was selected
usingr? values. In addition to linear analyses, overall means
were compared using Student'tests.

whereH was the number of daytime hours the plant was ex-
posed to elevated ) D was the total number of days; and
[O3] is the external @ concentration in ppb that plants were
exposed to during daytime hours. AOT00 and SUMOO values
are calculations of @concentrations above 0 ppb over to-
tal exposure time and are therefore equivalent to calculations
of CEGs; AOT and SUM values with thresholds higher than

Biogeosciences, 10, 6816831, 2013 www.biogeosciences.net/10/6815/2013/
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Table 1. Categories and levels describing the data collected from experiments study#fie€ts on photosynthesis and stomatal conduc-

tance. Each row shows a category and the columns show various levels of that category. All tree categories are temperate unless otherwis
noted. Numbers in parentheses are the number of studies and the number of data points within the associated categorical level: (# of studie:

Category Categorical Level

Plant crop evergreen shrub  grasses &C3C,) herbaceous deciduous tree evergreen tree  tropical tree

Type (34, 218) 1,1 2,9 (3, 45) (53, 396) (17, 88) (3,15)

Plant Age <1 1to5 >5

(years) (54, 388) (46, 301) (12,54)

Control ambient charcoal filtered

Air (29, 225) (78, 539)

Exposure greenhouse branch chamber  growth chamber  open-top chamber free-air enrichment

System (6, 50) (2, 30 (42, 287) (50, 316) (8, 89)

[O3] 2510 50 50 to 75 7510 100 100 to 125 125 to 150 > 150

(ppb) (3,8) (27, 132) (19, 126) (23, 152) (0, 0) (11, 55)

Rooting pot ground

Environment (84,571) (24, 181)

Vulnerability low high

(63, 290) (29, 178)

Data low medium high

Confidence (51, 227) (46, 478) (11, 66)
3 Results
3.1 Alldata

~ 300
S 77.39 +0.042' a

Across all data, average values for photosynthesis and stoms Lo p=00T o ©°o0

atal conductance significantly decreased after chropiex®
posure f < 0.001 for each, data not shown); photosynthesis $
decreased by 21 %, which was significantly greater than theg
11 % decrease in stomatal conductanpe<(0.001). Addi-
tionally, there was a weak but significant positive relation-
ship between photosynthesis and CUO (Fig./#a= 0.009, 300
p = 0.01) that was strongly influenced by a single study mea- g T 88.65 s Aa b
suring guava responses tg.(rhere was no correlation be-

tween stomatal conductance and CUO (Fig. 2bs 0.11).
Though photosynthesis is positively correlated with CUO, g
photosynthesis values were negative in response to chroni¢ 100
O3 exposure until a CUO of 538 mmol nt2; at CUO val-
ues above~ 538 mmol nT2, which were only calculated in 0 ‘ ‘ ‘
two studies, photosynthesis was stimulated hye®posure. 0.001 0.1 0.1 1 10 100 1000 10000
Removing the single study measuring guava responses to O Cumulative O uptake (mmol m?)

changed the results, leading to no significant correlation bes

. ) Fig. 2. The correlation of photosynthesis (open symbajsand
tween photosynthesis and CU@  0.38; data not shown). conductance (closed symbols) to CUO across all plant types,

SinceVcmax data were only available for a small subset of ges and vulnerabilities for all data. Response values are reported
studies, data were not separated into sub-categories. OVegs o of control (treatment/control). CUO is shown on a log scale,
all, Vemax responded similarly to photosynthesis responsesut linear analyses-¢ and line equations) were performed on non-
documented in the same study (Fig. 8= 0.41). Within log transformed data:2 values are only included for significant
these studies, neithéfmax NOr photosynthesis was signifi- correlations, and values are the number of data points included in
cantly correlated with CUOWmax p = 0.31; photosynthe-  the analyses.
sis: p = 0.41), though mean responses of both significantly
decreased from control values (data not showg, 0.001).

200 —

% of C

100 —

Photosyn

200

(% of Control

n

Condu
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* O Photosynthesis = mean = 86.46 a
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Fig. 3. The correlation of photosynthesis (open symbols) Bgflax 3 A ‘ o A |
(closed symbols) to CUO from all studies that included information 0 1 10
for both variables. Response values are reported as % of control Cumulative Og uptake (mmol m™)

(treatment/control).

Fig. 4. The correlation between cumulative;@ptake (CUO) and
photosynthesis (open symbo#; or stomatal conductance (closed
symbols;b) in all data that is compared to control plants exposed to
charcoal-filtered air where CUO values were reported in the publi-
While several sources of variation were considered in thes&ation (€.9., high-confidence data).

analyses, two were considered important to remove from

the analyses. One was the confidence in the CUO calcula-

tions. CUO data presented within a paper, or “high” confi- \when data were subset to remove low-confidence data
dence data, were only available for 11 studies, and there wagnd studies using ambient air, average photosynthesis de-
no correlation between CUO and photosynthesis or stomatadreased by~ 18 % and average stomatal conductance de-
conductqnce for high-co'nfidence data (Fig. 4). Calcglationscreased by 16 % (Tables 2 and 3). There was a weak nega-
of CUO in data categorized as “low” confidence relied on tjye correlation between photosynthesis and CUO (Table 2;
a single stomatal conductance value measured at the end o2 _ 0,02, » = 0.01), but no correlation between stomatal
an experiment. Since stomatal conductance decreases in rggnductance and CUO (Table B;= 0.63). Photosynthesis
sponse to @ using the stomatal conductance value from theyith large numbers of data points within categories of plant
end of the experiment results in calculations of CUO thattype (crop, = 134), plant age< 1, n = 234), Q; exposure
are likely smaller than the CUO the plants actually experi-system (open-top chamber,= 146), and rooting environ-
enced. Therefore, analyses below remove all low-confidencenent (pot,n = 271) were all weakly negatively correlated
data and instead subset the data to use only medium- anglith CUO, with regression equations for each very similar
high-confidence data. o . _ to the overall regression (Table 2). There was a strong nega-
The second important source of variation considered injve relationship between photosynthesis and CUO in plants
analyses was whether control plants were exposed to ambiefrown in the groundr2 = 0.17, p < 0.001), though no cor-

air, which had background levels of;@pecific to a partic-  relations between CUO and photosynthesis within any other
ular location, or charcoal-filtered (CF) air, which removed gypcategory.

nearly all G from the environment. It is essential to separate  There were strong positive correlations between stomatal
analyses based on whether control plants were exposed {€&ynductance and CUO in plants exposed tpi® growth

CF or ambient air because responses of photosynthesis a’lﬂ'wamberSr(Z =0.12, p < 0.001) and plants with low vulner-
stomatal conductance in this analysis are made relative to gpjlity to O3 (2 = 0.23, p < 0.001). There was also a strong
control treatment. Since ambient air varies by location, datgyositive correlation between stomatal conductance and CUO
presented within the rest of this manuscript focuses on rejp temperate evergreen tree€ & 0.32, p < 0.001), though
sponses relative to CF air so that comparisons are made iis trend was largely driven by four data points above CUO
plants exposed to similarg&oncentrations. Comparisons of ygjues of 50 mmol m2. There was a strong negative cor-
elevated Qto ambient air are presented in Tables B1 and B2.rg|ation between stomatal conductance and CUO in plants
It should be noted that all free-air enrichment exposure sysy|der than 5yr £2 = 0.34, p=0.02), though data were lim-
tems compare responses to ambient control air, so data cojeq in this categoryr(= 15). Correlations between CUO and
lected using this type of exposure system are removed frongtomatal conductance were either weak or not significant in
further analyses. other subcategories or in the rooting environment category

3.2 Data subsets

Biogeosciences, 10, 6816831, 2013 www.biogeosciences.net/10/6815/2013/
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Table 2. The number of data pointa), mean, regression, and statistics for photosynthesis when sorted by categories of plant type, plant
age, Q exposure system, rooting environment, and vulnerability for all data that is compared to control plants exposed to charcoal-filtered
air with medium or high confidence in cumulativeg Optake (CUO) calculations. All means are reported as the percent of control treatment.
The p value for the overall data set (All data) designates whether the overall mean is significantly different from 100 (i.e., 0% change).
The p value for the mean within each category designates whether the mean of the category is statistically different from the mean of the
overall data set (All data). All regressions are based on the correlation of photosynthesis to CUO for data within the category and are not
included if the relationship is not significant (NS). Titeis calculated for each regression, ansalues designate whether the relationship
between photosynthesis and CUO for data within the category is statistically significealues are considered significantat 0.05, and
significant values are indicated with

Charcoal-filtered air,

medium or high confidence n Mean pvalue Regression r p value
data: photosynthesis
All data 345 82.1 <0.00F 84.34-0.10°x 0.02 0.0%
Plant type
Crop 134 77.22 0.05 80.21-0.09°x 0.08 <0.00F
Evergreen shrub 0 NA NA NA NA NA
Grasses(@3 andCy) 8 80.18 0.87 NS 0.27 0.18
Herbaceous 41 8327 0.8 NS 0.04 0.2
Temperate deciduous tree 113 87.52 0.22 NS 0.003 0.58
Temperate evergreen tree 47 83.9 0.66 NS 0.08 0.06
Tropical tree 2 4413 0.19 NA NA NA
Plant age (years)
<1 234 79.71 0.29 82.550.1*x 0.06 <0.00F
1-5 95 89.14 0.18 NS 0.002 0.64
>5 7 8141 0.93 NS 0.01 0.8

Exposure system

Greenhouse 24 76.38 0.08 NS 0.08 0.18
Branch chamber 18 88.68 0.07 NS 0.12 0.16
Growth chamber 157 83.54 0.69 NS 0.00002 0.96
Open-top chamber 146 80.68 0.59 84-48.1Tx 0.08 <0.00F
Free-air enrichment NA NA NA NA NA NA

Rooting Environment

Pot 271 81.64 0.87 83.550.09x 0.01 0.03

Ground 65 85.63 0.2 91.740.19'x 0.17 <0.00F
Vulnerability

Low 58 86.19 0.34 NS 0.01 0.42

High 135 8152 0.88 NS 0.01 0.16

(Table 3). G concentration also did not influence the cor- ductance was positively correlated with CUO in temperate
relations between CUO and photosynthesis or stomatal conevergreen trees (Table 3, Fig. 68;= 0.32, p < 0.001), but
ductance (Fig. 5). correlations were not significant for other plant types. Data
When plant functional types were considered, mean phopooled by G concentrations demonstrated similar patterns
tosynthesis was lower in crops (Table 250.05) but did  (Fig. 7), with no strong correlations between €ncentra-
not differ among other plant functional types. Crops are thetion and photosynthesis or stomatal conductance in any plant
only plant functional type where photosynthesis was sig-functional type. Data presented in Figs. 6 and 7 focused only
nificantly, though weakly, correlated with CUO (Table 2, on plant functional types with abundant data and more than
Fig. 6¢; 2 =0.08, p <0.001). Mean stomatal conductance three publications reporting values (see Table 1), including
was significantly higher in temperate deciduous trees (Tabléemperate deciduous trees, crops and temperate evergreen
3; p=0.02) and was significantly lower in crops (Table 3; trees (39, 35, and 13 % of the total data subset, respectively).
p=0.007), as compared to the overall mean. Stomatal con-

www.biogeosciences.net/10/6815/2013/ Biogeosciences, 10, &833-2013



6822 D. Lombardozzi et al.: G4 influences on terrestrial processes

Table 3. The number of data pointa), mean, regression, and statistics for stomatal conductance when sorted by categories of plant type,
plant age, @ exposure system, rooting environment, and vulnerability for all data that is compared to control plants exposed to charcoal-
filtered air with medium or high confidence in cumulativg Gptake (CUO) calculations. All means are reported as the percent of control
treatment. The value for the overall data set (All data) designates whether the overall mean is significantly different from 100 (i.e., 0%
change). The value for the mean within each category designates whether the mean of the category is statistically different from the mean
of the overall data set (All data). All regressions are based on the correlation of stomatal conductance to CUO for data within the category
and are not included if the relationship is not significant (NS). Fhés calculated for each regression, apdvalues designate whether

the relationship between stomatal conductance and CUO for data within the category is statistically sigRificdnes are considered
significant atp =0.05, and significant values are indicated with

Charcoal-filtered air,
2

medium or high confidence n Mean pvalue Regression r p value

Data: Condutance

All data 393 8444 <0.00F NS 0.0006 0.63

Plant type
Crop 136 75.11 0.007 NS 0.005 0.43
Evergreen shrub 0 NA NA NA NA NA
Grasses(@3 andCy) 8 89.15 0.53 NS 0.2 0.27
Herbaceous 41 88.19 0.37 NS 0.02 0.33
Temperate deciduous tree 153 91.25 ©.02 NS 0.0001 0.9
Temperate evergreen tree 53 86.45 0.54 78.23+0.48 0.32 <0.00F
Tropical tree 2 483 0.17 NA NA NA

Plant age (years)

<1 236 82.02 0.36 NS 0.00001 0.93
1-5 133 89.9 0.08 84.95+0.38 0.05 0.009
>5 15 7956 0.6 108.373.14x 0.34 0.02

Exposure system

Greenhouse 30 89.1 0.31 NS 0.02 0.43
Branch chamber 18 90.97 005 NS 0.17 0.09
Growth chamber 163 82.69 0.62 74.25+057 0.12 <0.00F
Open-top chamber 182 8459 0.95 86-60.07"x 0.03 0.02
Free-air enrichment NA NA NA NA NA NA

Rooting environment

Pot 310 84.14 0.9 NS 0.0008 0.61

Ground 74 86.8 0.39 NS 0.004 0.61
Vulnerability

Low 106 91.11 0.13 78.24+1.13 0.23 <0.00F

High 135 79.14 0.04 NS 0.004 0.49

Very few studies (9 of 108) contained data for other planttosynthesis: Fig. 8a;2 = 0.02, p =0.40; stomatal conduc-
functional types (Table 1). tance: Fig. 8cr2 = 0.003, p = 0.71). Similarly, photosynthe-
Since correlations were either weak or not evident insis in crops less than one year old (grown in pots, exposed
plant functional types within the data set that removed bothto 100-125 ppb €) was not correlated with CUO (Fig. 8b,
low-confidence data and studies using ambient air, smaller;2 = 0.004, p =0.53). However, stomatal conductance for
more specific subsets were created. Due to the small numthe same subset of crops was positively correlated with CUO
ber of data that fall within each category, the subsets fo-(Fig. 8d,2 = 0.29, p =0.004).
cused on categories with the largest number of data: tem- Though our generalized responses largely do not demon-
perate deciduous trees and crops grown in pots that were exstrate negative correlations between photosynthesis and
posed to 100-125 ppbyOWithin this subset, photosynthe- CUO, several individual studies report negative correlations
sis and stomatal conductance in temperate deciduous tredmtween photosynthesis and CUO. To determine how easily
that were 1 to 5yr old were not correlated to CUO (pho- the negative relationship was lost, data from a single study
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Photosynthesis 4 Discussion
>150
B Chronic @3 exposure causes the plant physiological pro-
125 - 150 cesses of photosynthesis and stomatal conductance to
B change, though how these processes change through time
100 -125| ——O—— is not well known for many plant functional types. The re-
r sults of this analysis suggest that chronig €posure de-
75-100 —O0— pressed leaf-level photosynthesis and stomatal conductance
r in all plant types, ages, rooting environments and estimated
50 - 75 - sensitivities, though the variability within these data was
B too large to determine relationships with CUO. Overall, the
g 25-50 —O— 21 % average decrease in photosynthesis was larger than the
= B 11 % average decrease in stomatal conductance, demonstrat-
) Stomatal Conductance ing that these variables respond differently to chronie®-
>150 —_— posure. A meta-analysis of tree responses socc@mpared
i to charcoal-filtered air found a 19 % decrease in photosyn-
125-150 thesis and a 10 % decrease in stomatal conductance (Wittig
i et al., 2007), similar to the means reported here. The dif-
100 - 125 —O= ference between average photosynthesis&%) and aver-
i age stomatal conductance 16 %) was less dramatic when
75-100 —0— low-confidence data and comparisons to ambient air were re-
i moved from the data set, but accounting for these factors did
50-75| —O— not strongly improve the correlations of either variable with
i CUO. This work additionally found that decreases in photo-
25-50 —o= synthesis were typically larger than the decreases in stomatal
i ‘ ‘ ‘ conductance in most plant type, age, rooting environment,
60 80 100 120 exposure system, £concentration, and estimated vulnera-
% of charcoal-filtered air control bility categories, though the magnitude of decrease in each

_ _ variable differed based on the category.
ch;? ;5 Mean phOtOSym:eS',S anoll stomatal Con‘ljulctance réSpoONses 14 our knowledge, this is the first study that widely de-
plants exposed to chronicgdelative to control plants exposed o jos the relationship of stomatal conductance to chronic
to charcoal-filtered air, grouped by thez@oncentration during h . .
exposure. Responses values are reported as % of control (trea@3 exposure through time, despite the known importance of
ment/control) and are plotted with 95 % confidence intervals. stomatal cont;luctapce rgsponses ®dd ecosystem-scale
water dynamics like soil water content and stream flow
(McLaughlin et al., 2007). This study found that stomatal
was considered, and additional data added sequentially. In @onductance decreased less than photosynthesis after chronic
single study measuring the response of wheat to chrogic OOs exposure, but, unexpectedly, there was no strong corre-
exposure that reported CUO values (plantsyr old were  lation between stomatal conductance or photosynthesis and
grown in pots, compared to CF air, and exposed to 100 pka:UO in the overall data or in data subsets (Fig. 2, Tables 2
Os in a growth chamber), photosynthesis and stomatal conand 3). The only physiological responses that can be eas-
ductance were both negatively correlated with CUO (Fig. 9,ily generalized from these data are that photosynthesis and
open circles; photosynthesis = 0.59, p < 0.001; stomatal ~ Stomatal conductance decrease after chronjcegposure,
conductance:? = 0.20, p =0.05). When other studies mea- suggesting that models incorporating negative correlations
suring responses of wheat toz@nder similar conditions between photosynthesis ang Geed to reconsider the gen-
(plants> 1yr old were grown in pots, compared to CF air, erality of their responses. While calculations of CUO were
and exposed to 100 ppksOn a growth chamber) are in- not independent of stomatal conductance, there was also no
cluded, there is no correlation between photosynthesis angonsistent decrease in stomatal conductance basedzon O
CUO (Fig. 9a;p = 0.59) and the correlation between stomatal concentration (Fig. 5), similar to results found by Wittig et
conductance and CUO becomes positive (Fig.r8:0.20, al. (2007). Ozone concentration also did not affect the de-
p=0.002). creases in photosynthesis in a systematic manner (Fig. 5) in
our study or in results found by Wittig et al. (2007).
Initial O3 damage usually decreases enzyme activity and
RuBP regeneration (Fiscus et al., 2005) and is apparent
in Vemax @and Jmax reductions after chronic $exposure.
Accounting for decreases iVemax and/or Jmax is one
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Fig. 6. The correlation of photosynthesis (open symbals;) and conductance (closed symbalsf) to CUO for temperate deciduous trees

(a, d), temperate evergreen trefs ) and cropgc, f) for all data that is compared to control plants exposed to charcoal-filtered air with
medium or high confidence in cumulative;@Qptake (CUQO) calculations. Response values are reported as % of control (treatment/control).
CUO is shown on a log scale, but linear analys@sa(nd line equations) were performed on non-log transformed datalues are only
included for significant correlations, andvalues are the number of data points included in the analyses.

mechanistic approach that physiological models can use ting the effects of @ on leaf-level physiology (e.g. Ollinger
estimate @ damage to photosynthesis (Martin et al., 2000; et al., 1997; Ollinger et al., 2002; Felzer et al., 2004; Felzer
Lombardozzi et al., 2012b), though little data are availableet al., 2005; Sitch et al., 2007; Ren et al., 2011). Demog-
to parameterize models in this way. Here, we chose to focusaphy of the data might play a role in the difference as the
on decreases iWgmax due to the higher availability of data. present study had a larger sample size 670) and incorpo-
In the available data, averag@max followed similar trends  rated multiple types of plants, though temperate trees (ev-
as in photosynthesis and decreased in response to chron@green and deciduous) comprised 58 % of these data and
Ogs, similar to Vemax measured in other studies (Cardosa- correlations were weak or non-existent when separated by
Vilhena et al., 2004; Calatyud et al., 2010; Kellom&ki et al., plant type. While the methods used to calculate CUO were
1997; Low et al., 2007), though was not significantly corre- similar in all studies, the present study imposed strict stan-
lated with CUO (Fig. 3). Cardosa-Vilhena et al. (2004) like- dards on collected data to maintain confidence in CUO cal-
wise found that decreases Wamax Were not linearly corre-  culations and therefore rejected some data that were used by
lated with CUO in wheat leaves exposed teg Besponses of  Wittig et al. (2007). It also seems likely that the differences
Vemaxwere not significantly different from photosynthetic re- between these studies is in part because the method used in
sponses, suggesting that either can be used to estimate photte present study for calculating CUO accounted for changes
synthetic decreases. However, photosynthesis responses camstomatal conductance through time whenever possible and
be used in models with more confidence given the lack ofresulted in a strong correlation with CUO presented in pub-
data estimating responses¥@fnaxto chronic Q exposure. lications (Fig. B1,r2 = 0.92), which was not factored into
Although we observed a similar overall decrease in pho-CUO calculations in other studies.
tosynthesis, the lack of correlation between photosynthesis Most studies reporting responses of photosynthesis and
and CUO was different from the strong negative correlationsstomatal conductance to chronig €xposure do not provide
found by Reich (1987) and Wittig et al. (2007) and was con-CUO or fine-scale measurements of stomatal conductance to
trary to parameterizations used in many models incorporatallow for accurate estimations of CUO, making it difficult to
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Fig. 7. The correlation of photosynthesis (open symbaels;) and conductance (closed symbalss) to 25 ppb ozone concentration bins
for temperate deciduous tregs d), temperate evergreen trefds e) and cropgc, f) for all data that is compared to control plants exposed
to charcoal-filtered air with medium or high confidence in cumulatigauftake (CUO) calculations. Response values are reported as % of
control (trea’[men'[/con’[roly.2 values are only included for significant correlations, angalues are the number of data points included in
the analyses.

document responses of photosynthesis and stomatal conduc- Plant functional type did not have a strong effect on the
tance over a broad range of CUO. While statistical and mod-+elationship of photosynthesis or stomatal conductance with
eling techniques have improved the accuracy of CUO by sim-either CUO (Fig. 6) or the ®concentration that plants were
ulating hourly stomatal conductance values that can be incorexposed to (Fig. 7). Wittig et al. (2007) found photosynthesis
porated into CUO calculations, (e.g. Grulke et al., 2002; Plei-decreases that were similar in both angiosperms and gym-
jel etal., 2002; Karlsson et al., 2004, Pleijel et al., 2004; Ud- nosperms in experiments that artificially increasefdon-
dling et al., 2004), those techniques could not be employedtentration compared to charcoal-filtered control air, similar
in the present study due to the limitation of available envi-to the mean decreases found in this stugy=0.66). Fur-
ronmental data within the studies. Though the accuracy other, Reich and Amundson (1985) found that crop photo-
CUO calculations can be improved by accounting for hourly synthesis was more negatively affected than temperate ev-
stomatal conductance and ©oncentration, our methods of ergreen trees after chronicz@xposure, also similar to our
calculating CUO were strongly correlated with studies thatresults {p =0.05). Data used in this analysis additionally sug-
presented CUO within their publication’= 092; Fig. B1),  gest that the decrease in mean crop stomatal conductance was
suggesting that any error in CUO calculations was systematid 6 % larger than stomatal conductance in temperate decidu-
and did not influence correlations. Even combining the fewous trees. This result is consistent with responses of stom-
studies that provided CUO values (high-confidence data) dicatal conductance determined in meta-analyses of multiple
not result in correlations between CUO and stomatal conductree types and wheat; tree stomatal conductance decreased
tance or photosynthesis (Fig. 4). To improve the confidenceby 10 % (Wittig et al., 2007) and wheat stomatal conductance
of our findings, however, further analyses focus on a subsetiecreased by 22 % (Feng et al., 2008).
of data that contain only high- and medium-confidence data Manipulating the atmosphere around adult plants is diffi-
so that all CUO calculations account for the changes in stom€ult, making it hard to assess physiological responses of ma-
atal conductance through time. ture plants to chronic ©exposure. Given these challenges,
literature data are most scarce for mature trees (in plants
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Fig. 8. The correlation of photosynthesis (open symbaldy) and conductance (closed symbaisg) to CUO for all temperate deciduous

trees between one and five years @dc)and crops less than one year @i d) to chronic G exposure for all plants grown in pots, exposed

to 100-125 ppb @in growth chambers, and are compared to control plants exposed to charcoal-filtered air with medium or high confidence
in cumulative @ uptake (CUO) calculations. Response values are reported as % of control (treatment/control). CUO is shown on a log
scale, but linear analysesz(and line equations) were performed on non-log transformed dataalues are only included for significant
correlations, and values are the number of data points included in the analyses.

older than 5yr, stomatal conductance 15, Table 3; pho- trees documented by Karnosky et al. (2007) and suggests that
tosynthesis: =7, Table 2), which make comparisons across CUO can help clarify stomatal responses in mature trees.
plant ages challenging and modeling responses of differ- Though several individual studies find negative correla-
ent age classes uncertain. Within the published literature, @ions between photosynthesis and CUO, driving the assump-
few studies found that ©decreased photosynthesis in ma- tion in models that photosynthesis decreases linearly with
ture trees more than juvenile trees (Edwards et al., 1994CUO, the relationship is lost when generalizing across plant
Rebbeck et al., 1993), while Grulke and Miller (1994) con- species (Fig. 8) and even within the same plant species
versely found that sensitivity to £2decreases as the age of (Fig. 9) when plant age, £ concentration, rooting envi-
trees increases. Results in the present study, which are gemenment and exposure system were similar. These results
eralized over several plant species, demonstrate no overatlemonstrate that correlations with CUO can be difficult to
photosynthetic differences between mature and juvenile treedocument, even within a seemingly narrow range of vari-
in response to @(Table 2,p = 0.93), similar to measured ability. For example, photosynthesis in temperate deciduous
responses in Ponderosa pine trees (Momen et al., 1997j)rees from 1 to 5yr old, and in crops that were less than
Though photosynthetic correlations with CUO were not sig-one year old was not correlated with CUO (Fig. 8a and
nificant in mature plants (i.e., older than 5yr=0.8), simi- b; p=0.4, 0.53). However, stomatal conductance was posi-
lar to responses of mature giant sequoia (Grulke et al., 1996}ively correlated with CUO in crops less than one year old
stomatal conductance in mature plants decreased with CUQFig. 8d; 2 = 0.29, p =0.004), suggesting that the mecha-
(r? = 0.34, p=0.02). This strong negative relationship con- nisms regulating stomatal closure in crops become damaged
trasts with the variable mean stomatal responses of maturaith chronic G exposure, causing stomatal conductance to
increase (Freer-Smith and Dobson, 1989; Hassan et al., 1994;
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Correlations of CUO with photosynthesis or stomatal con-

g ririind : ductance were not evident within refined data sets that ac-
L \‘\6}@5% ot counted for plant age, type, rooting environmeng, €@n-

£ — f; 8 _ centration, and exposure system (Figs. 8 and 9), although
3 “‘P@? al Karlsson et al. (2007) found negative correlations between
B o A biomass and CUO above a threshold of 1.6 mmgaiO? in

g A three species of temperate deciduous trees. While direct com-
o

parisons for decreases in biomass and photosynthesis cannot
be made, the strong negative correlations found by Karlsson
et al. (2007) suggest that including an @reshold, which

was not possible in this study due to limitation of available
data, might improve correlations with CUO. However, Wit-

tig et al. (2007) found negative correlations between pho-
tosynthesis and CUO without accounting for ag t@resh-

old. Additionally, changes in biomass reflect the whole-plant
response to © exposure, whereas measurements of pho-
tosynthesis, the focus of this study, only capture leaf-level

Fig. 9. The correlation of photosynthedia) and stomatal conduc- responses. Ozone-lndyced plant-level phenologlcal Ch"’?”ges’
tance(b) to CUO from all studies that measured responses of wheatsuCh as the observed linear decreases in LAl with chrogic O
plants grown in pots exposed to 100 pphi@growth chambers and ~ €Xposure (Betzelberger et al., 2012), possibly contribute to
compared to control plants exposed to charcoal-filtered air. cuothe difference in plant-level compared to leaf-level response
is shown on a log scale, but linear analyse% 4nd line equa- to Oa.
tions) were performed on non-log transformed data. Different sym-  In addition to its role as a greenhouse gas,i©likely to
bols represent different studies. Initial data considered (open circlegause indirect changes in climate (Sitch et al., 2007) through
and dashed line) were from a single study and demonstrated neggitering carbon and water exchange between the biosphere
tive correlations between CUO and both photosynthegi_&(o.sg, and atmosphere, yet our ability to predict these responses on
ﬁ;mo'oczgg ;:gié::';?ggi?i?i(: 019, p =0'05f)' ﬁdd'n? data oecosystem or global scales is inadequate for several reasons.
S : g the responses of wheat plants to First, our understanding of plant responses is limited to tem-
in similar environments (closed symbols) resulted in no overall cor- . ,
relation with CUO, though overall correlations exist in some indi- perate and crop ecosystems, Wh'c_h cover only 25 % of garth S
vidual studies (photosynthesis: triangles and dotted tifie; 0.15, land surface (Grace, 2004), leading to large uncertainty in
p=0.15; squares and dot-dashed lime= 0.61, p = 0.06; conduc-  9lobal predictions. In the current literature, only three stud-
tance: triangles and dotted line? = 0.28, p=0.03; squares and i€s report data for tropical tree species or herbaceous plants,
dot-dashed liney2 = 0.004, p =0.91). The text in the figure and and two or fewer studies report data for grasses, and decid-
the solid regression line summarizes the information for all datauous and evergreen shrubs (Table 1). The lack of available
points included in the figure2 values are only included for overall data for these ecosystems forces regional and global models
significant correlations, and values are the number of data points (e.g. Felzer et al., 2004; Sitch et al., 2007) to base responses
included in the analyses. of tropical and grassland ecosystems on temperate tree and
crop data (e.g., Reich, 1987; Karlsson et al., 2004; Pleijel
et al., 2004). Further, most models incorporating plant re-
Maiermaercker and Koch, 1991; Manes et al., 1998, 2001sponses to @assume that photosynthesis declines linearly
McLaughlin et al., 2007; Mills et al., 2009). The trends are with CUO (e.g. Ollinger et al., 1997; Ollinger et al., 2002;
similar within data sets that are even more specific. ThoughFelzer et al., 2004; Felzer et al., 2005; Sitch et al., 2007; Ren
all photosynthesis data used in Fig. 9a decreased in respong al., 2011), although the results of this study suggest this
to Oz, data from each study was not necessarily negativelyassumption is not accurate when generalized across several
correlated with CUO. Two of the studies were conducted byplant species. Finally, the common assumption that stomatal
the same author and reported CUO values in the manuscriptonductance declines linearly with photosynthesis should
(circles and triangles in Fig. 9), though photosynthesis wasalso be reconsidered since the responses of 750+ indepen-
significantly correlated with CUO in only one of these stud- dent measurements collected in this study largely suggests
ies (circles, Fig. 9a). While generalized negative correlationghat photosynthesis and stomatal conductance do not change
between photosynthesis and CUO might have been eviderdt the same rate or with the same magnitude during chronic
if only studies with negative correlations between photosyn-O3 exposure. Simulating robust responses of both photosyn-
thesis and CUO were used, handpicking data in this fashiorthesis and stomatal conductance to chronice®posure us-
can lead to biased responses that, when used in models, diog data collected by this study, rather than responses of a sin-
not accurately represent generalized responses of plants wle or few studies, will improve the accuracy of carbon, wa-
chronic & exposure. ter, and climate predictions. Nevertheless, global responses
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