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Title

The response of a forest ecosystem of Pinus ponderosa to high tropospheric ozone: stomatal and non-stomatal ozone fluxes and implications on ozone metrics for ozone-risk assessment. 

Abstract
Environmental parameters, ozone concentration and fluxes were measured continuously from January 2001 to December 2006 above a ponderosa pine plantation at Blodgett Forest, Sacramento, CA. The processing of these data showed that the highest levels of ozone fluxes were in the spring-summer period, with predominant fraction of non-stomatal flux over the total ozone flux. However, the highest ozone concentration were observed in the late summer in conditions of high temperatures and drought stress. The common metrics based on accumulation of concentrations (SUM0 and AOT40) were calculated, and correlated with ozone fluxes. A poor correlation suggests that they are not good predictor of ozone flux and injuries to vegetation.  The ozone flux better correlated with the ozone deposition velocity, confirming that a flux-based approach is most suitable for risk assessment on vegetation. 

Introduction

Ozone is the most dangerous oxidant molecule for vegetation, and exposure to acute tropospheric levels led to visible foliar injuries (Vollenweider and Gunthardt-Georg 2005). Plants act as a sink for ozone, removing it by cuticle deposition, thorough stomatal flux, or producing VOC (Volatile Organic Compounds) which react with ozone in the gas phase.  The first process is the ozone adsorption (by stems, cuticles, and, in general, external surfaces), also called non stomatal dry and wet deposition. At the cuticle level, ozone can react with a multitudes of waxes, salts, ions, VOC and many other compounds, especially in conditions of wetness (Altimir et al. 2006). The second process is the absorption through stomatal pores, and is often the major contribution to the total flux (Fredericksen et al. 1996, Fares et al. 2007). Stomatal conductance to ozone is a term very used, and is the inverse of the sum of an array of resistances that ozone meets in specific locations along the path from outside the leaf to the reaction site inside the apoplast. The dominant resistances at a leaf level are the boundary layer (air surrounding the leaf), the stomata, the mesophyll and maybe the chloroplast. Stomatal conductance is influenced by the concentration gradient between outside the leaf and inside the leaf (though to be zero, Laisk et al. 1989) but also depends on environmental variables such as light, temperature and water availability in the plant-soil system (Fares et al. 2007). Stomatal conductance can influence also the non-stomatal deposition, when controlling the flux of many other reactive compounds (e.g. VOC). A consistent amount of ozone flux ascribed to the non-stomatal contribution may be due to gas phase reactions inside and outside the leaf between ozone and VOC emitted by the plants (Loreto and Fares 2006, Kurpius and Goldstein 2003). Partitioning the flux into the two mechanisms is important for ozone risk assessment, because the absorption through stomata is the main responsible for plant injuries. However, the methods used for ozone risk assessment are still based on the use of metrics considering the daytime cumulative ozone concentration. Between several metrics, the most efficient in USA was found to be SUM0 (Panek et al. 2002, Kurpius et al. 2003), a cumulative exposure on the daytime ozone concentration. The European directives (UNECE 2004) suggest the use of the AOT40 (Accumulated Ozone over a Threshold concentration of 40 ppb) for forest ecosystems, a similar metric considering only the daylight hours over a certain solar radiation intensity  (Fuhrer et al. 1997).
In this short term period, data were processed in order to investigate the dynamics of ozone concentration, fluxes, and deposition velocity in a ponderosa pine plantation from 2001 to2006 and their dependence of the environmental parameters. The ozone fluxes were partitioned and the amount of stomatal and non stomatal was quantified. The metrics based on cumulative exposure and deposition velocity of ozone were calculated, and statistically correlated with total and stomatal ozone fluxes to establish the most suitable metrics to estimate the ozone fluxes and injuries to plants.

Methods

Six years (2001-2006) of data measured by a team of the University of Berkely (Department of Environmental Science, Policy and Management) were available for this work. These measurements were made in a ponderosa pine (Pinus ponderosa) plantation of 8-13 years near Georgetown, California, at 1300 m elevation. The region is characterized by a Mediterranean climate and a daytime wind regime transporting ozone from the nearest cities. 

These data were collected with continuous monitoring systems, mainly using Eddy Covariance Techniques. Details on the measurement techniques are given elsewhere (Bauer et al. 2002). The post-processing of the bulk data were related to environmental parameters as PAR (Photosynthetic Active Radiation), Temperature, VPD (Vapour Pressure Deficit), physiological responses of plants and ozone fluxes. Stomatal ozone flux was calculated with the analysis of the canopy conductance and the atmospheric and phyisiological resistances to ozone entry thorough stomatal pores (Kurpius and Goldstein 2003, Gerosa et al. 2005). The non-stomatal contribution was derived by subctracting the stomatal flux to the total flux previously measured with Eddy Covariance. The total ozone flux and deposition velocity were summed for the daily hours (06:00-20:00) seasonally for every year. SUM0 was calculated with a similar approach but summing the ozone concentration. AOT40 was calculated as the sum of average hourly ozone concentrations exceeding 40 ppb during the day hours in which the global radiation was equal or above 50 W m-2. Both accumulation index were regressed against the flux, assuming the latter as the best predictor for ozone exposure. 

A statistical software, “R”, was used for the calculations. 

Results and Discussions

The analysis of the ozone flux series from 2001 to 2006 showed a clear trend with highest fluxes in the Spring-Summer period, reaching a maximum in mid July (≈ day 200 in figure 1) and negligible night values. The highest concentration levels were recorded in August (between day 210 and 240) and were not corresponding to the highest fluxes. This because the fluxes are controlled by the stomatal aperture and August was a dry and hot season, with high values of VPD (table 1) limiting the stomatal conductance. The mid-summer enhancement of ozone formation rates were due to transport and photochemical reactions in which VOC emitted by the vegetation may take part (Goldstein et al. 2004). This is a first indicator that ozone fluxes and ozone concentration are not coupled at least in periods of ecosystem stress.

Also at a daily basis, ozone flux and ozone concentration didn’t follow the same trend: the first peaking in the middle of the day, the second reaching the highest levels in the late afternoon. This is equal for the all seasons, highest in summer (Figure 2). A further information coming from figure 2, is that ozone flux is best related to the deposition velocity. This can be explained by the direct relationship of both parameters with the Vapour Pressure Deficit (figure 3) as previously noted by Kurpius et al. (2002). The amount of total ozone flux to the vegetation was depending on the physiological activity of the plants, and directly related to the average daily CO2 flux and canopy conductance (Table 1).

The partitioning between stomatal and non-stomatal flux showed a predominance of non-stomatal component in the day-hours, especially in summer and fall, ranging values up to 65% of the total ozone flux (Figure 4, Table 1). This was confirmed by other previous studies (Kurpius and Goldstein 2003, Gerosa et al. 2005) and in the last ACCENT-BIAFLUX field Campaign at Castelporziano, Italy (unpublished data). The non-stomatal flux becomes  predominant where some environmental parameters as high VPD limit stomatal opening, and gas chemistry plays a mayor role in conditions of low ozone deposition on the cuticles and soil in warm and dry seasons. Moreover, Pinus ponderosa is a VOC emitter and these compounds were found to be highly contributing to the non-stomatal sink of ozone (Kurpius and Goldstein 2003). This production is not inhibited under a moderate drought stress, and increases exponentially with Temperature (Guenther et al. 1995), thus suggesting that the non-stomatal ozone flux due to VOC overwhelms the contribution of stomata in scavenging ozone in warm periods. This hypothesis seems to be in contrast with the evidence that fall was colder than the summer period (Table 1), but with the highest non-stomatal contribution to the ozone flux. However, the vegetative activity was lower in fall then in spring-summer periods, as observable by the daily means of the canopy conductance and CO2 fluxes shown in Table 1.

The correlations between the ozone flux and deposition velocity and cumulative concentration metrics show that the latter are less suitable to explain ozone fluxes and ozone injuries to plants (Table 2) when assuming that ozone damages plants via stomata. The lower correlations could be due to drought stress in the summer leading to stomatal closure and the wet deposition in the winter increasing the non-stomatal ozone flux. The correlations with ozone flux performed better when considering the total ozone flux instead than stomatal only, except for SUM0. This difference is not huge, but suggests that including the non-stomatal flux could be less accurate when investigating the cumulative ozone for ozone-risk assessment, and cumulative metrics based on stomatal flux of ozone would be the best metrics to use. The great inter-annual seasonal variation is explained by the variable environmental conditions, and highlights the importance to have a huge dataset to analyze, at least in ecosystems with unstable climate regimes. 

Final considerations

The study performed in this short research experience at the University of Berkeley (Department of Environmental Science, Policy and Management) was important to clarify the importance of ozone flux in the ozone-risk assessment for vegetation. Nowadays the UNECE directives still indicate exposure-based metrics to estimate ozone damage to forests, although the attention of the scientific community is now concentrated on the ozone fluxes. In the present study we entered more in detail, calculating the stomatal ozone flux thought to be responsible for damage to plants. It was confirmed the importance of fluxes as better metrics to assess ozone risk for vegetation, although the cumulative concentration metrics significantly correlated with the ozone flux. It is important to consider that ozone fluxes are specific for each ecosystem and have to be measured in the field with expensive and often custom-made scientific analyzers for Eddy Covariance techniques. Measuring just the concentration and calculating exposure-based metrics is cheaper and less time-consuming. A modelling approach could be an other faster possibility to estimate ozone fluxes, by using for instance the field data collected in the Georgetown experimental site. 

In the future months, the data showed in this report will be corrected through statistical procedures and a model to estimate ozone fluxes as suggested by Emberson et al. (2000, 2007) will be applied to have an other metrics to compare. Successively the work will be edited in form of a scientific paper and submitted to an international Journal.

The analysis of this large dataset was possible thanks to the relevant support of researchers working at the Department of Environmental Science, Policy and Management, Drs. Megan McKay and Dr. Dan Matross. 

This visit was useful also for the possibility of future bilateral collaboration between the CNR-IBAF and the University of Berkeley. A future opportunity will be the next field campaign coordinated by CNR-IBAF to be held in Castelporziano, central Italy, in spring-summer 2008. 
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season

(mmol m-2)

%

2001

Spring

47.4

14.7

1.18

0.42

6.53

49.2

33.9

84

Summer

64.8

22.2

1.8

0.32

10.23

54.3

37.4

89

Fall 

66.4

15.6

1.2

0.16

4.22

26.5

18.3

90

Winter

14.9

5.1

0.5

0.25

1.34

15

10.3

64

Tot.

145

2002

Spring

68.2

13.3

0.92

0.26

8.76

41.2

33.7

76

Summer

42.6

22.2

1.78

0.43

13.8

47.3

38.6

96

Fall 

55

13.8

1.04

0.21

7.3

23.2

19.0

82

Winter

10.3

5.3

0.5

0.2

2.56

10.7

8.7

84

Tot.

122.4

2003

Spring

46.1

12.3

0.87

0.54

8.88

49.4

32.2

84

Summer

53.8

22.2

1.79

0.42

11.2

54.3

35.4

91

Fall 

61.1

14.9

1.26

0.21

4.81

28.5

18.6

95

Winter

37.7

7.3

0.53

0.34

5.43

21.1

13.8

75

Tot.

153.3

2004

Spring

46.7

14.2

0.97

0.56

10.35

56.5

37.8

46

Summer

54.6

22.1

2.03

0.34

9.76

44.1

29.5

92

Fall 

65.3

11.7

1.04

0.17

4.21

31

20.7

57

Winter

13.1

6.4

0.54

0.28

3.95

17.9

12.0

76

Tot.

149.5

2005

Spring

18.1

10.8

0.8

0.49

8.09

43.2

28.5

57

Summer

52.1

21.7

1.72

0.52

14.3

61.8

40.7

57

Fall 

52.8

12.8

0.62

0.33

5.25

29.6

19.5

87

Winter

36.6

6.8

0.47

0.16

5.06

17.2

11.3

77

Tot.

151.8

2006

Spring

34.9

12.4

0.87

0.48

13.26

35.8

28.6

56

Summer

43.5

22.2

1.92

0.53

20.05

50.9

40.7

94

Fall 

46.1

12.9

0.97

0.3

7.51

23.4

18.7

90

Winter

7.02

4.3

0.54

0.24

4.95

15

12.0

60

Tot.

125.1

Mean

Spring

43.6

13.0

0.9

0.46

9.31

45.9

32.4

67.2

Summer

51.9

22.1

1.8

0.43

13.22

52.1

37.1

86.5

Fall 

57.8

13.6

1.0

0.23

5.55

27.0

19.1

83.5

Winter

19.9

5.9

0.5

0.25

3.88

16.2

11.4

72.7

141.18333

 

N         

(%)

Cum. ozone flux 

 

VPD 

(kpa)

Time period

NS O

3

 Flux 

(%)

 

Gc        

(cm s

-1

)

CO

2

 flux 

(mmolm

-2

 h

-1

)

 

T  

(°C)


Table 1: Percentage of non-stomatal flux over the total ozone flux, mean of Temperature (T), Vapour Pressure Deficit (VPD), canopy conductance (Gc), during the light hours (06:00-20:00).  Daily average of CO2 flux,  cumulative ozone flux with percentage values, and percentage of  valid observations. All these parameters are reported for each seasons of the years 2001-2006. 
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P
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Spring

2001

0.95

***

0.83

***

0.69

***

0.67

***

0.82

***

0.32

**

2002

0.91

***

n.a.

n.a.

0.41

***

n.a.

n.a.

0.65

***

n.a.

n.a.

2003

0.97

***

0.85

***

0.72

***

0.82

***

0.67

***

0.68

***

2004

0.98

***

n.a.

n.a.

n.a.

n.a.

0.51

***

0.24

**

0.44

***

2005

0.97

***

0.7

***

0.56

***

0.49

***

0.73

***

0.34

**

2006

0.93

***

0.86

***

0.39

***

0.61

***

0.64

***

0.65

***

Mean

0.95

0.81

0.55

0.62

0.63

0.49

Summer

2001

0.91

***

0.95

***

0.5

***

0.29

**

0.34

**

n.s.

n.s.

2002

0.89

***

0.93

***

0.23

*

0.49

***

0.44

***

0.5

***

2003

0.9

***

0.89

***

0.32

**

n.s.

n.s.

0.48

***

0.12

n.s.

2004

0.93

***

n.a.

n.a.

0.54

***

0.26

*

0.57

***

n.s.

n.s.

2005

0.97

***

0.86
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0.3
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0.37

***

0.43
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0.49

***

2006

0.83

***

0.93

***

0.5

***

0.79

***

0.83

***

0.78

***

Mean

0.91

0.912

0.40

0.44

0.52

0.47

Fall

2001

0.83

***

0.78

***

n.s

n.s.

n.s.

n.s.

0.6

***

0.4

**

2002

0.97

***

0.93

***

0.54

***

0.43

***

0.68

**

0.53

***

2003

0.73

***

0.79

***

0.51

***

n.s.

n.s.

0.81
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0.54

***

2004

0.93

***

n.a.

n.a.

0.64

***

0.6

***

0.67

***

0.59

**

2005

0.84

***

0.64

***

0.48

***

0.8

***

0.83

***

0.9

***

2006

0.87

***

0.44

**

n.s

n.s

0.37

**

0.48

**

0.51

**

Mean

0.86

0.72

0.54

0.55

0.68

0.58

Winter

2001

0.98

***

0.48

**

0.52

***

0.24

**

0.3

**

0.48

**

2002

0.96

***

0.92

***

0.33

**

0.4

***

0.65

***

0.57

***

2003

0.94

***

0.82

***

0.38
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0.54
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0.6

***

0.48

***

2004

0.98

***

n.a.

n.a.

0.54

***

0.45

***

0.8

***

0.49

***

2005

0.97

***

0.65

***

0.52

***

0.6

***

0.73

***

0.63

***

2006

0.97

***

n.a.

n.a.

0.35

**

0.66

***

n.s.

n.s.

0.39

*

Mean

0.97

0.72

0.44

0.48

0.62

0.51

AOT40 (ppb h

-1

) 

vs

 Flux (umol m

-2

)

Time period

SUM0 (ppb h

-1

) 

vs

 Flux (umol m

-2

)

Total Flux

Stomatal flux

Total Flux

Stomatal flux

Total Flux

Stomatal flux

Vd (cm) 

vs

 Flux (umol m

-2

)


Table 2: Pearson’s correlation index (R2), slope and P-value for the linear regression between cumulated ozone flux and deposition velocity (Vd), SUM0, and AOT40. All these parameters are regressed against Total and stomatal flux in all seasons of the years 2001-2006. * = P-value < 0.1, ** = P-value < 0.01, *** = P-value < 0.001, n.a.= not available data for limited amount of valid observations, n.s.= not significant value where P-value > 0.1.

Figures

[image: image3.wmf]0

100

200

300

0

20

40

60

80

2005

DOY

ozone flux (umol m-2 h-1)

0

100

200

300

0

20

40

60

80

2006

DOY

ozone flux (umol m-2 h-1)

0

100

200

300

20

40

60

80

DOY

ozone conc. (ppb)

0

100

200

300

20

40

60

80

DOY

ozone conc. (ppb)

 


Figure 1: Ozone fluxes and concentrations in 2005 and 2006. The high diurnal variability is due to the night low levels. 
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Figure 2: Daily ozone deposition velocity (Vd), ozone flux and ozone concentration during the 4 season of the years 2001 - 2006.
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Figure 3: Daily  Vapor Pressare Deficit (VPD), Temperature and Photosynthetic Active Radiation (PAR) during the 4 season of 2005 and 2006.
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Figure 4: Total ozone flux and stomatal ozone flux of a representative year (2003).

