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CHAPTER 1
Introduction: Effects of strong oxidative air pollutants on plants

Humans have a long history of causing air pollution. Especially since the industrial 

revolution at the end of 1800’s, not only has the production volume of goods dramatically 

increased, but so have emissions of air pollutants. At the modem day levels of emission, 

negative impacts of air pollutants have been observed and documented. The scale at 

which adverse effects of air pollution on vegetation are observed varies from the local to 

regional and global scales. For example, at a very local scale, emissions from a copper 

smelter in Anaconda, Montana, USA, led to severe damage to the surrounding coniferous 

forests in the form of foliar injury, reduced growth rates, increased levels of heavy metals 

in the forest ecosystem, and high tree mortality (Carlson, 1978; Bissell, 1982).

Air pollutants that affect vegetation on a regional scale include, for example, acid

rain and photochemical smog. The main sources of acidifying air pollutants such as SOi

(sulfur dioxide), NO* (nitrogen oxides) and NH3 (ammonia) are industry, vehicular

combustion of fossil fuels, and agriculture, respectively (Schreuder, 1995; Stanners and

Bourdeau, 1995). The main component of photochemical air pollution is ozone (Cape,

1997). Air pollutants, such as add deposition and photochemical smog have been

reported to cause crop damage (e.g., MacKenzie and El-Ashry, 1989), and they may play

a role in the forest decline phenomenon that has been observed in the United States

(Chappelka and Samuelson, 1998), and Western and Central Europe (McLaughlin, 1985;

Smith and Lefohn, 1991; Stanners and Bourdeau, 1995). Although the severity and extent

of forest decline has been lower than was initially predicted (Kandler and Innes, 1995),
I
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large scale inventories show a general worsening of forest conditions in many parts of 

Europe (Lorenz, 199S). It is believed that air pollution predisposes trees to environmental 

stress factors (McLaughlin, 1985; Tomlinson and Tomlinson, 1990) such as drought 

stress (Schmieden and Wild, 1995; Chappelka and Freer-Smith, 1995), frost damage 

(Chappelka and Freer-Smith, 1995), nutrient deficiencies (Schmieden and Wild, 1995), 

and insect damage (e.g., Cannon, 1993).

Current examples of air pollutants leading to changes at a global level include 

increased concentrations of carbon dioxide (CO2) in the troposphere and in the 

stratosphere and CFC’s which influence stratospheric ozone levels. Higher COi 

concentrations in the troposphere, the atmospheric layer between the earth’s surface and 

the stratosphere, have been correlated with a slow increase in the temperatures at the 

earth’s surface, referred to as the greenhouse effect (ICCP, 1995). This may result in 

drastic climate changes and shifts in the growth rates and distribution of vegetation 

(Winnett, 1998). Stratospheric ozone concentrations have been reported to be decreasing, 

which may lead to higher levels of UV-B radiation at the earth’s surface, and subsequent 

adverse effects on public health (Burnett et al., 1997; Kunzli et al., 1997) and vegetation 

(Bames et al., 1996).

In an effort to increase our understanding of the role of air pollution in forest 

health, this dissertation will focus on the effects of two strong oxidative air pollutants, 

chlorine gas and ozone, on physiological processes and growth of trees. These two 

pollutants have their influences at different scales. Chlorine exposure is generally caused 

by accidental releases, and effects are acute and observed on a local scale. Ozone
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3
exposure is chronic in many regions of the world, and the adverse effects on vegetation 

is considered to influence vegetation at a regional scale.

Chlorine gas

Chlorine gas (Cb), produced electrolytically from sediment salts and seawater 

(Compaan, 1992), is widely used in the synthesis of an array of organic products (e.g., 

Poly vinyl carbon plastics; Compaan, 1992; Westervelt and Roberts, 1995), as well as for 

bleaching pulp and paper, treatment and disinfection of (drinking) water, and in the 

pharmaceutical industry (Faust and Aly, 1983; Richardson et al., 1996; Yosie, 1996). 

Chlorine has a green-yellowish color, is about 2.5 times denser then air, and is 

moderately soluble in water. It usually is transported in refridgerated tanks as a its liquid.

Accidents involving chlorine gas releases are not uncommon. For example, an 

evaluation of the Hazardous Substances Emergency Events Surveillance System over the 

period of 1990-1992 reported 138 accidental releases involving chlorine gas in nine states 

in the USA (Hall et al., 1996). About 25 % of these accidents involved human injuries 

and about 30 % led to evacuations. Since the production volume of chlorine gas is 

expected to increase over the next decade (Westervelt and Roberts, 1995), the risk of 

accidents with chlorine gas will likely increase.

Chlorine gas is highly toxic to humans as well as vegetation. Human exposure to 

chlorine gas causes irritation to eyes, nose and airways, and severe damage to the 

respiratory system (Baxter, Davies and Murray, 1989; Griffiths and Megson, 1984; 

Whithers and Lees, 1985). Health effects on the respiratory and nervous system can

Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.



4
persist over many years (Baxter et al., 1989). The IDLH concentration (= immediately 

dangerous to life and health) of chlorine gas is 30 ppm (Singh, 1990).

In comparison to human health effects, relatively little is known about the effects 

of chlorine gas on vegetation. A few studies following accidental chlorine leaks and spills 

have been reported (Brennan, Leonne and Holmes, 1969), whereas only a few controlled 

studies have been carried out (Brennan, Leonne and Daines, 19S6 and 1966; Griffith and 

Smith, 1990). Reported morphological effects of chlorine gas exposure on broadleaved 

and coniferous plant species consisted of chlorosis (bleached appearance of leaves), 

necrosis (death of tissues), and necrotic mottling (Brennan et al., 1965; Brennan et al., 

1969; Heck, Daines and Hindawi, 1970; Vijayan and Bedi, 1989). These symptoms are 

similar to those caused by acid rain and mist (Forsline, Dee and Melious, 1983; Whitney 

and Ip, 1991). In conifers, necrosis occurs as tipbum, an orange-brown coloring 

extending from the tip to the base of the needle (Brennan et al., 1966). Foliar injury due 

to chlorine gas exposure has been reported at concentrations as low as 0.1-1.5 ppm Cl: 

after exposures of 4 to 24 hr (Brennan et al., 1965; Griffith and Smith, 1990). Leaf tissue 

pH values as low as 1.0 were observed after exposure of tomato plants to 63 -1000 ppm 

Cl: over 16 hr, and indirect effects may occur due to acidification of the soil (Thornton 

and Setterstrom, 1940). Pine trees seem to be more resistant to chlorine gas exposure than 

most herbaceous species (Brennan et al., 1966). Older and middle-aged conifer foliage 

was more sensitive to chlorine gas exposure than young foliage (Brennan et al., 1965; 

Griffith and Smith, 1990); branches generally were not killed by chlorine gas exposure 

(Brennan et al., 1966).
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5
In contact with water hydrochloric acid (HC1) and hypochlorous acid (HOC1 or 

bleach; pKa= 7.58 at 20°C) are formed:

Clz + H20  ► H* + Cl* + HOC1

This is a disproportonation reaction, leaving one Cl atom in a oxidation state o f-1 , and 

the other, i.e. the atom in HOC1, o f+1. Plant injury can occur by several mechanisms. 

Although chloride ions (CO are a natural component of plant cells, accumulation of 

chloride ions in cell tissues can be toxic to plants (e.g. FUrher and Erisman, 1980).

Second, exposure to hydrochloric and hypochloric acid may lead to a highly acidic 

solution in the apoplast, that disrupts the pH regulation of cells. Moreover, at very low 

pH, FT ions may compete with the Mg2+ ions present in chlorophyll. This may explain 

the chlorosis symptoms that are often observed after exposure to chlorine gas. Finally, 

HOCL, or bleach, is a strong oxidant in its dissociated form, that can injury several 

biochemically important molecules in plant cells.

Long-term effects of acute chlorine exposure on physiological functions such as 

tree water balance, water loss through the stomata or cuticle, photosynthesis, and growth 

have not been reported (e.g., Figure 1.1). The leaf cuticle is a complex mixture of waxes 

that acts as a barrier against excessive water loss and pathogen infection (Martin and 

Juniper, 1970; Cutler, Alvin and Price, 1982; Kerstiens, 1996). When stomates are open, 

water loss via the cuticle is generally a very small fraction of total leaf conductance (van 

Hove, 1989; Kerstiens and Lendzian, 1989b). However, cuticular water loss may be a 

significant fraction of total leaf conductance during summer drought when the stomates 

tend to be closed (e.g., Mengel, Hogrebe and Esch, 1989), and in winter conditions 

(Barnes and Davison, 1988). Cuticular water loss during winter is important because
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water evaporated from foliage during clear winter days cannot be replaced when soil 

and stem water are frozen (Sowell, Koutnik and Lansing, 1982). Cuticular water loss 

during winter has been found to be an important factor in high altitude forests, especially 

because trees at timberline often are exposed to high wind speeds and ice abrasion, which 

enhances cuticular erosion (Baig and Tranquillini, 1976 and 1980; Sowell et al., 1982; 

Hadley and Smith, 1989). Cuticular characteristics can be changed by environmental 

factors such as low water availability, abrasion by rain and wind (Bengtson, Larsson and 

Liljenberg, 1978; Svenningsson and Liljenberg, 1986; GUnthardt-Gdrg, 1994), as well as 

air pollutants. Evans, Gmur and Kelsch (1977) reported damage to cuticles of bean leaves 

after exposure to simulated acid rain, although acid rain did not seem to affect cuticles of 

birch and bean plants (Paparazzi and Tukey, 1984). Foliar injury of bean leaves exposed 

to HC1 decreased with increasing amounts of cuticular waxes (Swiecki, Endress and 

Taylor, 1982). Chlorine gas would be expected to have similar effects to HC1 on cuticles, 

because of the strong acid solutions that Ch forms in water.

Chlorine gas exposure also may affect photosynthesis and growth. Exposure to 

acid mist is well known to decrease rates of photosynthesis (Roberts, 1990; Velikova and 

Yordanov, 1996; Velikova et al., 1997; Momen, Anderson and Helms, 1999), as well as 

photosynthetic capacity (measured as Fv/Fm ratios; FUhrer et al., 1990; Velikova and 

Yordanov, 1996). For example, irreversible damage to photosynthetic capacity was 

reported when Phaseolus vulgaris was exposed to mist of pH <2.0 (Velikova et al.,

1997). Chrome chlorine exposure led to lower photosynthetic biomass, fruit yield, 

chlorophyll content, protein content and carbohydrate content in exposed fruit trees in 

India. These symptoms were accompanied by higher foliar chloride concentrations
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(Vijayan and Bedi, 1989). In conifers, necrotic foliage generally defoliated (e.g., Heck 

et al., 1970; Chapter 2, this dissertation), causing significant declines of photosynthetic 

biomass. This can result in decreases in height growth (Carlson, McCaughey and 

Theroux, 1988; Salemaa and Jukola-Sulonen, 1990; Krause and Raffa, 1996), annual 

stem increment growth (Vosko and Klubica, 1992; Christiansen and Fjone, 1993; Krause 

and Raffa, 1996), and total biomass (Krause and Raffa, 1996; Sanchez and Wagner,

1999).

Ozone

Ozone (O 3) is present naturally in the troposphere, the part of the atmosphere 

between the earth’s surface and the stratosphere. Tropospheric ozone is generated 

predominantly by photochemical processes, i.e., under the influence of solar radiation 

(Krupa and Manning, 1988). Chemical precursors of tropospheric ozone are nitrogen 

oxides and volatile organic carbons. These trace gasses occur naturally in the atmosphere, 

but are generated to a much larger extent by human activities such as car traffic, power 

generation, and solvent use (Krupa and Manning, 1988; Stanners and Bourdeau, 199S). 

Tropospheric ozone concentrations have increased substantially over the last century and 

are expected to increase by -0.3 to 1 % per year over the next SO years (Thompson,

1992). Ambient ozone concentrations observed in many parts of Europe and the United 

States are high enough to cause damage to natural vegetation and crops (Cooley and 

Manning, 1987; Reich, 1987; Krupa and Manning, 1988; Smith, 1990; Lefohn and 

Lucier, 1991; Lefohn, 1992; Scheel et al., 1997a).
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Toxic effects of ozone on plants were first reported in agricultural areas near 

Los Angeles, where significant crop injury was found beginning in the 1950’s (Heck, 

1968). Acute ozone exposure caused foliar injury symptoms such as bronzing, chlorosis, 

and necrosis of plant tissues (Rich, 1964; Hill, Heggestad and Linzon, 1970; Krupa and 

Manning, 1988). Chronic exposure to ozone also reduced growth, yield, and quality of 

crops (Heck, 1968; Laurence and Weinstein, 1981; MacKenzie and El-Ashry, 1989). 

Moreover, ozone is considered one of the primary air pollutants playing a role in forest 

decline in Europe and the United States (Schmieden and Wild, 1995; Reich, 1987; 

Chappelka and Samuelson, 1998).

Ozone enters plants mainly via stomatal pores (Figure 1.1; Wieser and Havranek, 

1993; Neubert et al., 1993; Fredericksen et al., 1996). In the stomatal cavity, ozone reacts 

with the aqueous phase (Laisk ,Kull and Moldau, 1989; Alscher, Donahue and Cramer, 

1997). The breakdown products of these reactions are strong oxidants, and tend to 

interfere with plant membranes (Paakkonen et al., 1995; Anttonen, Sutinen and Heagle, 

1996) and plant metabolism (Sandermann, 1996). Ozone injury starts with the collapse of 

mesophyll and guard cells (Glinthardt-Gdrg et al., 1993), which can cause increased 

stomatal opening during the daytime and incomplete stomatal closure at night (Hassan, 

Ashmore and Bell, 1994). Thus, ozone exposure can increase plant susceptibility to 

drought (Maier-Mdrcker and Koch, 1992; Hassan et al., 1994; Maier-Mdrcker 1999;).

Ozone exposure has been reported to cause decreased rates of photosynthesis 

(Darrall, 1989; Grtinhage and Jdger, 1994; Van Hove and Bossen, 1994; Mikkelsen,

1995; P&lkkonen et al., 1998d; Kytoviita et al., 1999; Yun and Laurence, 1999), and 

increased rates of respiration in plants (Reich, 1983; Skarby, Troeng and Bostrom, 1987;
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Piiakkonen et al., 1995; Matyssek et al., 1997; Maurer et al., 1997). Chronic exposure to 

ozone led to increased shoot to root ratios for some species of plants, and often to lower 

total plant biomass (Darrall, 1989; Pell, Schlagnhaufer and Arteca, 1994; Rennenberg, 

Herschbach and Polle, 1996). Carbon allocation to other sinks, such as flowers and seeds, 

also can be decreased by ozone (Cooley and Manning, 1987). For example, ozone 

exposure reduced height and stem growth, and photosynthetic and total biomass in 

poplars (Dickson et al., 1998; Mortensen, 1998; Yun and Laurence, 1999). Finally, ozone 

exposure frequently has been observed to accelerate senescence in plants (Baker and 

Allen, 1996; Mikkelsen and Heide-Jprgensen, 1996; Piiakkonen, Holopainen and 

Karenlampi, 1997; Beare, Archer and Bell, 1999; Yun and Laurence, 1999).

Effects of ozone exposure may be mediated by environmental factors such as 

temperature, solar radiation, and humidity (Heck, 1968; Neubert et al., 1993; 

Fredericksen et al., 1996). For example, ozone exposure led to decreased water use 

efficiency (van Hove and Bossen, 1994; Shan et al., 1996) and increased susceptibility to 

drought and low temperature stress in conifers (Maier-Miircker and Koch, 1992,1995; 

Penuelas et al., 1994; Chappelka and Freer-Smith, 1995). Trees in forests exhibiting 

forest decline symptoms had lower foliar water content and higher transpiration rates 

(Rosenkranz et al., 1989; Badot and Garrec, 1990; Bussotti and Ferretti, 1998). Higher 

transpiration rates in a declining stand of spruce trees in the Northern Alps were 

attributed to decreased stomatal control (Maier-M3rcker and Koch, 1995; Maier-Miircker 

1999).

Air pollutants have been found to change cuticular characteristics (e.g., 

GUnthardt-Gdrg, 1994). Ozone exposure accelerated wax erosion (Bames, Davison and
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Booth, 1988; Bytnerowicz and Tuirunen, 1994; Mankovska, Percy and Kamosky,

1999), decreased cuticular thickness (McQuattie and Rebbeck, 1994), and changed the 

chemical composition of cuticular waxes (Kerfoum and Garrec, 1992). However, ozone 

exposure generally did not affect the amount of cuticular waxes (Barnes et al., 1990b; 

Thornton et al., 1993; Cape, Sheppard and Binnie, 1995). Ozone-induced changes of 

plant cuticles, especially changes of the structure (Turunen and Huttunen, 1990), 

increased cuticular transpiration (Delucia and Berlyn, 1984; Kerstiens and Lendzian, 

1989b; Hadley and Smith, 1990). Tree water loss may increase due to higher water loss 

from foliage via the cuticle (Figure 1.2). However, altered cuticular properties may not 

always lead to higher cuticular transpiration (Svenningson, 1988; Cape et al., 1995). 

Studies that reported negative effects of ozone exposure on cuticles and cuticular water 

loss generally experimented by exposing intact cuticles. Conversely, studies on isolated 

cuticles did not show effects of ozone exposure (Kerstiens and Lendzian, 1989a, 1989b; 

Schmid and Ziegler, 1992). It is not clear if using isolated cuticles is the best method to 

assess effects of ozone on cuticles, because indirect effects and feedback mechanisms 

from living cells cannot be easily accounted for. Increased water losses via the cuticle 

also can potentially interfere with the stomatal regulation because stomatal opening and 

closure are mediated by the water status of epidermis cells (Sheriff, 1984; Zou and Kahnt, 

1988; Kerstiens, Federholzner and Lendzian, 1992; Kerstiens, 1995).

Although many effects of ozone on plant cuticles have been reported, little is 

known about ozone effects on cuticular transpiration and the extent to which these effects 

contribute to decreased tolerance to low water availability during drought periods (e.g., 

Figure 1.2). Moreover, few studies have related the effects of changed cuticular
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properties to cuticular water loss and leaf wettability. Water layers can be present on 

needle surfaces at atmospheric humidities as low as SO % (Burkhardt and Eiden, 1994), 

and have several types of negative influences on leaves. Water layers can increase the 

leaching of K+, Mg2+ and Ca2+ ions from needle tissues, which has been described one of 

the symptoms of forest decline (McLaughlin, 1985; Tomlinson and Tomlinson, 1990). 

The presence of water films on leaf surfaces also can lead to decreased photosynthetic 

gas exchange (Brewer and Smith, 1994 and 1995). Ozone and acidic fog have been 

shown to increase the wettability of spruce needles (Barnes and Brown, 1990; Percy, 

Jensen and McQuattie, 1992), enhancing formation of water films on needles, and 

potentially higher ozone deposition rates to the leaf surface. Although ozone is mainly 

taken up via stomatal pores, ozone also is taken up via the cuticles. Higher rates of ozone 

deposition have been documented on wet leaf surfaces for individual leaves (Fuentes and 

Gillespie, 1992), as well as natural canopies after rain or dewfall (Fuentes et al., 1992, 

1994). Grantz et al. (1995) reported a significant increase of non-stomatal ozone uptake 

by plant canopies in wet conditions, which was ascribed to chemical reactions of ozone 

with moisture present on the leaf surface. Increased air pollutant deposition rates to wet 

leaf surfaces compared to dry surfaces also have been observed for NH3 and SO2 (van 

Hove and Adema, 1996) and NO2 (Weber and Rennenberg, 1996). However, leaf surface 

wetness does not always lead to increased deposition. Grantz et al., (1997) reported 

decreased ozone deposition to an amphistomatous cotton canopy.
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Research questions

The work reported in this dissertation focuses on the effects of strong oxidants 

from air pollution on leaf cuticles, water balance, and growth of trees. Interestingly, 

chlorine gas and ozone, both oxidative air pollutants, had similar effects on vegetation. 

Only a few studies have addressed acute effects of chlorine gas exposure on vegetation. 

The work reported here is the first on long-term morphological, physiological and growth 

effects on plants, and will be important for our understanding of the effects of accidental 

chlorine gas releases on natural ecosystems. The second part of this dissertation focuses 

on possible mechanisms that may be responsible for the observed increase in 

susceptibility to drought stress that has been attributed to ozone exposure. The last 

chapter explores the effects of leaf surface wetness on ozone uptake by plants. Our 

current understanding of these effects is limited, although leaf surface wetness can have 

large impacts on ozone uptake by plants, as well as photosynthetic gas exchange.

The studies described in chapters 2 and 3 were initiated after a train derailment 

released -  SS metric tons chlorine gas into a montane, coniferous forest ecosystem.

Rocky Mountains, U.S.A. Chapter 2 focuses on the acute effects of chlorine gas 

exposure, addressing the following questions: (1) What are the morphological symptoms 

of acute chlorine gas exposure on herbaceous plants, grasses, and conifers along a 

downwind gradient from the site of gas release; (2) What is the effect of chlorine gas on 

cuticles, cuticular transpiration and water content of conifer needles; and (3) Does acute 

chlorine gas exposure affect photosynthetic capacity of conifer needles?

Chapter 3 addresses the long-term physiological and growth effects of acute 

chlorine gas exposure, and focuses on the following questions; ( I)  What are the long-
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term effects of chlorine gas exposure on cuticular transpiration and foliar water 

content; (2) What are the long-term effects of chlorine gas exposure on conifer growth; 

(3) Does chlorine gas exposure affect the susceptibility of trees to drought stress and 

insect damage; and (4) Does chlorine gas exposure affect tree mortality?

Chapter 4 addresses the following research questions: 1) Does ozone exposure 

affect leaf wettability of intact leaves, and, if so, do these effects occur via a direct or an 

indirect mechanism; 2) Do ozone-induced changes of cuticles affect rates of cuticular 

transpiration; 3) What are the effects of ozone exposure on plant growth; and 4) Do the 

responses of deciduous and coniferous tree species to ozone differ?

Chapter 5 addresses the effects of leaf wetness on ozone deposition and 

photosynthetic gas exchange, and focus on the following research question: 1) What are 

the effects of leaf surface wetness on ozone deposition, both in light and dark conditions;

2) What are the effects of leaf surface wetness on net photosynthesis and dark respiration;

3) What processes are responsible for the effects of leaf surface wetness on ozone 

deposition and gas exchange; and 4) Are the effects of leaf surface wetness on ozone 

deposition and gas exchange affected by pH and chemistry of the aqueous phase?

Chapter 6  is a description and summary of this dissertation written for a general 

audience, and is written like a popular article rather than a technical report.

The results indicate that acute, short-term chlorine gas exposure has long-term 

adverse effects on water relations, foliar biomass and growth of conifers. Thus, effects of 

accidental chlorine gas exposure need to be monitored over several growing seasons to 

address longer-term impacts on water loss, growth and mortality. This dissertation sheds 

more light on the effects of ozone on plant water balance and growth, as well as on the
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Table 3.2: Foliar injury in March 1997 (n=5 trees; IS replicates per tree) and March 
1998 (n-5 trees; 10 replicates per tree) for Ponderosa pine and Douglas fir (in 
parentheses years to spill). Values shown are mean foliar injury scores. Categories are :
1) 100 % green; 2) 5 to 25 % chlorotic; 3) >25 % chlorotic; 4) 5 to 25 % necrotic; and, 5) 
>25 % necrotic. The two control sites are indicated as CU, upwind control, and CD, 
downwind control. Needle age classes that were not (longer) present on the tree are 
indicates as "Absent”. Sites with higher visual injury compared to all other sites are 
shown as and apply within each needle age class, species, and sampling date (Chi- 
square test, P<0.05).

Site / date Ponderosa pine, needle age class Douglas Hr, needle age class

1995 (-1) 1996 (0) 1997 (+1) 1995 (-1) 1996 (0) 1997 (+1)

March ‘97

CU 1.2 l.l Absent 1.6 1.2 Absent

CD 1.8 1.6 Absent 1.6 1.5 Absent

0.8 km 1.4 1.5 Absent 1.7 1.4 Absent

0.2 km 4.2 * 2.3 Absent 2.0 1.6 Absent

50 m Defoliated 3.9* Absent Defoliated 1.7 Absent

March ‘98

CU 1.4 1.3 1.1 1.4 1.4 1.6

CD 1.8 2.2 1.4 1.4 1.4 1.7

1.6 km 2.1 1.7 1.4 1.9 1.4 1.2

0.8 km 1.1 1.3 1.1 2.5 1.8 1.6

50 m Defoliated 3.1 2.0 Defoliated 1.8 1.2
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Table 3.3: Droplet contact angle (degrees, n=10 trees, 2 replicates per tree) for 
Ponderosa pine and Douglas fir for needle age classes 1995 (-1 yts), 1996 (0 yts), 1997 
(+1 yts) and 1998 (+2 yts), measured in August 1998. Letters indicate statistically 
significant differences within each species and needle age class (nested one-way 
ANOVA; compare in columns). Differences between needle age classes combined for all 
sites are shown in the bottom of the table. Values in parentheses indicate one SE.

Species + distance 1995 (-1) 1996 (0) 1997(+1) 1998 (+2)

Ponderosa pine

CU 46 (3) a 44(4) 57(4) 75 (4) a

CD 51 (4) a 43 (3) 56 (3) 71 (3) a,b

0.8 km downwind 33 (3) b 47(3) 56 (4) 80 (3) a,b

50 m downwind Absent 52(3) 60(4) 80 (3) b

ANOVA F3.77=11.66, *** F3.77=2.85, * F3,77=0.47, n.s. F3.t7=3.15, *

Douglas fir

Control, upwind Not measured 66 (4) a 64 (4) a 78(4)

Control, downwind Not measured 62 (3) a,b 62 (3) a 78(4)

0.8 km downwind Absent 54 (4) b 6 1 (4 )a 73 (3)

50 m downwind Absent 63 (4) a,b 75 (4) b 81(4)

ANOVA F3.t7=3.87, * F3.77=6.20, * * * F3.t7=1.24, n.s.

All categories

Ponderosa pine 43 (2) a 47 (2) a 57 (2) b 77 (2) c

Douglas fir 61 (2 )a 66 (2) a 77 (2) b

* P<0.05

* * *  P<0.001

n.s not significant
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Table 3.4: Total water content (n=4 trees) and relative water content (n=4 trees) of 1995 (-1 
yts) and 1996 (0 yts) needles, measured in September 1996. Letters indicate statistically 
significant differences within each species and needle age class (compare within columns, one
way ANOVA). Values in parentheses indicate one SE.

Species + category Total water content, gr/gr Relative water content, %

1995 (-1) 1996 (0) 1995 (-1) 1996 (0)

Ponderosa pine

Control, downwind 1.10 (0.03) a 1.30 (0.06) a 85 (2) a 86 (0) a,c

0.8 km downwind 1.06 (0.02) a 1.21 (0.01) b 81 (1 )a 82 (1) b

0.2 km downwind 0.89 (0.04) a 1.30 (0.02) a 79 (0) a 89 (0) a

50 m downwind 0.24(0.03) b 1.42 (0.03) c 52 (6) b 85 (1) b,c

ANOVA ^3.13=49.23, * * * F3.13=26.62, * * * ^3.13=12.70, * * * ^3.13=11.68, ***

Douglas fir

Control, downwind 1.26 (0.02) a 1.52 (0.02) a 89 (1) a 93(1)

0.8 km downwind 0.97 (0.03) b 1.32 (0.02) b 88 (1) a 92(4)

0.2 km downwind 0.98 (0.02) b 1.22 (0.01) b 95 (I)  a 91(1)

50 m downwind 0.17 (0) c 1.76 (0.04) c 69 (10)b 89(1)

ANOVA ^3.13=279.9, * * * ^3.13=49.01, * * * ^.,3=8.54, ** ^3.13=1.38, n.s.

* *  P<0.01
***  P <0.001 
n.s. not significant.
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Table 3.5: Fv/Fm ratios (n-5 trees; 2 replicates per tree) of 1995 (-1 yts), and 1996 (0 yts) 
foliage, measured in May 1997. Letters indicate statistically significant differences within each 
species and needle age class (t-test/nested one-way ANOVA; compare within columns). Values 
in parentheses indicate one SE. Needle age classes that were no longer alive are indicated as 
“Absent”.

Category FV/Fm> Ponderosa pine Fv/Fm, Douglas fir

1995 (-1) 1996 (0) 1995 (-1) 1996 (0)

Control, upwind 0.810 (0.010) 0.812 (0.006) a 0.792 (0.020) 0.796 (0.015) a

0.8 km downwind 0.809 (0.011) 0.778 (0.013) b 0.794 (0.018) 0.805 (0.007) a

0.2 km downwind Absent 0.807 (0.011) a/b Absent 0.736 (0.032) b

50 m downwind Absent 0.784 (0.017) a/b Absent 0.778 (0.020) a/b

t-test / ANOVA Tu=Q.Q3, n.s. F337=3.76, * rig=-0.1l,n.s. F337=4.33, *

* P<0.05

n.s. not significant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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