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(ABSTRACT) 

Spruce-fir ecosystems of the eastern United States 

interest scientists because of reported changes in 

population growth. Whether red spruce (Picea rubens Sarg.) 
  

populations are declining because of disease, pollution or 

environmental stress or experiencing natural changes in 

stand development is unclear. This research examined the 

growth and physiological responses of red spruce seedlings 

to changes in atmospheric CO, water and nutrient 

availability to determine the response of this species to 

potential climatic changes. Red spruce seedlings were grown 

from seed for 1 year in ambient (374 ppm) or elevated (713 

ppm) CO, in combination with low or high soil fertility 

treatment, and well-watered or water-stressed conditions. 

Red spruce seedlings grown with limited nutrient and water 

availability increased growth in elevated CO. as did 

seedlings grown with high soil fertility treatment and ample 

water. At 12 months of age, elevated CO.-grown seedlings



had greater dry weight, height, diameter and specific leaf 

weight than ambient CO,-grown seedlings. Seedlings that 

. formed a bud in elevated CO, at 5 months of age produced 

more total fixed growth than seedlings grown in ambient CO,. 

Mean relative growth rate was greater in elevated than 

ambient CO,-grown seedlings only from 3 to 5 months of age. 

Growth was greater at 12 months despite a lower 

photosynthetic rate in elevated CO,-grown seedlings compared 

to ambient CO,-grown seedlings. Transplanting seedlings 

from 175-cm? pots into 646-cm? pots at 7 months did not 

change growth and physiological responses to elevated CO, at 

12 months. Dry weight allocation patterns to leaf, stem and 

root were not influenced by growth in elevated CO, for 1 

year. Drought-conditioning had a greater influence on the 

physiological responses of red spruce to decreasing water 

potential than did growth in elevated CO.. Results from 

this research suggest that red spruce seedlings will grow 

bigger faster in a future elevated CO, atmosphere even if 

water and nutrients are limiting.
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CHAPTER I 

INTRODUCTION 

The predicted increase in atmospheric CO, by the year 

2050 may enhance plant growth by increasing plant carbon 

uptake. However, plant growth in elevated CO, may be 

limited by higher mean global temperatures and lower 

precipitation regimes over much of the world (Manabe et al. 

1981, Gates 1983, Mitchell 1983 and Gleick 1987). How plant 

species will respond is unknown. Large differences between 

species in the amount of growth induced by an elevated 

atmospheric COs concentration have been reported (Kramer 

1981). Since plant growth is often dependent on factors 

such as source sink relations, nitrogen metabolism, leaf 

duration and light interception and utilization (Nelson 

1988), greater photosynthesis in elevated CO, may not result 

in greater growth. 

Short-term experiments that have studied the effect of 

elevated CO, on plant growth and physiology generally 

predict positive results. But, most studies are conducted 

under an optimum, highly controlled environment where 

interactions between species, resource availability and 

plant developmental stage are eliminated. Studies that have 

examined CO, effects on species competition suggest that



competitive potentials of species may change in an elevated 

CO environment. For example, Wray and Strain (1987) found 

that the C, species Aster pilosus, was the more aggressive 

competitor against the C, species Andropogon virginicus when 

grown together in elevated CO,. The C, species was more 

competitive when mixtures were grown in ambient CO.. 

Williams et al. (1988) determined that a low nutrient supply 

in combination with competition between six species of 

grassland herbs decreased the beneficial effects of CO, on 

growth. In addition, growth habit may effect how a species 

responds to climatic change. Bazzaz et al. (1990) predict 

that shade tolerant species will respond differently than 

shade intolerants to increasing CO, concentration. 

Clearly, if tree species respond differently to 

predicted changes in global climate and atmospheric CO, 

concentration, forest community compositions may shift 

gradually or rapidly depending on species adaptability and 

the severity of global climate change. Changes in species 

hierarchy within a forest community will be a result of the 

combined influence of changing CO, concentration, water 

availability, temperature and nutrient status on 

photosynthesis, carbon allocation and growth. Some 

scientists predict drastic climate change and massive 

ecosystem alterations while others foresee small climatic



changes and predict minimal shifts in species range and 

forest community composition. 

Red spruce (Picea rubens Sarg.) is a dominant component 
  

of the unique spruce-fir ecosystem of the eastern United 

States. Because reductions in growth have been reported for 

some red spruce populations, recent research has attempted 

to determine the cause, if any, of population changes. 

Insects, disease, water and nutrient stress, pollution and 

natural stand development have been suggested as the source 

of changes in stand growth (Hornbeck et al. 1986, Zedaker et 

al. 1987, McLaughlin et al. 1987 and 1990). The main 

objective of this research was to examine how changes in 

resource availability influence the physiology and growth of 

red spruce seedlings to determine how responsive this 

species is to environmental fluctuation. This research 

examined (1) the growth and gas exchange characteristics of 

red spruce seedlings in response to an elevated CO5 growth 

environment in combination with nutrient limitations and 

water stress and (2) the gas exchange responses of drought- 

conditioned and well-watered red spruce seedlings to 

temperature, light, and CO, concentration.



HYPOTHESES 

The general hypotheses tested by this research were: 

1.Ho: Gas exchange characteristics and growth of red spruce 

will not change with elevated CO, exposure. 

2.Ho: Red spruce response to elevated CO, will not be 

influenced by nutrient and water limitations. 

3.Ho: The physiological responses of red spruce to varying 

temperature, light level, and CO, concentration 

will not change with drought conditioning. 

Five specific studies were undertaken to test these general 

hypotheses. The first study examined the growth and gas 

exchange characteristics of red spruce seedlings grown in 

elevated CO, in combination with nutrient and water stress. 

Fixed growth in response to elevated CO, was examined in the 

second study and gas exchange responses to decreasing water 

potential and elevated CO, were investigated in the third 

study. The fourth study examined the gas exchange responses 

of red seedlings to temperature, light and CO, concentration 

in combination with drought stress. The final experiment 

consisted of a field study of the drought tolerance of red 

spruce seedlings growing on Whitetop Mountain, Virginia.



CHAPTER II 

LITERATURE REVIEW 

The physiological and growth characteristics of plants 

are influenced by the interaction of numerous factors 

including light, temperature, CO,, O05, humidity, water and 

nutrients. Plant growth is dependent on photosynthesis and 

photosynthesis is, in turn, subject to plant and 

environmental constraints. The influence of elevated CO, on 

plant growth has been suggested as being extremely dependent 

on nutrient and water availability (Tolbert and Zelitch 

1983, Acock and Allen 1985). Future shifts in red spruce 

distribution will be a result of the combined influence of 

changing CO, concentration, water availability, temperature 

and nutrient status on photosynthesis, carbon allocation and 

growth. This review will examine existing information on 

plant responses to atmospheric CO., water stress and 

temperature. 

PLANT RESPONSES TO ELEVATED CO, 

Influence of elevated CO, on plant physiology 

When other resources that influence photosynthesis are 

optimal, photosynthesis is limited by ambient CO,



concentration (Tolbert and Zelitch 1983). Even with 

moderate limitations in resource supply, higher CO, 

concentrations may enhance photosynthesis by lowering the 

stomatal limitation to photosynthesis and decreasing the 

ratio of photorespiration/photosynthesis in the mesophyll of 

C3 species. The ratio of CO5/05 influences the extent to 

which rubisco fixes cO,, the primary substrate and activator 

of rubisco in the Calvin cycle, and O, in the glycolate 

pathway (Ogren and Bowes 1971). 

How plants sense changes in atmospheric CO, 

concentration is unknown. Plants most likely respond to 

changes in atmospheric CO. concentration (Ca) by sensing 

changes in intercellular C05 concentration (Ci) (Mott 1990). 

Photosynthesis and stomatal conductance appear to respond to 

changes in the ratio of Ci/Ca to maintain a constant Ci/Ca 

ratio (Bell 1982, Ball and Berry 1982). 

Often a lower rate of photosynthesis is observed in 

elevated CO,-grown plants when photosynthetic rates are 

compared between ambient and elevated CO5-grown plants 

(Stitt 1991). A lower photosynthetic rate in elevated CO,- 

grown plants may be a result of both stomatal and mesophyll 

changes in the leaf. For example, decreased carboxylation 

efficiency at low CO, concentration has been reported for 

cotton and oleander grown in high CO, (Pearcy and Bjorkman 

1983). In Oryza sativa grown for a season in 160, 250, 330,



500, 660 or 900 ppm CO5, leaf starch to sucrose ratios were 

positively correlated with CO, growth concentration 

(Rowland-Bamford et al. 1990). Canopy photosynthesis 

measured at ambient CO, and leaf sucrose and starch 

concentration increased with CO, growth treatment only up to 

500 ppm CO,. Caemmerer and Farquhar (1984) observed a 

decrease in CO, assimilation and RuBP carboxylation activity 

with an increase in internal p(CO5) in Phaseolus vulgaris 

plants grown in elevated CO. Porter and Grodzinski (1984) 

also examined the acclimation to high CO, in Phaseolus 

vulgaris. After seven days of growth in 1200 ppm CO5, bean 

plants had greater total plant dry weight but less carbonic 

anhydrase and RuBP carboxylase activity than ambient grown 

plants. Peet et al. (1986) observed lower carbon exchange 

rates measured under CO, growth conditions in Cucumis 

sativus grown in 1000 ppm CO, than in plants grown in 350 

ppm CO. Decreased carbon exchange rates in plants grown in 

1000 ppm CO, were associated with decreasing stomatal 

conductance and less RuBP carboxylase and carbonic anhydrase 

activity compared to ambient CO5-grown plants. In Gossypium 

hirsutum grown from seed in either 350, 675 or 1000 ppm CO, 

for four weeks, elevated COj-grown plants had lower 

photosynthetic rates than ambient grown plants when measured 

at 350, 675 and 1000 ppm CO, (Delucia et al. 1985). 

Decreased photosynthesis was accompanied by higher leaf



starch levels. Stitt (1991) summarized the photosynthetic 

response to CO. concentration in ten agronomic species grown 

in ambient or elevated CO5. First, in the majority of 

species, the photosynthesis/Ci response decreased in 

elevated CO5-grown plants. Secondly, elevated CO,-grown 

plants had lower photosynthetic rates than ambient CO5-grown 

plants when measured at ambient CO,. Finally, the 0,- 

sensitivity of photosynthesis was maintained and sometimes 

greater in elevated CO,-grown plants. 

A lower photosynthetic rate in elevated than in ambient 

CO,-grown trees has also been reported. Fetcher et al. 

(1988) found that after 14 months of growth in 500 ppm CO5, 

the carbon exchange rate of Pinus taeda increased but the 

rate decreased in Liquidambar styraciflua at any Ci. 

Photosynthetic rates were lower in Citrus sinensis grown in 

800 ppm CO, for 12 months than in ambient CO5~-grown trees 

when measured at the same CO, partial pressure (Downton et 

al. 1987). But, rates of photosynthesis were always higher 

in both CO> treatments when measured at 800 ppm CO, than at 

ambient CO,. In 9-month-old Pinus radiata, Pseudotsuga 

menziesii and Nothofagus fusca seedlings exposed to 340 or 
  

640 ppm CO, for 120 days, photosynthetic rates were lower in 

elevated CO,-grown seedlings than in ambient COj-grown 

seedlings when measured at ambient CO, concentration 

(Hollinger 1987). In one-year-old Carya ovata, Liriodendron



tulipifera, Quercus rubra, Platanus occidentalis, Acer 

saccharinum and Fraxinus lanceolata seedlings exposed to 350 

or 700 ppm CO, for 90 days, photosynthetic rate and RuBP 

carboxylase concentration tended to decline in elevated 

CO5-grown seedlings (Williams et al. 1986). Stomatal 

conductance and net photosynthesis measured at 350 and 675 

ppm CO, and chlorophyll content were reduced in Ochroma 

lagopus and Pentaclethra macroloba seedlings grown in 675 

ppm CO. for at least 60 days (Oberbauer et al. 1985). 

Wullschleger et al. (1992) exposed Liriodendron tulipifera 

and Quercus alba seedlings to ambient CO., ambient plus 150 

ppm CO. and ambient plus 300 ppm CO, for 24 weeks in open- 

top chambers in the field. The carbon exchange rate of 

Liriodendron tulipifera and Quercus alba was 60% and 30% 

  

greater, respectively, in elevated CO,-exposed seedlings 

than in ambient-exposed seedlings when measured at their CO, 

growth concentration. No change in stomatal conductance 

between CO, treatments was observed, but lower chlorophyll 

contents and higher starch/sucrose ratios were found in 

elevated CO,-grown leaves than in ambient CO,-grown leaves. 

In contrast, other studies have reported no change in 

photosynthetic rate in plants grown in elevated CO. Ziska 

et al. (1990) found no photosynthetic change in elevated CO, 

in the salt marsh species Scirpus olneyi grown in 680 ppm 

CO, for two growing seasons. The authors suggested that the



high organic content of the salt marsh supported increased 

productivity and carbon demand in elevated CO,. After four 

growing seasons, the photosynthetic rate of Scirpus olneyi 

was increased by 32% as a result of exposure to 340 plus 

ambient CO, (Arp and Drake 1991). Elevated CO,-grown 

Scirpus olneyi had generally greater rates of photosynthesis 

at any Ci above the compensation point. Grulke et al. 

(1990) measured the whole ecosystem CO, flux of Eriophorum 

tussock tundra exposed to 340 or 680 ppm CO, in open top 

chambers for one growing season. The authors found that the 

tussock tundra grown in elevated CO» had greater ecosystem 

carbon gain than ambient-grown tundra only at high light 

levels. Sage et al. (1989) found that the initial slope of 

the photosynthetic response to CO, concentration and the CO, 

saturated rate of photosynthesis decreased or increased in 

plants grown in 900-1000 ppm CO, for at least three weeks, 

depending on which C3 species was examined. 

Many hypotheses have been proposed to explain the 

changes in photosynthetic rate in elevated CO5-grown plants. 

A lower photosynthetic rate in elevated CO5-grown plants 

when compared to ambient CO5-grown plants may be a result of 

assimilate accumulation in leaves limiting photosynthesis 

through feedback inhibition (Herold 1980). Inhibition of 

sucrose synthesis in elevated COj-grown leaves may inhibit 

recycling of phosphate to the chloroplast and subsequently 

10



reduce photosynthesis (Stitt 1991). Starch build-up in 

leaves has been shown to lower photosynthesis by crushing 

the thylakoid system (Madsen 1975). A decrease in rubisco 

protein and activity and a reduction in other Calvin cycle 

enzymes in a high CO, environment may limit photosynthesis 

(Stitt 1991). A reduction in the number and strength of 

plant sinks and an increase in the ratio of source to sink 

may limit photosynthesis in elevated CO,-grown plants (Bowes 

1991). Stomatal acclimation to elevated CO. may also reduce 

photosynthesis (Arp 1991, Stitt 1991). Elevated COj-grown 

plants may decrease the size and number of stomates per unit 

leaf area (Eamus and Jarvis 1989). In addition, pot size 

may influence photosynthetic capacity in an elevated co, 

environment. Pot-binding and restricted root growth in 

elevated CO,-grown plants may further increase starch 

loading of leaves (Arp 1991). Finally, low internal plant 

nitrogen may limit photosynthesis in plants that initially 

grew rapidly in elevated CO, (Stitt 1991). 

Elevated CO. may also influence plant dark respiration. 

Wullschleger et al. (1992) found lower leaf dark respiration 

in Liriodendron tulipifera and Quercus alba seedlings grown 

and measured in ambient + 150 and ambient + 300 ppm CO, for 

24 weeks than in ambient CO,-grown seedlings. Reduced 

maintenance respiration was reported for Medicago seedlings 

exposed to 950 ppm CO, at night (Reuveni and Gale 1985). 

11



Spencer and Bowes (1986) observed lower leaf photosynthesis 

and dark respiration in Eichhornia crassipes grown in 600 

ppm CO, for four weeks than in plants grown in 330 ppm COp. 

The existing data on physiological responses of trees 

to growth in elevated CO. suggests that red spruce will 

respond to an elevated CO, environment by reducing the rate 

of photosynthesis. Exactly how red spruce will respond 

physiologically to elevated CO, has not been previously 

investigated. 

Influence of elevated CO, on tree growth 

Kimball (1983) compiled data from over 70 reports of 

elevated CO, effects on agricultural yields that included 

more than 37 species. He concluded that, in general, yields 

should increase by 33% with a doubling in ambient CO, 

concentration. Agronomic species response to elevated CO, 

may be different than tree species response because of 

differences in lifespan and growth habit. Acclimation to 

elevated CO, in tree species may occur over a timespan of 

hours to generations, depending on the physiological process 

studied (Eamus and Jarvis 1989). Although little 

information is available on the physiological responses of 

tree species to growth in elevated CO,, much more work has 

been done on growth responses. In general, most studies 

have reported enhanced growth in response to short-term 

12



elevated CO, exposure. These reports of a positive growth 

enhancement in elevated CO, suggest that red spruce growth 

will also increase in elevated CO,, at least on a short-term 

basis. 

Exposure to elevated CO, initially increases the 

height, leaf area, stem diameter and dry weight of most tree 

species but growth responses can be extremely variable 

(Eamus and Jarvis 1989). Increased leaf growth in elevated 

CO, has been reported for both agronomic and tree species 

(Overdieck and Reining 1986, Conroy et al. 1988). Thomas 

and Harvey (1983) found increased leaf thickness in the 

leaves of l-year-old Pinus taeda and Liquidambar styraciflua 

grown in elevated CO, for one growing season. The authors 

found indications of the development of a third mesophyll 

layer in pine but no change in any specific cell type was 

found in sweetgum. Increased biomass of stems, roots and 

secondary leaves was observed in Pinus contorta seedlings 

grown for five months at 1000 ppm CO, (Higginbotham et al. 

1985). Canham and McCavish (1981) found greater dry weight, 

height and diameter in Picea sitchensis and Pinus contorta 

grown in 1500 and 3000 ppm CO, during the day for 16 weeks 

but no significant effect of CO, on growth was observed in 

    

Pinus nigra var. Maritima. In Pinus taeda and Liquidambar 
  

styraciflua seedlings grown in 350, 500 and 650 ppm CO, for 

one growing season, stem length, basal diameter and sten, 

13



root and leaf dry weights increased with increasing CO, 

concentration in both species (Sionit et al. 1985). The 

number of branches and leaves of Liquidambar styraciflua was 

greater in 650 ppm CO, than in ambient CO,. O'Neill and 

others (1987) found increases in leaf dry weight, root dry 

weight and specific leaf weight in Liriodendron tulipifera 

seedlings grown in 692 ppm CO, for 24 weeks. A 79% and 30% 

increase in total plant weight was observed in Ochroma 

lagopus and Pentaclethra macroloba, respectively, grown from 

seed in 675 ppm CO, for 60 and 123 days, respectively 

(Oberbauer et al. 1985). A CO, environment of 1000-1300 ppm 

increased the height and diameter growth of Ilex aquifolium 

cuttings after eight months of exposure but had no effect on 

the height and diameter growth of Pseudotsuga menziesii, 

Picea glauca and Lagerstroemia indica grown from seed for 5, 

10 and 4 months, respectively (Lin and Molnar 1982). 

Yeatman (1970) found a 32%, 40%, 61% and 78% increase in the 

total dry weight of 3-week-old Pinus sylvestris, Pinus 

banksiana, Picea glauca and Picea abies, respectively, sown 
      

and grown in 900 ppm CO,. Dry matter production was 

increased by 30 to 40% by exposure to 660 ppm CO, for 22 

weeks in Pinus radiata seedlings supplied with abundant 

phosphorus and water (Conroy et al. 1986a). Tinus (1972) 

found greater total plant weight, height and needle number 

  

in Pinus ponderosa grown in 1200 ppm COs during the day for 
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12 months. One and two-year-old Pinus ponderosa seedlings 

exposed to a CO,-enriched atmosphere for 2.5 years had 

greater stem diameter, height and volume than ambient CO,- 

grown seedlings (Surano et al. 1986). In Poncirus 

trifoliata x Citrus sinensis and Poncirus trifoliata x 

Citrus paradisi seedlings exposed to 330 or 660 ppm CO, for 

five months, new shoot growth, rootstock dry weight, leaf 

weight and size, and leaf RuBP carboxylase activity was 

greater in elevated CO,-grown seedlings (Koch et al. 1986). 

The authors suggest that positive long-term effects of 

increased CO, concentration may occur in species that have a 

large sink capacity. Downton et al. (1987) also examined 

elevated CO, effects on Citrus sinensis scions on C. 

sinensis x Poncirus trifoliata rootstock over a 12 month 

period. An 800 ppm CO, concentration caused a 70% increase 

in fruit retention. Fruit from the elevated CO, trees was 

of the same fresh weight, soluble solid content, dry weight 

and seed number as the ambient exposed trees. The authors 

suggest that fruit yields will increase in species that 

experience source limitation during fruit development when 

ambient CO, concentrations rise. After two years of growth 

in 300 ppm + ambient CO, concentration, Citrus aurantium 

trees had 79% more leaves, 56 more primary branches and 

greater trunk and branch volume than trees grown in ambient 

COy (Idso et al. 1991). Bazzaz et al. (1990) found 
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increased plant biomass in Fagus grandifolia, Betula 

papyrifera, Prunus serotina, Acer saccharum and Tsuga 

canadensis grown in 700 ppm CO. for at least 60 days. Pinus 

strobus seedlings grown in 1000 ppm CO, for four months had 

greater height, stem diameter and crown diameter than 

seedlings grown in ambient CO, (Funsch et al. 1970). 

Populus clones grown in 700 ppm CO, for 92 days were taller, 

had more leaves per plant and had greater leaf area, leaf 

thickness and total biomass than clones grown in ambient CO, 

(Radoglou and Jarvis 1990). Norby et al. (1987) found that 

exposure to 694 ppm CO. for 34 weeks without fertilizer 

increased the total dry weight of Pinus echinata seedlings 
  

by increasing the amount of fine root mass. No difference 

in seedling mass was found between CO, treatments after 41 

weeks due to a steep decline in the relative growth rate in 

the high CO. treatment. Campagna and Margolis (1989) 

suggest that the influence of elevated CO, on plant growth 

varies with the stage of development and the duration of 

exposure. They found that Picea mariana seedlings did not 

respond to 1000 ppm CO, during a 3 or 6 week exposure time 

when the seedlings had ceased shoot growth and were going 

into dormancy. However, actively growing seedlings showed 

increased total biomass in response to short-term elevated 

CO. exposure. 
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Interaction between elevated CO, and water availability 

Water influences almost every cellular metabolic 

process and is a necessary constituent, solvent and reactant 

in plants (Kramer 1983). Plant cell enlargement and growth 

are dependent on the maintenance of turgidity by water. 

Boyer (1982) suggests that drought is the greatest 

limitation to plant productivity on a global scale. A 

higher ambient CO. concentration may alleviate the effects 

of increasing temperature and drought frequency by enhancing 

the water use efficiency of some species during water 

stress. Exposure to elevated CO, concentration during water 

stress may increase plant water use efficiency by 

maintaining photosynthesis at lower leaf conductances or by 

increasing photosynthesis in relation to transpiration 

(Pearcy and Bjorkman 1983). Elevated CO, increases leaf 

water use efficiency in most species on a short-term basis 

(Eamus 1991). Short-term responses are usually a result of 

a 30-40% decrease in leaf conductance and a large increase 

in carbon assimilation (Eamus 1991). For example, Aster 

pilosus plants grown in 500 and 650 ppm CO. for 49 days 

retained higher photosynthetic rates after two weeks of 

drought than plants grown in 380 ppm CO5, although 

reductions in leaf conductance in elevated CO, plants were 

similar to ambient COj-grown plants (Wray and Strain 1986). 

Valle et al. (1985) found greater WUE in Glycine max leaves 
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grown in 660 ppm than in leaves grown in 330 ppm CO, mainly 

because leaves grown in high CO, had higher photosynthetic 

rates at any CO, level above 160 ppm. Whole canopy WUE may 

also increase in response to elevated COn. A 63% 

improvement in canopy water use efficiency was observed in 

well-watered Trifolium repens exposed to 600 ppm CO, (Nijs 

et al. 1989). CO, assimilation rates of water-stressed 

Glycine max plots were similar to rates of irrigated plots 

when measured in 1800 ppm COs (Frederick et al. 1990). 

Long-term WUE responses may not be as positive because the 

large initial increase in assimilation in elevated CO, may 

not be maintained (Eamus 1991). 

Relative water content, turgor maintenance and 

subsequent drought postponement during water stress may be 

improved in elevated CO,. An increase in organic solutes 

from enhanced photosynthesis in high CO. may lower plant 

osmotic potentials (Pearcy and Bjorkman 1983). Lower plant 

osmotic potentials during drought may prolong turgor 

maintenance, stomatal opening and photosynthesis (Hinckley 

et al. 1980, Parker et. al. 1982). Sionit et al. (1981) 

observed more positive turgor pressures and higher leaf 

relative water contents at the end of a drought cycle in 

Triticum aestivum plants grown in 1000 ppm CO,. Water 

potentials of Amaranthus retrofex, Ambrosia artemisiifolia 

and Setaria faberrii increased in elevated CO, (Garbutt et 
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al. 1990). MThree-month-old Ipomoea batatas plants grown in 

666 ppm CO, for 90 days experienced water stress later than 

plants grown in 438 ppm CO, (Bhattacharya et al. 1990). 

Plants subjected to elevated cO, had a greater yield of 

fresh storage root and increased root starch even under 

water stress. 

Elevated CO. may also compensate for water stress 

induced reductions in photosynthesis and growth in tree 

species. Tolley and Strain (1984) grew Liquidambar 

styraciflua and Pinus taeda from seed for eight weeks under 
    

350, 675 or 1000 ppm CO,. When subjected to a drought, 

elevated CO.-grown sweetgum seedlings had higher water 

potentials, photosynthetic rates and WUE than ambient CO,- 

grown seedlings. CO, enrichment had little effect on the 

water potentials or gas exchange of water-stressed pine. In 

Pinus radiata grown for 22 weeks in 330 or 660 ppm CO., 

whole plant WUE during water stress was increased 34% by CO, 

enrichment because of an increase in plant dry weight 

(Conroy et al. 1988). Conroy et al. (1986b) also looked at 

the chlorophyll a fluorescence of Pinus radiata grown in 

ambient or 660 ppm CO, for 22 weeks during exposure to 

drought. In elevated CO5-grown seedlings, drought stress 

did not lower the electron flow to photosystem II as it did 

in ambient COj~-grown seedlings. Possibly, water stress 

induced reductions in growth will not be as severe in 
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�e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �b�e�c�a�u�s�e� �o�f� �i�n�c�r�e�a�s�e�d� 

�l�e�a�f� �a�n�d� �p�l�a�n�t� �w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y�.� 

�I�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �e�l�e�v�a�t�e�d� �C�O�,� �a�n�d� �n�u�t�r�i�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� 

�P�l�a�n�t�s� �r�e�q�u�i�r�e� �n�u�t�r�i�e�n�t� �e�l�e�m�e�n�t�s� �a�s� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �p�l�a�n�t� 

�t�i�s�s�u�e�,� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �a�c�t�i�v�a�t�o�r�s� �o�f� �e�n�z�y�m�e�s�,� �a�n�d� �r�e�g�u�l�a�t�o�r�s� 

�o�f� �p�r�o�t�o�p�l�a�s�m� �h�y�d�r�a�t�i�o�n� �(�L�a�r�c�h�e�r� �1�9�8�0�)�.� �C�O�,�-�i�n�d�u�c�e�d� �g�r�o�w�t�h� 

�e�n�h�a�n�c�e�m�e�n�t� �m�a�y� �d�e�p�e�n�d� �o�n� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �n�u�t�r�i�e�n�t�s�,� 

�e�s�p�e�c�i�a�l�l�y� �n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �(�T�o�l�b�e�r�t� �a�n�d� �Z�e�l�i�t�c�h� 

�1�9�8�3�)� �a�n�d� �s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c� �r�e�s�p�o�n�s�e�s� �t�o� �g�r�o�w�t�h� �i�n� �a� �n�u�t�r�i�e�n�t� 

�p�o�o�r� �e�n�v�i�r�o�n�m�e�n�t�.� �M�c�M�u�r�t�r�i�e� �(�1�9�9�1�)� �u�s�e�d� �a� �c�a�r�b�o�n� �a�n�d� 

�n�u�t�r�i�e�n�t� �b�a�l�a�n�c�e� �m�o�d�e�l� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �n�u�t�r�i�e�n�t� 

�s�u�p�p�l�y� �a�n�d� �i�n�c�r�e�a�s�e�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �o�n� 

�f�o�r�e�s�t� �g�r�o�w�t�h�.� �H�e� �s�u�g�g�e�s�t�s� �t�h�a�t� �p�l�a�n�t�s� �i�n� �a� �n�u�t�r�i�e�n�t� �p�o�o�r� 

�e�n�v�i�r�o�n�m�e�n�t� �w�i�l�l� �r�e�s�p�o�n�d� �p�o�s�i�t�i�v�e�l�y� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �o�n�l�y� �i�f� 

�n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �i�n�c�r�e�a�s�e�s� �o�r� �i�n�t�e�r�n�a�l� �n�u�t�r�i�e�n�t� �r�e�c�y�c�l�i�n�g� 

�i�n�c�r�e�a�s�e�s�.� 

�T�h�e� �n�u�t�r�i�e�n�t�,� �e�l�e�v�a�t�e�d� �C�O�,� �i�n�t�e�r�a�c�t�i�o�n� �h�a�s� �b�e�e�n� 

�e�x�a�m�i�n�e�d� �i�n� �s�o�m�e� �p�l�a�n�t� �s�p�e�c�i�e�s�.� �H�o�w�e�v�e�r�,� �c�o�n�c�l�u�s�i�o�n�s� �v�a�r�y� 

�a�s� �t�o� �h�o�w� �p�l�a�n�t�s� �w�i�l�l� �r�e�s�p�o�n�d� �t�o� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �w�h�e�n� 

�n�u�t�r�i�e�n�t�s� �a�r�e� �l�i�m�i�t�i�n�g�.� �I�s�r�a�e�l� �e�t� �a�l�.� �(�1�9�9�0�)� �g�r�e�w� 

�n�o�n�n�o�d�u�l�a�t�e�d� �G�l�y�c�i�n�e� �m�a�x� �i�n� �3�5�0� �o�r� �7�0�0� �p�p�m� �C�O�,� �f�o�r� �2�7� �d�a�y�s� 

�w�i�t�h� �g�r�o�w�t�h� �l�i�m�i�t�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� 

�p�h�o�s�p�h�o�r�u�s�.� �E�l�e�v�a�t�e�d� �C�O�.� �i�n�c�r�e�a�s�e�d� �g�r�o�w�t�h�,� �a�n�d� �n�i�t�r�o�g�e�n� �a�n�d� 

�p�h�o�s�p�h�o�r�u�s� �u�t�i�l�i�z�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �b�u�t� �d�i�d� �n�o�t� �a�f�f�e�c�t� 
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�u�p�t�a�k�e� �e�f�f�i�c�i�e�n�c�y�.� �C�O�.�,�-�e�n�r�i�c�h�e�d� �T�r�i�t�i�c�u�m� �a�e�s�t�i�v�u�m� �g�r�o�w�n� �i�n� 

�1�5�0�0� �p�p�m� �f�o�r� �8� �w�e�e�k�s� �w�i�t�h� �l�o�w� �o�r� �h�i�g�h� �n�i�t�r�o�g�e�n� �s�u�p�p�l�y� 

�p�r�o�d�u�c�e�d� �t�w�o� �t�i�m�e�s� �t�h�e� �a�m�o�u�n�t� �o�f� �d�r�y� �m�a�t�t�e�r� �t�h�a�n� �a�m�b�i�e�n�t� 

�g�r�o�w�n� �p�l�a�n�t�s� �a�t� �a�l�l� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �(�H�o�c�k�i�n�g� �a�n�d� �M�e�y�e�r� 

�1�9�9�1�)�.� �T�h�e� �p�r�o�p�o�r�t�i�o�n�a�l�l�y� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� �d�r�y� �m�a�t�t�e�r� 

�g�r�o�w�t�h� �t�h�a�n� �i�n� �n�i�t�r�o�g�e�n� �a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �t�h�e� �l�o�w�e�r� �n�i�t�r�a�t�e� 

�r�e�d�u�c�t�a�s�e� �a�c�t�i�v�i�t�y� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �p�l�a�n�t�s� �t�h�a�n� �i�n� 

�a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� �p�l�a�n�t�s� �s�u�g�g�e�s�t�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �n�i�t�r�o�g�e�n�-� 

�u�s�e� �e�f�f�i�c�i�e�n�c�y�.� �O�'�N�e�i�l�l� �e�t� �a�l�.� �(�1�9�8�7�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�o�t�a�l� 

�p�l�a�n�t� �n�i�t�r�o�g�e�n� �i�n� �L�i�r�i�o�d�e�n�d�r�o�n� �t�u�l�i�p�i�f�e�r�a� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� 

�u�n�f�e�r�t�i�l�i�z�e�d� �f�o�r�e�s�t� �s�o�i�l� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �e�n�h�a�n�c�e�d� �g�r�o�w�t�h� 

�i�n� �6�9�2� �p�p�m� �C�O�,�.� �T�h�e� �a�u�t�h�o�r�s� �s�u�g�g�e�s�t� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�n�i�t�r�o�g�e�n�-�u�s�e� �e�f�f�i�c�i�e�n�c�y� �o�c�c�u�r�r�e�d� �t�h�r�o�u�g�h� �i�n�t�e�r�n�a�l� �n�i�t�r�o�g�e�n� 

�r�e�c�y�c�l�i�n�g� �t�o� �s�u�p�p�o�r�t� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�.� 

�N�o�r�b�y� �e�t� �a�l�.� �(�1�9�8�6�)� �f�o�u�n�d� �s�i�m�i�l�a�r� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �i�n� 

�Q�u�e�r�c�u�s� �a�l�b�a� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�i�t�h�e�r� �3�6�2� �p�p�m� �o�r� �6�9�0� �p�p�m� 

�C�O�y� �f�o�r� �4�0� �w�e�e�k�s� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �h�i�g�h� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �l�a�r�g�e�r�.� �S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�l�e�v�a�t�e�d� �C�O� �h�a�d� �g�r�e�a�t�e�r� 

�n�i�t�r�o�g�e�n� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �a� �g�r�e�a�t�e�r� �p�r�o�p�o�r�t�i�o�n� �o�f� �n�i�t�r�o�g�e�n� 

�i�n� �f�i�n�e� �r�o�o�t�s� �a�n�d� �l�e�a�v�e�s� �a�n�d� �l�e�s�s� �i�n� �s�t�o�r�a�g�e�.� �l�L�u�x�m�o�o�r�e� �e�t� 

�a�l�.� �(�1�9�8�6�)� �f�o�u�n�d� �g�r�e�a�t�e�r� �n�u�t�r�i�e�n�t� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �(�c�a�r�b�o�n� 

�g�a�i�n� �p�e�r� �e�l�e�m�e�n�t� �u�p�t�a�k�e�)� �f�o�r� �p�o�t�a�s�s�i�u�m� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �b�u�t� 

�n�o�t� �f�o�r� �n�i�t�r�o�g�e�n� �i�n� �o�n�e�-�y�e�a�r�-�o�l�d� �P�i�n�u�s� �v�i�r�g�i�n�i�a�n�a� �g�r�o�w�n� �i�n� 
� � 

�6�0�0� �p�p�m� �C�O�,� �f�o�r� �1�6� �w�e�e�k�s�.� �N�i�t�r�o�g�e�n� �u�p�t�a�k�e� �w�a�s� �p�r�o�p�o�r�t�i�o�n�a�l� 
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�t�o� �g�r�o�w�t�h� �w�i�t�h� �g�r�e�a�t�e�r� �n�i�t�r�o�g�e�n� �u�p�t�a�k�e� �w�i�t�h� �i�n�c�r�e�a�s�e�d� 

�b�i�o�m�a�s�s�.� 

�C�o�n�v�e�r�s�e�l�y�,� �M�o�u�s�s�e�a�e� �a�n�d� �E�n�o�c�h� �(�1�9�8�9�)� �f�o�u�n�d� �p�r�e�m�a�t�u�r�e� 

�l�e�a�f� �y�e�l�l�o�w�i�n�g�,� �d�e�c�r�e�a�s�e�d� �c�h�l�o�r�o�p�h�y�l�l� �c�o�n�t�e�n�t�,� �l�e�s�s� �l�e�a�f� 

�a�r�e�a� �a�n�d� �n�u�t�r�i�e�n�t� �d�i�l�u�t�i�o�n� �i�n� �2�-�y�e�a�r�-�o�l�d� �C�a�s�t�a�n�e�a� �s�a�t�i�v�a� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �7�0�0� �p�p�m� �C�O�,� �f�o�r� �t�w�o� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s�.� 

�T�o�t�a�l� �b�i�o�m�a�s�s� �o�f� �t�h�e� �g�r�a�s�s� �B�r�o�m�u�s� �m�o�l�l�i�s� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� 

�e�x�p�o�s�u�r�e� �t�o� �6�5�2� �p�p�m� �C�O�,� �f�o�r� �1�2�9� �d�a�y�s� �w�h�e�n� �n�i�t�r�o�g�e�n� �w�a�s� 

�l�i�m�i�t�i�n�g� �(�L�a�r�i�g�a�u�d�e�r�i�e� �e�t� �a�l�.� �1�9�8�8�)�.� �I�n� �P�o�p�u�l�u�s� 

�t�r�e�m�u�l�o�i�d�e�s�,� �e�x�p�o�s�u�r�e� �t�o� �7�5�0� �p�p�m� �C�O�,� �f�o�r� �1�0�0� �d�a�y�s� �l�o�w�e�r�e�d� 

�p�l�a�n�t� �n�u�t�r�i�e�n�t� �s�t�a�t�u�s� �d�e�s�p�i�t�e� �f�e�r�t�i�l�i�z�a�t�i�o�n� �w�i�t�h� �n�i�t�r�o�g�e�n� 

�(�B�r�o�w�n� �1�9�9�1�)�.� �E�l�e�v�a�t�e�d� �C�O�,� �a�c�c�e�l�e�r�a�t�e�d� �w�h�o�l�e� �p�l�a�n�t� �d�e�c�l�i�n�e�s� 

�i�n� �n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�o�r�u�s�.� �B�r�o�w�n� �a�n�d� �H�i�g�g�i�n�b�o�t�h�a�m� �(�1�9�8�6�)� 

�f�o�u�n�d� �i�n�c�r�e�a�s�e�d� �t�o�t�a�l� �b�i�o�m�a�s�s� �a�n�d� �l�e�a�f� �w�e�i�g�h�t� �i�n� �P�i�c�e�a� 

�g�l�a�u�c�a� �g�r�o�w�n� �f�o�r� �1�0�0� �d�a�y�s� �i�n� �7�5�0� �p�p�m� �C�O�,� �o�n�l�y� �w�h�e�n� �n�i�t�r�o�g�e�n� 

�w�a�s� �s�u�p�p�l�i�e�d�.� �W�h�e�n� �n�i�t�r�o�g�e�n� �w�a�s� �l�i�m�i�t�i�n�g�,� �e�x�p�o�s�u�r�e� �t�o� 

�e�l�e�v�a�t�e�d� �C�O�,� �e�n�h�a�n�c�e�d� �r�o�o�t� �m�a�s�s�.� �O�n�l�y� �w�i�t�h� �a�d�e�q�u�a�t�e� 

�p�h�o�s�p�h�o�r�u�s� �s�u�p�p�l�y�,� �d�i�d� �t�w�o� �y�e�a�r�s� �o�f� �C�O�,� �e�n�r�i�c�h�m�e�n�t� �i�n�c�r�e�a�s�e� 

�d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n�,� �w�o�o�d� �d�e�n�s�i�t�y� �a�n�d� �t�r�a�c�h�e�i�d� �w�a�l�l� 

�t�h�i�c�k�n�e�s�s� �i�n� �P�i�n�u�s� �r�a�d�i�a�t�a� �(�C�o�n�r�o�y� �e�t� �a�l�.� �1�9�9�0�a�)�.� �C�o�n�r�o�y� �e�t� 
� � 

�a�l�.� �(�1�9�9�0�b�)� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �h�i�g�h�e�r� 

�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�n�d� �g�r�o�w�t�h� �r�a�t�e�s� �i�n� �P�i�n�u�s� �r�a�d�i�a�t�a� �a�n�d� �P�i�n�u�s� 

�c�a�r�i�b�a�e�a� �i�n� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �e�n�v�i�r�o�n�m�e�n�t� �w�a�s� �p�o�s�s�i�b�l�e� �o�n�l�y� �i�f� 

�a�d�e�q�u�a�t�e� �s�i�n�k�s� �e�x�i�s�t�e�d�,� �s�u�c�h� �a�s� �s�t�e�m� �g�r�o�w�t�h�,� �a�n�d� �l�a�r�g�e� 

�a�m�o�u�n�t�s� �o�f� �f�o�l�i�a�r� �p�h�o�s�p�h�o�r�u�s� �w�e�r�e� �a�v�a�i�l�a�b�l�e�.� 
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�R�e�d� �s�p�r�u�c�e� �m�a�y� �r�e�s�p�o�n�d� �p�o�s�i�t�i�v�e�l�y� �t�o� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� 

�e�n�v�i�r�o�n�m�e�n�t� �d�e�s�p�i�t�e� �n�u�t�r�i�e�n�t� �l�i�m�i�t�a�t�i�o�n�s� �b�y� �i�n�c�r�e�a�s�i�n�g� 

�i�n�t�e�r�n�a�l� �n�u�t�r�i�e�n�t� �u�s�e� �e�f�f�i�c�i�e�n�c�i�e�s�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �g�r�o�w�t�h� 

�a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �m�a�y� �b�e� 

�d�i�m�i�n�i�s�h�e�d� �i�f� �n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �i�s� �l�i�m�i�t�i�n�g� �o�r� �i�n�t�e�r�n�a�l� �p�l�a�n�t� 

�r�e�c�y�c�l�i�n�g� �o�f� �n�u�t�r�i�e�n�t�s� �d�o�e�s� �n�o�t� �i�n�c�r�e�a�s�e�.� 

�P�L�A�N�T� �R�E�S�P�O�N�S�E�S� �T�O� �W�A�R�M�,� �D�R�O�U�G�H�T�-�S�T�R�E�S�S�E�D� �E�N�V�I�R�O�N�M�E�N�T�S� 

�A� �s�t�o�m�a�t�a�l� �r�e�s�p�o�n�s�e� �t�o� �w�a�t�e�r� �s�t�r�e�s�s�,� �o�s�m�o�t�i�c� �a�d�j�u�s�t�m�e�n�t� 

�a�n�d� �h�e�a�t� �t�o�l�e�r�a�n�c�e� �a�r�e� �a�d�a�p�t�i�v�e� �s�t�r�a�t�e�g�i�e�s� �i�n� �p�l�a�n�t�s� �e�x�p�o�s�e�d� 

�t�o� �w�a�r�m�,� �m�o�i�s�t�u�r�e�-�l�i�m�i�t�e�d� �e�n�v�i�r�o�n�m�e�n�t�s� �(�H�a�l�l� �e�t� �a�l�.� �1�9�7�6�,� 

�L�u�d�l�o�w� �1�9�8�0�)�.� �D�e�c�r�e�a�s�e�s� �i�n� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� �w�i�t�h� �i�n�c�r�e�a�s�e�d� 

�w�a�t�e�r� �s�t�r�e�s�s� �m�a�y� �r�e�s�u�l�t� �f�r�o�m� �p�a�s�s�i�v�e� �m�e�c�h�a�n�i�s�m�s�,� �s�u�c�h� �a�s� �a� 

�c�h�a�n�g�e� �i�n� �t�h�e� �r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �o�r� �s�y�m�p�l�a�s�t�i�c� �w�a�t�e�r� 

�f�r�a�c�t�i�o�n�,� �o�r� �a�c�t�i�v�e� �m�e�c�h�a�n�i�s�m�s� �s�u�c�h� �a�s� �o�s�m�o�t�i�c� �a�d�j�u�s�t�m�e�n�t� 

�(�K�r�a�m�e�r� �1�9�8�3�)�.� �S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �(�1�9�9�0�)� �f�o�u�n�d� �n�o� �o�s�m�o�t�i�c� 

�a�d�j�u�s�t�m�e�n�t� �i�n� �r�e�d� �s�p�r�u�c�e� �a�l�t�h�o�u�g�h� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �c�o�n�t�i�n�u�e�d� 

�t�o� �-�3�.�0� �M�P�a�.� �O�s�m�o�t�i�c� �a�d�j�u�s�t�m�e�n�t� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� 

�p�r�e�s�s�u�r�e�-�v�o�l�u�m�e� �c�u�r�v�e�s� �a�n�d� �o�v�e�r�s�a�t�u�r�a�t�i�o�n� �m�a�y� �h�a�v�e� 

�i�n�f�l�u�e�n�c�e�d� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� �e�s�t�i�m�a�t�e�s� �(�P�a�r�k�e�r� �a�n�d� �P�a�l�l�a�r�d�y� 

�1�9�8�7�)�.� �D�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �P�i�n�u�s� �t�a�e�d�a� �s�e�e�d�l�i�n�g�s� �l�o�w�e�r�e�d� 

�n�e�e�d�l�e� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l�s� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �l�e�a�f� �t�u�r�g�o�r� �a�n�d� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �t�o� �l�o�w�e�r� �n�e�e�d�l�e� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �d�u�r�i�n�g� �w�a�t�e�r� 

�s�t�r�e�s�s� �t�h�a�n� �w�e�l�l�-�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �(�S�e�i�l�e�r� �a�n�d� �J�o�h�n�s�o�n� 
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�1�9�8�5�)�.� �A� �r�e�d�u�c�t�i�o�n� �i�n� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� �d�u�r�i�n�g� �d�r�o�u�g�h�t� �w�a�s� 

�o�b�s�e�r�v�e�d� �i�n� �Q�u�e�r�c�u�s� �s�a�p�l�i�n�g�s� �a�n�d� �J�u�n�i�p�e�r�u�s� �v�i�r�g�i�n�i�a�n�a�,� 

�s�p�e�c�i�e�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �m�o�r�e� �x�e�r�i�c� �s�i�t�e�s� �(�B�a�h�a�r�i� �e�t� �a�l�.� 

�1�9�8�5�)�.� �D�r�o�u�g�h�t�-�p�r�e�c�o�n�d�i�t�i�o�n�e�d� �P�i�c�e�a� �m�a�r�i�a�n�a� �m�a�i�n�t�a�i�n�e�d� 

�l�o�w�e�r� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l�s� �a�n�d� �h�i�g�h�e�r� �t�u�r�g�o�r� �p�r�e�s�s�u�r�e�s� �d�u�r�i�n�g� 

�s�e�v�e�r�e� �w�a�t�e�r� �s�t�r�e�s�s� �w�h�i�l�e� �u�n�c�o�n�d�i�t�i�o�n�e�d� �p�l�a�n�t�s� �w�i�l�t�e�d� 

�(�Z�w�i�a�z�e�k� �a�n�d� �B�l�a�k�e� �1�9�8�9�)�.� �O�s�m�o�t�i�c� �a�d�j�u�s�t�m�e�n�t� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�t�u�r�g�o�r� �m�a�i�n�t�e�n�a�n�c�e� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �L�o�l�i�u�m� �p�e�r�e�n�n�e� �d�u�r�i�n�g� 

�w�a�t�e�r� �s�t�r�e�s�s� �(�T�h�o�m�a�s� �a�n�d� �E�v�a�n�s� �1�9�8�9�)�.� �H�i�g�h� �y�i�e�l�d�s� �h�a�v�e� �b�e�e�n� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �o�s�m�o�t�i�c� �a�d�j�u�s�t�m�e�n�t� �i�n� �w�h�e�a�t�,� �s�o�r�g�h�u�m� �a�n�d� 

�m�i�l�l�e�t� �(�B�l�u�m� �e�t� �a�l�.� �1�9�8�3�,� �M�o�r�g�a�n� �1�9�8�3�,� �B�l�u�m� �a�n�d� �S�u�l�l�i�v�a�n� 

�1�9�8�6�)� �w�h�i�l�e� �r�e�d�u�c�e�d� �y�i�e�l�d�s� �h�a�v�e� �b�e�e�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �o�s�m�o�t�i�c� 

�a�d�j�u�s�t�m�e�n�t� �i�n� �b�a�r�l�e�y� �a�n�d� �c�o�t�t�o�n� �(�Q�u�i�s�e�n�b�e�r�r�y� �e�t� �a�l�.� �1�9�8�4�,� 

�G�r�u�m�e�t� �e�t� �a�l�.� �1�9�8�7�)�.� 

�S�e�a�s�o�n�a�l� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�p�t�i�m�u�m� �f�o�r� 

�n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �d�e�s�e�r�t� �p�l�a�n�t�s� �a�n�d� 

�w�o�o�d�y� �p�l�a�n�t�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �a� �w�a�r�m� �e�n�v�i�r�o�n�m�e�n�t� �(�K�r�a�m�e�r� �a�n�d� 

�K�o�z�l�o�w�s�k�i� �1�9�7�9�,� �S�m�i�t�h� �e�t� �a�l�.� �1�9�8�4�)�.� �T�h�e� �a�c�c�l�i�m�a�t�i�o�n� �r�a�n�g�e� 

�f�o�r� �t�h�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� �o�p�t�i�m�u�m� �i�n� �p�l�a�n�t�s� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�°�C� �(�R�a�i�s�o�n� �e�t� �a�l�.� �1�9�8�0�,� �S�e�e�m�a�n� �e�t� �a�l�.� �1�9�8�4�)�.� 

�A� �b�r�o�a�d� �s�u�m�m�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�p�t�i�m�u�m� �f�o�r� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �h�a�s� 

�b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �P�i�n�u�s� �t�a�e�d�a� �(�T�e�s�k�e�y� �e�t� �a�l�.� �1�9�8�6�)� �a�n�d�a� 
� � � � 

�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �b�e�t�w�e�e�n� �-�5�°�c� �a�n�d� �4�5�°�c� �h�a�s� 

�b�e�e�n� �d�o�c�u�m�e�n�t�e�d� �f�o�r� �P�i�c�e�a� �s�i�t�c�h�e�n�s�i�s� �(�L�u�d�l�o�w� �a�n�d� �J�a�r�v�i�s� 

�1�9�7�1�)�.� �T�h�e� �o�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�o�r� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �i�n� 
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�P�s�e�u�d�o�t�s�u�g�a� �m�e�n�z�i�e�s�i�i� �w�a�s� �f�o�u�n�d� �b�e�t�w�e�e�n� �1�0� �a�n�d� �1�5�°�C� 

�(�D�o�e�h�l�e�r�t� �a�n�d� �W�a�l�k�e�r� �1�9�8�1�)�.� �C�h�a�n�g�e�s� �i�n� �t�h�e� �r�a�t�e� �o�f� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�r�e� �a� �r�e�s�u�l�t� �o�f� �c�h�a�n�g�e�s� �i�n� 

�r�u�b�i�s�c�o� �s�p�e�c�i�f�i�c�i�t�y� �a�n�d� �a�c�t�i�v�i�t�y�,� �C�O�,� �a�n�d� �0�,� �s�o�l�u�b�i�l�i�t�y�,� �a�n�d� 

�f�e�e�d�b�a�c�k� �i�n�h�i�b�i�t�i�o�n� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �(�L�a�i�n�g� �e�t� �a�l�.� �1�9�7�4�,� �K�u� 

�a�n�d� �E�d�w�a�r�d�s� �1�9�7�7�,� �S�c�h�n�y�d�e�r� �e�t� �a�l�.� �1�9�8�4�,� �L�e�e�g�o�o�d� �a�n�d� �F�u�r�b�a�n�k� 

�1�9�8�6�)�.� �D�o�w�n�w�a�r�d� �s�h�i�f�t�s� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�p�t�i�m�u�m� �f�o�r� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �w�i�t�h� �w�a�t�e�r� �s�t�r�e�s�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�B�o�y�e�r� 

�1�9�7�1�,� �L�a�n�g�e� �e�t� �a�l�.� �1�9�7�4�,� �L�a�n�g�e� �e�t� �a�l�.� �1�9�7�5�,� �N�o�b�e�l� �e�t� �a�l�.� 

�1�9�7�8�)� �a�n�d� �a�r�e� �a� �r�e�s�u�l�t� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �e�f�f�e�c�t�s� �a�t� �t�h�e� 

�s�t�o�m�a�t�a�l� �a�n�d� �m�e�s�o�p�h�y�l�l� �l�e�v�e�l� �(�N�o�b�e�l� �e�t� �a�l�.� �1�9�7�8�)�.� 
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�C�H�A�P�T�E�R� �I�I�T� 

�R�E�D� �S�P�R�U�C�E� �S�E�E�D�L�I�N�G� �G�A�S� �E�X�C�H�A�N�G�E� �A�N�D� �G�R�O�W�T�H� �R�E�S�P�O�N�S�E�S� �T�O� 

�E�L�E�V�A�T�E�D� �C�O�,�,� �W�A�T�E�R� �S�T�R�E�S�S� �A�N�D� �N�U�T�R�I�E�N�T� �L�I�M�I�T�A�T�I�O�N�S� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�A�t�m�o�s�p�h�e�r�i�c� �C�O�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �e�x�p�e�c�t�e�d� �t�o� �d�o�u�b�l�e� �b�y� 

�t�h�e� �y�e�a�r� �2�0�5�0�,� �a�n�d� �t�h�e� �r�i�s�e� �i�n� �a�m�b�i�e�n�t� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� 

�i�n�c�r�e�a�s�e� �m�e�a�n� �g�l�o�b�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �a�b�s�o�l�u�t�e� �h�u�m�i�d�i�t�y� 

�w�i�t�h�i�n� �t�h�e� �n�e�a�r�-�s�u�r�f�a�c�e� �a�i�r� �l�a�y�e�r� �(�M�a�n�a�b�e� �e�t� �a�l�.� �1�9�8�1�)�.� 

�C�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h� �e�l�e�v�a�t�e�d� �C�O�.� �m�a�y� 

�l�o�w�e�r� �a�n�n�u�a�l� �p�r�e�c�i�p�i�t�a�t�i�o�n� �r�e�g�i�m�e�s�,� �i�n�c�r�e�a�s�e� �s�u�m�m�e�r� �d�r�o�u�g�h�t� 

�f�r�e�q�u�e�n�c�y� �a�n�d� �r�a�i�s�e� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n�a�l� �d�e�m�a�n�d�s� �o�v�e�r� �t�h�e� 

�c�e�n�t�r�a�l� �U�n�i�t�e�d� �S�t�a�t�e�s�,� �e�a�s�t�e�r�n� �E�u�r�o�p�e� �a�n�d� �R�u�s�s�i�a� �(�G�a�t�e�s� 

�1�9�9�0�,� �G�l�e�i�c�k� �1�9�8�7�)�.� �B�e�c�a�u�s�e� �p�l�a�n�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �u�s�e�s� �C�O�,� 

�a�s� �a� �s�u�b�s�t�r�a�t�e� �a�n�d� �a�c�t�i�v�a�t�o�r� �o�f� �r�u�b�i�s�c�o�,� �p�r�e�d�i�c�t�e�d� �i�n�c�r�e�a�s�e�s� 

�i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� �i�n�f�l�u�e�n�c�e� �p�l�a�n�t� 

�p�h�y�s�i�o�l�o�g�y� �a�n�d� �r�e�s�u�l�t�i�n�g� �g�r�o�w�t�h�.� �H�o�w� �t�h�e� �p�l�a�n�t� �k�i�n�g�d�o�m� �w�i�l�l� 

�r�e�s�p�o�n�d� �a�s� �a� �w�h�o�l�e� �i�s� �u�n�k�n�o�w�n�.� �L�a�r�g�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

�s�p�e�c�i�e�s� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �g�r�o�w�t�h� �i�n�d�u�c�e�d� 

�b�y� �a�n� �e�l�e�v�a�t�e�d� �c�o�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�K�r�a�m�e�r� 

�1�9�8�1�)�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �i�n�f�l�u�e�n�c�e� �o�f� �a� �c�h�a�n�g�i�n�g� �C�O�,� 

�e�n�v�i�r�o�n�m�e�n�t� �o�n� �p�l�a�n�t� �p�h�y�s�i�o�l�o�g�y� �a�n�d� �g�r�o�w�t�h� �w�i�l�l� �d�e�p�e�n�d� �o�n� 

�t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �r�e�s�o�u�r�c�e�s� �s�u�c�h� �a�s� �w�a�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s�,� 

�a�s� �w�e�l�l� �a�s� �p�l�a�n�t� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e�,� �s�o�u�r�c�e�-�s�i�n�k� �r�e�l�a�t�i�o�n�s� 
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�a�n�d� �s�p�e�c�i�e�s� �(�W�i�l�l�i�a�m�s� �e�t� �a�l�.� �1�9�8�6�,� �C�a�m�p�a�g�n�a� �a�n�d� �M�a�r�g�o�l�i�s� 

�1�9�8�9�)�.� �S�t�u�d�i�e�s� �o�f� �l�o�n�g�-�t�e�r�m� �C�O�,� �e�f�f�e�c�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �C�O�5�-� 

�e�n�h�a�n�c�e�d� �g�r�o�w�t�h� �m�a�y� �c�o�n�t�i�n�u�e� �p�r�o�v�i�d�e�d� �a�d�e�q�u�a�t�e� �s�i�n�k�s� �a�n�d� 

�u�n�r�e�s�t�r�i�c�t�e�d� �r�o�o�t�i�n�g� �v�o�l�u�m�e� �a�r�e� �p�r�o�v�i�d�e�d� �(�T�i�n�u�s� �1�9�7�2�,� �I�d�s�o� 

�e�t� �a�l�.� �1�9�9�1�)�.� �H�o�w�e�v�e�r�,� �s�p�e�c�i�e�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �f�o�r�e�s�t� 

�c�o�m�m�u�n�i�t�y� �c�o�m�p�o�s�i�t�i�o�n� �m�a�y� �c�h�a�n�g�e� �i�f� �p�l�a�n�t� �s�p�e�c�i�e�s� �r�e�s�p�o�n�d� 

�d�i�f�f�e�r�e�n�t�l�y� �t�o� �e�l�e�v�a�t�e�d� �C�O�5�.� �S�i�n�c�e� �f�o�r�e�s�t� �m�a�n�a�g�e�m�e�n�t� �i�s� 

�b�a�s�e�d� �o�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �s�e�l�e�c�t� �t�r�e�e� �s�p�e�c�i�e�s� �f�o�r� �w�o�o�d� 

�p�r�o�d�u�c�t�s�,� �a� �c�h�a�n�g�e� �i�n� �s�p�e�c�i�e�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� 

�m�a�y� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t� �f�o�r�e�s�t�r�y� �p�r�a�c�t�i�c�e�s� �(�B�a�z�a�z�z� �e�t� �a�l�.� �1�9�9�0�)�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�m�b�i�e�n�t� �C�O�,� �m�a�y� �s�h�o�r�t�e�n� �r�o�t�a�t�i�o�n� 

�l�e�n�g�t�h�s� �b�u�t� �i�n�c�r�e�a�s�e� �t�h�e� �n�e�e�d� �f�o�r� �i�n�t�e�n�s�i�v�e� �w�e�e�d� �c�o�n�t�r�o�l�.� 

�R�e�d� �s�p�r�u�c�e�,� �a� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�q�u�e� �s�p�r�u�c�e�-�f�i�r� 

�e�c�o�s�y�s�t�e�m�,� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �t�i�m�b�e�r� �s�p�e�c�i�e�s� �i�n� �t�h�e� 

�n�o�r�t�h�e�a�s�t�e�r�n� �U�n�i�t�e�d� �S�t�a�t�e�s� �a�n�d� �C�a�n�a�d�a�,� �a�n�d� �a�n� �e�s�t�h�e�t�i�c�a�l�l�y� 

�v�a�l�u�a�b�l�e� �s�p�e�c�i�e�s� �i�n� �t�h�e� �s�o�u�t�h�e�r�n� �A�p�p�a�l�a�c�h�i�a�n�s� �o�f� �t�h�e� �U�n�i�t�e�d� 

�S�t�a�t�e�s�.� �R�e�c�e�n�t� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t�s� �h�a�v�e� �f�o�c�u�s�e�d� �o�n� �r�e�d� �s�p�r�u�c�e� 

�b�e�c�a�u�s�e� �o�f� �r�e�p�o�r�t�e�d� �c�h�a�n�g�e�s� �i�n� �p�o�p�u�l�a�t�i�o�n� �g�r�o�w�t�h� �(�M�c�L�a�u�g�h�l�i�n� 

�e�t� �a�l�.� �1�9�8�7�,� �Z�e�d�a�k�e�r� �e�t� �a�l�.� �1�9�8�7�)�.� �T�h�e� �f�u�t�u�r�e� �s�u�c�c�e�s�s� �o�r� 

�f�a�i�l�u�r�e� �o�f� �t�h�i�s� �s�p�e�c�i�e�s� �m�a�y� �d�e�p�e�n�d� �o�n� �h�o�w� �i�t� �w�i�l�l� �r�e�s�p�o�n�d� �t�o� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �a�n�d� �c�l�i�m�a�t�i�c� �c�h�a�n�g�e�s�.� �T�o� 

�u�n�d�e�r�s�t�a�n�d� �h�o�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �m�a�y� �i�n�f�l�u�e�n�c�e� 

�r�e�d� �s�p�r�u�c�e�,� �t�h�i�s� �s�t�u�d�y� �e�x�a�m�i�n�e�d� �g�a�s� �e�x�c�h�a�n�g�e� �a�n�d� �g�r�o�w�t�h� 

�r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �f�r�o�m� �s�e�e�d� �f�o�r� �1� �y�e�a�r� 

�i�n� �e�l�e�v�a�t�e�d� �C�O�,� �c�o�u�p�l�e�d� �w�i�t�h� �v�a�r�y�i�n�g� �n�u�t�r�i�e�n�t� �a�n�d� �w�a�t�e�r� 
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�a�v�a�i�l�a�b�i�l�i�t�y�.� �B�e�c�a�u�s�e� �p�o�t� �s�i�z�e� �m�a�y� �i�n�f�l�u�e�n�c�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� 

�a�n�d� �s�u�b�s�e�q�u�e�n�t� �g�r�o�w�t�h� �i�n� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �e�n�v�i�r�o�n�m�e�n�t� �b�y� 

�r�e�s�t�r�i�c�t�i�n�g� �t�h�e� �s�i�n�k� �d�e�m�a�n�d� �o�f� �r�o�o�t� �g�r�o�w�t�h� �(�A�r�p� �1�9�9�1�)�,� �a� 

�s�u�b�s�e�t� �o�f� �s�e�e�d�l�i�n�g�s� �w�a�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �l�a�r�g�e�r� �p�o�t�s� �a�t� �7� 

�m�o�n�t�h�s�.� �G�a�s� �e�x�c�h�a�n�g�e� �a�n�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� 

�w�e�r�e� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �s�m�a�l�l� �a�n�d� �l�a�r�g�e� 

�p�o�t�s�.� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�C�O�s� �t�r�e�a�t�m�e�n�t� 

�T�w�o� �C�O�,� �t�r�e�a�t�m�e�n�t�s�,� �a�n� �a�m�b�i�e�n�t� �t�r�e�a�t�m�e�n�t� �(�a� �d�a�i�l�y� �m�e�a�n� 

�o�f� �3�7�4� �(�+�2�1� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s�)� �p�p�m� �C�O�,� �a�n�d� �a� �n�i�g�h�t�l�y� �m�e�a�n� 

�o�f� �4�0�9� �(�+�2�7�)� �p�p�m� �C�O�.�)� �a�n�d� �a�n� �e�l�e�v�a�t�e�d� �t�r�e�a�t�m�e�n�t� �(�a� �d�a�i�l�y� 

�m�e�a�n� �o�f� �7�1�3� �(�+�3�2�)� �p�p�m� �C�O�y� �a�n�d� �a� �n�i�g�h�t�l�y� �m�e�a�n� �o�f� �7�4�8� �(�+�4�7�)� 

�p�p�m� �C�O�)�,� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �t�w�o� �e�x�p�o�s�u�r�e� �c�h�a�m�b�e�r�s�.� 

�E�x�p�o�s�u�r�e� �c�h�a�m�b�e�r�s� �w�e�r�e� �o�f� �d�i�m�e�n�s�i�o�n� �1�.�5�m� �x� �0�.�9�1�m� �x� �0�.�9�1�m� �a�n�d� 

�c�o�n�s�t�r�u�c�t�e�d� �o�f� �t�h�i�n�-�w�a�l�l�e�d� �e�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�i�t� �a�n�d� �c�l�e�a�r�,� 

�h�e�a�t�-�r�e�s�i�s�t�a�n�t�,� �t�e�f�l�o�n� �f�i�l�m� �p�l�a�s�t�i�c� �i�n� �a� �g�r�e�e�n�h�o�u�s�e�.� �L�i�g�h�t� 

�t�r�a�n�s�m�i�t�t�a�n�c�e� �t�h�r�o�u�g�h� �e�a�c�h� �c�h�a�m�b�e�r� �w�a�s� �o�v�e�r� �9�0�%� �o�f� 

�g�r�e�e�n�h�o�u�s�e� �l�i�g�h�t�.� �A�m�b�i�e�n�t� �a�i�r� �w�a�s� �p�u�l�l�e�d� �i�n�t�o� �t�h�e� �c�h�a�m�b�e�r�s� 

�f�r�o�m� �o�u�t�s�i�d�e� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �a�t� �4�.�6�m� �a�b�o�v�e� �t�h�e� �g�r�o�u�n�d� �a�n�d� 

�d�i�s�t�r�i�b�u�t�e�d� �t�o� �e�a�c�h� �c�h�a�m�b�e�r� �a�t� �t�h�e� �s�a�m�e� �r�a�t�e� �w�i�t�h� �a� 

�r�e�g�e�n�e�r�a�t�i�v�e� �b�l�o�w�e�r�.� �B�l�o�w�e�r� �f�l�o�w� �t�o� �a� �c�h�a�m�b�e�r� �w�a�s� �s�e�t� �w�i�t�h� 

�i�n�-�l�i�n�e� �p�v�c� �b�a�l�l� �v�a�l�v�e�s� �t�o� �y�i�e�l�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6� �e�x�c�h�a�n�g�e�s� 
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�p�e�r� �h�o�u�r� �p�e�r� �c�h�a�m�b�e�r�.� �T�h�e� �e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �w�a�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �i�n�j�e�c�t�i�n�g� �p�u�r�e� �(�9�9�.�9�9�%�)� �l�i�q�u�i�d� �C�O�,� �(�S�c�o�t�t� 

�S�p�e�c�i�a�l�t�y�,� �P�l�u�m�s�t�e�a�d�v�i�l�l�e�,� �P�A�,� �U�S�A�)� �i�n�t�o� �b�l�o�w�e�r� �a�i�r� �a�t�a� 

�f�l�o�w� �r�a�t�e� �s�e�t� �b�y� �a� �v�a�r�i�a�b�l�e� �a�r�e�a� �f�l�o�w�m�e�t�e�r� �w�i�t�h� �a� �h�i�g�h� 

�r�e�s�o�l�u�t�i�o�n� �v�a�l�v�e�.� �A�n� �i�n�f�r�a�r�e�d� �g�a�s� �a�n�a�l�y�z�e�r� �(�A�D�C� �M�k� �I�I�I�,� 

�H�o�d�d�e�s�o�n�,� �E�n�g�l�a�n�d�)� �a�n�d� �s�t�r�i�p� �c�h�a�r�t� �r�e�c�o�r�d�e�r� �w�e�r�e� �u�s�e�d� �t�o� 

�m�o�n�i�t�o�r� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h�i�n� �e�a�c�h� �c�h�a�m�b�e�r�.� �T�h�e� �a�n�a�l�y�z�e�r� 

�w�a�s� �c�a�l�i�b�r�a�t�e�d� �d�a�i�l�y�.� �C�h�a�m�b�e�r� �s�a�m�p�l�i�n�g� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �a� 

�d�i�v�e�r�t�e�r� �v�a�l�v�e� �w�h�i�c�h� �w�a�s� �e�n�e�r�g�i�z�e�d� �b�y� �a� �r�e�l�a�y� �c�l�o�c�k� �(�T�o�r�k�,� 

�M�o�u�n�t� �V�e�r�n�o�n�,� �N�Y�,� �U�S�A�)� �t�o� �s�w�i�t�c�h� �b�e�t�w�e�e�n� �c�h�a�m�b�e�r�s� �e�v�e�r�y� �1�0� 

�m�i�n�.� �A�n� �a�i�r�-�c�o�n�d�i�t�i�o�n�e�r� �w�a�s� �m�o�u�n�t�e�d� �i�n� �e�a�c�h� �c�h�a�m�b�e�r� �t�o� 

�c�o�n�t�r�o�l� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �f�a�c�i�l�i�t�a�t�e� �a�i�r� �m�i�x�i�n�g�.� �T�h�e� �C�O�,� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �d�i�d� �n�o�t� �v�a�r�y� �w�i�t�h� �p�o�s�i�t�i�o�n� �w�i�t�h�i�n� �a� �c�h�a�m�b�e�r�.� 

�T�h�i�s� �s�t�u�d�y� �w�a�s� �a�r�r�a�n�g�e�d� �a�s� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� 

�d�e�s�i�g�n� �a�n�d� �a�n�y� �i�n�h�e�r�e�n�t� �c�h�a�m�b�e�r� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �a�v�e�r�a�g�e�d� 

�a�c�r�o�s�s� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �b�y� �r�o�t�a�t�i�n�g� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �a�n�d� 

�s�e�e�d�l�i�n�g�s� �b�e�t�w�e�e�n� �c�h�a�m�b�e�r�s� �e�v�e�r�y� �w�e�e�k�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� 

�r�o�t�a�t�e�d� �w�i�t�h�i�n� �a� �c�h�a�m�b�e�r� �e�v�e�r�y� �o�t�h�e�r� �d�a�y� �t�o� �a�v�e�r�a�g�e� �a�n�y� 

�w�i�t�h�i�n� �c�h�a�m�b�e�r� �v�a�r�i�a�t�i�o�n�.� �E�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� 

�a�c�c�o�m�p�a�n�y�i�n�g� �s�e�e�d�l�i�n�g� �a�n�d� �t�r�e�a�t�m�e�n�t�,� �t�h�e�r�e�f�o�r�e�,� �s�p�e�n�t� �e�q�u�a�l� 

�t�i�m�e� �i�n� �e�a�c�h� �c�h�a�m�b�e�r� �a�n�d� �i�n� �v�a�r�i�o�u�s� �p�o�s�i�t�i�o�n�s� �w�i�t�h�i�n� �a� 

�c�h�a�m�b�e�r�.� 

�R�e�c�o�r�d�i�n�g� �h�y�g�r�o�t�h�e�r�m�o�g�r�a�p�h�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �e�a�c�h� �c�h�a�m�b�e�r� 

�t�o� �m�o�n�i�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �(�R�H�)�.� �T�h�e� 

�h�y�g�r�o�t�h�e�r�m�o�g�r�a�p�h�s� �w�e�r�e� �c�a�l�i�b�r�a�t�e�d� �m�o�n�t�h�l�y� �w�i�t�h� �a� �t�h�e�r�m�o�-� 
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�h�y�g�r�o� �p�r�o�b�e� �(�S�o�l�o�m�a�t�,� �S�t�a�m�f�o�r�d�,� �C�T�,� �U�S�A�)�.� �C�h�a�m�b�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �R�H� �a�v�e�r�a�g�e�d� �2�2�.�8� �(�+�1�.�8� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s�)� �°� 

�C�c� �a�n�d� �6�8� �(�+�1�1�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �d�u�r�i�n�g� �t�h�e� �d�a�y� �a�n�d� �2�0�.�6� 

�(�+�1�.�4�)�°� �c� �a�n�d� �7�9� �(�+�1�3�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�t� �n�i�g�h�t� �i�n� �t�h�e� �h�i�g�h� 

�C�O�,� �t�r�e�a�t�m�e�n�t�.� �I�n� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�,� �c�h�a�m�b�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �R�H� �a�v�e�r�a�g�e�d� �2�2�.�5� �(�+�1�.�7�)�°� �C� �a�n�d� �6�3� �(�1�+�1�3�)�%�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �d�u�r�i�n�g� �t�h�e� �d�a�y� �a�n�d� �2�0�.�6� �(�+�1�.�3�)�°� �C�c� �a�n�d� �7�6� 

�(�+�1�8�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�t� �n�i�g�h�t�.� 

�S�o�i�l� �f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� 
� � � � 

�R�e�d� �s�p�r�u�c�e� �s�e�e�d� �(�F�.�W� �S�c�h�u�m�a�c�k�e�r�,� �S�a�n�d�w�i�c�h�,� �M�A�,� �U�S�A�)� �o�f� 

�u�n�k�n�o�w�n� �p�a�r�e�n�t�a�g�e� �c�o�l�l�e�c�t�e�d� �i�n� �t�h�e� �n�o�r�t�h�e�a�s�t�e�r�n� �U�n�i�t�e�d� 

�S�t�a�t�e�s� �w�a�s� �s�t�r�a�t�i�f�i�e�d� �f�o�r� �3�0� �d�a�y�s� �a�t� �3�°�c� �a�n�d� �s�o�w�n� �i�n� �a� �2�:�1� 

�m�i�x� �(�v�:�v�)� �o�f� �s�o�i�l� �f�r�o�m� �W�h�i�t�e�t�o�p� �m�o�u�n�t�a�i�n� �V�i�r�g�i�n�i�a� �(�a� �h�i�g�h� 

�e�l�e�v�a�t�i�o�n�,� �l�o�a�m�y�-�s�k�e�l�e�t�a�l�,� �m�i�x�e�d�,� �f�r�i�g�i�d�T�y�p�i�c� �H�a�p�l�u�m�b�r�e�p�t� 

�3� �R�a�y� �L�e�a�c�h� �s�o�i�l� �o�f� �p�H� �4�.�4�)� �a�n�d� �p�e�r�l�i�t�e� �i�n�t�o� �1�7�5�-�c�m� 

�C�o�n�e�t�a�i�n�e�r�s� �(�S�t�u�e�w�e� �&� �S�o�n�s�,� �I�n�c�.�,� �C�o�r�v�a�l�l�i�s�,� �O�R�,� �U�S�A�)�.� �T�h�e� 

�h�i�g�h� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �w�a�s� �a�p�p�l�i�e�d� �b�y� �h�a�n�d� �m�i�x�i�n�g� 

�n�o�n�s�o�l�u�b�l�e� �N�-�P�-�K� �a�t� �1�5�0� �k�g� �h�a!"�+�,� �6�6� �k�g� �h�a�~�+� �a�n�d� 

�1�2�4� �k�g� �h�a�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n�t�o� �t�h�e� �s�o�i�l�.� �C�a�l�c�i�u�m� �a�n�d� �M�g� 

�w�e�r�e� �a�p�p�l�i�e�d� �a�t� �5�0� �k�g� �h�a�~�+� �e�a�c�h� �u�s�i�n�g� �C�a�S�O�,� �a�n�d� �M�g�S�O�,�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �N�i�t�r�o�g�e�n�,� �P�,� �K�,� �C�a� �a�n�d� �M�g� �w�e�r�e� �a�p�p�l�i�e�d� �a�t� �7�5� 

�k�g� �h�a�~�!�,� �3�3� �k�g� �h�a�l�,� �6�2� �k�g� �h�a�t�,� �2�5� �k�g� �h�a�!� �a�n�d� �2�5� �k�g� �h�a�~�!�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �t�h�e� �l�o�w� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�.� 
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�T�h�e� �c�o�n�t�a�i�n�e�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �C�O�,� 

�t�r�e�a�t�m�e�n�t� �o�n� �2�5� �M�a�r�c�h� �1�9�9�1�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �o�n� �a� 

�1�6� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �f�o�r� �3� �m�o�n�t�h�s� �u�s�i�n�g� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p�s� �(�4�0�0� 

�W�)� �s�u�s�p�e�n�d�e�d� �o�v�e�r� �e�a�c�h� �c�h�a�m�b�e�r� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�0� �y�u�m�o�l� �m�~�<� 

�s�-�1� �a�t� �t�h�e� �s�e�e�d�l�i�n�g� �l�e�v�e�l� �a�f�t�e�r� �s�u�n�s�e�t�)�.� �A�f�t�e�r� �3� �m�o�n�t�h�s� �o�f� 

�g�r�o�w�t�h� �u�n�d�e�r� �1�6� �h�r� �p�h�o�t�o�p�e�r�i�o�d�s�,� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� 

�s�h�o�r�t� �d�a�y�s� �b�y� �c�o�v�e�r�i�n�g� �e�a�c�h� �c�h�a�m�b�e�r� �w�i�t�h� �w�h�i�t�e� �o�n� �b�l�a�c�k� �p�o�l�y� 

�f�i�l�m� �(�A�.�H�.� �H�u�m�m�e�r�t� �S�e�e�d� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�O�,� �U�S�A�)� �a�f�t�e�r� �8� �h�r� 

�o�f� �d�a�y�l�i�g�h�t� �t�o� �i�n�d�u�c�e� �b�u�d� �s�e�t�.� �B�u�d� �f�o�r�m�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�b�u�d� �b�r�e�a�k� �w�e�r�e� �i�n�d�u�c�e�d� �t�o� �a�v�o�i�d� �l�o�s�s� �o�f� �a�p�i�c�a�l� �d�o�m�i�n�a�n�c�e� 

�w�h�i�c�h� �i�s� �t�y�p�i�c�a�l� �o�f� �r�e�d� �s�p�r�u�c�e� �g�r�o�w�n� �u�n�d�e�r� �g�r�e�e�n�h�o�u�s�e� 

�c�o�n�d�i�t�i�o�n�s� �w�i�t�h�o�u�t� �c�h�i�l�l�i�n�g� �a�p�p�l�i�c�a�t�i�o�n�.� �A�f�t�e�r� �2� �m�o�n�t�h�s� �o�f� 

�a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �w�h�e�n� �t�h�e� �5�-�m�o�n�t�h�-�o�l�d� �s�e�e�d�l�i�n�g�s� �h�a�d� �s�e�t� �a� 

�b�u�d� �a�n�d� �a�p�p�e�a�r�e�d� �v�i�s�i�b�l�y� �h�a�r�d�e�n�e�d� �(�e�l�o�n�g�a�t�i�o�n� �h�a�d� �c�e�a�s�e�d� �a�n�d� 

�n�e�w� �g�r�o�w�t�h� �h�a�d� �t�h�i�c�k�e�n�e�d� �a�n�d� �d�a�r�k�e�n�e�d�)�,� �a�l�l� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�w�a�t�e�r�e�d� �a�n�d� �p�l�a�c�e�d� �i�n� �a� �c�o�l�d� �r�o�o�m� �a�t� �3�°�c�C� �f�o�r� �7� �w�e�e�k�s�.� 

�S�e�e�d�l�i�n�g�s� �w�e�r�e� �n�o�t� �e�x�p�o�s�e�d� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �i�n� �t�h�e� �c�o�l�d� �r�o�o�m�.� 

�A�f�t�e�r� �7� �w�e�e�k�s�,� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �r�e�t�u�r�n�e�d� �t�o� �t�h�e�i�r� �a�p�p�r�o�p�r�i�a�t�e� 

�C�O�.� �t�r�e�a�t�m�e�n�t� �a�n�d� �a� �1�6� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �t�o� �i�n�d�u�c�e� �b�u�d� �b�r�e�a�k� 

�a�n�d� �c�o�n�t�i�n�u�e� �t�h�e� �s�t�u�d�y�.� 

�B�e�c�a�u�s�e� �r�e�s�t�r�i�c�t�e�d� �r�o�o�t� �g�r�o�w�t�h� �m�a�y� �l�i�m�i�t� �p�l�a�n�t� �g�r�o�w�t�h� 

�r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �(�A�r�p� �1�9�9�1�)�,� �a� �s�u�b�s�e�t� �o�f� �s�e�e�d�l�i�n�g�s� 

�w�a�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �l�a�r�g�e�r� �p�o�t�s� �a�t� �7� �m�o�n�t�h�s� �o�f� �a�g�e� �t�o� 

�e�l�i�m�i�n�a�t�e� �a�n�y� �p�o�t�e�n�t�i�a�l� �i�n�f�l�u�e�n�c�e� �o�f� �p�o�t�-�b�i�n�d�i�n�g� �o�n� �p�l�a�n�t� 

�r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,�.� �A� �s�u�b�s�e�t� �o�f� �1�0� �s�e�e�d�l�i�n�g�s� �f�r�o�m� 

�3�1



�e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �w�a�s� �t�r�a�n�s�p�l�a�n�t�e�d� �a�f�t�e�r� �r�e�m�o�v�a�l� 

�f�r�o�m� �t�h�e� �c�o�l�d� �r�o�o�m� �i�n�t�o� �6�4�6�-�c�m�?� �D�e�e�p�o�t�s� �(�S�t�u�e�w�e� �&� �S�o�n�s�,� 

�I�n�c�.�,� �C�o�r�v�a�l�l�i�s�,� �O�R�,� �U�S�A�)� �w�i�t�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�o�i�l� 

�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �(�d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�)� �r�e�a�p�p�l�i�e�d� �o�n�l�y� �t�o� 

�t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�s�.� �F�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�e�a�p�p�l�i�e�d� 

�d�u�r�i�n�g� �t�r�a�n�s�p�l�a�n�t�i�n�g� �b�e�c�a�u�s�e� �n�e�w� �s�o�i�l� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �l�a�r�g�e� 

�p�o�t�s� �a�n�d� �t�o� �i�n�s�u�r�e� �t�h�a�t� �s�e�e�d�l�i�n�g�s� �h�a�d� �a�d�e�q�u�a�t�e� �n�u�t�r�i�e�n�t�s� �f�o�r� 

�g�r�o�w�t�h�.� �P�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �m�o�s�t� �l�i�k�e�l�y� �i�n�c�l�u�d�e�d� �p�l�a�n�t� 

�r�e�s�p�o�n�s�e�s� �t�o� �n�u�t�r�i�e�n�t� �r�e�a�d�d�i�t�i�o�n� �a�s� �w�e�l�l� �a�s� �r�o�o�t�i�n�g� �v�o�l�u�m�e� 

�b�e�c�a�u�s�e�,� �i�n� �a�l�l� �p�r�o�b�a�b�i�l�i�t�y�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�e�i�t�h�e�r� �d�e�p�l�e�t�e�d� �o�r� �l�e�a�c�h�e�d� �o�u�t� �o�f� �t�h�e� �s�o�i�l� �i�n� �s�e�e�d�l�i�n�g�s� 

�g�r�o�w�n� �i�n� �1�7�5�-�c�m�3� �p�o�t�s� �b�y� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�t�u�d�y�.� �L�e�a�f� �N� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�l�e�m�e�n�t�s� �i�n� �t�h�e� �s�o�i�l� 

�f�r�o�m� �e�a�c�h� �f�e�r�t�i�l�i�t�y� �a�n�d� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �m�e�a�s�u�r�e�d� �a�t� �9� 

�m�o�n�t�h�s� �o�f� �a�g�e� �(�2� �m�o�n�t�h�s� �a�f�t�e�r� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d�)� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�s� �h�a�d� �m�o�r�e� �N�,� �P� �a�n�d� �K� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �g�r�o�w�t�h� �(�T�a�b�l�e� �3�.�1�)�.� �A�t� �9� �m�o�n�t�h�s�,� �l�e�a�f� �t�o�t�a�l� 

�K�j�e�l�d�a�h�l� �N� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �4� �s�a�m�p�l�e�s� �f�r�o�m� �e�a�c�h� �s�o�i�l� 

�f�e�r�t�i�l�i�t�y�,� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�.� �A� �l�e�a�f� �s�a�m�p�l�e� �c�o�n�s�i�s�t�e�d� �o�f� 

�n�e�e�d�l�e�s� �r�e�m�o�v�e�d� �f�r�o�m� �2� �s�e�e�d�l�i�n�g�s�.� �A� �s�o�i�l� �s�a�m�p�l�e� �c�o�n�s�i�s�t�e�d� 

�o�f� �s�o�i�l� �s�u�b�s�a�m�p�l�e�d� �f�r�o�m� �4� �p�o�t�s� �f�r�o�m� �a� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� 

�N�e�e�d�l�e�s� �a�n�d� �s�o�i�l� �w�e�r�e� �o�v�e�n�-�d�r�i�e�d� �a�t� �6�0�°�C� �a�n�d� �g�r�o�u�n�d�.� �T�o�t�a�l� 

�K�j�e�l�d�a�h�l� �n�i�t�r�o�g�e�n� �o�f� �l�e�a�f� �a�n�d� �s�o�i�l� �s�a�m�p�l�e�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�b�l�o�c�k� �d�i�g�e�s�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �t�h�e� �a�m�m�o�n�i�a� �s�a�l�i�c�y�l�a�t�e� 

�c�o�l�o�r�i�m�e�t�r�i�c� �t�e�c�h�n�i�q�u�e� �(�B�r�e�m�n�e�r� �a�n�d� �M�u�l�v�a�n�e�y� �1�9�8�2�)� �w�i�t�h� �a� 

�3�2



�T�a�b�l�e� �3�.�1� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g� �l�e�a�f� �n�i�t�r�o�g�e�n� �a�n�d� �t�h�e� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�o�i�l� �e�l�e�m�e�n�t�s� �a�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �s�o�i�l� 
�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �a�t� �9� �m�o�n�t�h�s�.� �S�o�i�l� 
�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�e�a�p�p�l�i�e�d� �a�t� �7� �m�o�n�t�h�s� �t�o� �s�e�e�d�l�i�n�g�s� 

� � 

� � 

� � 

�t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m �� �p�o�t�s�.� 

�P�o�t� �s�i�z�e� �F�e�r�t�i�l�i�t�y� �N�-�l�e�a� �N�-�s�o�i�l� �P� �K� �-�1� �C�a� �M�g� 
�(�c�m�~� �)� �t�r�e�a�t�m�e�n�t� �(�u�g� �g�Q� �~�-�)� �w�e�r� �r�t�e�r�n�m�H�n� �(�M�G� �J� �~�)�c�c�m�m�-�-�-�-� 

�1�7�5� �l�o�w� �8�5�0�0� �3�2�0�0� �0�.�1� �5�5� �1�9�0� �4�6� 
�1�7�5� �h�i�g�h� �8�7�0�0� �3�2�0�0� �0�.�2� �5�8� �1�9�7� �4�8� 
�x�X� �8�6�0�0�§� �3�2�0�0� �0�.�2�§� �5�6�§� �1�9�3�§� �4�7�§� �1�7�5� 

�6�4�6� �l�o�w� �1�4�3�0�0� �3�1�0�0� �1�.�5� �6�4� �1�4�6� �2�9�%� 
�6�4�6� �h�i�g�h� �1�4�8�0�0� �3�3�0�0� �3�.�7� �9�2� �1�6�3� �4�1� 
�X�6�4�6� �1�4�5�0�0� �3�2�0�0� �2�.�6� �7�8� �1�5�4� �3�5� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�o�i�l� �f�e�r�t�i�l�i�t�y� 
�t�r�e�a�t�m�e�n�t� �w�i�t�h�i�n� �a� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l� 
�(�n�=�4� �f�o�r� �l�e�a�f� �a�n�d� �s�o�i�l� �N� �a�n�d� �n�=�8� �f�o�r� �s�o�i�l� �P�,� �K�,� �C�a� �a�n�d� �M�g�)�.� 

�§� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �p�o�t� �s�i�z�e� 
�t�r�e�a�t�m�e�n�t� �m�e�a�n�s� �(�X�)� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �l�e�a�f� �o�r� �s�o�i�l� 
�e�l�e�m�e�n�t�s� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 
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�T�e�c�h�n�i�c�o�n� �A�u�t�o� �A�n�a�l�y�z�e�r� �I�I� �(�T�e�c�h�n�i�c�o�n� �I�n�s�t�r�u�m�e�n�t�s� �C�o�r�p�.�,� 

�T�a�r�r�y�t�o�w�n�,� �N�Y�,� �U�S�A�)�.� �E�x�c�h�a�n�g�e�a�b�l�e� �c�a�t�i�o�n�s� �i�n� �t�h�e� �s�o�i�l� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �0�.�0�5� �N� �H�C�l� �a�n�d� �0�.�0�2�5� �N� �H�.�S�O�,� 

�a�n�d� �s�u�b�s�e�q�u�e�n�t� �c�o�l�o�r�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �i�n�d�u�c�t�i�v�e�l�y� 

�c�o�u�p�l�e�d� �p�l�a�s�m�a� �(�I�C�P�)� �s�p�e�c�t�r�o�m�e�t�r�y�.� 

�W�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �w�a�t�e�r�e�d� �d�a�i�l�y�.� �W�a�t�e�r� 

�s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �w�a�s� �i�n�i�t�i�a�t�e�d� �w�h�e�n� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �1�0� 

�w�e�e�k�s� �o�l�d� �a�n�d� �d�e�f�i�n�e�d� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�y�s� �b�e�t�w�e�e�n� 

�w�a�t�e�r�i�n�g�s� �(�T�a�b�l�e� �3�.�2�)�.� �N�e�e�d�l�e� �r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �(�R�W�C�)� 

�w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �c�y�c�l�e�s� �4�-�6� �w�h�e�n� �t�h�e� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �l�a�r�g�e�r�.� �C�y�c�l�e�s� �w�e�r�e� �t�h�e�n� �a�d�j�u�s�t�e�d� �a�c�c�o�r�d�i�n�g�l�y� �t�o� 

�a�p�p�r�o�x�i�m�a�t�e� �e�q�u�a�l� �s�t�r�e�s�s� �l�e�v�e�l�s� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s� 

�(�T�a�b�l�e� �3�.�2�)�.� �R�W�C� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �s�u�b�s�a�m�p�l�i�n�g� �n�e�e�d�l�e�s� �f�r�o�m� 

�5� �s�e�e�d�l�i�n�g�s� �i�n� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �f�o�r� �a� �t�o�t�a�l� �o�f� �4� 

�r�e�p�e�t�i�t�i�o�n�s� �f�o�r� �a� �d�r�o�u�g�h�t� �c�y�c�l�e� �a�n�d� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �N�e�e�d�l�e�s� 

�w�e�r�e� �i�m�m�e�d�i�a�t�e�l�y� �w�e�i�g�h�e�d�,� �p�l�a�c�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �i�n� �t�h�e� 

�d�a�r�k� �a�t� �2�4�°�C� �o�v�e�r�n�i�g�h�t� �(�2�4� �h�r�)�,� �a�n�d� �t�h�e�n� �b�l�o�t�t�e�d� �d�r�y� �a�n�d� 

�r�e�w�e�i�g�h�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �s�a�t�u�r�a�t�e�d� �w�e�i�g�h�t� �(�S�W�)�.� �S�a�m�p�l�e�s� �w�e�r�e� 

�t�h�e�n� �o�v�e�n�-�d�r�i�e�d� �f�o�r� �4�8� �h�r� �a�t� �6�0�°�C� �a�n�d� �R�W�C� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�R�W�C� �=� �(�F�W�-�O�D�)�+�(�S�W�-�O�D�)� �x� �1�0�0� 

�w�h�e�r�e� �F�W� �=� �f�r�e�s�h� �w�e�i�g�h�t� �a�n�d� �O�D� �=� �o�v�e�n�-�d�r�i�e�d� �w�e�i�g�h�t�.� �T�o� 

�a�v�o�i�d� �r�e�m�o�v�i�n�g� �t�o�o� �m�u�c�h� �l�e�a�f� �a�r�e�a� �f�r�o�m� �t�h�e� �s�m�a�l�l� �s�e�e�d�l�i�n�g�s�,� 

�p�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �w�a�s� �n�o�t� �m�e�a�s�u�r�e�d� �f�o�r� �c�y�c�l�e�s� �6�-�9� �w�h�e�n� �t�h�e� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �s�h�o�r�t� �d�a�y�s� �a�n�d� �c�y�c�l�e�s� �1�0�-�1�1� �w�h�e�n� 
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�T�a�b�l�e� �3�.�2�.� �D�r�o�u�g�h�t� �c�y�c�l�e�s� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �d�u�r�a�t�i�o�n� �a�n�d� 
�n�e�e�d�l�e� �r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �(�R�W�C�)� �o�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �(�W�P�)� 
�o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �C�O�,� �a�n�d� �p�o�t� �s�i�z�e� 
�t�r�e�a�t�m�e�n�t�.� 

� � 

� � 

�C�O�,� �t�r�e�a�t�m�e�n�t� �(�p�p�m� �C�O�.�)� 

� � 

� � 

� � 

�3�7�4� �7�1�3� 

�D�r�o�u�g�h�t� �P�o�t�_�s�i�z�e� 
�c�y�c�l�e� �(�c�m�?�)� �D�a�y�s� �R�W�C�(�%�)� �W�P�(�M�P�a�)� �D�a�y�s� �R�W�C�(�%�)� �W�P�(�M�P�a�)� 

�1� �1�7�5�2� �7� �-�3� �7� 
�2� �1�7�5� �7� �7� 
�3� �1�7�5� �7� �7� 
�4� �1�7�5� �7� �9�0� �7� �8�3� 
�5� �1�7�5� �1�1� �8�6� �9� �8�6� 
�6� �1�7�5� �1�1� �+�8�9� �1�0� �+� �8�9� 
�7� �1�7�5� �1�1� �9� 
�8� �1�7�5� �1�1� �1�0� 
�9� �1�7�5� �1�2� �1�0� 
�1�0� �1�7�5� �1�3� �1�0� 
�1�0� �6�4�6� �1�3� �1�0� 
�1�1� �1�7�5� �1�2� �9� 
�1�1� �6�4�6� �1�2� �9� 
�1�2� �1�7�5� �1�6� �8�7� �1�1� �9�3� 
�1�2� �6�4�6� �1�6� �9�0� �1�1� �9�4� 
�1�3� �1�7�5� �1�6� �-�1�.�5�0� �1�4� �-�1�.�8�2� 
�1�3� �6�4�6� �1�6� �-�1�.�2�5� �1�4� �-�1�.�5�4� 
�1�4� �1�7�5� �1�6� �«�8�8� �1�4�.� �«�8�9� 
�1�4� �6�4�6� �1�6� �©�6�6�8�8� �1�4� �9�0� 
�1�5� �1�7�5� �1�5� �-�1�.�6�8� �1�3� �-�1�.�6�9� 
�1�5� �6�4�6� �1�5� �-�1�.�5�0� �1�3� �-�1�.�5�1� 
�1�6� �1�7�5� �1�2� �-�1�.�5�3� �1�3�.�8�7� 
�1�6� �6�4�6� �1�2� �-�1�.�2�5� �1�3�.� �8�8� 
�1�7� �1�7�5� �1�5� �-�1�.�5�0� �1�3� �-�1�.�6�9� 
�1�7� �6�4�6� �1�5� �-�1�.�4�5� �1�3� �~�1�.�5�1� 
�1�8� �1�7�5� �1�6� �-�1�.�5�6� �1�2� �-�1�.�2�0� 
�1�8� �6�4�6� �1�6� �-�1�.�4�8� �1�2� �-�1�.�4�8� 
�1�9� �1�7�5� �1�1� �1�3� �-�1�.�3�5� 
�1�9� �6�4�6� �1�1� �1�3� �-�1�.�3�0� 
�2�0� �1�7�5� �1�4� 
�2�0� �6�4�6� �1�4� 
�X� �1�7�5� �8�6� �-�1�.�5�2� �8�8� �-�1�.�5�5� 
�X� �6�4�6� �8�9� �-�1�.�3�2�%� �9�0� �-�1�.�5�1� 
� � 

�3�5



�T�a�b�l�e� �3�.�2� �c�o�n�t�i�n�u�e�d�.� 

� � 

� � 

�1� �c�o�n�t�r�o�l� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �w�a�t�e�r�e�d� �G�a�i�l�y� �a�n�d� �R�W�C� �a�n�d� �W�P� 
�a�v�e�r�a�g�e�d� �9�4�(�+�2�)�%� �a�n�d� �-�0�.�6�5�(�+�0�.�1�6�)� �M�P�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� 
�s�e�e�d�l�i�n�g�s� �i�n� �t�h�e� �e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �R�W�C� �a�n�d� �W�P� 
�a�v�e�r�a�g�e�d� �9�3�(�+�2�)�%� �a�n�d� �-�0�.�7�3�(�+�6�.�1�6�)� �M�P�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� 
�c�o�n�t�r�o�l� �s�e�e�d�l�i�n�g�s� �i�n� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �M�e�a�n� 
�s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� �a�r�e� �n�o�t�e�d� �i�n� �p�a�r�e�n�t�h�e�s�e�s�.� 

�3� �2� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�~� �p�o�t�s� �a�f�t�e�r� 
�d�r�o�u�g�h�t� �c�y�c�l�e� �9�.� 

�3� �P�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �w�a�s� �n�o�t� �m�e�a�s�u�r�e�d� �w�h�e�r�e� �R�W�C� �o�r� �W�P� �v�a�l�u�e�s� 
�a�r�e� �o�m�i�t�t�e�d� �d�u�e� �t�o� �l�i�m�i�t�e�d� �p�l�a�n�t� �m�a�t�e�r�i�a�l�.� 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �R�W�C� �o�r� �W�P� �a�v�e�r�a�g�e�d� 
�a�c�r�o�s�s� �a�l�l� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �(�X�)� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h�i�n� 
�a� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� 
�d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �p�o�t� �s�i�z�e� �m�e�a�n�s� �w�i�t�h�i�n� �a� �C�O�,� 
�t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 
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�t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �b�r�e�a�k�i�n�g� �b�u�d�.� �A�f�t�e�r� �d�r�o�u�g�h�t� �c�y�c�l�e� �1�2�,� 

�w�h�o�l�e� �p�l�a�n�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �(�W�P�)� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� 

�3� �p�r�e�s�s�u�r�e� �c�h�a�m�b�e�r� �o�n� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �t�h�e� �1�7�5�-�c�m�~� �p�o�t� �t�r�e�a�t�m�e�n�t� 

�w�h�e�n� �e�x�t�r�a� �s�e�e�d�l�i�n�g�s� �b�e�c�a�m�e� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� 

�o�f� �a� �b�r�a�n�c�h� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �6�4�6�-�c�m�?� 

�p�o�t�s�.� �W�a�t�e�r� �p�o�t�e�n�t�i�a�l� �v�a�l�u�e�s� �w�e�r�e� �a�n� �a�v�e�r�a�g�e� �o�f� �2� �s�a�m�p�l�e�s� 

�f�r�o�m� �a� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� �N�o� �m�e�a�s�u�r�e�s� �o�f� �p�l�a�n�t� �w�a�t�e�r� 

�s�t�a�t�u�s� �w�e�r�e� �m�a�d�e� �f�o�r� �t�h�e� �f�i�n�a�l� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �d�u�e� �t�o� �l�i�m�i�t�e�d� 

�a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �t�i�s�s�u�e�.� �R�W�C� �a�n�d� �W�P� �m�e�a�n�s� �w�e�r�e� 

�c�a�l�c�u�l�a�t�e�d� �a�c�r�o�s�s� �a�l�l� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �f�o�r� �e�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t� 

�w�i�t�h�i�n� �a� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�R�W�C� �m�e�a�n�s� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �o�b�s�e�r�v�e�d� �w�i�t�h�i�n� �e�i�t�h�e�r� 

�3� �p�o�t�s�,� �p�o�t� �s�i�z�e� �(�T�a�b�l�e� �3�.�2�)�.� �I�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �6�4�6�-�c�m� 

�e�l�e�v�a�t�e�d� �C�O� �j�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �h�a�d� �a� �l�o�w�e�r� �m�e�a�n� �W�P� �t�h�a�n� 

�a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �(�T�a�b�l�e� �3�.�2�)�.� 

�G�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�G�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �2�,� �3�,� �5�,� �9� �a�n�d� �1�2� 

�m�o�n�t�h�s� �a�f�t�e�r� �g�e�r�m�i�n�a�t�i�o�n� �o�n� �5� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �s�e�e�d�l�i�n�g�s� 

�f�r�o�m� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� �D�i�f�f�e�r�e�n�t� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �a�t� �e�a�c�h� �m�e�a�s�u�r�e�m�e�n�t� �p�e�r�i�o�d�.� �P�r�e�v�i�o�u�s� �t�o� �e�a�c�h� 

�m�e�a�s�u�r�e�m�e�n�t� �s�e�s�s�i�o�n�,� �a�l�l� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e� �w�a�t�e�r�e�d� 

�f�o�r� �2� �d�a�y�s� �t�o� �e�n�s�u�r�e� �c�o�m�p�l�e�t�e� �h�y�d�r�a�t�i�o�n�.� �W�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t� �a�n�d� �a�v�e�r�a�g�e�d� 

�-�0�.�7�2� �(�+�0�.�1�7�)� �M�P�a� �f�o�r� �t�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t� �a�n�d� �-�0�.�7�3� 
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�(�+�0�.�2�1�)� �M�P�a� �f�o�r� �t�h�e� �w�a�t�e�r�-�s�t�r�e�s�s�e�d� �t�r�e�a�t�m�e�n�t�.� �S�e�e�d�l�i�n�g�s� 

�w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �e�x�p�o�s�u�r�e� �c�h�a�m�b�e�r�s� �i�m�m�e�d�i�a�t�e�l�y� �p�r�i�o�r� �t�o� 

�g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�.� �G�a�s� �e�x�c�h�a�n�g�e� �o�f� �e�a�c�h� �s�a�m�p�l�e� 

�s�e�e�d�l�i�n�g� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �a� �c�u�v�e�t�t�e� �C�0�4� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�5�8� 

�(�+�7�)� �p�p�m� �a�n�d� �7�2�8� �(�+�4�)� �p�p�m� �C�O�,� �i�n� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �u�s�i�n�g� �a� 

�p�o�r�t�a�b�l�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �s�y�s�t�e�m� �(�L�I�-�6�2�5�0�,� �L�I�-�C�O�R� �I�n�c�.�,� 

�L�i�n�c�o�l�n�,� �N�E�,� �U�S�A�)�.� �A�v�e�r�a�g�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �p�h�o�t�o�n� �f�l�u�x� 

�d�e�n�s�i�t�y� �a�t� �t�h�e� �l�e�a�f� �s�u�r�f�a�c�e� �w�a�s� �9�3�9� �(�+�2�5�9�)� �p�m�o�l� �m�7�2� �g�t� 

�c�u�v�e�t�t�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �R�H� �a�v�e�r�a�g�e�d� �2�6�.�0� �(�+�4�.�3�)�°�C� �a�n�d� �3�7� 

�(�+�1�3�)� �%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �a�l�l� �g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�M�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �b�e�t�w�e�e�n� �0�8�0�0� �a�n�d� �1�4�0�0� �h�r� �o�n� �a�t�t�a�c�h�e�d� 

�l�e�a�f� �t�i�s�s�u�e�.� �T�h�e� �e�n�t�i�r�e� �u�p�p�e�r� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�r�o�w�n� 

�(�i�n�c�l�u�d�e�d� �b�o�t�h� �d�e�v�e�l�o�p�i�n�g� �a�n�d� �f�u�l�l�y� �e�x�p�a�n�d�e�d� �l�e�a�f� �t�i�s�s�u�e�)� �o�f� 

�a� �s�e�e�d�l�i�n�g� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �c�u�v�e�t�t�e�.� �A�f�t�e�r� �m�e�a�s�u�r�e�m�e�n�t�,� 

�p�r�o�j�e�c�t�e�d� �a�r�e�a� �o�f� �t�h�e� �n�e�e�d�l�e�s� �w�i�t�h�i�n� �t�h�e� �c�u�v�e�t�t�e� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �d�i�g�i�t�a�l� �s�c�a�n�n�e�r� �(�H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �S�c�a�n�J�e�t� 

�P�l�u�s�,� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �C�o�.�,� �B�o�i�s�e�,� �I�D�,� �U�S�A�)�.� �A� �k�n�o�w�n� �a�r�e�a� 

�w�a�s� �s�c�a�n�n�e�d� �a�n�d� �c�o�n�v�e�r�t�e�d� �t�o� �n�u�m�b�e�r� �o�f� �p�i�x�e�l�s�.� �T�h�i�s� �r�a�t�i�o� 

�o�f� �k�n�o�w�n� �a�r�e�a� �t�o� �n�u�m�b�e�r� �o�f� �p�i�x�e�l�s� �w�a�s� �u�s�e�d� �t�o� �t�r�a�n�s�l�a�t�e� 

�p�i�x�e�l� �n�u�m�b�e�r� �t�o� �p�r�o�j�e�c�t�e�d� �n�e�e�d�l�e� �a�r�e�a�.� 

�A�t� �1�2� �m�o�n�t�h�s�,� �g�a�s� �e�x�c�h�a�n�g�e� �o�f� �n�e�w� �a�n�d� �o�l�d� �f�o�l�i�a�g�e� �o�f� 

�3� �p�o�t�s� �w�a�s� �a�l�s�o� �m�e�a�s�u�r�e�d� �s�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m� 

�a�t� �3�6�3� �a�n�d� �7�3�0� �p�p�m� �C�O�,� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� 

�r�e�s�p�o�n�s�e� �t�o� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �d�i�f�f�e�r�e�d� �b�y� �l�e�a�f� �a�g�e�.� 

�Y�o�u�n�g�e�r� �f�o�l�i�a�g�e� �w�a�s� �d�e�f�i�n�e�d� �a�s� �l�e�a�f� �g�r�o�w�t�h� �o�n� �t�h�e� �t�o�p� �5� �c�m� 
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�o�f� �s�t�e�m� �a�n�d� �o�l�d�e�r� �g�r�o�w�t�h� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �l�e�a�f� �t�i�s�s�u�e� �o�n� 

�t�h�e� �n�e�x�t� �l�o�w�e�r� �5� �c�m� �o�f� �s�t�e�m�.� �N�e�w� �t�i�s�s�u�e� �w�a�s� �e�a�s�i�l�y� 

�d�i�s�t�i�n�g�u�i�s�h�e�d� �f�r�o�m� �o�l�d� �v�i�s�u�a�l�l�y� �(�y�o�u�n�g�e�r� �n�e�e�d�l�e�s� �w�e�r�e� �a� 

�l�i�g�h�t�e�r� �g�r�e�e�n� �a�n�d� �m�o�r�e� �s�u�c�c�u�l�e�n�t� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �o�l�d�e�r� 

�n�e�e�d�l�e�s� �w�h�i�c�h� �w�e�r�e� �d�a�r�k�e�r� �a�n�d� �f�u�l�l�y� �e�x�p�a�n�d�e�d�)�.� �L�e�a�f� �a�g�e� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�a�s� �e�x�c�h�a�n�g�e� �w�e�r�e� �n�o�t� �m�e�a�s�u�r�e�d� �i�n� �s�e�e�d�l�i�n�g�s� 

�g�r�o�w�n� �i�n� �1�7�5�-�c�m�?� �p�o�t�s� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �s�m�a�l�l� �s�i�z�e�.� 

�D�a�r�k� �r�e�s�p�i�r�a�t�i�o�n� �(�R�d�)� �o�f� �n�e�w� �a�n�d� �o�l�d� �f�o�l�i�a�g�e� �o�f� 

�t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�s� �(�6�4�6�-�c�m�?� �p�o�t�t�e�d� �s�e�e�d�l�i�n�g�s�)� �a�n�d� �o�f� �t�h�e� 

�e�n�t�i�r�e� �u�p�p�e�r� �c�r�o�w�n� �o�f� �1�7�5�-�c�m�?� �p�o�t�t�e�d� �s�e�e�d�l�i�n�g�s� �w�a�s� �a�l�s�o� 

�m�e�a�s�u�r�e�d� �a�t� �1�2� �m�o�n�t�h�s� �a�t� �a� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�6�3� �p�p�m�.� 

�R�e�s�p�i�r�a�t�i�o�n� �w�a�s� �m�e�a�s�u�r�e�d� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �b�y� �c�o�v�e�r�i�n�g� �t�h�e� �l�e�a�f� �c�h�a�m�b�e�r� �t�o� �e�l�i�m�i�n�a�t�e� 

�l�i�g�h�t�.� 

�B�i�o�m�a�s�s� �M�e�a�s�u�r�e�m�e�n�t�s� 

�B�i�o�m�a�s�s� �m�e�a�s�u�r�e�m�e�n�t�s� �c�o�i�n�c�i�d�e�d� �w�i�t�h� �g�a�s� �e�x�c�h�a�n�g�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �2�,� �3�,� �5�,� �9� �a�n�d� �1�2� �m�o�n�t�h�s� �a�f�t�e�r� �g�e�r�m�i�n�a�t�i�o�n�.� 

�A�t� �e�a�c�h� �o�f� �t�h�e� �h�a�r�v�e�s�t�s�,� �1�0� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �s�e�e�d�l�i�n�g�s� �(�5� 

�o�f� �w�h�i�c�h� �w�e�r�e� �u�s�e�d� �i�n� �g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�)� �f�r�o�m� �e�a�c�h� 

�t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �w�e�r�e� �o�v�e�n�-�d�r�i�e�d� �a�t� �6�0�°�C� �f�o�r� �a�t� �l�e�a�s�t� 

�4�8� �h�r� �a�n�d� �s�e�e�d�l�i�n�g� �s�h�o�o�t� �w�e�i�g�h�t�,� �r�o�o�t� �w�e�i�g�h�t�,� �a�n�d� �l�e�a�f� 

�w�e�i�g�h�t� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �m�e�a�n� �r�e�l�a�t�i�v�e� 

�g�r�o�w�t�h� �r�a�t�e� �(�R�G�R�)� �a�n�d� �o�r�g�a�n� �d�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s�.� 

�A�t� �t�h�e� �f�i�n�a�l� �h�a�r�v�e�s�t� �t�o�t�a�l� �h�e�i�g�h�t�,� �d�i�a�m�e�t�e�r� �a�t� �t�h�e� �r�o�o�t� 
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�c�o�l�l�a�r�,� �a�n�d� �b�r�a�n�c�h� �n�u�m�b�e�r� �w�e�r�e� �m�e�a�s�u�r�e�d� �o�n� �1�0� �s�e�e�d�l�i�n�g�s� �f�r�o�m� 

�e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� �B�e�c�a�u�s�e� �t�h�e� �n�u�m�b�e�r� �o�f� �b�r�a�n�c�h�e�s� 

�f�o�r�m�e�d� �o�n� �a� �s�t�e�m� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �s�t�e�m� �h�e�i�g�h�t�,� �t�h�e� �t�a�b�u�l�a�t�e�d� 

�n�u�m�b�e�r� �w�a�s� �d�i�v�i�d�e�d� �b�y� �s�t�e�m� �h�e�i�g�h�t� �t�o� �e�s�t�i�m�a�t�e� �b�r�a�n�c�h� 

�d�e�n�s�i�t�y�.� �S�p�e�c�i�f�i�c� �l�e�a�f� �w�e�i�g�h�t� �(�S�L�W�)� �w�a�s� �a�l�s�o� �m�e�a�s�u�r�e�d� �a�t� �1�2� 

�m�o�n�t�h�s� �o�f� �a�g�e� �o�n� �a� �s�a�m�p�l�e� �o�f� �5� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �e�a�c�h� �t�r�e�a�t�m�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n�.� �P�r�o�j�e�c�t�e�d� �l�e�a�f� �a�r�e�a� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� 

�d�i�g�i�t�a�l� �s�c�a�n�n�e�r� �(�H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �S�c�a�n�J�e�t� �P�l�u�s�,� �H�e�w�l�e�t�t�-� 

�P�a�c�k�a�r�d� �C�o�.�,� �B�o�i�s�e�,� �I�d�a�h�o�,� �U�S�A�)�.� 

�T�h�e� �m�e�a�n� �R�G�R� �b�e�t�w�e�e�n� �h�a�r�v�e�s�t�s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �:� 

�R�G�R� �=� �(�1�n�W�,� �-� �1�n�W�,�)�/� �(�t�z� �-� �t�}�)� 

�w�h�e�r�e� �W�,� �i�s� �t�o�t�a�l� �p�l�a�n�t� �w�e�i�g�h�t� �a�t� �t�i�m�e� �2� �(�t�z�)� �a�n�d� �W�,� �i�s� 

�t�o�t�a�l� �p�l�a�n�t� �w�e�i�g�h�t� �a�t� �t�i�m�e� �1� �(�t�,�)�.� 

�O�r�g�a�n� �g�r�o�w�t�h� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�o�t�a�l� �p�l�a�n�t� �s�i�z�e�,� 

�t�h�e�r�e�f�o�r�e�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �o�r�g�a�n� �g�r�o�w�t�h� �m�a�y� �b�e� �d�u�e� �t�o� �a� 

�t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t� �o�n� �t�o�t�a�l� �p�l�a�n�t� �s�i�z�e� �r�a�t�h�e�r� �t�h�a�n� �t�o� �a�n� 

�e�f�f�e�c�t� �o�n� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n� �t�o� �r�o�o�t� �a�n�d� �s�h�o�o�t�.� �E�a�m�u�s� �a�n�d� 

�J�a�r�v�i�s� �(�1�9�8�9�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �C�O�,� �e�f�f�e�c�t�s� �a�r�e� 

�a� �r�e�s�u�l�t� �o�f� �p�l�a�n�t�s� �g�e�t�t�i�n�g� �b�i�g�g�e�r� �f�a�s�t�e�r� �i�n� �h�i�g�h� �C�O�,� �r�a�t�h�e�r� 

�t�h�a�n� �a� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �C�O�,� �o�n� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n�.� �T�o� 

�d�e�t�e�r�m�i�n�e� �i�f� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �d�r�y� �w�e�i�g�h�t� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n� 

�p�a�t�t�e�r�n�s� �e�x�i�s�t�e�d� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s�,� �a�l�l�o�m�e�t�r�i�c� �g�r�o�w�t�h� 

�a�n�a�l�y�s�i�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �C�a�u�s�t�o�n� �a�n�d� �V�e�n�u�s� �(�1�9�8�1�)� �w�a�s� �u�s�e�d�.� 

�D�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s� �t�o� �r�o�o�t�,� �s�t�e�m� �a�n�d� �l�e�a�f� �o�r�g�a�n�s� 

�i�n� �e�l�e�v�a�t�e�d� �a�n�d� �a�m�b�i�e�n�t� �C�O�,� �w�e�r�e� �e�x�a�m�i�n�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� 
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�r�e�g�r�e�s�s�i�o�n� �p�a�r�a�m�e�t�e�r�s� �'�c�'� �a�n�d� �'�d� �'� �i�n� �t�h�e� �t�r�a�n�s�f�o�r�m�e�d� 

�e�q�u�a�t�i�o�n�:� 

�I�n�(�W�j�)� �=� �I�n�c�!� �+� �d�l�n�(�W�s�)� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �a�l�l�o�m�e�t�r�i�c� �g�r�o�w�t�h� �e�q�u�a�t�i�o�n�:� 

�W�i� �=� �o�w�s�?� 

�w�h�e�r�e� �W�;� �a�n�d� �W�s� �a�r�e� �t�h�e� �d�r�y� �w�e�i�g�h�t�s� �o�f� �t�w�o� �p�l�a�n�t� �p�a�r�t�s�,� �t�h�e� 

�i�n�t�e�r�c�e�p�t� �'�c�'� �i�s� �t�h�e� �c�o�n�s�t�a�n�t� �o�f� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �(�o�r� �i�n�i�t�i�a�l� 

�d�r�y� �m�a�t�t�e�r� �i�n�v�e�s�t�m�e�n�t�)� �a�n�d� �t�h�e� �s�l�o�p�e� �'�d�'� �i�s� �t�h�e� �e�x�p�o�n�e�n�t�i�a�l� 

�f�a�c�t�o�r� �(�o�r� �r�e�l�a�t�i�v�e� �o�r�g�a�n� �g�r�o�w�t�h� �r�a�t�e�)� �o�f� �t�h�e� �a�l�l�o�m�e�t�r�i�c� 

�g�r�o�w�t�h� �e�q�u�a�t�i�o�n�.� �D�a�t�a� �w�e�r�e� �c�o�m�b�i�n�e�d� �a�c�r�o�s�s� �s�o�i�l� �f�e�r�t�i�l�i�t�y� 

�a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �t�h�e� �s�t�u�d�e�n�t�i�z�e�d� �r�a�n�g�e� 

�s�t�a�t�i�s�t�i�c� �w�a�s� �u�s�e�d� �t�o� �t�e�s�t� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �i�n�t�e�r�c�e�p�t� 

�a�n�d� �t�h�e� �s�l�o�p�e� �e�s�t�i�m�a�t�e�s� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�o�t� �s�i�z�e� 

�t�r�e�a�t�m�e�n�t�.� �R�e�g�r�e�s�s�i�o�n� �l�i�n�e�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �p�o�t� �s�i�z�e� 

�t�r�e�a�t�m�e�n�t� �b�e�c�a�u�s�e� �s�l�o�p�e� �a�n�d� �i�n�t�e�r�c�e�p�t� �p�a�r�a�m�e�t�e�r�s� �f�r�o�m� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�i�n�g� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n� �w�e�r�e� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �1�7�5� �a�n�d� 

�6�4�6�-�c�m�?� �p�o�t�s� �(�p�s�0�.�0�5�)�.� �D�i�f�f�e�r�e�n�c�e�s� �i�n� �d�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� 

�p�a�t�t�e�r�n�s� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�i�d�e�n�t�i�f�y�i�n�g� �d�i�f�f�e�r�e�n�t� �i�n�t�e�r�c�e�p�t� �v�a�l�u�e�s� �w�h�e�n� �s�l�o�p�e�s� �w�e�r�e� 

�S�i�m�i�l�a�r� �o�r� �b�y� �i�d�e�n�t�i�f�y�i�n�g� �d�i�v�e�r�g�e�n�t� �s�l�o�p�e�s�.� 

�S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� 

�G�a�s� �e�x�c�h�a�n�g�e� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �3� �f�a�c�t�o�r� 

�a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�i�t�h� �C�O�,� �g�r�o�w�t�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �s�o�i�l� 
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�f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �a�s� �m�a�i�n� �e�f�f�e�c�t�s� �a�t� �3� 

�a�n�d� �5� �m�o�n�t�h�s�.� �W�a�t�e�r� �s�t�r�e�s�s� �w�a�s� �n�o�t� �i�n�c�l�u�d�e�d� �a�s� �a� �m�a�i�n� 

�f�a�c�t�o�r� �i�n� �a�n�a�l�y�s�i�s� �o�f� �g�a�s� �e�x�c�h�a�n�g�e� �v�a�r�i�a�b�l�e�s� �a�t� �2� �m�o�n�t�h�s� 

�b�e�c�a�u�s�e� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �h�a�d� �b�e�e�n� �i�n�i�t�i�a�t�e�d� �f�o�r� �o�n�l�y� �2� 

�w�e�e�k�s�.� �P�o�t� �s�i�z�e� �w�a�s� �a�d�d�e�d� �a�s� �a� �f�o�u�r�t�h� �f�a�c�t�o�r� �i�n� �t�h�e� 

�a�n�a�l�y�s�i�s� �o�f� �g�a�s� �e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e�s� �a�t� �9� �a�n�d� �1�2� �m�o�n�t�h�s�.� 

�D�i�f�f�e�r�e�n�c�e�s� �i�n� �g�a�s� �e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e�s� �b�e�t�w�e�e�n� �y�o�u�n�g� �a�n�d� �o�l�d� 

�f�o�l�i�a�g�e� �w�e�r�e� �a�n�a�l�y�z�e�d� �w�i�t�h�i�n� �t�h�e� �6�4�6�-�c�m�?� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� 

�u�s�i�n�g� �f�o�l�i�a�g�e� �a�g�e�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �C�O�,�-� 

�g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�s� �a�s� �m�a�i�n� �e�f�f�e�c�t�s�.� �D�r�y� �w�e�i�g�h�t� �r�e�s�p�o�n�s�e�s� �a�t� 

�1�2� �m�o�n�t�h�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� �t�r�e�a�t�m�e�n�t�s� �u�s�i�n�g� �a� �4� �f�a�c�t�o�r� 

�a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�i�t�h� �C�O�,�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� 

�a�n�d� �p�o�t� �s�i�z�e� �a�s� �m�a�i�n� �e�f�f�e�c�t�s�.� �M�e�a�n� �R�G�R� �w�a�s� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� 

�t�r�e�a�t�m�e�n�t�s� �w�i�t�h�i�n� �a� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �u�s�i�n�g� �a� �3� �f�a�c�t�o�r� 

�a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�i�t�h� �C�O�5�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� 

�s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �a�s� �m�a�i�n� �e�f�f�e�c�t�s�.� �W�h�e�n� �a�p�p�r�o�p�r�i�a�t�e�,� �t�h�e� 

�a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �n�a�t�u�r�a�l� �l�o�g� �o�f� �a� 

�v�a�r�i�a�b�l�e� �t�o� �s�a�t�i�s�f�y� �h�e�t�e�r�o�g�e�n�e�i�t�y� �o�f� �v�a�r�i�a�n�c�e� �a�s�s�u�m�p�t�i�o�n�s�.� 

�R�E�S�U�L�T�S� 

�N�o� �s�i�g�n�i�f�i�c�a�n�t� �(�p�<�0�.�0�5�)� �t�w�o�-�w�a�y�,� �t�h�r�e�e�-�w�a�y� �o�r� �f�o�u�r�-�w�a�y� 

�i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �C�O�,� �g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y� 

�t�r�e�a�t�m�e�n�t�,� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �o�n� 

�r�e�d� �s�p�r�u�c�e� �n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �(�P�n�)�,� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �(�g�l�)�,� 
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�w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �(�W�U�E�)� �o�r� �i�n�t�e�r�n�a�l� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�(�C�i�)� �w�e�r�e� �o�b�s�e�r�v�e�d� �a�t� �a�n�y� �o�f� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�e�r�i�o�d�s�.� �A�t� �2� 

�m�o�n�t�h�s� �o�f� �a�g�e�,� �r�e�d� �s�p�r�u�c�e� �g�a�s� �e�x�c�h�a�n�g�e� �p�h�y�s�i�o�l�o�g�y� �w�a�s� �n�o�t� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �(�p�s�0�.�0�5�)� �i�n�f�l�u�e�n�c�e�d� �b�y� �C�O�,� �g�r�o�w�t�h� �e�n�v�i�r�o�n�m�e�n�t� 

�o�r� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �A�f�t�e�r� �3� �m�o�n�t�h�s� �o�f� 

�g�r�o�w�t�h�,� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �h�a�d� �g�r�e�a�t�e�r� �g�l� �t�h�a�n� 

�a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �a�t� �b�o�t�h� �C�O�,� �m�e�a�s�u�r�e�m�e�n�t� �l�e�v�e�l�s�,� 

�b�u�t� �n�o� �e�f�f�e�c�t� �o�f� �C�O�,� �g�r�o�w�t�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �P�n�,� �C�i� �o�r� �W�U�E� 

�w�a�s� �f�o�u�n�d� �(�T�a�b�l�e� �3�.�3�)�.� �S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �h�i�g�h� 

�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �g�r�e�a�t�e�r� �g�l� �w�h�e�n� �m�e�a�s�u�r�e�d� �a�t� �7�2�8� �p�p�m� 

�C�O�,� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �l�o�w� �f�e�r�t�i�l�i�t�y� �(�T�a�b�l�e� �3�.�3�)�.� 

�N�o� �m�a�i�n� �e�f�f�e�c�t� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �o�n� �a�n�y� �g�a�s� �e�x�c�h�a�n�g�e� 

�v�a�r�i�a�b�l�e� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �3�-�m�o�n�t�h�-�o�l�d�,� �r�e�h�y�d�r�a�t�e�d� �s�e�e�d�l�i�n�g�s� 

�(�w�a�t�e�r�-�s�t�r�e�s�s�e�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �w�e�l�l�-�w�a�t�e�r�e�d� �p�r�i�o�r� �t�o� �g�a�s� 

�e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�)� �(�T�a�b�l�e� �3�.�3�)�.� �H�o�w�e�v�e�r� �a�t� �5� �m�o�n�t�h�s�,� 

�w�a�t�e�r� �s�t�r�e�s�s� �r�e�d�u�c�e�d� �P�n� �a�n�d� �g�l� �a�t� �b�o�t�h� �C�O�,� �m�e�a�s�u�r�e�m�e�n�t� 

�l�e�v�e�l�s� �d�e�s�p�i�t�e� �s�i�m�i�l�a�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �b�e�t�w�e�e�n� �c�o�n�t�r�o�l� �a�n�d� 

�w�a�t�e�r�-�s�t�r�e�s�s�e�d� �s�e�e�d�l�i�n�g�s� �(�-�0�.�7�2� �M�P�a� �a�n�d� �-�0�.�7�3� �M�P�a�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�)� �(�T�a�b�l�e� �3�.�3�)�.� �S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �h�i�g�h� �s�o�i�l� 

�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �f�o�r� �5� �m�o�n�t�h�s� �h�a�d� �g�r�e�a�t�e�r� �P�n� �w�h�e�n� 

�m�e�a�s�u�r�e�d� �a�t� �7�2�8� �p�p�m� �C�O�,� �(�T�a�b�l�e� �3�.�3�)�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� 

�o�f� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �g�r�o�w�t�h� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �g�a�s� �e�x�c�h�a�n�g�e� �w�a�s� 

�o�b�s�e�r�v�e�d� �a�t� �5� �m�o�n�t�h�s�.� 

�A�t� �9� �m�o�n�t�h�s� �o�f� �a�g�e�,� �P�n� �w�a�s� �l�o�w�e�r� �i�n� �e�l�e�v�a�t�e�d� �C�O�.�-�g�r�o�w�n� 

�s�e�e�d�l�i�n�g�s� �w�h�e�n� �m�e�a�s�u�r�e�d� �a�t� �a� �C�0�5� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�5�8� �p�p�n�,� 
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�g�r�o�w�n� �i�n� �1�7�5�-�c�m�?� �p�o�t�s� �a�t� �b�o�t�h� �C�O�,� �m�e�a�s�u�r�e�m�e�n�t� �l�e�v�e�l�s� �(�T�a�b�l�e� 

�3�.�3�)�.� �C�i� �w�a�s� �l�o�w�e�r� �i�n� �t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�s� �o�n�l�y� �w�h�e�n� 

�m�e�a�s�u�r�e�d� �a�t� �3�5�8� �p�p�m� �C�O�,� �(�T�a�b�l�e� �3�.�3�)�.� 

�N�o� �s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �a�g�e� �o�f� �f�o�l�i�a�g�e� �a�n�d� 

�C�O�.� �g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� 

�o�r� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �f�o�r� �a�n�y� �g�a�s� �e�x�c�h�a�n�g�e� �v�a�r�i�a�b�l�e� �(�p�<�0�.�0�5�)� 

�w�e�r�e� �f�o�u�n�d� �a�t� �1�2� �m�o�n�t�h�s�.� �P�n� �a�n�d� �R�d� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
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�g�r�e�a�t�e�r� �i�n� �o�l�d�e�r� �f�o�l�i�a�g�e� �t�h�a�n� �i�n� �n�e�w� �f�o�l�i�a�g�e� �(�p�=�0�.�0�5�)�.� �M�e�a�n� 

�2� �2� �.�7�l� �P�n� �a�n�d� �R�d� �w�e�r�e� �8�.�0� �u�m�o�l� �m�n� �s�~�1� �a�n�d� �5�.�2� �p�m�o�l� �m �� �s� �-�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �t�h�e� �o�l�d�e�r� �f�o�l�i�a�g�e� �a�n�d� �5�.�9� �y�u�m�o�l� �m�2� �s�~�!� �a�n�d� 

�1�.�5� �p�m�o�l� �m�7�?� �s�l�,� �r�e�s�p�e�c�t�i�v�e�l�y� �i�n� �t�h�e� �y�o�u�n�g�e�r� �f�o�l�i�a�g�e�.� �N�o� 

�s�i�g�n�i�f�i�c�a�n�t� �(�p�s�0�.�0�5�)� �e�f�f�e�c�t� �o�f� �C�O�,� �g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�,� �s�o�i�l� 

�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �o�r� �p�o�t� �s�i�z�e� �o�n� �R�d� �w�a�s� �f�o�u�n�d�,� �b�u�t� �a�n� 

�i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�o�t� �s�i�z�e� 

�t�r�e�a�t�m�e�n�t� �o�n� �R�d� �w�a�s� �o�b�s�e�r�v�e�d�.� �W�a�t�e�r� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�d� �R�d� �i�n� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �6�4�6�-�c�m�?� �p�o�t�s� �C�O�,� �(�T�a�b�l�e� �3�.�4�)�.� 

�G�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� 

�A�f�t�e�r� �1�2� �m�o�n�t�h�s� �o�f� �g�r�o�w�t�h�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �(�p�<�0�.�0�5�)� 

�t�w�o�-�w�a�y� �o�r� �t�h�r�e�e�-�w�a�y� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� 

�w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �C�O�.� �t�r�e�a�t�m�e�n�t�s� �o�n� �a�n�y� �g�r�o�w�t�h� �v�a�r�i�a�b�l�e�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �i�n� �r�e�d� �s�p�r�u�c�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�(�p�s�0�.�0�5�)� �t�h�r�e�e�-�w�a�y� �o�r� �f�o�u�r�-�w�a�y� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �C�O�,� 

�s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �a�n�y� 

�g�r�o�w�t�h� �v�a�r�i�a�b�l�e� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �T�h�e� �o�n�l�y� �s�t�a�t�i�s�t�i�c�a�l� 

�i�n�t�e�r�a�c�t�i�o�n� �d�e�t�e�c�t�e�d� �w�a�s� �b�e�t�w�e�e�n� �p�o�t� �s�i�z�e� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� 

�t�r�e�a�t�m�e�n�t� �f�o�r� �d�r�y� �w�e�i�g�h�t� �g�r�o�w�t�h� �a�n�d� �h�e�i�g�h�t�.� �A� �s�i�g�n�i�f�i�c�a�n�t� 

�w�a�t�e�r� �s�t�r�e�s�s� �i�n�d�u�c�e�d� �r�e�d�u�c�t�i�o�n� �i�n� �o�r�g�a�n� �a�n�d� �t�o�t�a�l� �d�r�y� 

�w�e�i�g�h�t�s� �a�n�d� �h�e�i�g�h�t� �w�a�s� �f�o�u�n�d� �o�n�l�y� �i�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� 

�6�4�6�-�c�m�?� �p�o�t�s� �(�T�a�b�l�e� �3�.�5�)�.� �W�a�t�e�r� �s�t�r�e�s�s� �r�e�d�u�c�e�d� �s�e�e�d�l�i�n�g� 

�d�i�a�m�e�t�e�r� �i�n� �b�o�t�h� �p�o�t� �s�i�z�e�s� �b�u�t� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �b�r�a�n�c�h� 

�d�e�n�s�i�t�y� �o�r� �S�L�W� �(�T�a�b�l�e� �3�.�6�)�.� 
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�T�a�b�l�e� �3�.�4�.� �D�a�r�k� �r�e�s�p�i�r�a�t�i�o�n� �i�n� �r�e�s�p�o�n�s�e� �t�o� �p�o�t� �s�i�z�e� 
�t�r�e�a�t�m�e�n�t� �j�n� �c�o�n�t�r�o�l� �a�n�d� �w�a�t�e�r�-�s�t�r�e�s�s�e�d� �r�e�d� �s�p�r�u�c�e� 
�s�e�e�d�l�i�n�g�s�.� 

� � 

� � 

�W�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� 

� � 

� � 

�P�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �(�c�m�?�)� �c�o�n�t�r�o�l� �s�t�r�e�s�s�e�d� 

�-�-�-�-�-�-�-�-� �u�m�o�l� �m�7�?� �s�~�1�-�-�-�-�-�-�-�-�-� 

�1�7�5� �5�.�1� �1�.�6� 
�6�4�6� �1�.�8�%� �5�.�0� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �w�a�t�e�r� �s�t�r�e�s�s� 
�t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 

�1� �A� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�4�.�1� �(�+�1�.�6�)� �°�C�,� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �o�f� �3�6� 
�(�+�1�2�)� �%� �a�n�d� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�6�3� �(�+�7�)� �p�p�m� �w�a�s� �p�r�o�v�i�d�e�d� 
�i�n� �t�h�e� �c�u�v�e�t�t�e� �d�u�r�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t�.� �S�t�a�n�d�a�r�d� 
�d�e�v�i�a�t�i�o�n�s� �a�r�e� �n�o�t�e�d� �i�n� �p�a�r�e�n�t�h�e�s�e�s�.� 
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�T�a�b�l�e� �3�.�5�.� �R�o�o�t�,� �s�t�e�m�,� �l�e�a�f� �a�n�d� �t�o�t�a�l� �d�r�y� �w�e�i�g�h�t�s� �a�n�d� �h�e�i�g�h�t� 
�r�e�s�p�o�n�s�e�s� �t�o� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t� �i�n� �c�o�n�t�r�o�l� �a�n�d� �w�a�t�e�r� 
�s�t�r�e�s�s�e�d� �1�2�-�m�o�n�t�h�-�o�l�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� 

� � 

� � 

�W�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� 

� � 

� � 

�G�r�o�w�t�h� �P�o�t�_�s�i�z�e� �c�o�n�t�r�o�l� �s�t�r�e�s�s�e�d� 
�p�a�r�a�m�e�t�e�r� �(�c�m�~� �)� 

�r�o�o�t� �(�m�g�)� �1�7�5� �2�9�2� �1�8�3� 
�s�t�e�m� �(�m�g�)� �1�7�5� �6�3� �4�6� 
�l�e�a�f� �(�m�g�)� �1�7�5� �1�8�7� �1�5�9� 
�t�o�t�a�l� �(�m�g�)� �1�7�5� �5�4�2� �3�8�8� 
�h�e�i�g�h�t� �(�m�m�)� �1�7�5� �6�1� �5�1� 

�r�o�o�t� �(�m�g�)� �6�4�6� �7�5�7�%� �3�1�3� 
�s�t�e�m� �(�m�g�)� �6�4�6� �2�9�3�*� �1�1�4� 
�l�e�a�f� �(�m�g�)� �6�4�6� �6�8�0�*� �3�2�7� 
�t�o�t�a�l� �(�m�g�)� �6�4�6� �1�7�3�7�*� �7�6�8� 
�h�e�i�g�h�t� �(�m�m�)� �6�4�6� �|� �1�4�6�*� �8�6� 
� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �w�a�t�e�r� �s�t�r�e�s�s� 
�t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 
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�R�o�o�t� �w�e�i�g�h�t�,� �s�t�e�m� �w�e�i�g�h�t�,� �l�e�a�f� �w�e�i�g�h�t�,� �t�o�t�a�l� �s�e�e�d�l�i�n�g� 

�w�e�i�g�h�t�,� �s�t�e�m� �d�i�a�m�e�t�e�r�,� �h�e�i�g�h�t� �a�n�d� �S�L�W� �w�e�r�e� �g�r�e�a�t�e�r� �i�n� 

�e�l�e�v�a�t�e�d� �t�h�a�n� �i�n� �a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �a�f�t�e�r� �1� �y�e�a�r�,� 

�b�u�t� �e�l�e�v�a�t�e�d� �C�O�,� �d�i�d� �n�o�t� �i�n�f�l�u�e�n�c�e� �b�r�a�n�c�h� �d�e�n�s�i�t�y� �(�T�a�b�l�e� 

�3�.�6�)�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �h�i�g�h� �s�o�i�l� �f�e�r�t�i�l�i�t�y� 

�t�r�e�a�t�m�e�n�t� �h�a�d� �g�r�e�a�t�e�r� �d�r�y� �w�e�i�g�h�t�,� �h�e�i�g�h�t� �a�n�d� �b�r�a�n�c�h� �d�e�n�s�i�t�y� 

�t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �l�o�w� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�,� 

�b�u�t� �n�o� �i�n�f�l�u�e�n�c�e� �o�f� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �o�n� �d�i�a�m�e�t�e�r� �o�r� �S�L�W� �w�a�s� 

�o�b�s�e�r�v�e�d� �(�T�a�b�l�e� �3�.�6�)�.� �S�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�>� 

�p�o�t�s� �h�a�d� �g�r�e�a�t�e�r� �d�r�y� �w�e�i�g�h�t�,� �h�e�i�g�h�t� �a�n�d� �d�i�a�m�e�t�e�r� �a�n�d� �l�o�w�e�r� 

�S�L�W� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �1�7�5�-�c�m�?� �p�o�t�s� �(�T�a�b�l�e� �3�.�6�)�.� 

�T�h�e� �m�e�a�n� �R�G�R� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �C�O�,� �g�r�o�w�t�h� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �o�r� �w�a�t�e�r� �s�t�r�e�s�s� �u�p� 

�t�o� �3� �m�o�n�t�h�s� �o�f� �a�g�e� �(�T�a�b�l�e� �3�.�7�)�.� �B�e�t�w�e�e�n� �3� �a�n�d� �5� �m�o�n�t�h�s�,� 

�e�l�e�v�a�t�e�d� �C�O�,� �i�n�c�r�e�a�s�e�d� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �d�e�c�r�e�a�s�e�d� �t�h�e� �m�e�a�n� 

�R�G�R� �(�T�a�b�l�e� �3�.�7�)�.� �F�r�o�m� �9� �t�o� �1�2� �m�o�n�t�h�s� �o�f� �a�g�e�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�e�f�f�e�c�t� �o�f� �C�O�,� �t�r�e�a�t�m�e�n�t� �o�r� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �o�n� �t�h�e� 

�m�e�a�n� �R�G�R� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�i�t�h�e�r� �1�7�5�-�c�m�?� 

�o�r� �6�4�6�-�c�m�?� �p�o�t�s� �(�T�a�b�l�e� �3�.�7�)�.� �W�a�t�e�r� �s�t�r�e�s�s� �r�e�d�u�c�e�d� �t�h�e� �m�e�a�n� 

�R�G�R� �f�r�o�m� �9� �t�o� �1�2� �m�o�n�t�h�s� �i�n� �s�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-� 

�e�m�?� �p�o�t�s� �(�T�a�b�l�e� �3�.�7�)�.� �S�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�>� 

�p�o�t�s� �s�h�o�w�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �(�p�<�0�.�0�5�)� �g�r�e�a�t�e�r� �m�e�a�n� �R�G�R� �f�r�o�m� �9� 

�t�o� �1�2� �m�o�n�t�h�s� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �1�7�5�-�c�m�?� �p�o�t�s� �(�0�.�0�1�2� 

�1� �v�e�r�s�u�s� �0�.�0�0�8� �m�g� �m�g� �1� �d�a�y�7�!�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� 
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�T�a�b�l�e� �3�.�7�.� �M�e�a�n� �r�e�l�a�t�i�v�e� �g�r�o�w�t�h� �r�a�t�e�s� �(�m�g� �m�g� �2� �d�a�y�7�1�)� �i�n� 
�r�e�s�p�o�n�s�e� �t�o� �C�O�,�,� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �p�o�t� �s�i�z�e� 
�t�r�e�a�t�m�e�n�t�s� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� 

� � 

� � 

�T�i�m�e� �(�m�o�n�t�h�s�)� 
� � 

� � 

�T�r�e�a�t�m�e�n�t� �P�o�t� �s�i�z�e� �(�c�m�?�)� �2� �t�o� �3� �3� �t�o� �5� �9� �t�o� �1�2� 

�C�O�,� �(�p�p�m�)� 

�3�7�4� �1�7�5� �0�.�0�2�2�0� �0�.�0�0�7�2�§� �0�.�0�0�8�4� 
�7�1�3� �1�7�5� �0�.�0�1�7�6� �0�.�0�1�2�0� �0�.�0�0�7�5� 

�3�7�4� �6�4�6� �-�1� �-� �0�.�0�1�1�7� 
�7�1�3� �6�4�6� �-� �-� �0�.�0�1�2�0� 

�S�o�i�l� �f�e�r�t�i�l�i�t�y� 
� � 

�l�o�w� �1�7�5� �0�.�0�1�8�4� �0�.�0�0�8�9� �0�.�0�0�7�9� 
�h�i�g�h� �1�7�5� �0�.�0�2�1�2� �0�.�0�1�0�3� �0�.�0�0�8�0� 

�l�o�w� �6�4�6� �-� �-� �0�.�0�1�2�9� 
�h�i�g�h� �6�4�6� �-� �-� �0�.�0�1�0�7� 

�W�a�t�e�r� �s�t�r�e�s�s� 

�c�o�n�t�r�o�l� �1�7�5� �0�.�0�2�1�8� �0�.�0�1�2�5�*� �0�.�0�0�7�9� 
�s�t�r�e�s�s�e�d� �1�7�5� �0�.�0�1�7�8� �0�.�0�0�6�7� �0�.�0�0�8�0� 

�c�o�n�t�r�o�l� �6�4�6� �-� �-� �0�.�0�1�4�6�*� 
�s�t�r�e�s�s�e�d� �6�4�6� �-� �-� �0�.�0�0�9�0� 

� � 

�3� �l�s�e�e�d�l�i�n�g�s� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�~� �p�o�t�s� �a�t� �7� �m�o�n�t�h�s� 
�o�f� �a�g�e�.� 

�§� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �t�r�e�a�t�m�e�n�t� �a�t� 
�t�h�e� �p�=�0�.�0�7� �l�e�v�e�l�.� 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �t�r�e�a�t�m�e�n�t� �a�t� 
�t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 
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�U�s�e� �o�f� �t�h�e� �t�r�a�n�s�f�o�r�m�e�d� �a�l�l�o�m�e�t�r�i�c� �e�q�u�a�t�i�o�n� �t�o� �d�e�s�c�r�i�b�e� 

�d�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s� �b�e�t�w�e�e�n� �l�e�a�f�,� �s�t�e�m� �a�n�d� �r�o�o�t� 

�r�e�s�u�l�t�e�d� �i�n� �h�i�g�h� �R�*� �v�a�l�u�e�s� �(�T�a�b�l�e� �3�.�8�)�.� �P�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�i�n�g� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n� �w�e�r�e� 

�i�n�i�t�i�a�l�l�y� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h�i�n� �a� �C�O�,� 

�t�r�e�a�t�m�e�n�t�.� �I�n� �a�l�l� �c�a�s�e�s�,� �s�l�o�p�e� �e�s�t�i�m�a�t�e�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�3� �l�o�w�e�r� �f�o�r� �s�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m �� �p�o�t�s� �t�h�a�n� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �1�7�5�-�c�m�?� �p�o�t�s�,� �i�n�d�i�c�a�t�i�n�g� �g�r�e�a�t�e�r� �d�r�y� 

�w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� �t�o� �l�e�a�f� �r�a�t�h�e�r� �t�h�a�n� �r�o�o�t� �a�n�d� �s�t�e�m� �(�T�a�b�l�e� 

�3�.�8�)�.� �C�O�,� �e�f�f�e�c�t�s� �o�n� �o�r�g�a�n� �a�l�l�o�c�a�t�i�o�n� �w�e�r�e� �t�h�e�r�e�f�o�r�e� 

�e�x�a�m�i�n�e�d� �w�i�t�h�i�n� �a� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� �i�n� �t�h�e� �i�n�t�e�r�c�e�p�t� �a�n�d� �s�l�o�p�e� 

�e�s�t�i�m�a�t�e�s� �o�f� �t�h�e� �t�r�a�n�s�f�o�r�m�e�d� �a�l�l�o�m�e�t�r�i�c� �e�q�u�a�t�i�o�n�s� �f�o�r� �r�o�o�t� 

�v�e�r�s�u�s� �l�e�a�f� �a�l�l�o�c�a�t�i�o�n�,� �a�n�d� �s�t�e�m� �v�e�r�s�u�s� �l�e�a�f� �a�l�l�o�c�a�t�i�o�n� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �f�r�o�m� �2� �t�o� �1�2� �m�o�n�t�h�s� �o�f� �a�g�e� �i�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� 

�1�7�5�-�c�m�?� �p�o�t�s� �a�n�d� �f�r�o�m� �9� �t�o� �1�2� �m�o�n�t�h�s� �i�n� �s�e�e�d�l�i�n�g�s� 

�t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�?� �p�o�t�s� �(�T�a�b�l�e� �3�.�8�)�.� 
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�D�I�S�C�U�S�S�I�O�N� 

�N�o� �c�o�n�s�i�s�t�e�n�t� �e�f�f�e�c�t� �o�f� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �o�n� �g�a�s� 

�e�x�c�h�a�n�g�e� �w�a�s� �o�b�s�e�r�v�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� �W�a�t�e�r� �s�t�r�e�s�s� 

�t�r�e�a�t�m�e�n�t� �r�e�d�u�c�e�d� �g�l� �a�t� �5�,� �9� �a�n�d� �1�2� �m�o�n�t�h�s� �a�n�d� �r�e�d�u�c�e�d� �P�n� �a�t� 

�5� �a�n�d� �9� �m�o�n�t�h�s� �d�e�s�p�i�t�e� �t�h�e� �h�i�g�h� �W�P� �o�f� �p�r�e�v�i�o�u�s�l�y� �w�a�t�e�r�-� 

�s�t�r�e�s�s�e�d� �s�e�e�d�l�i�n�g�s� �o�n� �a� �m�e�a�s�u�r�e�m�e�n�t� �d�a�y�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� 

�P�n� �i�n� �r�e�h�y�d�r�a�t�e�d� �s�e�e�d�l�i�n�g�s� �w�a�s� �p�o�s�s�i�b�l�y� �a� �r�e�s�u�l�t� �o�f� 

�d�e�c�r�e�a�s�e�d� �g�l� �a�n�d� �c�h�a�n�g�e�s� �i�n� �t�h�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �c�a�p�a�c�i�t�y� �o�f� 

�t�h�e� �m�e�s�o�p�h�y�l�l� �a�s� �a� �r�e�s�u�l�t� �o�f� �l�o�n�g�-�t�e�r�m� �e�x�p�o�s�u�r�e� �t�o� �w�a�t�e�r� 

�s�t�r�e�s�s� �(�F�a�r�q�u�h�a�r� �a�n�d� �S�h�a�r�k�e�y� �1�9�8�2�,� �F�r�e�d�e�e�n� �e�t� �a�l�.� �1�9�9�1�,� 

�M�a�t�h�e�w�s� �a�n�d� �B�o�y�e�r� �1�9�8�4�)�.� 

�T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �P�n� �o�b�s�e�r�v�e�d� �a�t� �9� �a�n�d� �1�2� �m�o�n�t�h�s� �i�n� 

�e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� 

�a�m�b�i�e�n�t� �C�O�5�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� 

�L�i�q�u�i�d�a�m�b�a�r� �s�t�y�r�a�c�i�f�l�u�a�,� �C�i�t�r�u�s� �s�i�n�e�n�s�i�s�,� �P�i�n�u�s� �r�a�d�i�a�t�a�,� 
� � 

�P�s�e�u�d�o�t�s�u�g�a� �m�e�n�z�i�e�s�i�i�,� �N�o�t�h�o�f�a�g�u�s� �f�u�s�c�a�,� �O�c�h�r�o�m�a� �l�a�g�o�p�u�s� �a�n�d� 
� � 

�P�e�n�t�a�c�l�e�t�h�r�a� �m�a�c�r�o�l�o�b�a� �(�O�b�e�r�b�a�u�e�r� �e�t� �a�l�.� �1�9�8�5�,� �H�o�l�l�i�n�g�e�r� 

�1�9�8�7�,� �F�e�t�c�h�e�r� �e�t� �a�l�.� �1�9�8�8�)�.� �E�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� 

�h�a�d� �l�o�w�e�r� �r�a�t�e�s� �o�f� �P�n� �t�h�a�n� �a�m�b�i�e�n�t� �C�O�.�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �i�n� 

�b�o�t�h� �t�h�e� �s�m�a�l�l� �a�n�d� �l�a�r�g�e� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�s�.� �A�r�p� �(�1�9�9�1�)� 

�c�o�m�p�i�l�e�d� �d�a�t�a� �o�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�a�t�e� 

�a�n�d� �p�o�t� �s�i�z�e� �i�n� �e�l�e�v�a�t�e�d� �C�O�5�-�g�r�o�w�n� �p�l�a�n�t�s� �a�n�d� �f�o�u�n�d� �a� �s�t�r�o�n�g� 

�c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�a�t�e� �a�n�d� �r�o�o�t�i�n�g� �v�o�l�u�m�e�.� 

�A� �l�o�w�e�r� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �p�l�a�n�t�s� �g�r�o�w�n� �i�n� 
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�e�l�e�v�a�t�e�d� �C�O�,� �w�i�t�h� �a� �l�i�m�i�t�e�d� �r�o�o�t�i�n�g� �v�o�l�u�m�e� �a�n�d� �r�e�d�u�c�e�d� �s�i�n�k� 

�d�e�m�a�n�d� �f�r�o�m� �g�r�o�w�i�n�g� �r�o�o�t�s�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �l�a�r�g�e�r� �p�o�t�s� �a�t� �7� �m�o�n�t�h�s� �t�o� �a�v�o�i�d� 

�c�o�n�f�o�u�n�d�i�n�g� �e�l�e�v�a�t�e�d� �c�O�,� �e�f�f�e�c�t�s� �o�n� �p�h�y�s�i�o�l�o�g�y� �a�n�d� �g�r�o�w�t�h� �a�s� 

�t�h�e� �s�e�e�d�l�i�n�g�s� �g�r�e�w� �l�a�r�g�e�r�.� �T�r�a�n�s�p�l�a�n�t�i�n�g� �s�e�e�d�l�i�n�g�s� �t�o� �a� 

�l�a�r�g�e�r� �r�o�o�t�i�n�g� �v�o�l�u�m�e� �d�i�d� �i�n�c�r�e�a�s�e� �s�e�e�d�l�i�n�g� �g�r�o�w�t�h� �a�n�d� �l�e�a�f� 

�g�a�s� �e�x�c�h�a�n�g�e� �r�a�t�e�s� �b�u�t� �d�i�d� �n�o�t� �a�f�f�e�c�t� �g�a�s� �e�x�c�h�a�n�g�e� �a�n�d� 

�g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� �s�p�r�u�c�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�.� �U�p�o�n� 

�e�x�a�m�i�n�a�t�i�o�n� �a�t� �2�,� �3�,� �5�,� �9� �a�n�d� �1�2� �m�o�n�t�h�s�,� �a�m�b�i�e�n�t� �a�n�d� 

�e�l�e�v�a�t�e�d� �C�O�j�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �i�n� �b�o�t�h� �p�o�t� �s�i�z�e� �t�r�e�a�t�m�e�n�t�s� �h�a�d� 

�l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �s�o�i�l� �v�o�l�u�m�e� �w�i�t�h�o�u�t� �a�n�y� �r�o�o�t�s� �p�r�e�s�e�n�t�.� 

�D�e�s�p�i�t�e� �u�n�e�x�p�l�o�r�e�d� �r�o�o�t�i�n�g� �v�o�l�u�m�e� �i�n� �t�h�e� �e�l�e�v�a�t�e�d� �t�h�e� �C�O�.� 

�t�r�e�a�t�m�e�n�t�,� �a� �l�o�w�e�r� �l�e�a�f� �P�n� �r�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �e�l�e�v�a�t�e�d� 

�C�O�.�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s�.� �T�h�e� �g�r�e�a�t�e�r� �C�i� �t�h�a�t� �a�c�c�o�m�p�a�n�i�e�d� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �i�n� �P�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �t�h�e� �r�e�d�u�c�t�i�o�n� �w�a�s� �d�u�e�,� �i�n� �p�a�r�t�,� �t�o� �m�e�s�o�p�h�y�l�l� 

�l�i�m�i�t�a�t�i�o�n�s�.� �C�O�,� �r�e�s�e�a�r�c�h� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a� 

�d�e�s�e�n�s�i�t�i�z�a�t�i�o�n� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �g�r�o�w�t�h� �i�n� 

�e�l�e�v�a�t�e�d� �C�O�,� �m�a�y� �b�e� �a� �r�e�s�u�l�t� �o�f� �s�t�a�r�c�h� �a�c�c�u�m�u�l�a�t�i�o�n� �i�n� 

�l�e�a�v�e�s�,� �f�e�e�d�b�a�c�k� �i�n�h�i�b�i�t�i�o�n�,� �d�e�c�r�e�a�s�e�d� �r�u�b�i�s�c�o� �a�m�o�u�n�t� �a�n�d� 

�a�c�t�i�v�i�t�y� �o�r� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �n�u�m�b�e�r� �a�n�d� �s�t�r�e�n�g�t�h� �o�f� �p�l�a�n�t� 

�s�i�n�k�s� �(�M�a�d�s�e�n� �1�9�7�5�,� �H�e�r�o�l�d� �1�9�8�0�,� �B�o�w�e�s� �1�9�9�1�,� �S�t�i�t�t� �1�9�9�1�)�.� 

�3� �p�o�t�s� �I�n� �t�h�i�s� �s�t�u�d�y�,� �s�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m� 

�s�h�o�w�e�d� �g�r�e�a�t�e�r� �r�a�t�e�s� �o�f� �P�n� �a�n�d� �g�l�,� �a�n�d� �l�o�w�e�r� �C�i� �a�s� �w�e�l�l� �a�s� 

�g�r�e�a�t�e�r� �p�l�a�n�t� �d�r�y� �w�e�i�g�h�t�,� �s�i�z�e� �a�n�d� �m�e�a�n� �R�G�R� �t�h�a�n� �s�e�e�d�l�i�n�g�s� 
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�g�r�o�w�n� �i�n� �1�7�5�-�c�m�?� �p�o�t�s�.� �T�h�e� �i�n�c�r�e�a�s�e�d� �g�r�o�w�t�h� �a�n�d� �g�a�s� 

�e�x�c�h�a�n�g�e� �o�f� �t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�s� �s�u�g�g�e�s�t�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �n�u�m�b�e�r� �o�r� �s�i�z�e� �o�f� �p�l�a�n�t� �s�i�n�k�s�.� �Y�e�t�,� �t�r�a�n�s�p�l�a�n�t�e�d� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �a�l�s�o� �s�h�o�w�e�d� �a� �r�e�d�u�c�t�i�o�n� �i�n� 

�P�n� �c�o�m�p�a�r�e�d� �t�o� �a�m�b�i�e�n�t� �C�O�5�-�g�r�o�w�n� �p�l�a�n�t�s�.� �G�r�e�a�t�e�r� �S�L�W� 

�o�b�s�e�r�v�e�d� �i�n� �e�l�e�v�a�t�e�d� �C�O�.�-�g�r�o�w�n� �n�e�e�d�l�e�s� �s�u�g�g�e�s�t�s� �s�t�a�r�c�h� 

�a�c�c�u�m�u�l�a�t�i�o�n� �b�u�t� �w�h�e�t�h�e�r� �s�t�a�r�c�h� �a�c�c�u�m�u�l�a�t�i�o�n� �i�s� �t�h�e� �c�a�u�s�e� �o�f� 

�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �c�h�a�n�g�e� �i�s� �u�n�c�l�e�a�r�.� 

�I�n�t�e�r�e�s�t�i�n�g�l�y�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �g�l� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� 

�n�e�e�d�l�e�s� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �3� �m�o�n�t�h�s�.� �L�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �w�a�s� 

�p�o�s�s�i�b�l�y� �g�r�e�a�t�e�r� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �l�e�a�v�e�s� �b�e�c�a�u�s�e� �o�f� 

�i�n�c�r�e�a�s�e�d� �s�t�o�m�a�t�a�l� �d�e�n�s�i�t�y� �o�r� �a�p�e�r�t�u�r�e�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �C�O�,� 

�e�f�f�e�c�t� �d�i�d� �n�o�t� �p�e�r�s�i�s�t�.� 

�O�l�d�e�r� �f�o�l�i�a�g�e� �h�a�d� �g�r�e�a�t�e�r� �r�a�t�e�s� �o�f� �P�n� �a�n�d� �R�d� �t�h�a�n� 

�y�o�u�n�g�e�r� �f�o�l�i�a�g�e� �p�o�s�s�i�b�l�y� �b�e�c�a�u�s�e� �o�l�d�e�r� �f�o�l�i�a�g�e� �w�a�s� �m�o�r�e� 

�d�e�v�e�l�o�p�e�d� �a�n�d� �h�e�n�c�e� �e�n�z�y�m�a�t�i�c�a�l�l�y� �m�o�r�e� �a�c�t�i�v�e� �t�h�a�n� �y�o�u�n�g�e�r� 

�f�o�l�i�a�g�e�.� �B�u�t�,� �g�a�s� �e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e�s� �o�f� �b�o�t�h� �y�o�u�n�g� �a�n�d� �o�l�d� 

�f�o�l�i�a�g�e� �t�o� �g�r�o�w�t�h� �i�n� �a�n� �e�l�e�v�a�t�e�d� �C�O�.� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� 

�s�i�m�i�l�a�r�.� �T�h�a�t� �i�s�,� �P�n� �w�a�s� �l�o�w�e�r� �i�n� �e�l�e�v�a�t�e�d� �t�h�a�n� �i�n� �a�m�b�i�e�n�t� 

�C�c�O�.�-�g�r�o�w�n� �n�e�e�d�l�e�s� �i�n� �b�o�t�h� �u�n�d�e�v�e�l�o�p�e�d� �a�n�d� �f�u�l�l�y�-�e�x�p�a�n�d�e�d� 

�n�e�e�d�l�e�s�.� 

�G�r�e�a�t�e�r� �s�t�e�m� �d�i�a�m�e�t�e�r�,� �h�e�i�g�h�t� �a�n�d� �d�r�y� �w�e�i�g�h�t� �g�r�o�w�t�h� �i�n� 

�r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �e�x�p�o�s�e�d� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �f�o�r� �1� �y�e�a�r� �w�a�s� 

�l�i�k�e�l�y� �d�u�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�o�t�a�l� �p�l�a�n�t� �c�a�r�b�o�n� �u�p�t�a�k�e�.� �P�n� 

�m�o�r�e� �t�h�a�n� �d�o�u�b�l�e�d� �i�n� �b�o�t�h� �a�m�b�i�e�n�t� �a�n�d� �e�l�e�v�a�t�e�d� �C�O�.�-�g�r�o�w�n� 
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�s�e�e�d�l�i�n�g�s� �w�h�e�n� �t�h�e� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �r�a�i�s�e�d� �f�r�o�m� �3�5�8� �t�o� 

�7�2�8� �p�p�m�.� �O�t�h�e�r� �s�t�u�d�i�e�s� �h�a�v�e� �r�e�p�o�r�t�e�d� �s�i�m�i�l�a�r� �g�r�o�w�t�h� 

�e�n�h�a�n�c�e�m�e�n�t� �i�n� �t�r�e�e� �s�p�e�c�i�e�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �l�o�n�g�-�t�e�r�m� �(�a� �y�e�a�r� 

�o�r� �l�o�n�g�e�r�)� �C�O�,� �e�n�r�i�c�h�m�e�n�t� �(�T�i�n�u�s� �1�9�7�2�,� �S�u�r�a�n�o� �e�t� �a�l�.� �1�9�8�6�,� 

�D�o�w�n�t�o�n� �e�t� �a�l�.� �1�9�8�7�,� �I�d�s�o� �e�t� �a�l�.� �1�9�9�1�)�.� 

�A�l�t�h�o�u�g�h� �t�o�t�a�l� �s�e�e�d�l�i�n�g� �d�r�y� �w�e�i�g�h�t� �w�a�s� �g�r�e�a�t�e�r� �i�n� 

�e�l�e�v�a�t�e�d� �t�h�a�n� �i�n� �a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �a�t� �1� �y�e�a�r�,� �t�h�e� 

�m�e�a�n� �R�G�R� �w�a�s� �g�r�e�a�t�e�r� �i�n� �e�l�e�v�a�t�e�d� �t�h�a�n� �i�n� �a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� 

�s�e�e�d�l�i�n�g�s� �o�n�l�y� �f�r�o�m� �3� �t�o� �5� �m�o�n�t�h�s� �o�f� �a�g�e�.� �G�r�e�a�t�e�r� �d�r�y� 

�m�a�t�t�e�r� �a�c�c�u�m�u�l�a�t�i�o�n� �a�t� �1� �y�e�a�r� �i�n� �e�l�e�v�a�t�e�d� �C�O�j�-�g�r�o�w�n� 

�s�e�e�d�l�i�n�g�s� �m�a�y� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �a� �g�r�e�a�t�e�r� �m�e�a�n� �R�G�R� �f�r�o�m� �3� �t�o� �5� 

�m�o�n�t�h�s� �a�n�d� �f�r�o�m� �g�e�r�m�i�n�a�t�i�o�n� �t�o� �2� �m�o�n�t�h�s� �o�f� �a�g�e� �i�n� �e�l�e�v�a�t�e�d� 

�C�O�5�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s�.� �T�o�t�a�l� �p�l�a�n�t� �d�r�y� �w�e�i�g�h�t� �w�a�s� �g�r�e�a�t�e�r� 

�(�p�s�0�.�0�5�)� �i�n� �e�l�e�v�a�t�e�d� �C�O�j�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �t�h�a�n� �i�n� �a�m�b�i�e�n�t� 

�C�O�.�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �a�t� �t�h�e� �f�i�r�s�t� �h�a�r�v�e�s�t� �a�t� �2� �m�o�n�t�h�s� �o�f� �a�g�e� 

�(�8�1� �m�g� �v�e�r�s�u�s� �6�3� �m�g�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �T�h�e� �m�e�a�n� �R�G�R� �w�a�s� 

�t�h�e�r�e�f�o�r�e� �g�r�e�a�t�e�r� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �s�o�m�e�t�i�m�e� 

�b�e�t�w�e�e�n� �g�e�r�m�i�n�a�t�i�o�n� �a�n�d� �2� �m�o�n�t�h�s� �o�f� �a�g�e�.� �A� �s�i�m�i�l�a�r� �m�e�a�n� �R�G�R� 

�r�e�s�p�o�n�s�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �w�a�s� �r�e�p�o�r�t�e�d� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� �6� 

�w�e�e�k�s� �o�f� �e�x�p�o�s�u�r�e� �i�n� �P�i�c�e�a� �m�a�r�i�a�n�a� �s�e�e�d�l�i�n�g�s� �(�C�a�m�p�a�g�n�a� �a�n�d� 

�M�a�r�g�o�l�i�s� �1�9�8�9�)�.� �T�h�e�s�e� �i�n�i�t�i�a�l� �g�a�i�n�s� �i�n� �d�r�y� �m�a�t�t�e�r� 

�i�n�v�e�s�t�m�e�n�t� �f�r�o�m� �g�e�r�m�i�n�a�t�i�o�n� �t�o� �2� �m�o�n�t�h�s� �o�f� �a�g�e� �a�n�d� �f�r�o�m� �3� �t�o� 

�5� �m�o�n�t�h�s� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �y�i�e�l�d�e�d� �g�r�e�a�t�e�r� �t�o�t�a�l� �p�l�a�n�t� �w�e�i�g�h�t� 

�a�t� �1�2� �m�o�n�t�h�s� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �m�e�a�n� �R�G�R�,� �o�r� �a�v�e�r�a�g�e� �e�f�f�i�c�i�e�n�c�y� 

�o�f� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �b�y� �e�a�c�h� �e�x�i�s�t�i�n�g� �u�n�i�t� �o�f� �d�r�y� 
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�m�a�t�t�e�r�,� �w�a�s� �n�o�t� �g�r�e�a�t�e�r� �i�n� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �f�r�o�m� 

�9� �t�o� �1�2� �m�o�n�t�h�s�.� �W�e� �s�h�o�u�l�d� �a�l�s�o� �n�o�t�e� �t�h�a�t� �f�r�o�m� �3� �t�o� �5� �m�o�n�t�h�s� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �t�o� �i�n�d�u�c�e� 

�b�u�d� �s�e�t�.� �W�e� �v�i�s�u�a�l�l�y� �o�b�s�e�r�v�e�d� �t�h�a�t� �s�e�e�d�l�i�n�g�s� �i�n� �t�h�e� 

�e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �c�o�n�t�i�n�u�e�d� �a�b�o�v�e� �g�r�o�u�n�d� �g�r�o�w�t�h� �l�o�n�g�e�r� 

�a�n�d� �s�e�t� �a� �b�u�d� �l�a�t�e�r� �t�h�a�n� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �G�r�o�w�t�h� 

�r�e�s�p�o�n�s�e�s� �b�e�t�w�e�e�n� �3� �a�n�d� �5� �m�o�n�t�h�s� �m�a�y� �b�e� �c�o�n�f�o�u�n�d�e�d� �b�y� 

�e�l�e�v�a�t�e�d� �C�O�,� �e�f�f�e�c�t�s� �o�n� �p�l�a�n�t� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e�.� 

�H�o�w� �p�l�a�n�t� �p�h�y�s�i�o�l�o�g�y� �a�n�d� �g�r�o�w�t�h� �w�i�l�l� �r�e�s�p�o�n�d� �t�o� �a�n� 

�e�l�e�v�a�t�e�d� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �l�e�v�e�l� �m�a�y� �d�e�p�e�n�d� �o�n� �t�h�e� �s�u�p�p�l�y� �o�f� 

�a�v�a�i�l�a�b�l�e� �w�a�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s� �(�T�o�l�b�e�r�t� �a�n�d� �Z�e�l�i�t�c�h� �1�9�8�3�,� 

�A�c�o�c�k� �a�n�d� �A�l�l�e�n� �1�9�8�5�)�.� �S�o�i�l� �f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� 

�t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �c�r�o�s�s�e�d� �w�i�t�h� �C�O�,� �e�x�p�o�s�u�r�e� �t�r�e�a�t�m�e�n�t�s� �t�o� 

�d�e�t�e�r�m�i�n�e� �i�f� �g�r�o�w�t�h� �a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� 

�s�p�r�u�c�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�.� �w�e�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �n�u�t�r�i�e�n�t� �a�n�d� �w�a�t�e�r� 

�s�u�p�p�l�y�.� �A� �d�e�p�e�n�d�e�n�c�e� �o�f� �C�O�,� �g�r�o�w�t�h� �e�n�h�a�n�c�e�m�e�n�t� �o�n� �n�u�t�r�i�e�n�t� 

�s�u�p�p�l�y� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �P�i�n�u�s� �r�a�d�i�a�t�a�,� �P�o�p�u�l�u�s� 
� � 

�t�r�e�m�u�l�o�i�d�e�s�,� �P�i�n�u�s� �c�o�n�t�o�r�t�a� �a�n�d� �P�i�c�e�a� �g�l�a�u�c�a� �(�C�a�n�h�a�m� �a�n�d� 

�M�c�C�a�v�i�s�h� �1�9�8�1�,� �B�r�o�w�n� �a�n�d� �H�i�g�g�i�n�b�o�t�h�a�m� �1�9�8�6�,� �C�o�n�r�o�y� �e�t� �a�l�.� 

�1�9�9�0�,� �B�r�o�w�n� �1�9�9�1�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �g�r�o�w�t�h� �e�n�h�a�n�c�e�m�e�n�t� �a�n�d� �g�a�s� 

�e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �w�e�r�e� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� 

�n�u�t�r�i�e�n�t� �a�n�d� �w�a�t�e�r� �s�u�p�p�l�y� �i�n� �r�e�d� �s�p�r�u�c�e�.� �N�o� �i�n�t�e�r�a�c�t�i�o�n�s� 

�b�e�t�w�e�e�n� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t� �a�n�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �w�e�r�e� 

�d�e�t�e�c�t�e�d� �f�o�r� �a�n�y� �g�r�o�w�t�h� �v�a�r�i�a�b�l�e�,� �a�l�t�h�o�u�g�h� �a� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�W�P� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� 
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�6�4�6�-�c�m�>� �p�o�t�s�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�n� �W�P�,� �a�l�t�h�o�u�g�h� �s�t�a�t�i�s�t�i�c�a�l�l�y� 

�s�i�g�n�i�f�i�c�a�n�t�,� �d�o�e�s� �n�o�t� �a�p�p�e�a�r� �t�o� �b�e� �g�r�e�a�t� �e�n�o�u�g�h� �t�o� �i�n�f�l�u�e�n�c�e� 

�g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�5�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 

�s�u�b�j�e�c�t�e�d� �t�o� �l�o�w� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� 

�r�e�s�p�o�n�d�e�d� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �s�i�m�i�l�a�r�l�y� �t�o� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� 

�t�h�e� �h�i�g�h� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �a�d�e�q�u�a�t�e� �w�a�t�e�r�.� 

�S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �l�o�w� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �p�o�s�s�i�b�l�y� 

�i�n�c�r�e�a�s�e�d� �i�n�t�e�r�n�a�l� �n�u�t�r�i�e�n�t� �u�s�e� �e�f�f�i�c�i�e�n�c�i�e�s� �t�o� �s�u�p�p�o�r�t� 

�i�n�c�r�e�a�s�e�d� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�.� �a�s� �d�i�d� �L�i�r�i�o�d�e�n�d�r�o�n� 

�t�u�l�i�p�i�f�e�r�a�,� �Q�u�e�r�c�u�s� �a�l�b�a� �a�n�d� �P�i�n�u�s� �v�i�r�g�i�n�i�a�n�a� �g�r�o�w�n� �i�n� 
� � � � 

�e�l�e�v�a�t�e�d� �C�O�,� �(�L�u�x�m�o�o�r�e� �e�t� �a�l�.� �1�9�8�6�,� �N�o�r�b�y� �e�t� �a�l�.� �1�9�8�6�,� 

�O�'�N�e�i�l�l� �e�t� �a�l�.� �1�9�8�7�)�.� 

�S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �l�a�r�g�e�r� �p�o�t�s� �w�e�r�e� �b�i�g�g�e�r� �m�o�s�t� 

�l�i�k�e�l�y� �b�e�c�a�u�s�e� �t�h�e� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�e�a�p�p�l�i�e�d� 

�(�w�h�e�n� �a�d�d�i�t�i�o�n�a�l� �s�o�i�l� �v�o�l�u�m�e� �w�a�s� �a�d�d�e�d�)� �o�n�l�y� �t�o� �s�e�e�d�l�i�n�g�s� 

�t�h�a�t� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d� �a�t� �7� �m�o�n�t�h�s� �o�f� �a�g�e�.� �L�e�a�f� �N� �a�n�d� �s�o�i�l� 

�P� �a�n�d� �K� �w�e�r�e� �l�o�w�e�r� �i�n� �t�h�e� �s�m�a�l�l� �p�o�t�s� �t�h�a�n� �i�n� �t�h�e� �l�a�r�g�e� �p�o�t�s� 

�a�t� �9� �m�o�n�t�h�s� �(�T�a�b�l�e� �3�.�1�)�.� �W�h�e�t�h�e�r� �g�r�e�a�t�e�r� �g�r�o�w�t�h� �i�n� �t�h�e� 

�l�a�r�g�e� �p�o�t�s� �w�a�s� �d�u�e� �t�o� �r�o�o�t�i�n�g� �v�o�l�u�m�e� �o�r� �n�u�t�r�i�e�n�t� �r�e�a�d�d�i�t�i�o�n�,� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �a�n�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �w�e�r�e� 

�s�t�i�l�l� �s�i�m�i�l�a�r� �b�e�t�w�e�e�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� �l�o�w� �s�o�i�l� 

�f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �i�n� �s�m�a�l�l� �p�o�t�s� �a�n�d� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �t�h�e� 

�h�i�g�h� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �i�n� �l�a�r�g�e� �p�o�t�s�.� 

�T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �p�o�t� �s�i�z�e� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� 

�t�r�e�a�t�m�e�n�t� �o�n� �o�r�g�a�n� �w�e�i�g�h�t�s�,� �t�o�t�a�l� �s�e�e�d�l�i�n�g� �w�e�i�g�h�t�,� �h�e�i�g�h�t� 
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�a�n�d� �R�d� �w�a�s� �p�o�s�s�i�b�l�y� �a� �r�e�s�u�l�t� �o�f� �a� �g�r�e�a�t�e�r� �i�m�p�a�c�t� �o�f� �w�a�t�e�r� 

�s�t�r�e�s�s� �o�n� �t�h�e� �g�r�o�w�t�h� �o�f� �s�e�e�d�l�i�n�g�s� �w�i�t�h� �a� �h�i�g�h� �m�e�a�n� �r�e�l�a�t�i�v�e� 

�g�r�o�w�t�h� �a�n�d� �m�o�r�e� �d�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�e�d� �t�o� �l�e�a�f� �r�a�t�h�e�r� �t�h�a�n� 

�s�t�e�m� �a�n�d� �r�o�o�t�.� �B�u�t�,� �m�e�a�s�u�r�e�s� �o�f� �p�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �d�i�d� �n�o�t� 

�i�n�d�i�c�a�t�e� �g�r�e�a�t�e�r� �w�a�t�e�r� �s�t�r�e�s�s� �i�n� �s�e�e�d�l�i�n�g�s� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� 

�l�a�r�g�e�r� �p�o�t�s�.� 

�L�i�t�t�l�e� �i�s� �k�n�o�w�n� �a�b�o�u�t� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �o�n� 

�t�h�e� �a�l�l�o�m�e�t�r�i�c� �c�o�e�f�f�i�c�i�e�n�t� �'�d�'� �i�n� �p�l�a�n�t�s� �(�F�a�r�r�a�r� �a�n�d� 

�W�i�l�l�i�a�m�s� �1�9�9�1�)�.� �I�n� �r�e�s�p�o�n�s�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�.�,� �i�n�c�r�e�a�s�e�d� 

�p�a�r�t�i�t�i�o�n�i�n�g� �t�o� �r�o�o�t�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �h�e�r�b�a�c�e�o�u�s� 

�s�p�e�c�i�e�s� �w�h�i�l�e� �n�o� �l�o�n�g�-�t�e�r�m� �c�h�a�n�g�e�s� �i�n� �p�a�r�t�i�t�i�o�n�i�n�g� �h�a�v�e� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �f�o�r� �c�e�r�e�a�l�s� �(�F�a�r�r�a�r� �a�n�d� �W�i�l�l�i�a�m�s� �1�9�9�1�)�.� �S�e�v�e�r�a�l� 

�s�t�u�d�i�e�s� �h�a�v�e� �e�x�a�m�i�n�e�d� �e�l�e�v�a�t�e�d� �C�O�,� �e�f�f�e�c�t�s� �o�n� �r�o�o�t� �t�o� �s�h�o�o�t� 

�r�a�t�i�o�s� �i�n� �t�r�e�e� �s�p�e�c�i�e�s� �(�T�o�l�l�e�y� �a�n�d� �S�t�r�a�i�n� �1�9�8�4�,� �H�o�l�l�i�n�g�e�r� 

�1�9�8�7�)�,� �b�u�t� �v�e�r�y� �l�i�t�t�l�e� �r�e�s�e�a�r�c�h� �h�a�s� �u�t�i�l�i�z�e�d� �a�l�l�o�m�e�t�r�i�c� 

�a�n�a�l�y�s�i�s� �t�o� �e�x�a�m�i�n�e� �e�l�e�v�a�t�e�d� �C�O�,� �e�f�f�e�c�t�s� �o�n� �o�r�g�a�n� 

�a�l�l�o�c�a�t�i�o�n�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �C�O�,� �e�f�f�e�c�t�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �a�c�r�o�s�s� 

�a�l�l� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �f�o�r� 

�S�i�m�p�l�i�c�i�t�y� �a�n�d� �b�e�c�a�u�s�e� �n�o� �s�t�a�t�i�s�t�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� 

�t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �T�r�a�n�s�p�l�a�n�t�i�n�g� �s�e�e�d�l�i�n�g�s� �t�o� 

�a� �l�a�r�g�e�r� �p�o�t� �s�i�z�e� �i�n�c�r�e�a�s�e�d� �l�e�a�f� �a�l�l�o�c�a�t�i�o�n� �i�n� �r�e�l�a�t�i�o�n� �t�o� 

�r�o�o�t� �a�n�d� �s�t�e�m� �a�l�l�o�c�a�t�i�o�n� �b�u�t� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�.� �d�i�d� �n�o�t� 

�c�h�a�n�g�e� �d�r�y� �w�e�i�g�h�t� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s� �t�o� �r�o�o�t�,� �s�t�e�m� �a�n�d� �l�e�a�f� 

�i�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�i�t�h�e�r� �p�o�t� �s�i�z�e�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 
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�g�r�o�w�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �s�i�m�p�l�y� �g�o�t� �b�i�g�g�e�r� �s�o�o�n�e�r� �t�h�a�n� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �a�m�b�i�e�n�t� �C�O�p�.� 

�I�n� �c�o�n�c�l�u�s�i�o�n�,� �a�f�t�e�r� �1�2� �m�o�n�t�h�s� �o�f� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� 

�C�O�z�5�,� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �b�i�g�g�e�r� �i�n� �b�o�t�h� �s�i�z�e� �a�n�d� 

�w�e�i�g�h�t� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �a�m�b�i�e�n�t� �C�O�,�.� �G�a�i�n�s� �i�n� 

�s�e�e�d�l�i�n�g� �d�r�y� �w�e�i�g�h�t� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �w�e�r�e� �i�n�i�t�i�a�t�e�d� �e�a�r�l�y� �i�n� 

�g�r�o�w�t�h�.� �S�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�.� �g�r�e�w� �b�i�g�g�e�r� �s�o�o�n�e�r� 

�b�u�t� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s� �t�o� �r�o�o�t�,� �s�t�e�m� �a�n�d� �l�e�a�f� �d�i�d� �n�o�t� 

�c�h�a�n�g�e� �a�f�t�e�r� �o�n�e� �y�e�a�r� �o�f� �e�x�p�o�s�u�r�e�.� �G�a�s� �e�x�c�h�a�n�g�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �n�o�t� �i�n�f�l�u�e�n�c�e�d� 

�b�y� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �u�n�t�i�l� �9� �m�o�n�t�h�s� �o�f� �a�g�e�.� �L�o�w�e�r� �P�n� 

�a�n�d� �g�r�e�a�t�e�r� �l�e�a�f� �w�e�i�g�h�t� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �s�e�e�d�l�i�n�g�s� �w�h�e�n� 

�c�o�m�p�a�r�e�d� �t�o� �a�m�b�i�e�n�t� �C�O�.�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �s�u�g�g�e�s�t�s� �t�h�a�t� 

�g�r�e�a�t�e�r� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�.� �w�a�s� �d�u�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�o�t�a�l� �s�e�e�d�l�i�n�g� �p�h�o�t�o�s�y�n�t�h�e�s�i�s�.� �T�h�e� �o�b�s�e�r�v�a�t�i�o�n� �o�f� 

�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �c�h�a�n�g�e� �i�n� �d�e�v�e�l�o�p�e�d� �a�n�d� �u�n�d�e�v�e�l�o�p�e�d� �n�e�e�d�l�e�s� 

�e�f� �a�c�t�i�v�e�l�y� �g�r�o�w�i�n�g� �s�e�e�d�l�i�n�g�s� �p�r�o�v�i�d�e�d� �w�i�t�h� �a�n� �a�d�e�q�u�a�t�e� 

�r�o�o�t�i�n�g� �v�o�l�u�m�e� �a�n�d� �r�e�n�e�w�e�d� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �s�u�g�g�e�s�t�s� �t�h�a�t� �l�e�a�f� 

�a�g�e�,� �p�o�t�-�b�i�n�d�i�n�g�,� �n�u�t�r�i�e�n�t� �l�i�m�i�t�a�t�i�o�n� �a�n�d� �a� �d�e�c�r�e�a�s�e� �i�n� 

�s�i�n�k�/�s�o�u�r�c�e� �r�a�t�i�o� �w�e�r�e� �n�o�t� �t�h�e� �c�a�u�s�e�s� �o�f� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� 

�c�h�a�n�g�e� �i�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� �T�h�e� �l�a�c�k� �o�f� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�,� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �C�O�,� 

�t�r�e�a�t�m�e�n�t� �s�u�g�g�e�s�t�s� �t�h�a�t� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �g�r�o�w�i�n�g� �i�n� 

�n�a�t�u�r�a�l� �e�c�o�s�y�s�t�e�m�s� �w�i�t�h� �l�i�m�i�t�e�d� �n�u�t�r�i�e�n�t�s� �a�n�d� �w�a�t�e�r� �w�i�l�l� 

�s�t�i�l�l� �b�e�n�e�f�i�t� �f�r�o�m� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�m�b�i�e�n�t� �C�O�.� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�c�o�c�k�,� �B�.� �a�n�d� �L�.�H�.� �A�l�l�e�n�.� �1�9�8�5�.� �C�r�o�p� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�e�d� 
�c�a�r�b�o�n� �d�i�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �I�N�:� �D�i�r�e�c�t� �e�f�f�e�c�t�s� �o�f� 
�i�n�c�r�e�a�s�i�n�g� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �o�n� �v�e�g�e�t�a�t�i�o�n�.� �E�d�s�.� �B�.�R�.� 
�S�t�r�a�i�n� �a�n�d� �J�.�D�.� �C�u�r�e�.� �U�S�D�A� �D�O�E�/�E�R�-�0�2�3�8�.� �p�p� �5�3�-�9�7�.� 

�A�r�p�,� �W�.�J�.� �1�9�9�1�.� �E�f�f�e�c�t�s� �o�f� �s�o�u�r�c�e�-�s�i�n�k� �r�e�l�a�t�i�o�n�s� �o�n� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�c�c�l�i�m�a�t�i�o�n� �t�o� �e�l�e�v�a�t�e�d� �C�O�,�.� 
�P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�1�0�0�3�~�-�1�0�0�6�.� 

�B�a�z�z�a�z�,� �F�.�A�.�,� �J�.�S�.� �C�o�l�e�m�a�n� �a�n�d� �S�.�R�.� �M�o�r�s�e�.� �1�9�9�0�.� �G�r�o�w�t�h� 
�r�e�s�p�o�n�s�e�s� �o�f� �s�e�v�e�n� �m�a�j�o�r� �c�o�-�o�c�c�u�r�i�n�g� �t�r�e�e� �s�p�e�c�i�e�s� �o�f� 
�t�h�e� �n�o�r�t�h�e�a�s�t�e�r�n� �U�n�i�t�e�d� �S�t�a�t�e�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�5�-�.� �C�a�n�.� �J�.� 
�F�o�r�.� �R�e�s�.� �2�0�:�1�4�7�9�-�1�4�8�4�.� 

�B�o�w�e�s�,� �G�.� �1�9�9�1�.� �G�r�o�w�t�h� �a�t� �e�l�e�v�a�t�e�d� �C�O�,�:� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� 
�r�e�s�p�o�n�s�e�s� �m�e�d�i�a�t�e�d� �t�h�r�o�u�g�h� �r�u�b�i�s�c�o�.� �P�l�a�n�t�,� �C�e�l�l� �a�n�d� 
�E�n�v�i�r�o�n�.� �1�4�:�7�9�5�-�8�0�6�.� 

�B�r�e�m�n�e�r�,� �J�.�M�.� �a�n�d� �C�.�S�.� �M�u�l�v�a�n�e�y�.� �1�9�8�2�.� �R�e�g�u�l�a�r� �K�j�e�l�d�a�h�l� 
�m�e�t�h�o�d� �f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�o�t�a�l� �n�i�t�r�o�g�e�n�.� �I�N�:� �M�e�t�h�o�d�s� 
�o�f� �s�o�i�l� �a�n�a�l�y�s�i�s� �(�P�a�r�t� �2�)�.� �E�d�s�.� �A�.�L�.� �P�a�g�e� �e�t� �a�l�.� 
�N�o�.� �9�:�6�1�0�-�6�1�5�.� 

�B�r�o�w�n�,� �K�.� �1�9�9�1�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �e�n�r�i�c�h�m�e�n�t� �a�c�c�e�l�e�r�a�t�e�s� �t�h�e� 
�d�e�c�l�i�n�e� �i�n� �n�u�t�r�i�e�n�t� �s�t�a�t�u�s� �a�n�d� �r�e�l�a�t�i�v�e� �g�r�o�w�t�h� �r�a�t�e� �o�f� 
�P�o�p�u�l�u�s� �t�r�e�m�u�l�o�i�d�e�s� �M�i�c�h�x�.� �s�e�e�d�l�i�n�g�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�8�:�1�6�1�-�1�7�3�.� 

�B�r�o�w�n�,� �K�.� �a�n�d� �K�.�O�.� �H�i�g�g�i�n�b�o�t�h�a�m�.� �1�9�8�6�.� �E�f�f�e�c�t�s� �o�f� �c�a�r�b�o�n� 
�d�i�o�x�i�d�e� �e�n�r�i�c�h�m�e�n�t� �a�n�d� �n�i�t�r�o�g�e�n� �s�u�p�p�l�y� �o�n� �g�r�o�w�t�h� �o�f� 
�b�o�r�e�a�l� �t�r�e�e� �s�e�e�d�l�i�n�g�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� �2�:�2�2�3�-�2�3�2�.� 

�C�a�m�p�a�g�n�a�,� �M�.�A�.� �a�n�d� �H�.�A�.� �M�a�r�g�o�l�i�s�.� �1�9�8�9�.� �I�n�f�l�u�e�n�c�e� �o�f� �s�h�o�r�t�-� 
�t�e�r�m� �C�O�,� �e�n�r�i�c�h�m�e�n�t� �o�n� �g�r�o�w�t�h�,� �a�l�l�o�c�a�t�i�o�n� �p�a�t�t�e�r�n�s�,� �a�n�d� 
�b�i�o�c�h�e�m�i�s�t�r�y� �o�f� �b�l�a�c�k� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �a�t� �d�i�f�f�e�r�e�n�t� 
�s�t�a�g�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t�.� �C�a�n�.� �J�.� �F�o�r�.� �R�e�s�.� �1�9�:�7�7�3�-�7�8�2�.� 

�C�a�n�h�a�m�,� �A�.�E�.� �a�n�d� �W�.�J�.� �M�c�C�a�v�i�s�h�.� �1�9�8�1�.� �S�o�m�e� �e�f�f�e�c�t�s� �o�f� �C�O�,�,� 
�d�a�y�l�e�n�g�t�h� �a�n�d� �n�u�t�r�i�t�i�o�n� �o�n� �t�h�e� �g�r�o�w�t�h� �o�f� �y�o�u�n�g� �f�o�r�e�s�t� 
�t�r�e�e� �p�l�a�n�t�s�.� �I�.� �I�n� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e�.� �F�o�r�e�s�t�r�y� 
�5�4�:�1�6�9�-�1�8�2�.� 

�C�a�u�s�t�o�n�,� �D�.�R�.� �a�n�d� �J�.�C�.� �V�e�n�u�s�.� �1�9�8�1�.� �T�h�e� �b�i�o�m�e�t�r�y� �o�f� �p�l�a�n�t� 
�g�r�o�w�t�h�.� �E�d�w�a�r�d� �A�r�n�o�l�d�,� �L�o�n�d�o�n�.� �p�p� �1�7�3�-�2�1�8�.� 

�C�o�n�r�o�y�,� �J�.�P�.�,� �P�.�J�.� �M�i�l�h�a�m�,� �M�.�L�.� �R�e�e�d� �a�n�d� �E�.�W�.� �B�a�r�l�o�w�.� �1�9�9�0�.� 
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�I�n�c�r�e�a�s�e�s� �i�n� �p�h�o�s�p�h�o�r�u�s� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �C�O�,�-�e�n�r�i�c�h�e�d� 
�p�i�n�e� �s�p�e�c�i�e�s�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �9�2�:�9�7�7�-�9�8�2�.� 

�D�o�w�n�t�o�n�,� �W�.�J�.�S�.�,� �W�.�J�.�R�.� �G�r�a�n�t� �a�n�d� �B�.�R�.� �L�o�v�e�y�s�.� �1�9�8�7�.� �C�a�r�b�o�n� 
�d�i�o�x�i�d�e� �e�n�r�i�c�h�m�e�n�t� �i�n�c�r�e�a�s�e�s� �y�i�e�l�d� �o�f� �V�a�l�e�n�c�i�a� �o�r�a�n�g�e�.� 
�A�u�s�t�.� �J�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �1�4�:�4�9�3�-�5�0�1�.� 

�E�a�m�u�s�,� �D�.� �a�n�d� �P�.�G�.� �J�a�r�v�i�s�.� �1�9�8�9�.� �T�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t�s� �o�f� 
�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �g�l�o�b�a�l� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� 
�n�a�t�u�r�a�l� �a�n�d� �c�o�m�m�e�r�c�i�a�l� �t�e�m�p�e�r�a�t�e� �t�r�e�e�s� �a�n�d� �f�o�r�e�s�t�s�.� 
�A�d�v�.� �E�c�o�l�.� �R�e�s�.� �1�9�:�1�-�5�5�.� 

�F�a�r�q�u�h�a�r�,� �G�.�D�.� �a�n�d� �T�.�D�.� �S�h�a�r�k�e�y�.� �1�9�8�2�.� �S�t�o�m�a�t�a�l� �c�o�n�d�u�c�t�a�n�c�e� 
�a�n�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s�.� �A�n�n�.� �R�e�v�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� 
�3�3�:�3�1�7�-�3�4�5�.� 

�F�a�r�r�a�r�,� �J�.�F�.� �a�n�d� �M�.�L�.� �W�i�l�l�i�a�m�s�.� �1�9�9�1�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� 
�i�n�c�r�e�a�s�e�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �c�a�r�b�o�n� 
�p�a�r�t�i�t�i�o�n�i�n�g�,� �s�o�u�r�c�e�-�s�i�n�k� �r�e�l�a�t�i�o�n�s� �a�n�d� �r�e�s�p�i�r�a�t�i�o�n�.� 
�P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�8�1�9�-�8�3�0�.� 

�F�e�t�c�h�e�r�,� �N�.�,� �C�.�H�.� �J�a�e�g�e�r�,� �B�.�R�.� �S�t�r�a�i�n� �a�n�d� �N�.� �S�i�o�n�i�t�.� �1�9�8�8�.� 
�L�o�n�g�-�t�e�r�m� �e�l�e�v�a�t�i�o�n� �o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�a�n�d� �t�h�e� �c�a�r�b�o�n� �e�x�c�h�a�n�g�e� �r�a�t�e� �o�f� �s�a�p�l�i�n�g�s� �o�f� �P�i�n�u�s� �t�a�e�d�a� 
�L�.� �a�n�d� �L�i�q�u�i�d�a�m�b�a�r� �s�t�y�r�a�c�i�f�l�u�a� �L�.� �T�r�e�e� �P�h�y�s�i�o�l�.� �4�:�2�5�5�-� 
�2�6�2�.� 

�F�r�e�d�e�e�n�,� �A�.�L�.�,� �J�.�A�.� �G�a�m�o�n� �a�n�d� �C�.�B�.� �F�i�e�l�d�.� �1�9�9�1�.� �R�e�s�p�o�n�s�e�s� �o�f� 
�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e�-�p�a�r�t�i�t�i�o�n�i�n�g� �t�o� 
�l�i�m�i�t�a�t�i�o�n�s� �i�n� �n�i�t�r�o�g�e�n� �a�n�d� �w�a�t�e�r� �a�v�a�i�l�a�b�i�l�i�t�y� �i�n� 
�f�i�e�l�d�-�g�r�o�w�n� �s�u�n�f�l�o�w�e�r�.� �P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� 
�1�4�:�9�6�3�-�9�7�0�.� 

�G�a�t�e�s�,� �D�.�M�.� �1�9�9�0�.� �C�l�i�m�a�t�e� �c�h�a�n�g�e� �a�n�d� �f�o�r�e�s�t�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�7�:�1�-�5�.� 

�G�l�e�i�c�k�,� �P�.�H�.� �1�9�8�7�.� �R�e�g�i�o�n�a�l� �h�y�d�r�o�l�o�g�i�c�a�l� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� 
�i�n�c�r�e�a�s�e�s� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �a�n�d� �o�t�h�e�r� �t�r�a�c�e� �g�a�s�e�s�.� 
�C�l�i�m�a�t�e� �C�h�a�n�g�e� �1�0�:�1�3�7�-�1�6�1�.� 

�H�e�r�o�l�d�,� �A�.� �1�9�8�0�.� �R�e�g�u�l�a�t�i�o�n� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �b�y� �s�i�n�k� 
�a�c�t�i�v�i�t�y�-�t�h�e� �m�i�s�s�i�n�g� �l�i�n�k�.� �N�e�w� �P�h�y�t�o�l�.� �8�6�:�1�3�1�-�1�4�4�.� 

�H�o�l�l�i�n�g�e�r�,� �D�.�Y�.� �1�9�8�7�.� �G�a�s� �e�x�c�h�a�n�g�e� �a�n�d� �d�r�y� �m�a�t�t�e�r� �a�l�l�o�c�a�t�i�o�n� 
�r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�i�o�n� �o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�i�n� �s�e�e�d�l�i�n�g�s� �o�f� �t�h�r�e�e� �t�r�e�e� �s�p�e�c�i�e�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�3�:�1�9�3�-�2�0�2�.� 

�I�d�s�o�,� �S�.�B�.�,� �B�.�A�.� �K�i�m�b�a�l�l� �a�n�d� �S�.�G�.� �A�l�l�e�n�.� �1�9�9�1�.� �C�O�,� 
�e�n�r�i�c�h�m�e�n�t� �o�f� �s�o�u�r� �o�r�a�n�g�e� �t�r�e�e�s�:� �2�.�5� �y�e�a�r�s� �i�n�t�o� �a� 
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�l�o�n�g�-�t�e�r�m� �e�x�p�e�r�i�m�e�n�t�.� �P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�3�5�1�-� 
�3�5�3�.� 

�K�r�a�m�e�r�,� �P�.�J�.� �1�9�8�1�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� 
�p�h�o�t�o�s�y�n�t�h�e�s�i�s�,� �a�n�d� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n�.� �B�i�o�S�c�i�e�n�c�e� 
�3�1�:�2�9�-�3�3�.� 

�L�u�x�m�o�o�r�e�,� �R�.�J�.�,� �E�.�G�.� �O�'�N�e�i�l�l�,� �J�.�M�.� �E�l�l�s� �a�n�d� �H�.�H�.� �R�o�g�e�r�s�.� 
�1�9�8�6�.� �N�u�t�r�i�e�n�t� �u�p�t�a�k�e� �a�n�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �o�f� �V�i�r�g�i�n�i�a� 
�p�i�n�e� �t�o� �e�l�e�v�a�t�e�d� �a�t�m�o�s�p�h�e�r�i�c� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �J�.� 
�E�n�v�i�r�o�n�.� �Q�u�a�l�.� �1�5�:�2�4�4�-�2�5�1�.� 

�M�a�d�s�e�n�,� �E�.� �1�9�7�5�.� �E�f�f�e�c�t�s� �o�f� �C�O�.� �e�n�r�i�c�h�m�e�n�t� �o�n� �g�r�o�w�t�h�,� 
�d�e�v�e�l�o�p�m�e�n�t�,� �f�r�u�i�t� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �f�r�u�i�t� �q�u�a�l�i�t�y� �o�f� 
�t�o�m�a�t�o� �p�l�a�n�t�s� �f�r�o�m� �a� �p�h�y�s�i�o�l�o�g�i�c�a�l� �v�i�e�w�p�o�i�n�t�.� 
�P�h�y�t�o�t�r�o�n�i�c�s� �1�1�1�:�3�1�8�-�3�3�0�.� 

�M�a�n�a�b�e�,� �S�.�,� �R�.�T�.� �W�e�t�h�e�r�a�l�d� �a�n�d� �R�.�J�.� �S�t�o�u�f�f�e�r�.� �1�9�8�1�.� �S�u�m�m�e�r� 
�d�r�y�n�e�s�s� �d�u�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� 
�c�o�n�c�e�n�t�r�a�t�i�o�n�.� �C�l�i�m�a�t�e� �C�h�a�n�g�e� �3�:�3�4�7�-�3�8�6�.� 

�M�a�t�h�e�w�s�,� �M�.�A�.� �a�n�d� �J�.�S�.� �B�o�y�e�r�.� �1�9�8�4�.� �A�c�c�l�i�m�a�t�i�o�n� �o�f� 
�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �t�o� �l�o�w� �l�e�a�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s�.� �P�l�a�n�t� 
�P�h�y�s�i�o�l�.� �7�4�:�1�6�1�-�1�6�6�.� 

�M�c�L�a�u�g�h�l�i�n�,� �S�.�B�.�,� �D�.�J�.� �D�o�w�n�i�n�g�,� �T�.�J�.� �B�l�a�s�i�n�g�,� �E�.�R�.� �C�o�o�k� 
�a�n�d� �H�.�S�.� �A�d�a�m�s�.� �1�9�8�7�.� �A�n� �a�n�a�l�y�s�i�s� �o�f� �c�l�i�m�a�t�e� �a�n�d� 
�c�o�m�p�e�t�i�t�i�o�n� �a�s� �c�o�n�t�r�i�b�u�t�o�r�s� �t�o� �d�e�c�l�i�n�e� �o�f� �r�e�d� �s�p�r�u�c�e� 
�i�n� �h�i�g�h� �e�l�e�v�a�t�i�o�n� �A�p�p�a�l�a�c�h�i�a�n� �f�o�r�e�s�t�s� �o�f� �t�h�e� �e�a�s�t�e�r�n� 
�U�n�i�t�e�d� �S�t�a�t�e�s�.� �O�e�c�o�l�o�g�i�a� �7�2�:�4�8�7�-�5�0�1�.� 

�N�o�r�b�y�,� �R�.�J�.�,� �E�.�G�.� �O�'�N�e�i�l�l� �a�n�d� �R�.�J�.� �L�u�x�m�o�o�r�e�.� �1�9�8�6�.� �E�f�f�e�c�t�s� 
�o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�.� �e�n�r�i�c�h�m�e�n�t� �o�n� �t�h�e� �g�r�o�w�t�h� �a�n�d� �m�i�n�e�r�a�l� 
�n�u�t�r�i�t�i�o�n� �o�f� �Q�u�e�r�c�u�s� �a�l�b�a� �s�e�e�d�l�i�n�g�s� �i�n� �n�u�t�r�i�e�n�t�-�p�o�o�r� 
�s�o�i�l�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�2�:�8�3�-�8�9�.� 

�O�b�e�r�b�a�u�e�r�,� �S�.�F�.�,� �B�.�R�.� �S�t�a�i�n� �a�n�d� �N�.� �F�e�t�c�h�e�r�.� �1�9�8�5�.� �E�f�f�e�c�t� �o�f� 
�C�O�,�-�e�n�r�i�c�h�m�e�n�t� �o�n� �s�e�e�d�l�i�n�g� �p�h�y�s�i�o�l�o�g�y� �a�n�d� �g�r�o�w�t�h� �o�f� �t�w�o� 
�t�r�o�p�i�c�a�l� �t�r�e�e� �s�p�e�c�i�e�s�.� �P�h�y�s�i�o�l�.� �P�l�a�n�t�.� �6�5�:�3�5�2�-�3�5�6�.� 

�O�'�N�e�i�l�l�,� �E�.�G�.�,� �R�.�J�.� �L�u�x�m�o�o�r�e� �a�n�d� �R�.�J�.� �N�o�r�b�y�.� �1�9�8�7�.� �E�l�e�v�a�t�e�d� 
�a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �e�f�f�e�c�t�s� �o�n� �s�e�e�d�l�i�n�g� �g�r�o�w�t�h�,� �n�u�t�r�i�e�n�t� 
�u�p�t�a�k�e� �a�n�d� �r�h�i�z�o�s�p�h�e�r�e� �b�a�c�t�e�r�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �o�f� 
�L�i�r�i�o�d�e�n�d�r�o�n� �t�u�l�i�p�i�f�e�r�a� �L�.� �P�l�a�n�t� �S�o�i�l� �1�0�4�:�3�-�1�1�.� 

�S�t�i�t�t�,� �M�.� �1�9�9�1�.� �R�i�s�i�n�g� �C�O�D� �l�e�v�e�l�s� �a�n�d� �t�h�e�i�r� �p�o�t�e�n�t�i�a�l� 
�o�O� �S�i�g�n�i�f�i�c�a�n�c�e� �f�o�r� �c�a�r�b�o�n� �f�l�o�w� �i�n� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �c�e�l�l�s�.� 

�P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�7�4�1�-�7�6�2�.� 
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�S�u�r�a�n�o�,� �K�.�A�.�,� �D�.�F�.� �D�a�l�e�y�,� �J�.�L�.�J�.� �H�o�u�p�i�s�,� �J�.�H�.� �S�h�i�n�n�,� �J�.�A�.� 
�H�e�l�m�s�,� �R�.�J�.� �P�a�l�a�s�s�o�u� �a�n�d� �M�.�P�.� �C�o�s�t�e�l�l�a�.� �1�9�8�6�.� �G�r�o�w�t�h� 
�a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� �o�f� �P�i�n�u�s� �p�o�n�d�e�r�o�s�a� �D�o�u�g�l�.� 
�e�x�.� �P�.� �L�a�w�s�.� �t�o� �l�o�n�g�-�t�e�r�m� �e�l�e�v�a�t�e�d� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
�T�r�e�e� �P�h�y�s�i�o�l�.� �2�:�2�4�3�-�2�5�9�.� 

�T�i�n�u�s�,� �R�.�W�.� �1�9�7�2�.� �C�O�.� �e�n�r�i�c�h�e�d� �a�t�m�o�s�p�h�e�r�e� �s�p�e�e�d�s� �g�r�o�w�t�h� �o�f� 
�p�o�n�d�e�r�o�s�a� �p�i�n�e� �a�n�d� �b�l�u�e� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� �T�r�e�e� 
�P�l�a�n�t�e�r�s�'� �N�o�t�e�s� �2�3�:�1�2�-�1�5�.� 

�T�o�l�b�e�r�t�,� �N�.�E�.� �a�n�d� �I�.� �Z�e�l�i�t�c�h�.� �1�9�8�3�.� �C�a�r�b�o�n� �m�e�t�a�b�o�l�i�s�m�.� �I�N�:� 
�c�O�,� �a�n�d� �p�l�a�n�t�s�,� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �p�l�a�n�t�s� �t�o� �r�i�s�i�n�g� �l�e�v�e�l�s� 
�o�f� �a�t�m�o�s�p�h�e�r�i�c� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �E�d�.� �E�.�R�.� �L�e�m�o�n�.� �A�A�A�S� 
�S�e�l�e�c�t�e�d� �S�y�m�p�o�s�i�u�m� �8�4�,� �U�S�A�.� �p�p� �2�1�-�6�4�.� 

�T�o�l�l�e�y�,� �L�.�C�.� �a�n�d� �B�.�R�.� �S�t�r�a�i�n�.� �1�9�8�4�.� �E�f�f�e�c�t�s� �o�f� �C�O�,� 
�e�n�r�i�c�h�m�e�n�t� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �o�n� �g�r�o�w�t�h� �o�f� �L�i�q�u�i�d�a�m�b�a�r� 
�s�t�y�r�a�c�i�f�l�u�a� �a�n�d� �P�i�n�u�s� �t�a�e�d�a� �s�e�e�d�l�i�n�g�s�.� �C�a�n�.� �J�.� �B�o�t�.� 
�6�2�:�2�1�3�5�-�2�1�3�9�.� 

� � � � 

�W�i�l�l�i�a�m�s�,� �W�.�E�.�,� �K�.� �G�a�r�b�u�t�t�,� �F�.�A�.� �B�a�z�z�a�z� �a�n�d� �P�.�M�.� �V�i�t�o�u�s�e�k�.� 
�1�9�8�6�.� �T�h�e� �r�e�s�p�o�n�s�e� �o�f� �p�l�a�n�t�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,�.� �I�V�.� �T�w�o� 
�d�e�c�i�d�u�o�u�s�-�f�o�r�e�s�t� �t�r�e�e� �c�o�m�m�u�n�i�t�i�e�s�.� �O�e�c�o�l�o�g�i�a� �6�9�:�2�3�-�4�3�.� 

�Z�e�d�a�k�e�r�,� �S�.�M�.�,� �D�.�M�.� �H�y�i�n�k� �a�n�d� �D�.�W�.� �S�m�i�t�h�.� �1�9�8�7�.� �G�r�o�w�t�h� 
�d�e�c�l�i�n�e�s� �i�n� �r�e�d� �s�p�r�u�c�e�.� �A�r�e� �t�h�e�y� �a�n�t�h�r�o�p�o�g�e�n�i�c� �o�r� 
�n�a�t�u�r�a�l�?� �J�.� �F�o�r�.� �8�5�:�3�4�-�3�6�.� 
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�C�H�A�P�T�E�R� �I�V� 

�F�I�X�E�D� �G�R�O�W�T�H� �O�F� �R�E�D� �S�P�R�U�C�E� �S�E�E�D�L�I�N�G�S� �I�N� �R�E�S�P�O�N�S�E� �T�O� 

�E�L�E�V�A�T�E�D� �C�O�,� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�A�m�b�i�e�n�t� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �p�r�e�d�i�c�t�e�d� �t�o� �d�o�u�b�l�e� �b�y� 

�t�h�e� �y�e�a�r� �2�0�5�0� �(�G�a�t�e�s� �1�9�9�0�)� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �e�f�f�e�c�t�s� �o�n� �p�l�a�n�t� 

�g�r�o�w�t�h� �a�r�e� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �v�a�r�y�i�n�g� �r�e�s�o�u�r�c�e� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� 

�s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c� �r�e�s�p�o�n�s�e�s�.� �L�i�t�t�l�e� �i�s� �k�n�o�w�n� �o�f� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �v�a�r�y�i�n�g� 

�r�e�s�o�u�r�c�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�n� �t�h�e� �f�i�x�e�d� �g�r�o�w�t�h� �o�f� �w�o�o�d�y� �p�l�a�n�t�s�.� 

�I�n� �t�r�e�e� �s�p�e�c�i�e�s� �t�h�a�t� �e�x�p�r�e�s�s� �f�i�x�e�d� �g�r�o�w�t�h�,� �w�i�n�t�e�r� �b�u�d�s� 

�c�o�n�t�a�i�n� �p�r�e�f�o�r�m�e�d� �p�r�i�m�o�r�d�i�a� �o�f� �s�h�o�o�t�s� �t�h�a�t� �w�i�l�l� �e�x�p�a�n�d� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �g�r�o�w�i�n�g� �s�e�a�s�o�n� �(�K�r�a�m�e�r� �a�n�d� �K�o�z�l�o�w�s�k�i� �1�9�7�9�)�.� �I�n� 

�f�i�x�e�d� �g�r�o�w�t�h� �s�p�e�c�i�e�s�,� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �d�u�r�i�n�g� �b�u�d� �f�o�r�m�a�t�i�o�n� 

�a�f�f�e�c�t�s� �r�e�s�u�l�t�i�n�g� �s�h�o�o�t� �g�r�o�w�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�a�s�o�n�.� 

�A�l�t�e�r�n�a�t�i�v�e�l�y�,� �f�r�e�e� �g�r�o�w�t�h� �s�p�e�c�i�e�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �i�n�i�t�i�a�t�e� 

�a�n�d� �e�l�o�n�g�a�t�e� �n�e�w� �s�t�e�m� �u�n�i�t�s� �d�u�r�i�n�g� �t�h�e� �c�u�r�r�e�n�t� �g�r�o�w�i�n�g� 

�s�e�a�s�o�n�.� �I�n� �f�r�e�e� �g�r�o�w�t�h� �s�p�e�c�i�e�s�,� �s�h�o�o�t�s� �m�a�y� �d�e�v�e�l�o�p� �a�s� �a� 

�r�e�s�u�l�t� �o�f� �c�o�n�t�i�n�u�e�d� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �e�x�p�a�n�s�i�o�n� �o�f� �p�r�e�f�o�r�m�e�d� 

�s�t�e�m� �a�n�d� �l�e�a�f� �p�r�i�m�o�r�d�i�a� �d�u�r�i�n�g� �t�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�.� �F�i�x�e�d� 

�g�r�o�w�t�h� �i�s� �v�i�e�w�e�d� �a�s� �a� �p�r�o�t�e�c�t�i�v�e� �a�d�a�p�t�a�t�i�o�n� �i�n� �s�p�e�c�i�e�s� �t�h�a�t� 

�a�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �e�a�r�l�y� �f�r�o�s�t�s�.� 
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�T�h�e� �a�m�o�u�n�t� �o�f� �s�h�o�o�t� �g�r�o�w�t�h� �d�u�r�i�n�g� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e� 

�i�s� �i�m�p�o�r�t�a�n�t� �i�n� �s�e�e�d�l�i�n�g� �s�u�r�v�i�v�a�l� �a�n�d� �p�o�t�e�n�t�i�a�l� �v�o�l�u�m�e� 

�g�r�o�w�t�h� �(�T�e�i�c�h� �a�n�d� �K�h�a�l�i�l� �1�9�7�3�,� �P�o�l�l�a�r�d� �a�n�d� �L�o�g�a�n� �1�9�7�4�)�.� 

�E�l�e�v�a�t�e�d� �C�O�,� �m�a�y� �i�n�f�l�u�e�n�c�e� �s�e�e�d�l�i�n�g� �s�u�r�v�i�v�a�l� �a�n�d� 

�e�s�t�a�b�l�i�s�h�m�e�n�t� �i�n� �f�i�x�e�d� �a�n�d� �f�r�e�e� �g�r�o�w�t�h� �s�p�e�c�i�e�s� �b�y� �a�f�f�e�c�t�i�n�g� 

�t�e�r�m�i�n�a�l� �s�h�o�o�t� �p�r�i�m�o�r�d�i�a� �f�o�r�m�a�t�i�o�n� �a�n�d� �r�e�s�u�l�t�i�n�g� �h�e�i�g�h�t� 

�g�r�o�w�t�h�.� �H�o�w�e�v�e�r�,� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �e�n�v�i�r�o�n�m�e�n�t� �m�a�y� �b�e� �m�o�r�e� 

�b�e�n�e�f�i�c�i�a�l� �t�o� �f�i�x�e�d� �g�r�o�w�t�h� �s�p�e�c�i�e�s� �w�h�o� �h�a�v�e� �a� �l�i�m�i�t�e�d� �t�i�m�e� 

�f�r�a�m�e� �i�n� �w�h�i�c�h� �t�o� �d�e�v�e�l�o�p� �s�h�o�o�t� �p�r�i�m�o�r�d�i�a�.� 

�R�e�d� �s�p�r�u�c�e� �(�P�i�c�e�a� �r�u�b�e�n�s� �S�a�r�g�.�)� �i�s� �a�n� �e�c�o�n�o�m�i�c�a�l�l�y� 

�v�a�l�u�a�b�l�e� �t�i�m�b�e�r� �s�p�e�c�i�e�s� �i�n� �t�h�e� �n�o�r�t�h�e�r�n� �U�n�i�t�e�d� �S�t�a�t�e�s� �a�n�d� 

�C�a�n�a�d�a� �a�s� �w�e�l�l� �a�s� �a�n� �e�c�o�l�o�g�i�c�a�l�l�y� �u�n�i�q�u�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

�A�p�p�a�l�a�c�h�i�a�n� �s�p�r�u�c�e�-�f�i�r� �e�c�o�s�y�s�t�e�m� �o�f� �t�h�e� �s�o�u�t�h�e�a�s�t�e�r�n� �U�n�i�t�e�d� 

�S�t�a�t�e�s�.� �T�h�i�s� �s�t�u�d�y� �e�x�a�m�i�n�e�d� �t�h�e� �f�i�x�e�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �o�f� 

�r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� 

�l�i�m�i�t�e�d� �n�u�t�r�i�e�n�t� �a�n�d� �w�a�t�e�r� �a�v�a�i�l�a�b�i�l�i�t�y� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�p�o�t�e�n�t�i�a�l� �i�n�f�l�u�e�n�c�e� �o�f� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �a�t�m�o�s�p�h�e�r�e� �o�n� �l�a�t�e�r�a�l� 

�a�n�d� �t�e�r�m�i�n�a�l� �s�h�o�o�t� �g�r�o�w�t�h� �i�n� �r�e�d� �s�p�r�u�c�e�.� �P�i�c�e�a� �s�p�e�c�i�e�s� 
� � 

�s�u�p�p�l�e�m�e�n�t� �t�h�e�i�r� �p�r�e�d�e�t�e�r�m�i�n�e�d� �g�r�o�w�t�h� �w�i�t�h� �f�r�e�e� �g�r�o�w�t�h� �i�n� 

�t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e� �(�J�a�b�l�a�n�c�z�y� �1�9�7�1�)�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �e�x�p�o�s�e�d� �t�o� �a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �w�h�i�l�e� �f�l�u�s�h�i�n�g� �t�o� �i�s�o�-� 

�l�a�t�e� �f�i�x�e�d� �g�r�o�w�t�h�.� �E�x�p�o�s�u�r�e� �t�o� �a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �w�a�s� 

�s�h�o�w�n� �t�o� �i�n�h�i�b�i�t� �f�r�e�e� �g�r�o�w�t�h� �w�h�i�l�e� �a�l�l�o�w�i�n�g� �f�i�x�e�d� �g�r�o�w�t�h� 

�e�x�p�r�e�s�s�i�o�n� �i�n� �P�i�c�e�a� �m�a�r�i�a�n�a� �(�P�o�l�l�a�r�d� �a�n�d� �L�o�g�a�n� �1�9�7�4�)�,� �a� 
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�s�p�e�c�i�e�s� �t�h�a�t� �h�y�b�r�i�d�i�z�e�s� �w�i�t�h� �r�e�d� �s�p�r�u�c�e� �w�h�e�r�e� �r�a�n�g�e� �o�v�e�r�l�a�p� 

�o�c�c�u�r�s� �(�H�a�r�l�o�w� �e�t� �a�l�.� �1�9�7�8�)�.� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�R�e�d� �s�p�r�u�c�e� �s�e�e�d� �(�F�.�W�.� �S�c�h�u�m�a�c�k�e�r�,� �S�a�n�d�w�i�c�h�,� �M�A�,� �U�S�A�)� 

�f�r�o�m� �t�h�e� �n�o�r�t�h�e�a�s�t�e�r�n� �U�n�i�t�e�d� �S�t�a�t�e�s� �w�a�s� �s�t�r�a�t�i�f�i�e�d� �f�o�r� �3�0� 

�d�a�y�s� �a�t� �4�°�c� �a�n�d� �s�o�w�n� �i�n� �a� �2�:�1� �m�i�x� �(�v�:�v�)� �o�f� �s�o�i�l� �f�r�o�m� 

�W�h�i�t�e�t�o�p� �m�o�u�n�t�a�i�n�,� �V�i�r�g�i�n�i�a� �(�a� �h�i�g�h� �e�l�e�v�a�t�i�o�n�,� �l�o�a�m�y�-� 

�s�k�e�l�e�t�a�l�,� �m�i�x�e�d�,� �f�r�i�g�i�d�T�y�p�i�c� �H�a�p�l�u�m�b�r�e�p�t� �s�o�i�l� �o�f� �p�H� �4�.�4�)� �a�n�d� 

�p�e�r�l�i�t�e� �i�n�t�o� �1�7�5�-�c�m�?� �c�o�n�t�a�i�n�e�r�s� �(�R�a�y� �L�e�a�c�h� �N�u�r�s�e�r�y�,� �C�a�n�b�y�,� 

�O�R�,� �U�S�A�)�.� �T�h�e� �c�o�n�t�a�i�n�e�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �e�i�t�h�e�r� �a�n� �a�m�b�i�e�n�t� 

�C�O�z� �(�3�6�2� �(�+�1�4�)� �p�p�m� �C�O�,�)� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r� �o�r� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� 

�(�7�1�1� �(�+�2�9�)� �p�p�m� �C�O�,�)� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r�.� �T�h�e� �C�O�.� �c�h�a�m�b�e�r�s� �a�n�d� 

�d�i�s�p�e�n�s�i�n�g� �a�n�d� �m�o�n�i�t�o�r�i�n�g� �s�y�s�t�e�m� �w�e�r�e� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� 

�i�n� �C�h�a�p�t�e�r� �I�I�I�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �r�o�t�a�t�e�d� �w�i�t�h�i�n� �a� �c�h�a�m�b�e�r� 

�e�v�e�r�y� �o�t�h�e�r� �d�a�y� �a�n�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �r�o�t�a�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�h�a�m�b�e�r�s� �w�e�e�k�l�y� �t�o� �a�v�e�r�a�g�e� �a�n�y� �w�i�t�h�i�n� 

�c�h�a�m�b�e�r� �a�n�d� �b�e�t�w�e�e�n� �c�h�a�m�b�e�r� �v�a�r�i�a�t�i�o�n� �a�c�r�o�s�s� �a�l�l� �t�r�e�a�t�m�e�n�t�s�.� 

�E�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� �a�c�c�o�m�p�a�n�y�i�n�g� �s�e�e�d�l�i�n�g� �a�n�d� �C�O�,� 

�t�r�e�a�t�m�e�n�t� �s�p�e�n�t� �e�q�u�a�l� �t�i�m�e� �i�n� �e�a�c�h� �c�h�a�m�b�e�r�.� �D�a�i�l�y� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �r�e�c�o�r�d�i�n�g� 

�h�y�g�r�o�t�h�e�r�m�o�g�r�a�p�h�s� �p�l�a�c�e�d� �i�n� �e�a�c�h� �c�h�a�m�b�e�r�.� �T�e�m�p�e�r�a�t�u�r�e� �a�n�d� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�v�e�r�a�g�e�d� �2�2� �(�+�3�)�°�C� �a�n�d� �6�8� �(�+�1�0�)�%�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �d�u�r�i�n�g� �t�h�e� �d�a�y� �i�n� �t�h�e� �e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t�.� 
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�I�n� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�,� �d�a�i�l�y� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�e�l�a�t�i�v�e� 

�h�u�m�i�d�i�t�y� �a�v�e�r�a�g�e�d� �2�2� �(�+�3�)�°�C� �a�n�d� �6�4� �(�+�1�3�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�S�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �b�y� �h�a�n�d� 

�m�i�x�i�n�g� �n�o�n�s�o�l�u�b�l�e� �N�-�P�-�K�,� �C�a�S�O�,� �a�n�d� �M�g�S�O�,� �i�n�t�o� �t�h�e� �s�o�i�l�.� 

�N�i�t�r�o�g�e�n�,� �P�,� �K�,� �C�a� �a�n�d� �M�g� �w�e�r�e� �a�p�p�l�i�e�d� �a�t� �1�5�0� �k�g� �h�a�l�,� �6�6� �k�g� 

�h�a�,� �1�2�4� �k�g� �h�a�~�!�,� �5�0� �k�g� �h�a�~�+� �a�n�d� �5�0� �k�g� �h�a ��?�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

�i�n� �t�h�e� �h�i�g�h� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�.� �I�n� �t�h�e� �l�o�w� �s�o�i�l� �f�e�r�t�i�l�i�t�y� 

�t�r�e�a�t�m�e�n�t�,� �e�l�e�m�e�n�t�s� �w�e�r�e� �a�p�p�l�i�e�d� �a�t� �h�a�l�f� �t�h�e� �h�i�g�h� �f�e�r�t�i�l�i�t�y� 

�r�a�t�e�.� 

�D�u�e� �t�o� �t�h�e� �s�m�a�l�l� �s�i�z�e� �o�f� �t�h�e� �s�e�e�d�l�i�n�g�s�,� �w�a�t�e�r� 

�s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �n�o�t� �i�n�i�t�i�a�t�e�d� �u�n�t�i�l� �t�h�e� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �t�e�n� �w�e�e�k�s� �o�l�d�.� �W�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �d�e�f�i�n�e�d� 

�a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�y�s� �b�e�t�w�e�e�n� �w�a�t�e�r�i�n�g� �(�T�a�b�l�e� �4�.�1�)�.� �N�e�e�d�l�e� 

�r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �(�R�W�C�)� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �e�n�d� �o�f� 

�c�y�c�l�e�s� �4�-�6� �w�h�e�n� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �l�a�r�g�e�r�.� �T�h�e� �l�e�n�g�t�h� �o�f� 

�d�r�o�u�g�h�t� �c�y�c�l�e�s� �w�a�s� �a�d�j�u�s�t�e�d� �s�o� �t�h�a�t� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�s�u�b�j�e�c�t�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �d�e�g�r�e�e� �o�f� �s�t�r�e�s�s�.� �R�W�C� 

�v�a�l�u�e�s� �f�o�r� �a� �d�r�o�u�g�h�t� �c�y�c�l�e� �w�e�r�e� �b�a�s�e�d� �o�n� �a� �s�a�m�p�l�e� �s�i�z�e� �o�f� �4� 

�f�r�o�m� �e�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �A� �s�a�m�p�l�e� �i�n�c�l�u�d�e�d� �3� �n�e�e�d�l�e�s� �f�r�o�m� �5� 

�s�e�e�d�l�i�n�g�s�.� �N�e�e�d�l�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �i�m�m�e�d�i�a�t�e�l�y� �t�o� �d�e�t�e�r�m�i�n�e� 

�f�r�e�s�h� �w�e�i�g�h�t� �(�F�W�)� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�o�v�e�r�n�i�g�h�t� �a�n�d� �r�e�w�e�i�g�h�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �s�a�t�u�r�a�t�e�d� �w�e�i�g�h�t� �(�S�W�)�.� 

�N�e�e�d�l�e�s� �w�e�r�e� �t�h�e�n� �o�v�e�n�-�d�r�i�e�d� �f�o�r� �4�8� �h�r� �a�t� �6�0�°� �t�o� �d�e�t�e�r�m�i�n�e� 

�o�v�e�n�-�d�r�i�e�d� �w�e�i�g�h�t� �(�O�D�)�.� �R�W�C� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�R�W�C� �=� �(�F�W�-�O�D�)�/�(�S�W�-�O�D�)� �x� �1�0�0�.� 
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�T�a�b�l�e� �1�.� �D�u�r�a�t�i�o�n� �o�f� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �f�o�r� �w�a�t�e�r�-�s�t�r�e�s�s�e�d�,� 
�e�l�e�v�a�t�e�d� �a�n�d� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� 
�n�e�e�d�l�e� �r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t�s� �(�R�W�C�)� �o�f� �r�e�d� �s�p�r�u�c�e� 
�s�e�e�d�l�i�n�g�s�.� 

� � 

� � 

� � 

�D�r�o�u�g�h�t� �c�O�,�t�r�e�a�t�m�e�n�t� �D�u�r�a�t�i�o�n� �R�W�C� 
�c�y�c�l�e� �(�p�p�m�)� �(�d�a�y�s�)� �(�%�)� 

�1� �3�6�2� �7� �-�2� 
�7�1�1� �7� �~�-� 

�2� �3�6�2� �7� �-� 
�7�1�1� �7� �-� 

�3� �3�6�2� �7� �-� 
�7�1�1� �7� �~� 

�4� �3�6�2� �7� �9�0� 
�7�1�1� �7� �8�3� 

�5� �3�6�2� �1�1� �8�6� 
�7�1�1� �9� �8�6� 

�6� �3�6�2� �1�1� �8�9� 
�7�1�l� �1�0� �8�9� 

�7� �3�6�2� �1�1� �-� 
�7�1�1� �9� �-� 

�8� �3�6�2� �1�1� �-� 
�7�1�1� �1�0� �-� 

�9� �3�6�2� �1�2� �~� 
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�1� �R�w�c� �o�f� �w�e�l�l�-�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �a�v�e�r�a�g�e�d� �9�2� �(�+�1�)� �%�.� 

�2� �T�h�e� �R�W�C� �o�f� �n�e�e�d�l�e�s� �w�e�r�e� �n�o�t� �m�e�a�s�u�r�e�d� �b�e�f�o�r�e� �c�y�c�l�e� �4� 
�b�e�c�a�u�s�e� �o�f� �t�h�e� �s�m�a�l�l� �s�i�z�e� �o�f� �t�h�e� �s�e�e�d�l�i�n�g�s� �a�n�d� �a�f�t�e�r� �c�y�c�l�e� 
�6� �t�o� �a�v�o�i�d� �r�e�m�o�v�i�n�g� �t�o�o� �m�u�c�h� �l�e�a�f� �a�r�e�a� �w�h�i�l�e� �t�h�e� �s�e�e�d�l�i�n�g�s� 
�w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �s�h�o�r�t� �d�a�y�s�.� 
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�R�W�C� �w�a�s� �n�o�t� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �c�y�c�l�e� �6� �t�o� �a�v�o�i�d� �r�e�m�o�v�i�n�g� �t�o�o� 

�m�u�c�h� �l�e�a�f� �a�r�e�a� �a�f�t�e�r� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �s�h�o�r�t� �d�a�y�s� 

�a�n�d� �a�b�o�v�e� �g�r�o�u�n�d� �g�r�o�w�t�h� �h�a�d� �c�e�a�s�e�d�.� 

�S�e�e�d�l�i�n�g�s� �w�e�r�e� �g�r�o�w�n� �f�o�r� �3� �m�o�n�t�h�s� �u�n�d�e�r� �a� �1�6� �h�r� 

�p�h�o�t�o�p�e�r�i�o�d� �p�r�o�v�i�d�e�d� �b�y� �4�0�0� �W� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p�s� �s�u�s�p�e�n�d�e�d� 

�o�v�e�r� �t�h�e� �c�h�a�m�b�e�r�s� �(�a�n� �a�p�p�r�o�x�i�m�a�t�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �p�h�o�t�o�n� 

�f�l�u�x� �d�e�n�s�i�t�y� �o�f� �1�5�0� �u�m�o�l� �m�-�*� �s�~�?� �a�t� �t�h�e� �l�e�a�f� �s�u�r�f�a�c�e� �a�f�t�e�r� 

�s�u�n�s�e�t�)�.� �A�f�t�e�r� �3� �m�o�n�t�h�s�,� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �s�h�o�r�t� 

�d�a�y�s� �b�y� �c�o�v�e�r�i�n�g� �e�a�c�h� �c�h�a�m�b�e�r� �w�i�t�h� �w�h�i�t�e� �o�n� �b�l�a�c�k� �p�o�l�y�f�i�l�m� 

�(�A�.�H�.� �H�u�m�m�e�r�t� �S�e�e�d� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�O�,� �U�S�A�)� �a�f�t�e�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8� �h�r� �o�f� �d�a�y�l�i�g�h�t� �t�o� �i�n�d�u�c�e� �b�u�d� �s�e�t�.� �A�f�t�e�r� �2� 

�m�o�n�t�h�s� �o�n� �s�h�o�r�t� �p�h�o�t�o�p�e�r�i�o�d�s� �w�h�e�n� �b�u�d�s� �h�a�d� �f�o�r�m�e�d� �a�n�d� �t�h�e� 

�s�e�e�d�l�i�n�g�s� �a�p�p�e�a�r�e�d� �v�i�s�i�b�l�y� �h�a�r�d�e�n�e�d� �(�e�l�o�n�g�a�t�i�o�n� �h�a�d� �c�e�a�s�e�d�,� 

�n�e�w� �g�r�o�w�t�h� �h�a�d� �d�a�r�k�e�n�e�d� �a�n�d� �t�h�i�c�k�e�n�e�d�)�,� �1�0� �s�e�e�d�l�i�n�g�s� �f�r�o�m� 

�e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �w�e�r�e� �h�a�r�v�e�s�t�e�d�,� �o�v�e�n�-�d�r�i�e�d� �a�t� 

�6�0�°�C� �f�o�r� �4�8� �h�r� �a�n�d� �r�o�o�t�,� �s�t�e�m� �a�n�d� �l�e�a�f� �d�r�y� �w�e�i�g�h�t�s� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �5�-�m�o�n�t�h�-�o�l�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� 

�i�n� �a� �c�o�o�l�e�r� �a�t� �3�°� �C� �f�o�r� �7� �w�e�e�k�s�.� �A� �s�u�b�s�e�t� �o�f� �5� �s�e�e�d�l�i�n�g�s� 

�f�r�o�m� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �g�r�o�w�t�h� 

�c�h�a�m�b�e�r� �(�C�o�n�v�i�r�o�n� �E�1�5�,� �C�o�n�v�i�r�o�n� �P�r�o�d�u�c�t�s� �o�f� �A�m�e�r�i�c�a�,� 

�P�e�m�b�i�n�a�,� �N�D�,� �U�S�A�)� �a�f�t�e�r� �t�h�e� �7� �w�e�e�k�s�.� �T�h�e� �r�e�m�a�i�n�i�n�g� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�u�t� �b�a�c�k� �i�n�t�o� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �C�O�,� �t�r�e�a�t�m�e�n�t�s� 

�t�o� �c�o�n�t�i�n�u�e� �t�h�e� �s�t�u�d�y�.� 

�S�e�e�d�l�i�n�g�s� �i�n� �t�h�e� �g�r�o�w�t�h� �c�h�a�m�b�e�r� �w�e�r�e� �p�l�a�c�e�d� �o�n� �a�n� �8� �h�r� 

�p�h�o�t�o�p�e�r�i�o�d� �f�o�r� �8� �w�e�e�k�s� �s�o� �t�h�a�t� �o�n�l�y� �f�i�x�e�d� �g�r�o�w�t�h� �w�a�s� 
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�e�x�p�r�e�s�s�e�d�.� �P�o�l�l�a�r�d� �a�n�d� �L�o�g�a�n� �(�1�9�7�4�)� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �o�n�l�y� 

�f�i�x�e�d� �g�r�o�w�t�h� �w�a�s� �e�x�p�r�e�s�s�e�d� �i�n� �f�l�u�s�h�i�n�g� �P�i�c�e�a� �m�a�r�i�a�n�a� 

�s�e�e�d�l�i�n�g�s� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d�.� �A�n� �a�v�e�r�a�g�e� 

�d�a�i�l�y� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �o�f� �2�5� �(�+�0�.�5�)�°�c� �a�n�d� 

�6�0� �(�+�2�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�n�d� �n�i�g�h�t�l�y� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�e�l�a�t�i�v�e� 

�h�u�m�i�d�i�t�y� �o�f� �2�5� �(�+�0�.�5�)�°�c� �a�n�d� �6�0� �(�+�2�%�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� 

�m�a�i�n�t�a�i�n�e�d� �i�n� �t�h�e� �g�r�o�w�t�h� �c�h�a�m�b�e�r�.� �T�h�e� �g�r�o�w�t�h� �c�h�a�m�b�e�r� 

�s�u�p�p�l�i�e�d� �a�m�b�i�e�n�t� �a�i�r� �a�n�d� �a� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �p�h�o�t�o�n� �f�l�u�x� 

�2� �s�7�1� �a�t� �t�h�e� �l�e�a�f� �s�u�r�f�a�c�e�.� �A�l�l� �d�e�n�s�i�t�y� �o�f� �7�0�0� �p�m�o�l� �m�-� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �k�e�p�t� �w�e�l�l�-�w�a�t�e�r�e�d�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �r�o�t�a�t�e�d� 

�w�i�t�h�i�n� �t�h�e� �g�r�o�w�t�h� �c�h�a�m�b�e�r� �e�v�e�r�y� �o�t�h�e�r� �d�a�y�.� 

�M�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �o�n� �e�a�c�h� �s�e�e�d�l�i�n�g� �w�h�e�n� �s�t�e�m� �a�n�d� 

�n�e�e�d�l�e� �e�l�o�n�g�a�t�i�o�n� �w�e�r�e� �c�o�m�p�l�e�t�e� �a�n�d� �a� �n�e�w� �t�e�r�m�i�n�a�l� �b�u�d� �h�a�d� 

�f�o�r�m�e�d�.� �S�t�e�m� �a�n�d� �l�e�a�f� �d�r�y� �w�e�i�g�h�t�s� �o�f� �o�l�d� �g�r�o�w�t�h� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �o�n� �a�l�l� �s�e�e�d�l�i�n�g�s�.� �D�r�y� �w�e�i�g�h�t� �o�f� �a�l�l� �n�e�w� �s�h�o�o�t� 

�g�r�o�w�t�h� �(�l�a�t�e�r�a�l� �p�l�u�s� �t�e�r�m�i�n�a�l�)� �a�n�d� �t�o�t�a�l� �l�e�a�f� �d�r�y� �w�e�i�g�h�t�,� 

�t�o�t�a�l� �l�e�a�f� �a�r�e�a�,� �s�t�e�m� �d�r�y� �w�e�i�g�h�t� �a�n�d� �s�t�e�m� �h�e�i�g�h�t� �o�f� �t�h�e� 

�t�e�r�m�i�n�a�l� �l�e�a�d�e�r� �w�e�r�e� �a�l�s�o� �m�e�a�s�u�r�e�d�.� �S�a�m�p�l�e�s� �w�e�r�e� �o�v�e�n�-�d�r�i�e�d� 

�f�o�r� �4�8� �h�r� �a�t� �6�0�°� �a�n�d� �w�e�i�g�h�e�d�.� �P�r�o�j�e�c�t�e�d� �l�e�a�f� �a�r�e�a� �w�a�s� 

�m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �d�i�g�i�t�a�l� �s�c�a�n�n�e�r� �(�H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �S�c�a�n�J�e�t� 

�P�l�u�s�,� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �C�o�.�,� �B�o�i�s�e�,� �I�d�a�h�o�,� �U�S�A�)�.� �A� �r�a�t�i�o� �o�f� 

�k�n�o�w�n� �a�r�e�a� �t�o� �s�c�a�n�n�e�d� �n�u�m�b�e�r� �o�f� �p�i�x�e�l�s� �w�a�s� �u�s�e�d� �t�o� �t�r�a�n�s�l�a�t�e� 

�p�i�x�e�l� �n�u�m�b�e�r� �t�o� �p�r�o�j�e�c�t�e�d� �n�e�e�d�l�e� �a�r�e�a�.� 

�T�h�e� �s�t�u�d�y� �w�a�s� �a�r�r�a�n�g�e�d� �a�s� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n�.� �A� 

�3� �f�a�c�t�o�r� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�a�s� �u�s�e�d� �t�o� �t�e�s�t� �f�o�r� �C�0�5�,� �s�o�i�l� 
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�f�e�r�t�i�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �e�f�f�e�c�t�s�.� �S�i�n�c�e� �p�l�a�n�t�s� �g�r�o�w�n� �i�n� 

�e�l�e�v�a�t�e�d� �C�O�,� �w�e�r�e� �a�l�r�e�a�d�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�a�r�g�e�r� �b�y� �5� �m�o�n�t�h�s� 

�o�f� �a�g�e� �(�T�a�b�l�e� �4�.�2�)�,� �a�n� �a�n�a�l�y�s�i�s� �o�f� �c�o�v�a�r�i�a�n�c�e� �w�a�s� �p�e�r�f�o�r�m�e�d� 

�t�o� �i�s�o�l�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �o�n� �b�u�d� �s�i�z�e� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �p�l�a�n�t� �s�i�z�e�.� �T�o�t�a�l� �p�r�e�f�o�r�m�e�d� �a�b�o�v�e� �g�r�o�u�n�d� 

�(�s�t�e�m� �p�l�u�s� �l�e�a�f�)� �d�r�y� �w�e�i�g�h�t� �w�a�s� �u�s�e�d� �a�s� �a� �c�o�v�a�r�i�a�t�e� �t�o� 

�r�e�m�o�v�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �s�e�e�d�l�i�n�g� �s�i�z�e� �o�n� �b�u�d� �f�o�r�m�a�t�i�o�n�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�I�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�,� �f�i�x�e�d� �t�o�t�a�l� �(�l�a�t�e�r�a�l� �p�l�u�s� 

�t�e�r�m�i�n�a�l�)� �a�n�d� �f�i�x�e�d� �t�o�t�a�l� �(�s�t�e�m� �p�l�u�s� �l�e�a�f�)� �t�e�r�m�i�n�a�l� �g�r�o�w�t�h� 

�w�e�r�e� �g�r�e�a�t�e�r� �f�r�o�m� �b�u�d�s� �t�h�a�t� �d�e�v�e�l�o�p�e�d� �i�n� �e�l�e�v�a�t�e�d� �C�O�.� 

�(�T�a�b�l�e� �4�.�3�)�.� �S�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�(�p�s�0�.�0�5�)� �i�n�f�l�u�e�n�c�e� �o�n� �a�n�y� �f�i�x�e�d� �g�r�o�w�t�h� �p�a�r�a�m�e�t�e�r� �(�d�a�t�a� �n�o�t� 

�s�h�o�w�n�)�,� �a�n�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �(�p�<�0�.�0�5�)� �t�w�o�-�w�a�y� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �a�n�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �o�r� �t�h�r�e�e�-�w�a�y� 

�i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �s�o�i�l� �f�e�r�t�i�l�i�t�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �C�O�,� 

�t�r�e�a�t�m�e�n�t�s� �w�a�s� �o�b�s�e�r�v�e�d�.� �H�o�w�e�v�e�r�,� �a�n� �i�n�t�e�r�a�c�t�i�v�e� �e�f�f�e�c�t� 

�b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �o�n� �t�e�r�m�i�n�a�l� �s�t�e�m� 

�h�e�i�g�h�t�,� �t�o�t�a�l� �l�e�a�f� �w�e�i�g�h�t� �a�n�d� �t�o�t�a�l� �l�e�a�f� �a�r�e�a� �o�r�i�g�i�n�a�t�i�n�g� 

�f�r�o�m� �t�h�e� �t�e�r�m�i�n�a�l� �b�u�d� �w�a�s� �o�b�s�e�r�v�e�d�.� 

�A�d�d�i�t�i�o�n� �o�f� �t�h�e� �c�o�v�a�r�i�a�t�e� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �i�m�p�r�o�v�e�d� �t�h�e� 

�s�i�g�n�i�f�i�c�a�n�c�e� �l�e�v�e�l� �f�o�r� �t�o�t�a�l� �n�e�w� �g�r�o�w�t�h�,� �t�o�t�a�l� �t�e�r�m�i�n�a�l� �d�r�y� 

�w�e�i�g�h�t� �a�n�d� �t�o�t�a�l� �t�e�r�m�i�n�a�l� �l�e�a�f� �w�e�i�g�h�t� �b�u�t� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� 
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�T�a�b�l�e� �4�.�2�.� �R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g� �d�r�y� �w�e�i�g�h�t� �g�r�o�w�t�h� �i�n� 
�r�e�s�p�o�n�s�e� �t�o� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�t� �5� �m�o�n�t�h�s� �o�f� �a�g�e�.� 

� � 

� � 

�C�O�,� �t�r�e�a�t�m�e�n�t� �(�p�p�m� �C�O�>�)� 

� � 

� � 

�D�r�y� �w�e�i�g�h�t� �g�r�o�w�t�h� �(�m�g�)� �3�6�2� �7�1�1� 

�l�e�a�f� �4�3� �*� �7�8� 
�s�t�e�m� �8� �*� �1�4� 
�r�o�o�t� �5�2� �*� �8�5� 
�t�o�t�a�l� �1�0�2�*� �1�7�8� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� 
�a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 
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�T�a�b�l�e� �4�.�3�.� �F�i�x�e�d� �g�r�o�w�t�h� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �i�n� �r�e�s�p�o�n�s�e� 
�t�o� �C�O�s� �t�r�e�a�t�m�e�n�t�.� 

� � 

� � 

�C�O�,� �t�r�e�a�t�m�e�n�t� �(�p�p�m� �C�O�,�)� 

� � 

� � 

�F�i�x�e�d� �g�r�o�w�t�h� �v�a�r�i�a�b�l�e� �3�6�2� �7�1�1� 

�T�o�t�a�l� �n�e�w� �g�r�o�w�t�h� �(�m�g�)� �4�4� �%� �5�6� 

�T�e�r�m�i�n�a�l� �G�r�o�w�t�h� 

�t�o�t�a�l� �t�e�r�m�i�n�a�l� �w�e�i�g�h�t� �(�m�g�)� �2�4� �*�*� �2�8� 

�t�o�t�a�l� �l�e�a�f� �w�e�i�g�h�t� �(�m�g�)� 
�w�e�l�l�-�w�a�t�e�r�e�d� �2�0� �1�9� 
�w�a�t�e�r�-�s�t�r�e�s�s�e�d� �1�9� �*� �2�8� 

�t�o�t�a�l� �l�e�a�f� �a�r�e�a� �(�c�m�?�)� 
�w�e�l�l�-�w�a�t�e�r�e�d� �2�8�0� �2�4�4� 
�w�a�t�e�r�-�s�t�r�e�s�s�e�d� �2�4�5� �*� �3�9�1� 

�t�e�r�m�i�n�a�l� �h�e�i�g�h�t� �(�m�m�)� 
�w�e�l�l�-�w�a�t�e�r�e�d� �1�0� �8� 
�w�a�t�e�r�-�s�t�r�e�s�s�e�d� �9� �*� �1�4� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� 
�a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 

�*�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �C�O�,� �t�r�e�a�t�m�e�n�t� 
�a�t� �t�h�e� �p�<�0�.�1�0� �l�e�v�e�l�.� 
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�t�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �l�e�v�e�l� �f�o�r� �t�e�r�m�i�n�a�l� �h�e�i�g�h�t� �a�n�d� �t�o�t�a�l� 

�t�e�r�m�i�n�a�l� �l�e�a�f� �a�r�e�a�.� �T�h�e� �e�f�f�e�c�t� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �o�n� �t�o�t�a�l� 

�a�n�d� �n�e�w� �t�e�r�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t� �g�r�o�w�t�h�,� �t�h�e�r�e�f�o�r�e�,� �m�a�y� �b�e� �b�y� 

�w�a�y� �o�f� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�o�t�a�l� �p�r�e�e�x�i�s�t�i�n�g� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� 

�t�i�s�s�u�e�,� �w�h�i�c�h� �p�r�o�v�i�d�e�d� �t�h�e� �c�a�r�b�o�n� �d�u�r�i�n�g� �b�u�d� �f�o�r�m�a�t�i�o�n�.� �A�t� 

�t�h�e� �t�i�m�e� �o�f� �b�u�d� �s�e�t�,� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �h�a�d� 

�g�r�e�a�t�e�r� �l�e�a�f� �d�r�y� �w�e�i�g�h�t� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �a�m�b�i�e�n�t� �C�O�,� 

�(�T�a�b�l�e� �4�.�2�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �o�b�s�e�r�v�e�d� �i�n�c�r�e�a�s�e� �i�n� �f�i�x�e�d� 

�g�r�o�w�t�h� �m�a�y� �b�e� �d�u�e� �t�o� �e�n�h�a�n�c�e�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �p�e�r� �u�n�i�t� �o�f� 

�p�r�e�e�x�i�s�t�i�n�g� �l�e�a�f� �a�r�e�a� �i�n� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �e�n�v�i�r�o�n�m�e�n�t�.� 

�I�n�c�r�e�a�s�e�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�t� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �l�e�v�e�l� �h�a�s� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �f�o�r� �P�i�n�u�s� �t�a�e�d�a�,� �P�i�n�u�s� �r�a�d�i�a�t�a�,� �P�i�c�e�a� �a�b�i�e�s� �a�n�d� 

�P�s�e�u�d�o�t�s�u�g�a� �m�e�n�z�i�e�s�i�i� �(�M�o�r�t�e�n�s�e�n� �a�n�d� �S�a�n�d�v�i�k� �1�9�8�3�,� �C�o�n�r�o�y� �e�t� 

�a�l�.� �1�9�8�6�,� �H�o�l�l�i�n�g�e�r� �1�9�8�7�,� �F�e�t�c�h�e�r� �e�t� �a�l�.� �1�9�8�8�)� �a�n�d� �r�e�d� 

�s�p�r�u�c�e� �(�S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �1�9�9�0�,� �a�n�d� �C�h�a�p�t�e�r� �I�I�I�)�.� 

�C�u�r�r�e�n�t�l�y�,� �w�e� �k�n�o�w� �o�f� �n�o� �s�t�u�d�y� �t�h�a�t� �h�a�s� �e�x�a�m�i�n�e�d� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �o�n� �t�h�e� �f�i�x�e�d� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �o�f� 

�w�o�o�d�y� �p�l�a�n�t�s�.� �H�o�w�e�v�e�r�,� �N�o�r�b�y� �e�t� �a�l�.� �(�1�9�8�6�)� �o�b�s�e�r�v�e�d� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�v�e�r�a�g�e� �d�r�y� �w�e�i�g�h�t� �p�e�r� �b�u�d� �i�n� �1�-�y�e�a�r�-�o�l�d� 

�e�l�e�v�a�t�e�d� �Q�u�e�r�c�u�s� �a�l�b�a� �s�e�e�d�l�i�n�g�s� �e�x�p�o�s�e�d� �t�o� �6�9�0� �p�p�m� �C�O�,� �f�o�r� 
� � 

�4�0� �w�e�e�k�s� �t�h�a�t� �s�u�g�g�e�s�t�e�d� �a� �p�o�s�s�i�b�l�e� �i�n�c�r�e�a�s�e� �i�n� �s�u�b�s�e�q�u�e�n�t� 

�s�h�o�o�t� �e�l�o�n�g�a�t�i�o�n� �i�n� �a�n� �e�l�e�v�a�t�e�d� �C�O�5� �t�r�e�a�t�m�e�n�t�.� 

�E�x�p�o�s�u�r�e� �t�o� �d�r�o�u�g�h�t� �d�u�r�i�n�g� �b�u�d� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �f�i�x�e�d� 

�g�r�o�w�t�h� �s�p�e�c�i�e�s� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �r�e�d�u�c�e� �s�h�o�o�t� �g�r�o�w�t�h� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �s�e�a�s�o�n� �(�K�o�z�l�o�w�s�k�i� �e�t� �a�l�.� �1�9�9�1�)�.� �C�l�e�m�e�n�t�s� �(�1�9�7�0�)� 
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�f�o�u�n�d� �t�h�a�t� �s�m�a�l�l�e�r� �b�u�d�s� �t�h�a�t� �d�e�v�e�l�o�p�e�d� �d�u�r�i�n�g� �d�r�o�u�g�h�t� 

�e�l�o�n�g�a�t�e�d� �i�n�t�o� �s�h�o�r�t�e�r� �s�h�o�o�t�s� �i�n� �P�i�n�u�s� �r�e�s�i�n�o�s�a� �t�r�e�e�s� 

�d�e�s�p�i�t�e� �i�r�r�i�g�a�t�i�o�n� �d�u�r�i�n�g� �s�h�o�o�t� �e�x�p�a�n�s�i�o�n�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �i�n�f�l�u�e�n�c�e� �o�f� �e�l�e�v�a�t�e�d� �C�O�,� �w�a�s� �f�o�u�n�d� �i�n� �s�e�e�d�l�i�n�g�s� 

�t�h�a�t� �d�e�v�e�l�o�p�e�d� �t�e�r�m�i�n�a�l� �s�h�o�o�t� �p�r�i�m�o�r�d�i�a� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s�.� 

�E�l�e�v�a�t�e�d� �C�O�,� �i�n�c�r�e�a�s�e�d� �t�h�e� �h�e�i�g�h�t�,� �t�o�t�a�l� �l�e�a�f� �w�e�i�g�h�t� �a�n�d� 

�t�o�t�a�l� �l�e�a�f� �a�r�e�a� �o�f� �t�h�e� �t�e�r�m�i�n�a�l� �l�e�a�d�e�r� �o�n�l�y� �i�n� �w�a�t�e�r�-� 

�s�t�r�e�s�s�e�d� �s�e�e�d�l�i�n�g�s� �(�T�a�b�l�e� �4�.�3�)�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� �a�m�b�i�e�n�t� �C�c�O�>� 

�s�u�p�p�l�y� �m�a�y� �b�e� �m�o�r�e� �b�e�n�e�f�i�c�i�a�l� �t�o� �g�r�o�w�t�h� �w�h�e�n� �p�l�a�n�t�s� �a�r�e� 

�c�a�r�b�o�n� �l�i�m�i�t�e�d� �(�A�r�p� �1�9�9�1�)�,� �a�n�d� �e�x�p�o�s�u�r�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� 

�d�u�r�i�n�g� �s�t�r�e�s�s� �m�a�y� �o�v�e�r�c�o�m�e� �s�t�r�e�s�s� �i�n�d�u�c�e�d� �g�r�o�w�t�h� �r�e�d�u�c�t�i�o�n�s� 

�(�E�a�m�u�s� �a�n�d� �J�a�r�v�i�s� �1�9�8�9�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�n� �L�i�q�u�i�d�a�m�b�a�r� 

�s�t�y�r�a�c�i�f�l�u�a� �s�e�e�d�l�i�n�g�s�,� �g�r�o�w�t�h� �r�e�d�u�c�t�i�o�n�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� 

�d�r�o�u�g�h�t� �w�e�r�e� �a�m�e�l�i�o�r�a�t�e�d� �b�y� �c�o�n�c�u�r�r�e�n�t� �e�x�p�o�s�u�r�e� �t�o� �e�l�e�v�a�t�e�d� 

�C�O�,� �(�T�o�l�l�e�y� �a�n�d� �S�t�r�a�i�n� �1�9�8�4�)�.� �G�r�e�a�t�e�r� �c�O�,�-�i�n�d�u�c�e�d� �g�r�o�w�t�h� 

�e�n�h�a�n�c�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �b�y� �C�o�n�r�o�y� �e�t� �a�l�.� �(�1�9�8�8�)� �i�n� �w�a�t�e�r�-� 

�s�t�r�e�s�s�e�d� �P�i�n�u�s� �r�a�d�i�a�t�a� �s�e�e�d�l�i�n�g�s� �t�h�a�n� �i�n� �w�e�l�l�-�w�a�t�e�r�e�d� 
� � 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �6�6�0� �u�l�/�l� �C�O�,� �f�o�r� �2�2� �w�e�e�k�s�.� �I�n� �r�e�d� 

�s�p�r�u�c�e�,� �e�x�p�o�s�u�r�e� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �o�v�e�r�c�a�m�e� �w�a�t�e�r� �s�t�r�e�s�s� 

�i�n�d�u�c�e�d� �r�e�d�u�c�t�i�o�n�s� �i�n� �t�h�e� �f�i�x�e�d� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� 

�t�e�r�m�i�n�a�l� �s�h�o�o�t�.� 

�I�n� �s�u�m�m�a�r�y�,� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �t�h�a�t� �s�e�t� �b�u�d� �i�n� 

�e�l�e�v�a�t�e�d� �C�O�,� �p�r�o�d�u�c�e�d� �m�o�r�e� �t�o�t�a�l� �s�h�o�o�t� �d�r�y� �w�e�i�g�h�t� �a�n�d� �t�o�t�a�l� 

�t�e�r�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �a�m�b�i�e�n�t� �C�O�5�.� �A�s� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w� �o�l�d�e�r� �a�n�d� �t�h�e� �c�a�p�a�c�i�t�y� �f�o�r� �f�r�e�e� �g�r�o�w�t�h� 
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�d�i�m�i�n�i�s�h�e�s�,� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�r�e�e�s� �t�o� �d�e�v�e�l�o�p� �p�r�e�f�o�r�m�e�d� �s�h�o�o�t� 

�p�r�i�m�o�r�d�i�a� �b�e�c�o�m�e�s� �m�o�r�e� �c�r�i�t�i�c�a�l� �(�P�o�l�l�a�r�d� �a�n�d� �L�o�g�a�n� �1�9�7�4�)�.� 

�T�h�i�s� �s�t�u�d�y� �s�u�g�g�e�s�t�s� �t�h�a�t� �p�r�e�d�e�t�e�r�m�i�n�e�d� �s�h�o�o�t� �g�r�o�w�t�h� �w�i�l�l� �b�e� 

�g�r�e�a�t�e�r� �w�h�e�n� �a�m�b�i�e�n�t� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�i�s�e�.� �T�h�e� �g�r�e�a�t�e�r� 

�t�e�r�m�i�n�a�l� �h�e�i�g�h�t� �a�n�d� �t�e�r�m�i�n�a�l� �l�e�a�f� �d�r�y� �w�e�i�g�h�t� �o�b�s�e�r�v�e�d� �i�n� 

�s�e�e�d�l�i�n�g�s� �e�x�p�o�s�e�d� �t�o� �e�l�e�v�a�t�e�d� �C�O�,� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �d�u�r�i�n�g� 

�b�u�d� �f�o�r�m�a�t�i�o�n� �s�u�g�g�e�s�t�s� �t�h�a�t� �s�e�e�d�l�i�n�g� �s�u�r�v�i�v�a�l� �d�u�r�i�n�g� �w�a�t�e�r� 

�s�t�r�e�s�s� �m�a�y� �b�e� �e�n�h�a�n�c�e�d� �i�n� �f�i�x�e�d� �g�r�o�w�t�h� �s�p�e�c�i�e�s� �i�n� �e�l�e�v�a�t�e�d� 

�C�0�5�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�r�p�,� �W�.�J�.� �1�9�9�1�.� �E�f�f�e�c�t�s� �o�f� �s�o�u�r�c�e�-�s�i�n�k� �r�e�l�a�t�i�o�n�s� �o�n� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�c�c�l�i�m�a�t�i�o�n� �t�o� �e�l�e�v�a�t�e�d� �C�O�5�.� �P�l�a�n�t�,� �C�e�l�l� 
�a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�8�6�9�-�8�7�5�.� 

�C�l�e�m�e�n�t�s�,� �J�.�R�.� �1�9�7�0�.� �S�h�o�o�t� �r�e�s�p�o�n�s�e�s� �o�f� �y�o�u�n�g� �r�e�d� �p�i�n�e� �t�o� 
�w�a�t�e�r�i�n�g� �a�p�p�l�i�e�d� �o�v�e�r� �t�w�o� �s�e�a�s�o�n�s�.� �C�a�n�.� �J�.� �B�o�t�.� �4�8�:�4�7�-� 
�8�0�.� 

�C�o�n�r�o�y�,� �J�.�P�.�,� �R�.�M�.� �S�m�i�l�l�i�e�,� �R�.�M�.� �K�u�p�p�e�r�s�,� �D�.�I�.� �B�e�v�e�n�g�e� �a�n�d� 
�E�.�S�.� �B�a�r�l�o�w�.� �1�9�8�6�.� �C�h�l�o�r�o�p�h�y�l�l� �a� �f�l�u�o�r�e�s�c�e�n�c�e� �a�n�d� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �o�f� �P�i�n�u�s� �r�a�d�i�a�t�a� �t�o� 
�p�h�o�s�p�h�o�r�u�s� �d�e�f�i�c�i�e�n�c�y�,� �d�r�o�u�g�h�t� �s�t�r�e�s�s� �a�n�d� �h�i�g�h� �C�O�.�.� 
�P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�1�:�4�2�3�-�4�2�9�.� 

�C�o�n�r�o�y�,� �J�.�P�.�,� �M�.� �K�u�p�p�e�r�s�,� �B�.� �K�u�p�p�e�r�s�,� �J�.�V�i�r�g�o�n�a� �a�n�d� �E�.�W�.�R�.� 
�B�a�r�l�o�w�.� �1�9�8�8�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �C�O�,� �e�n�r�i�c�h�m�e�n�t�,� 
�p�h�o�s�p�h�o�r�u�s� �d�e�f�i�c�i�e�n�c�y� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �o�n� �t�h�e� �g�r�o�w�t�h�,� 
�c�o�n�d�u�c�t�a�n�c�e� �a�n�d� �w�a�t�e�r� �u�s�e� �o�f� �P�i�n�u�s� �r�a�d�i�a�t�a� �D�.� �D�o�n�.� 
�P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� �1�1�:�9�1�-�9�8�.� 

� � 

�E�a�m�u�s�,� �D�.� �a�n�d� �P�.�G�.� �J�a�r�v�i�s�.� �1�9�8�9�.� �T�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t�s� �o�f� 
�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �g�l�o�b�a�l� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� 
�n�a�t�u�r�a�l� �a�n�d� �c�o�m�m�e�r�c�i�a�l� �t�e�m�p�e�r�a�t�e� �t�r�e�e�s� �a�n�d� �f�o�r�e�s�t�s�.� 
�A�d�v�.� �E�c�o�l�.� �R�e�s�.� �1�9�:�1�-�5�5�.� 

�F�e�t�c�h�e�r�,� �N�.�,� �C�.�H�.� �J�a�e�g�e�r�,� �B�.�R�.� �S�t�r�a�i�n� �a�n�d� �N�.� �S�i�o�n�i�t�.� �1�9�8�8�.� 
�L�o�n�g�-�t�e�r�m� �e�l�e�v�a�t�i�o�n� �o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�a�n�d� �t�h�e� �c�a�r�b�o�n� �e�x�c�h�a�n�g�e� �r�a�t�e�s� �o�f� �s�a�p�l�i�n�g�s� �o�f� �P�i�n�u�s� 
�t�a�e�d�a� �L�.� �a�n�d� �L�i�g�u�i�d�a�m�b�a�r� �s�t�y�r�a�c�i�f�l�u�a� �L�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�4�:�2�5�5�-�2�6�2�.� 

�G�a�t�e�s�,� �D�.�M�.� �1�9�9�0�.� �C�l�i�m�a�t�e� �c�h�a�n�g�e� �a�n�d� �f�o�r�e�s�t�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�7�:�1�-�5�.� 

�H�a�r�l�o�w�,� �W�.�M�.�,� �E�.�S�.� �H�a�r�r�a�r� �a�n�d� �F�.�M�.� �W�h�i�t�e�.� �1�9�7�9�.� �T�e�x�t�b�o�o�k� �o�f� 
�d�e�n�d�r�o�l�o�g�y�.� �M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�.� �5�1�0� �p�p�.� 

�H�o�l�l�i�n�g�e�r�,� �D�.�Y�.� �1�9�8�7�.� �G�a�s� �e�x�c�h�a�n�g�e� �a�n�d� �d�r�y� �m�a�t�t�e�r� 
�a�l�l�o�c�a�t�i�o�n� �r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�i�o�n� �o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�0�5� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�e�e�d�l�i�n�g�s� �o�f� �t�h�r�e�e� �t�r�e�e� �s�p�e�c�i�e�s�.� �T�r�e�e� 
�P�h�y�s�i�o�l�.� �3�:�1�9�3�-�2�0�2�.� 

�J�a�b�l�a�n�c�z�y�,� �A�.� �1�9�7�1�.� �C�h�a�n�g�e�s� �d�u�e� �t�o� �a�g�e� �i�n� �a�p�i�c�a�l� 
�d�e�v�e�l�o�p�m�e�n�t� �i�n� �s�p�r�u�c�e� �a�n�d� �f�i�r�.� �C�a�n�.� �F�o�r�.� �S�e�r�v�.� �B�i�-� 
�m�o�n�t�h�.� �R�e�s�.� �N�o�t�e�s� �2�7�,� �p�.� �1�0�.� 
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�K�r�a�m�e�r�,� �P�.�J�.� �a�n�d� �T�.�T� �K�o�w�z�l�o�w�s�k�i�.� �1�9�7�9�.� �P�h�y�s�i�o�l�o�g�y� �o�f� �w�o�o�d�y� 
�p�l�a�n�t�s�.� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�.� �8�1�1� �p�p�.� 

�K�o�z�l�o�w�s�k�i�,� �T�.�T�,� �P�.�J�.� �K�r�a�m�e�r� �a�n�d� �S�.�G�.� �P�a�l�l�a�r�d�y�.� �1�9�9�1�.� �T�h�e� 
�p�h�y�s�i�o�l�o�g�i�c�a�l� �e�c�o�l�o�g�y� �o�f� �w�o�o�d�y� �p�l�a�n�t�s�.� �E�d�.� �H�.�A�.� �M�o�o�n�e�y�.� 
�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�.� �6�5�7� �p�p�.� 

�M�o�r�t�e�n�s�e�n�,� �L�.�M�.� �a�n�d� �M�.� �S�a�n�d�v�i�k�.� �1�9�8�7�.� �E�f�f�e�c�t�s� �o�f� �C�O� 
�e�n�r�i�c�h�m�e�n�t� �a�t� �v�a�r�y�i�n�g� �p�h�o�t�o�n� �f�l�u�x� �d�e�n�s�i�t�y� �o�n� �t�h�e� �g�r�o�w�t�h� 
�o�f� �P�i�c�e�a� �a�b�i�e�s� �(�L�.�)� �K�a�r�s�t�.� �s�e�e�d�l�i�n�g�s�.� �S�c�a�n�.� �J�.� �F�o�r�.� 
�R�e�s�.� �2�:�3�2�5�-�3�3�4�.� 

� � � � 

�N�o�r�b�y�,� �R�.�J�.�,� �E�.�G�.� �O�'�N�e�i�l�l� �a�n�d� �R�.�J�.� �L�u�x�m�o�o�r�e�.� �1�9�8�6�.� �E�f�f�e�c�t�s� 
�o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �e�n�r�i�c�h�m�e�n�t� �o�n� �t�h�e� �g�r�o�w�t�h� 
�a�n�d� �m�i�n�e�r�a�l� �n�u�t�r�i�t�i�o�n� �o�f� �Q�u�e�r�c�u�s� �a�l�b�a� �s�e�e�d�l�i�n�g�s� �i�n� 
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�e�n�r�i�c�h�m�e�n�t� �a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �o�n� �g�r�o�w�t�h� �o�f� �L�i�q�u�i�d�a�m�b�a�r� 
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�C�H�A�P�T�E�R� �V� 

�I�N�F�L�U�E�N�C�E� �O�F� �D�R�O�U�G�H�T�-�C�O�N�D�I�T�I�O�N�I�N�G� �A�N�D� �C�O� �E�N�R�I�C�H�M�E�N�T� 

�O�N� �T�H�E� �G�A�S� �E�X�C�H�A�N�G�E� �R�E�S�P�O�N�S�E�S� �O�F� �R�E�D� �S�P�R�U�C�E� �S�E�E�D�L�I�N�G�S� 

�T�O� �W�A�T�E�R� �S�T�R�E�S�S� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�B�o�y�e�r� �(�1�9�8�2�)� �s�u�g�g�e�s�t�s� �t�h�a�t� �d�r�o�u�g�h�t� �i�s� �t�h�e� �g�r�e�a�t�e�s�t� 

�l�i�m�i�t�a�t�i�o�n� �t�o� �p�l�a�n�t� �p�r�o�d�u�c�t�i�v�i�t�y� �o�n� �a� �g�l�o�b�a�l� �s�c�a�l�e�.� 

�P�r�e�d�i�c�t�e�d� �c�h�a�n�g�e�s� �i�n� �g�l�o�b�a�l� �c�l�i�m�a�t�e� �m�a�y� �i�n�c�r�e�a�s�e� �t�h�e� �d�r�o�u�g�h�t� 

�f�r�e�q�u�e�n�c�y� �o�v�e�r� �l�a�r�g�e� �a�r�e�a�s� �o�f� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s�,� �e�a�s�t�e�r�n� 

�E�u�r�o�p�e� �a�n�d� �R�u�s�s�i�a� �a�n�d� �f�u�r�t�h�e�r� �l�i�m�i�t� �p�l�a�n�t� �p�r�o�d�u�c�t�i�v�i�t�y� 

�(�M�a�n�a�b�e� �e�t� �a�l�.� �1�9�8�2�,� �G�a�t�e�s� �1�9�8�3�,� �M�i�t�c�h�e�l�l� �1�9�8�3�,� �G�l�e�i�c�k� 

�1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �f�u�t�u�r�e� �i�n�c�r�e�a�s�e� �i�n� �a�m�b�i�e�n�t� �C�O�,� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� �r�e�d�u�c�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �i�n�c�r�e�a�s�i�n�g� �d�r�o�u�g�h�t� 

�f�r�e�q�u�e�n�c�y� �b�y� �e�n�h�a�n�c�i�n�g� �p�l�a�n�t� �w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y�.� �E�x�p�o�s�u�r�e� 

�t�o� �a�n� �e�l�e�v�a�t�e�d� �C�O�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �m�a�y� 

�i�n�c�r�e�a�s�e� �l�e�a�f� �w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �b�y� �m�a�i�n�t�a�i�n�i�n�g� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�t� �a� �l�o�w�e�r� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �o�r� �b�y� �i�n�c�r�e�a�s�i�n�g� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�r�a�n�s�p�i�r�a�t�i�o�n� �(�P�e�a�r�c�y� �a�n�d� 

�B�j�o�r�k�m�a�n� �1�9�8�3�)�.� �S�h�o�r�t�-�t�e�r�m� �i�n�c�r�e�a�s�e�s� �i�n� �W�U�E� �i�n� �r�e�s�p�o�n�s�e� �t�o� 

�e�l�e�v�a�t�e�d� �C�O�,� �e�x�p�o�s�u�r�e� �a�r�e� �u�s�u�a�l�l�y� �a� �r�e�s�u�l�t� �o�f� �a� �3�0�-�4�0�%� 

�d�e�c�r�e�a�s�e� �i�n� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �a�n�d� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �c�a�r�b�o�n� 

�a�s�s�i�m�i�l�a�t�i�o�n� �(�E�a�m�u�s� �1�9�9�1�)�.� 

�8�2



�R�e�s�e�a�r�c�h� �e�f�f�o�r�t�s� �h�a�v�e� �f�o�c�u�s�e�d� �o�n� �r�e�d� �s�p�r�u�c�e� �b�e�c�a�u�s�e� 

�o�f� �r�e�p�o�r�t�e�d� �c�h�a�n�g�e�s� �i�n� �p�o�p�u�l�a�t�i�o�n� �g�r�o�w�t�h� �i�n� �s�o�m�e� �s�t�a�n�d�s� �i�n� 

�t�h�e� �e�a�s�t�e�r�n� �U�n�i�t�e�d� �S�t�a�t�e�s� �(�H�o�r�n�b�e�c�k� �e�t� �a�l�.� �1�9�8�6�,� �Z�e�d�a�k�e�r� �e�t� 

�a�l�.� �1�9�8�7�,� �M�c�L�a�u�g�h�l�i�n� �e�t� �a�l�.� �1�9�8�7� �a�n�d� �1�9�9�0�)�.� �W�h�e�t�h�e�r� �t�h�e�s�e� 

�c�h�a�n�g�e�s� �i�n� �p�o�p�u�l�a�t�i�o�n� �g�r�o�w�t�h� �a�r�e� �d�u�e� �t�o� �i�n�s�e�c�t�s�,� �d�i�s�e�a�s�e�,� 

�w�a�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t� �s�t�r�e�s�s�,� �o�r� �n�a�t�u�r�a�l� �s�t�a�n�d� �d�e�v�e�l�o�p�m�e�n�t� �i�s� 

�s�t�i�l�l� �d�e�b�a�t�e�d�.� �T�h�i�s� �s�t�u�d�y� �e�x�a�m�i�n�e�d� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �g�r�o�w�t�h� 

�i�n� �e�l�e�v�a�t�e�d� �C�O�,� �a�n�d� �d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� �o�n� �t�h�e� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �t�o� �w�a�t�e�r� 

�s�t�r�e�s�s� �t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �p�o�t�e�n�t�i�a�l� �c�h�a�n�g�e�s� �i�n� �g�l�o�b�a�l� 

�a�t�m�o�s�p�h�e�r�i�c� �C�O�z� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �d�r�o�u�g�h�t� �f�r�e�q�u�e�n�c�y� �m�a�y� 

�i�n�f�l�u�e�n�c�e� �t�h�i�s� �s�p�e�c�i�e�s�.� �W�e� �t�e�s�t�e�d� �t�h�e� �s�p�e�c�i�f�i�c� �h�y�p�o�t�h�e�s�i�s� 

�t�h�a�t� �w�e�l�l�-�w�a�t�e�r�e�d� �a�n�d� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �r�e�d� �s�p�r�u�c�e� 

�s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �i�n� �a�m�b�i�e�n�t� �o�r� �e�l�e�v�a�t�e�d� �C�O�,� �w�i�l�l� �r�e�s�p�o�n�d� 

�s�i�m�i�l�a�r�l�y� �t�o� �w�a�t�e�r� �s�t�r�e�s�s�.� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�R�e�d� �s�p�r�u�c�e� �s�e�e�d� �(�F�.�W�.� �S�c�h�u�m�a�c�k�e�r�,� �S�a�n�d�w�i�c�h�,� �M�A�,� �U�S�A�)� 

�w�a�s� �s�t�r�a�t�i�f�i�e�d� �f�o�r� �3�0� �d�a�y�s� �a�t� �3�°�¢�c� �a�n�d� �t�h�e�n� �s�o�w�n� �i�n� �a� �2�:�1� �m�i�x� 

�(�v�:�v�)� �o�f� �s�o�i�l� �f�r�o�m� �W�h�i�t�e�t�o�p� �M�o�u�n�t�a�i�n�,� �V�i�r�g�i�n�i�a� �(�a� �l�o�a�m�y�-� 

�s�k�e�l�e�t�a�l�,� �m�i�x�e�d�,� �f�r�i�g�i�d�T�y�p�i�c� �H�a�p�l�u�m�b�r�e�p�t� �s�o�i�l� �o�f� �p�H� �4�.�4�)� �a�n�d� 

�p�e�r�l�i�t�e� �i�n� �1�7�5�-�c�m�?� �C�o�n�e�t�a�i�n�e�r�s� �(�S�t�u�e�w�e� �&� �S�o�n�s�,� �I�n�c�.�,� 

�C�o�r�v�a�l�l�i�s�,� �O�R�,� �U�S�A�)�.� �N�o�n�s�o�l�u�b�l�e� �N�-�P�-�K�,� �C�a�S�O�,� �a�n�d� �M�g�S�O�,� �w�e�r�e� 

�h�a�n�d�-�m�i�x�e�d� �i�n�t�o� �t�h�e� �s�o�i�l� �a�t� �1�5�0� �k�g� �h�a�t�,� �6�6� �k�g� �h�a�?�,� �1�2�4� �k�g� 
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�h�a�~�!�,� �5�0� �k�g� �h�a�~�?� �a�n�d� �5�0� �k�g� �h�a�-�+�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�c�o�n�t�a�i�n�e�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �e�i�t�h�e�r� �a�n� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t� 

�(�3�7�4� �(�4�2�1�)� �p�p�m�)� �o�r� �e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t� �(�7�1�3� �(�+�3�2�)� �p�p�m�)� 

�c�h�a�m�b�e�r� �i�n� �a� �g�r�e�e�n�h�o�u�s�e� �o�n� �2�5� �M�a�r�c�h� �1�9�9�1� �a�n�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�a�l�l�o�w�e�d� �t�o� �g�r�o�w� �f�o�r� �1� �y�e�a�r�.� �P�l�e�a�s�e� �s�e�e� �C�h�a�p�t�e�r� �I�I�I� �f�o�r� 

�c�h�a�m�b�e�r� �a�n�d� �C�O�,� �d�i�s�p�e�n�s�i�n�g� �a�n�d� �m�o�n�i�t�o�r�i�n�g� �d�e�s�c�r�i�p�t�i�o�n�s�.� 

�A�v�e�r�a�g�e� �d�a�i�l�y� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �R�H� �o�v�e�r� �t�h�e� �1�2� �m�o�n�t�h�s� �w�e�r�e� 

�7�3�.�1� �(�+�3�.�3�)�°�C� �a�n�d� �6�8� �(�+�1�1�)�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �t�h�e� �e�l�e�v�a�t�e�d� 

�C�O�,� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r� �a�n�d� �7�2�.�5� �(�+�3�.�1�)�°�c� �a�n�d� �6�3� �(�+�1�3�)�%�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r�.� 

�T�h�e� �s�t�u�d�y� �w�a�s� �a�r�r�a�n�g�e�d� �a�s� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� 

�d�e�s�i�g�n�.� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �a�c�c�o�m�p�a�n�y�i�n�g� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�t�h�e�r�e�f�o�r�e� �r�o�t�a�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �2� �C�O�,� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r�s� �o�n� �a� 

�w�e�e�k�l�y� �b�a�s�i�s� �a�n�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �r�o�t�a�t�e�d� �w�i�t�h�i�n� �a� �c�h�a�m�b�e�r� 

�e�v�e�r�y� �o�t�h�e�r� �d�a�y�.� �E�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�p�e�c�t�i�v�e� 

�s�e�e�d�l�i�n�g�s� �s�p�e�n�t� �e�q�u�a�l� �t�i�m�e� �i�n� �e�a�c�h� �c�h�a�m�b�e�r� �a�n�d� �i�n� �v�a�r�i�o�u�s� 

�l�o�c�a�t�i�o�n�s� �w�i�t�h�i�n� �a� �c�h�a�m�b�e�r�.� 

�A�f�t�e�r� �3� �m�o�n�t�h�s� �o�f� �g�r�o�w�t�h� �o�n� �a� �1�6� �h�r� �p�h�o�t�o�p�e�r�i�o�d� 

�(�s�u�p�p�l�i�e�d� �b�y� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p�s� �s�u�s�p�e�n�d�e�d� �o�v�e�r� �e�a�c�h� �c�h�a�m�b�e�r�)� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �a�n� �8� �h�r� �p�h�o�t�o�p�e�r�i�o�d� �f�o�r� �2� �m�o�n�t�h�s� �t�o� 

�i�n�d�u�c�e� �b�u�d� �s�e�t�.� �B�u�d� �f�o�r�m�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �f�l�u�s�h�i�n�g� �w�e�r�e� 

�i�n�d�u�c�e�d� �t�o� �a�v�o�i�d� �l�o�s�s� �o�f� �a�p�i�c�a�l� �d�o�m�i�n�a�n�c�e� �t�y�p�i�c�a�l� �o�f� �r�e�d� 

�s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �u�n�d�e�r� �g�r�e�e�n�h�o�u�s�e� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h�o�u�t� 

�c�h�i�l�l�i�n�g�.� �C�h�a�m�b�e�r�s� �w�e�r�e� �c�o�v�e�r�e�d� �w�i�t�h� �w�h�i�t�e� �o�n� �b�l�a�c�k� 

�p�o�l�y�f�i�l�m� �(�A�.�H�.� �H�u�m�m�e�r�t� �S�e�e�d� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�O�,� �U�S�A�)� �a�f�t�e�r� �8� 
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�h�r� �o�f� �d�a�y�l�i�g�h�t�.� �A�f�t�e�r� �t�h�e� �2� �m�o�n�t�h�s�,� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� 

�i�n� �a� �c�o�o�l�e�r� �f�o�r� �7� �w�e�e�k�s� �a�t� �3�°�C� �t�o� �p�r�o�m�o�t�e� �b�u�d� �b�r�e�a�k�.� �A�f�t�e�r� 

�t�h�e� �7� �w�e�e�k�s�,� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �6�4�6�-�c�m�?� 

�D�e�e�p�o�t�s� �(�S�t�u�e�w�e� �&� �S�o�n�s�,� �I�n�c�.�,� �C�o�r�v�a�l�l�i�s�,� �O�R�,� �U�S�A�)� �w�i�t�h� �t�h�e� 

�s�o�i�l� �m�i�x�t�u�r�e� �a�n�d� �s�o�i�l� �f�e�r�t�i�l�i�t�y� �t�r�e�a�t�m�e�n�t�s� �d�e�s�c�r�i�b�e�d� 

�p�r�e�v�i�o�u�s�l�y� �a�n�d� �p�l�a�c�e�d� �b�a�c�k� �i�n�t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �C�O�,� 

�t�r�e�a�t�m�e�n�t� �o�n� �a� �1�6� �h�r� �p�h�o�t�o�p�e�r�i�o�d�.� 

�T�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t� �w�a�s� �w�a�t�e�r�e�d� �d�a�i�l�y�.� 

�D�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�i�n�g� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �i�n�i�t�i�a�t�e�d� �w�h�e�n� �t�h�e� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �1�0� �w�e�e�k�s� �o�l�d�.� �D�r�o�u�g�h�t� �c�y�c�l�e�s� �w�e�r�e� �d�e�f�i�n�e�d� �b�y� 

�t�h�e� �n�u�m�b�e�r� �o�f� �d�a�y�s� �b�e�t�w�e�e�n� �w�a�t�e�r�i�n�g� �(�T�a�b�l�e� �5�.�1�)�.� �A�f�t�e�r� 

�d�r�o�u�g�h�t� �c�y�c�l�e� �3� �w�h�e�n� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �l�a�r�g�e�r�,� �n�e�e�d�l�e� 

�r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t�s� �(�R�W�C�)� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �a� 

�d�r�o�u�g�h�t� �c�y�c�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�e�c�e�i�v�i�n�g� 

�t�h�e� �s�a�m�e� �d�e�g�r�e�e� �o�f� �w�a�t�e�r� �s�t�r�e�s�s�.� �T�h�e� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �w�e�r�e� 

�t�h�e�n� �a�d�j�u�s�t�e�d� �t�o� �d�e�l�i�v�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �d�e�g�r�e�e� �o�f� 

�s�t�r�e�s�s� �t�o� �e�a�c�h� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �N�e�e�d�l�e� �R�W�C� �v�a�l�u�e�s� �w�e�r�e� �b�a�s�e�d� 

�o�n� �a� �s�a�m�p�l�e� �s�i�z�e� �o�f� �4�.� �T�h�r�e�e� �n�e�e�d�l�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �e�a�c�h� 

�o�f� �5� �s�e�e�d�l�i�n�g�s� �w�i�t�h�i�n� �a� �C�O�.� �t�r�e�a�t�m�e�n�t� �t�o� �m�a�k�e� �u�p� �1� �s�a�m�p�l�e�.� 

�A�f�t�e�r� �t�h�e� �n�e�e�d�l�e�s� �w�e�r�e� �r�e�m�o�v�e�d�,� �t�h�e�y� �w�e�r�e� �w�e�i�g�h�e�d� 

�i�m�m�e�d�i�a�t�e�l�y� �t�o� �d�e�t�e�r�m�i�n�e� �f�r�e�s�h� �w�e�i�g�h�t� �(�F�W�)� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� 

�i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �o�v�e�r�n�i�g�h�t� �t�o� �d�e�t�e�r�m�i�n�e� �s�a�t�u�r�a�t�e�d� �w�e�i�g�h�t� 

�(�S�W�)�.� �L�e�a�f� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e� �o�v�e�n�-�d�r�i�e�d� �f�o�r� �4�8� �h�r� �t�o� 

�8�5



�T�a�b�l�e� �5�.�1�.� �D�r�o�u�g�h�t� �c�y�c�l�e�s� �a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �p�l�a�n�t� �w�a�t�e�r� 
�s�t�a�t�u�s� �(�r�e�l�a�t�i�v�e� �w�a�t�e�r� �c�o�n�t�e�n�t�,�R�W�C� �o�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�,�W�P�)� �o�f� 
�d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�e�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �C�O�,� 
�t�r�e�a�t�m�e�n�t�.� 

� � 

� � 

�C�O�,� �t�r�e�a�t�m�e�n�t� �(�p�p�m� �C�O�.�)� 

� � 

�3�7�4� �7�1�3� 

� � � � 

�D�a�y�s� �W�a�t�e�r� �s�t�a�t�u�s� �D�a�y�s� �W�a�t�e�r� �s�t�a�t�u�s� 

� � � � 

� � 

�D�r�o�u�g�h�t� �c�y�c�l�e� �R�W�C�(�%�)� �W�P�(�M�P�a�)� �R�W�C� �(�%�)� �W�P�(�M�P�a�)� 

�1� �7� �2� �7� 
�2� �7� �7� 
�3� �7� �7� 
�4� �7� �9�0� �7� �8�3� 
�5� �1�1� �8�6� �9� �8�6� 
�6� �1�1� �8�9� �1�0� �8�9� 
�7� �1�1� �9� 
�8� �1�2� �1�0� 
�9� �1�3� �1�0� 
�1�0� �1�2� �9� 
�1�1� �1�2� �9� 
�1�2� �1�6� �9�0� �1�1� �9�4� 
�1�4� �1�6� �8�8� �1�4� �9�0� 
�1�5� �1�5� �-�1�.�5�0� �1�3� �-�1�.�5�1� 
�1�6� �1�2� �-�1�.�2�5� �1�3� �8�8� 
�1�7� �1�5� �-�1�.�4�5� �1�3� �-�1�.�5�1� 
�1�8� �1�6� �-�1�.�4�8� �1�2� �-�1�.�4�8� 
�1�9� �1�1� �1�3� �-�1�.�3�0� 
�2�0� �1�4� 

� � 

�1� �c�o�n�t�r�o�l� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �w�a�t�e�r�e�d� �d�a�i�l�y� �a�n�d� �m�e�a�s�u�r�e�d� �R�W�C� �a�n�d� 
�W�P� �a�v�e�r�a�g�e�d� �9�4� �(�+�2�)�%� �a�n�d� �-�0�.�6�5� �(�+�0�.�1�6�)� �M�P�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� 
�t�h�e� �e�l�e�v�a�t�e�d� �C�O�,� �t�r�e�a�t�m�e�n�t�.� �I�n� �t�h�e� �a�m�b�i�e�n�t� �C�O�,� �t�r�e�a�t�m�e�n�t�,� 
�a�v�e�r�a�g�e� �R�W�C� �a�n�d� �W�P� �o�f� �t�h�e� �c�o�n�t�r�o�l� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �9�3� �(�+�2�)�%� 
�a�n�d� �-�0�.�7�3� �(�+�0�.�1�6�)� �M�P�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� 
�a�r�e� �n�o�t�e�d� �i�n� �p�a�r�e�n�t�h�e�s�e�s�.� 

�2� �N�o� �m�e�a�s�u�r�e�s� �o�f� �p�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �w�e�r�e� �m�a�d�e� �f�o�r� �c�y�c�l�e�s� 
�w�h�e�r�e� �R�W�C� �o�r� �W�P� �v�a�l�u�e�s� �a�r�e� �o�m�i�t�t�e�d�.� 
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�d�e�t�e�r�m�i�n�e� �o�v�e�n�-�d�r�i�e�d� �w�e�i�g�h�t� �(�O�D�)�.� �T�h�e� �R�W�C� �w�a�s� �t�h�e�n� 

�c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�R�W�C� �=� �(�(�F�W�-�O�D�)�/�(�S�W�-�O�D�)�)� �x� �1�0�0�.� 

�N�o� �m�e�a�s�u�r�e�s� �o�f� �p�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �w�e�r�e� �m�a�d�e� �d�u�r�i�n�g� �d�r�o�u�g�h�t� 

�c�y�c�l�e�s� �6�-�1�1� �w�h�e�n� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �s�h�o�r�t� �d�a�y�s� �a�n�d� �t�o�p� 

�g�r�o�w�t�h� �h�a�d� �c�e�a�s�e�d� �a�n�d� �w�h�e�n� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� 

�l�a�r�g�e�r� �p�o�t�s� �a�n�d� �w�e�r�e� �b�r�e�a�k�i�n�g� �b�u�d� �t�o� �a�v�o�i�d� �r�e�m�o�v�i�n�g� �t�o�o� �m�u�c�h� 

�l�e�a�f� �a�r�e�a�.� �A�f�t�e�r� �d�r�o�u�g�h�t� �c�y�c�l�e� �1�1�,� �n�e�e�d�l�e� �R�W�C� �o�r� �t�h�e� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l� �o�f� �a� �b�r�a�n�c�h� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �a� �c�y�c�l�e�.� 

�P�l�a�n�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �p�r�e�s�s�u�r�e� 

�c�h�a�m�b�e�r�.� �N�o� �m�e�a�s�u�r�e�s� �o�f� �p�l�a�n�t� �w�a�t�e�r� �s�t�a�t�u�s� �w�e�r�e� �m�a�d�e� �a�t� �t�h�e� 

�e�n�d� �o�f� �t�h�e� �f�i�n�a�l� �d�r�o�u�g�h�t� �c�y�c�l�e�s� �t�o� �a�v�o�i�d� �r�e�m�o�v�i�n�g� �t�o�o� �m�u�c�h� 

�l�e�a�f� �t�i�s�s�u�e�.� 

�B�o�t�h� �t�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �a�n�d� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� 

�t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �w�a�t�e�r� �s�t�r�e�s�s� �i�n� �t�h�e�i�r� 

�r�e�s�p�e�c�t�i�v�e� �C�O�,� �t�r�e�a�t�m�e�n�t�s� �a�t� �1�2� �m�o�n�t�h�s�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� 

�i�n�i�t�i�a�l�l�y� �w�a�t�e�r�e�d� �f�o�r� �3� �d�a�y�s� �b�e�f�o�r�e� �t�h�e� �w�a�t�e�r� �s�t�r�e�s�s� 

�t�r�e�a�t�m�e�n�t� �b�e�g�a�n�.� �G�a�s� �e�x�c�h�a�n�g�e� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �4� �s�e�e�d�l�i�n�g�s� 

�f�r�o�m� �a� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �a�f�t�e�r� �t�h�e� �3� �d�a�y�s� �a�n�d� �e�v�e�r�y� �3� 

�d�a�y�s� �t�h�e�r�e�a�f�t�e�r� �u�s�i�n�g� �a� �p�o�r�t�a�b�l�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �s�y�s�t�e�m� �(�L�I�-� 

�6�2�0�0�,� �L�I�-�C�O�R� �I�n�c�.�,� �L�i�n�c�o�l�n�,� �N�E�,� �U�S�A�)� �b�e�t�w�e�e�n� �0�8�0�0� �a�n�d� �1�1�0�0� 

�h�r�.� �G�a�s� �e�x�c�h�a�n�g�e� �o�f� �e�a�c�h� �s�e�e�d�l�i�n�g� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �a� �C�O�>� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�6�6�(�+�6�)� �p�p�m� �a�n�d� �7�3�1�(�+�8�)� �p�p�m�.� �L�e�a�f� �a�r�e�a� �o�n� 

�t�h�e� �t�o�p� �3� �c�m� �o�f� �s�t�e�m� �w�a�s� �m�a�r�k�e�d� �a�n�d� �t�h�e� �s�a�m�e� �l�e�a�f� �t�i�s�s�u�e� �w�a�s� 

�m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �e�a�c�h� �s�e�s�s�i�o�n�.� �T�h�e� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �a� 
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�b�r�a�n�c�h� �w�a�s� �m�e�a�s�u�r�e�d� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� 

�m�e�a�s�u�r�e�m�e�n�t� �u�s�i�n�g� �a� �p�r�e�s�s�u�r�e� �c�h�a�m�b�e�r�.� �T�h�e� �s�t�u�d�y� �w�a�s� 

�c�o�n�c�l�u�d�e�d� �a�f�t�e�r� �e�a�c�h� �s�e�e�d�l�i�n�g� �h�a�d� �r�e�a�c�h�e�d� �a� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� 

�o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �-�2�.�0� �M�P�a�.� �T�h�e� �p�r�o�j�e�c�t�e�d� �a�r�e�a� �o�f� �n�e�e�d�l�e�s� 

�m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �d�i�g�i�t�a�l� 

�s�c�a�n�n�e�r� �(�H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �S�c�a�n�j�e�t� �P�l�u�s�,� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �C�o�.�,� 

�B�o�i�s�e�,� �I�D�,� �U�S�A�)�.� 

�L�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �u�s�e�d� �t�o� �e�x�a�m�i�n�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �g�a�s� �e�x�c�h�a�n�g�e� �v�a�r�i�a�b�l�e�s� �m�e�a�s�u�r�e�d� �a�t� �a� �C�O�,� �l�e�v�e�l� �o�f� 

�3�6�6� �p�p�m� �a�n�d� �7�3�1� �p�p�m� �C�O�,�,� �a�n�d� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�.� �S�l�o�p�e�s� �a�n�d� 

�i�n�t�e�r�c�e�p�t�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �b�e�t�w�e�e�n� �a�m�b�i�e�n�t� �a�n�d� �e�l�e�v�a�t�e�d� �C�O�>� 

�g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �w�e�l�l�-�w�a�t�e�r�e�d� �a�n�d� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� 

�t�r�e�a�t�m�e�n�t�s� �w�i�t�h�i�n� �a� �C�O�,� �m�e�a�s�u�r�e�m�e�n�t� �l�e�v�e�l� �u�s�i�n�g� �a� �t� 

�s�t�a�t�i�s�t�i�c�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�T�h�e� �l�o�g� �o�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �a�n�d� �c�u�v�e�t�t�e� �c�o�.� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�r�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� �m�e�a�s�u�r�e�m�e�n�t� �i�n� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n� �d�e�s�c�r�i�b�i�n�g� �n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �r�e�s�u�l�t�e�d� 

�i�n� �t�h�e� �b�e�s�t� �f�i�t� �a�c�r�o�s�s� �a�l�l� �C�O�,� �g�r�o�w�t�h� �a�n�d� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �t�r�e�a�t�m�e�n�t�s� �(�o�v�e�r�a�l�l� �R�°�=�.�5�2�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �l�o�g� 
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�c�o�n�d�u�c�t�a�n�c�e� �i�n� �w�a�t�e�r�-�s�t�r�e�s�s�e�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� 

�D�r�o�u�g�h�t�-�i�n�d�u�c�e�d� �r�e�d�u�c�t�i�o�n�s� �i�n� �s�t�o�m�a�t�a�l� �c�o�n�d�u�c�t�a�n�c�e� �a�n�d� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �m�a�y� �b�e� �d�e�l�a�y�e�d� �a�n�d� �l�e�s�s� �s�e�v�e�r�e� �i�n� �a�n� �e�l�e�v�a�t�e�d� 

�C�O�>� �e�n�v�i�r�o�n�m�e�n�t� �(�E�a�m�u�s� �a�n�d� �J�a�r�v�i�s� �1�9�8�5�)�.� �I�n� �r�e�d� �s�p�r�u�c�e� 

�s�e�e�d�l�i�n�g�s�,� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �d�i�d� �n�o�t� �a�f�f�e�c�t� �t�h�e� 
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�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �i�n�t�e�r�c�e�p�t� �a�n�d� �s�l�o�p�e� �e�s�t�i�m�a�t�e�s� �o�f� 

�t�h�e� �r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�i�n�g� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� 
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�o�f� �C�O�,� �e�n�r�i�c�h�m�e�n�t� �o�n� �t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e� �o�f� �P�i�n�u�s� 
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�1�9�8�6�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �w�e�l�l�-�w�a�t�e�r�e�d�,� �e�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �r�e�d� 

�s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �r�e�a�c�h�e�d� �a� �l�o�w�e�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �s�o�o�n�e�r� 

�d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �t�h�a�n� �w�e�l�l�-�w�a�t�e�r�e�d�,� �a�m�b�i�e�n�t� �C�O�,�-�g�r�o�w�n� 

�s�e�e�d�l�i�n�g�s�.� �E�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �r�e�a�c�h�e�d� �a� �m�e�a�n� 

�w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �-�1�.�8�2� �M�P�a� �a�f�t�e�r� �6� �d�a�y�s� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� 

�w�h�e�r�e�a�s� �w�e�l�l�-�w�a�t�e�r�e�d�,� �a�m�b�i�e�n�t� �C�O�5�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �r�e�a�c�h�e�d� �a� 

�w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �-�1�.�3�6� �M�P�a� �a�f�t�e�r� �6� �d�a�y�s�.� �S�e�e�d�l�i�n�g�s� �g�r�o�w�n� 

�i�n� �e�l�e�v�a�t�e�d� �C�O�s� �e�x�p�e�r�i�e�n�c�e�d� �w�a�t�e�r� �s�t�r�e�s�s� �s�o�o�n�e�r� �m�o�s�t� �l�i�k�e�l�y� 

�b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �l�a�r�g�e�r� �s�i�z�e�.� �E�l�e�v�a�t�e�d� �C�O�,�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �l�a�r�g�e�r� �i�n� �b�o�t�h� �s�i�z�e� �a�n�d� �w�e�i�g�h�t� �t�h�a�n� �a�m�b�i�e�n�t� �C�O�5�-�g�r�o�w�n� 

�s�e�e�d�l�i�n�g�s� �a�t� �1�2� �m�o�n�t�h�s� �(�p�l�e�a�s�e� �s�e�e� �C�h�a�p�t�e�r� �I�I�I�)�.� �A�n�y� 

�i�n�c�r�e�a�s�e� �i�n� �r�e�d� �s�p�r�u�c�e� �l�e�a�f� �W�U�E� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �w�a�s� �m�o�s�t� 

�l�i�k�e�l�y� �o�f�f�s�e�t� �b�y� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�o�t�a�l� �l�e�a�f� �a�r�e�a�,� �a�s� 

�s�u�g�g�e�s�t�e�d� �b�y� �E�a�m�u�s� �a�n�d� �J�a�r�v�i�s� �(�1�9�8�9�)�.� 

�T�h�e� �l�a�c�k� �o�f� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�n�d� 

�c�o�n�d�u�c�t�a�n�c�e� �r�e�s�p�o�n�s�e�s� �t�o� �d�e�c�r�e�a�s�i�n�g� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �b�e�t�w�e�e�n� 

�e�l�e�v�a�t�e�d� �a�n�d� �a�m�b�i�e�n�t� �C�O� �.�-�g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �i�m�p�l�i�e�s� �t�h�a�t� �l�e�a�f� 

�W�U�E� �(�n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s�/�c�o�n�d�u�c�t�a�n�c�e�)� �r�e�s�p�o�n�s�e�s� �t�o� �p�l�a�n�t� 

�w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �w�e�r�e� �n�o�t� �i�n�f�l�u�e�n�c�e�d� �b�y� �C�O�,� �g�r�o�w�t�h� �t�r�e�a�t�m�e�n�t�.� 

�P�o�s�i�t�i�v�e� �i�n�c�r�e�a�s�e�s� �i�n� �W�U�E� �i�n� �r�e�s�p�o�n�s�e� �t�o� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� 

�C�O�,� �h�a�v�e� �b�e�e�n� �d�o�c�u�m�e�n�t�e�d� �f�o�r� �t�r�e�e� �s�p�e�c�i�e�s� �i�n�c�l�u�d�i�n�g� �P�i�n�u�s� 

�e�c�h�i�n�a�t�a�,� �P�i�n�u�s� �r�a�d�i�a�t�a�,� �N�o�t�h�o�f�a�g�u�s� �f�u�s�c�a� �a�n�d� �P�s�e�u�d�o�t�s�u�a�a� 

�m�e�n�z�i�e�s�i�i� �(�H�o�l�l�i�n�g�e�r� �1�9�8�7�,� �N�o�r�b�y� �e�t� �a�l�.� �1�9�8�7�,�)�.� �H�o�w�e�v�e�r�,� 

�m�o�s�t� �o�f� �t�h�e�s�e� �s�t�u�d�i�e�s� �m�e�a�s�u�r�e�d� �a�n�d� �c�o�m�p�a�r�e�d� �t�h�e� �W�U�E� �o�f� 

�w�e�l�l�-�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �a�t� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �C�O�,� �g�r�o�w�t�h� 
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�c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�t�h�e�r� �t�h�a�n� �e�x�a�m�i�n�e� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �W�U�E� �t�o� 

�i�n�c�r�e�a�s�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �a�t� �v�a�r�y�i�n�g� �C�O�5� �m�e�a�s�u�r�e�m�e�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�D�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�i�n�g� �d�i�d� �i�n�f�l�u�e�n�c�e� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �c�o�n�d�u�c�t�a�n�c�e� �t�o� �d�e�c�r�e�a�s�i�n�g� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�.� �D�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 

�m�a�i�n�t�a�i�n�e�d� �s�t�o�m�a�t�a�l� �o�p�e�n�i�n�g� �a�n�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�t� �l�o�w�e�r� 

�w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �t�h�a�n� �w�e�l�l�-�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �(�i�n�d�i�c�a�t�e�d� �b�y� 

�t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�l�o�p�e� �e�s�t�i�m�a�t�e�s� �i�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� 

�e�q�u�a�t�i�o�n�s� �f�o�r� �w�e�l�l�-�w�a�t�e�r�e�d� �a�n�d� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� 

�t�r�e�a�t�m�e�n�t�s�,� �T�a�b�l�e�s� �5�.�2� �a�n�d� �5�.�3�,� �a�n�d� �F�i�g�u�r�e� �5�.�1�)�.� �M�o�i�s�t�u�r�e� 

�s�t�r�e�s�s�-�c�o�n�d�i�t�i�o�n�e�d� �P�i�n�u�s� �t�a�e�d�a� �s�e�e�d�l�i�n�g�s� �a�l�s�o� �m�a�i�n�t�a�i�n�e�d� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �t�o� �l�o�w�e�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �t�h�a�n� �d�i�d� �w�e�l�l�-� 

�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �(�S�e�i�l�e�r� �a�n�d� �J�o�h�n�s�o�n� �1�9�8�5�)�.� �D�r�o�u�g�h�t� 

�a�c�c�l�i�m�a�t�i�o�n� �w�a�s� �r�e�p�o�r�t�e�d� �f�o�r� �d�r�o�u�g�h�t�-�p�r�e�c�o�n�d�i�t�i�o�n�e�d� �P�i�c�e�a� 

�m�a�r�i�a�n�a� �(�Z�w�i�a�z�e�k� �a�n�d� �B�l�a�k�e� �1�9�8�9�)�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�t� �l�o�w� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �a�p�p�e�a�r�e�d� �t�o� �b�e� �C�O�,� 

�l�i�m�i�t�e�d� �r�a�t�h�e�r� �t�h�a�n� �m�e�s�o�p�h�y�l�l� �l�i�m�i�t�e�d� �b�e�c�a�u�s�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� 

�c�o�n�t�i�n�u�e�d� �a�t� �l�o�w� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e�s� �w�h�e�n� �g�a�s� �e�x�c�h�a�n�g�e� �w�a�s� 

�m�e�a�s�u�r�e�d� �a�t� �a�n� �e�l�e�v�a�t�e�d� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� 

�h�i�g�h� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�a�t�e�s� �b�e�t�w�e�e�n� �-�1�.�5� �a�n�d� �-�2�.�0� �M�P�a� �i�n� 

�F�i�g�u�r�e� �5�.�1�)�.� �S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �(�1�9�9�0�)� �a�l�s�o� �f�o�u�n�d� �h�i�g�h� �r�a�t�e�s� 

�o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�t� �l�o�w� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e�s� �i�n� �w�a�t�e�r�-�s�t�r�e�s�s�e�d� 

�r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �w�h�e�n� �g�a�s� �e�x�c�h�a�n�g�e� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �a�n� 

�e�l�e�v�a�t�e�d� �C�0�5� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� 
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�W�a�t�e�r� �P�o�t�e�n�t�i�a�l� �(�M�P�a�)� 

�F�i�g�u�r�e� �4�.�1�.� �N�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �(�P�n�e�t�)� �a�n�d� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� 
�(�g�l�)� �o�f� �w�e�l�l�-�w�a�t�e�r�e�d� �(�e�m�p�t�y� �s�q�u�a�r�e�s�,� �s�o�l�i�d� �l�i�n�e�)� �a�n�d� 
�d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �(�s�o�l�i�d� �s�q�u�a�r�e�s�,� �d�a�s�h�e�d� �l�i�n�e�)� �r�e�d� �s�p�r�u�c�e� 
�s�e�e�d�l�i�n�g�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �d�e�c�r�e�a�s�i�n�g� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�.� �G�a�s� 
�e�x�c�h�a�n�g�e� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �3�6�6� �a�n�d� �7�3�1� �p�p�m� �C�O�p�.� 
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�(�1�9�9�0�)� �f�o�u�n�d� �n�o� �i�n�f�l�u�e�n�c�e� �o�f� �d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� �o�n� 

�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�n�d� �s�t�o�m�a�t�a�l� �r�e�s�p�o�n�s�e�s� �t�o� �d�e�c�r�e�a�s�i�n�g� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l� �i�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�.� �R�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �t�w�o� 

�s�t�u�d�i�e�s� �m�a�y� �d�i�f�f�e�r� �b�e�c�a�u�s�e� �o�f� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�e�e�d�l�i�n�g� �a�g�e�s�,� 

�s�e�e�d� �o�r�i�g�i�n�s� �a�n�d� �t�h�e� �l�e�n�g�t�h� �o�f� �d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g�.� �I�n� �t�h�e� 

�p�r�e�v�i�o�u�s� �s�t�u�d�y�,� �t�w�o�-�y�e�a�r�-�o�l�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �o�n�e� 

�s�e�e�d� �s�o�u�r�c�e� �i�n� �N�e�w� �H�a�m�p�s�h�i�r�e� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �f�o�r� �8�7� �d�a�y�s� �w�h�e�r�e�a�s� �i�n� �t�h�e� �c�u�r�r�e�n�t� �s�t�u�d�y�,� �s�e�e�d�s� 

�f�r�o�m� �v�a�r�i�o�u�s� �s�e�e�d� �s�o�u�r�c�e�s� �i�n� �t�h�e� �n�o�r�t�h�e�a�s�t� �w�e�r�e� �g�r�o�w�n� �f�r�o�m� 

�s�e�e�d� �w�h�i�l�e� �s�u�b�j�e�c�t�e�d� �t�o� �o�n�e� �y�e�a�r� �o�f� �d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �s�t�u�d�y� �b�y� �S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �(�1�9�9�0�)� �w�a�t�e�r� 

�s�t�r�e�s�s�e�d� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �t�o� �m�u�c�h� �l�o�w�e�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� 

�(�-�3�.�5� �M�P�a�)� �t�h�a�n� �o�u�r� �s�t�u�d�y� �(�-�2�.�0� �M�P�a�)�.� �D�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� 

�p�o�s�s�i�b�l�y� �i�m�p�r�o�v�e�d� �t�h�e� �d�r�o�u�g�h�t� �t�o�l�e�r�a�n�c�e� �o�f� �g�a�s� �e�x�c�h�a�n�g�e� 

�p�r�o�c�e�s�s�e�s� �i�n� �r�e�d� �s�p�r�u�c�e� �t�h�r�o�u�g�h� �c�h�a�n�g�e�s� �i�n� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� 

�a�n�d� �s�u�b�s�e�q�u�e�n�t� �t�u�r�g�o�r� �m�a�i�n�t�e�n�a�n�c�e�.� �A� �c�h�a�n�g�e� �i�n� �o�s�m�o�t�i�c� 

�r�e�l�a�t�i�o�n�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �d�r�o�u�g�h�t� �a�d�a�p�t�a�t�i�o�n� �h�a�s� �b�e�e�n� 

�d�o�c�u�m�e�n�t�e�d� �f�o�r� �s�o�m�e� �w�o�o�d�y� �p�l�a�n�t� �s�p�e�c�i�e�s� �(�B�a�h�a�r�i� �e�t� �a�l�.� �1�9�8�5�,� 

�S�e�i�l�e�r� �a�n�d� �J�o�h�n�s�o�n� �1�9�8�5�)�,� �b�u�t� �w�a�s� �n�o�t� �f�o�u�n�d� �i�n� �r�e�d� �s�p�r�u�c�e� 

�(�S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �1�9�9�0�)�.� 

�I�n� �c�o�n�c�l�u�s�i�o�n�,� �g�r�o�w�t�h� �i�n� �e�l�e�v�a�t�e�d� �C�O�,� �d�i�d� �n�o�t� �a�f�f�e�c�t� 

�t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� �s�p�r�u�c�e� �t�o� �w�a�t�e�r� �s�t�r�e�s�s�.� 

�A�n� �e�l�e�v�a�t�e�d� �C�O�,� �a�t�m�o�s�p�h�e�r�e� �d�i�d� �n�o�t� �a�l�l�o�w� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� 

�c�o�n�d�u�c�t�a�n�c�e� �t�o� �l�o�w�e�r� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s�.� �T�h�i�s� �s�t�u�d�y� �s�u�g�g�e�s�t�s� 

�t�h�a�t�,� �i�n� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�m�b�i�e�n�t� 

�9�5



�a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� �n�o�t� �r�e�d�u�c�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�i�n�c�r�e�a�s�i�n�g� �d�r�o�u�g�h�t� �f�r�e�q�u�e�n�c�y� �o�n� �l�e�a�f� �g�a�s� �e�x�c�h�a�n�g�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�B�a�h�a�r�i�,� �Z�.�A�.�,� �S�.�G�.� �P�a�l�l�a�r�d�y� �a�n�d� �W�.�C�.� �P�a�r�k�e�r�.� �1�9�8�5�.� 
�P�h�o�t�o�s�y�n�t�h�e�s�i�s�,� �w�a�t�e�r� �r�e�l�a�t�i�o�n�s�,� �a�n�d� �d�r�o�u�g�h�t� �a�d�a�p�t�a�t�i�o�n� 
�i�n� �s�i�x� �w�o�o�d�y� �s�p�e�c�i�e�s� �o�f� �o�a�k�-�h�i�c�k�o�r�y� �f�o�r�e�s�t�s� �i�n� �c�e�n�t�r�a�l� 
�M�i�s�s�o�u�r�i�.� �F�o�r�e�s�t� �S�c�i�.� �3�:�5�5�7�-�5�6�9�.� 

�B�o�y�e�r�,� �J�.�S�.� �1�9�8�2�.� �P�l�a�n�t� �p�r�o�d�u�c�t�i�v�i�t�y� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�.� 
�S�c�i�e�n�c�e� �2�1�8�:�4�4�3�-�4�4�8�.� 

�C�o�n�r�o�y�,� �J�.�P�.�,� �R�.�M�.� �S�m�i�l�l�i�e�,� �M�.� �K�u�p�p�e�r�s�,� �D�.�I�.� �B�e�v�e�g�e� �a�n�d� 
�E�.�W�.� �B�a�r�l�o�w�.� �1�9�8�6�.� �C�h�l�o�r�o�p�h�y�l�l� �a� �f�l�u�o�r�e�s�c�e�n�c�e� �a�n�d� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �a�n�d� �g�r�o�w�t�h� �r�e�s�p�o�n�s�e�s� �o�f� �P�i�n�u�s� �r�a�d�i�a�t�a� 
�t�o� �p�h�o�s�p�h�o�r�u�s� �d�e�f�i�c�i�e�n�c�y�,� �d�r�o�u�g�h�t� �s�t�r�e�s�s�,� �a�n�d� �h�i�g�h� �C�O�p�.� 
�P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�1�:�4�2�3�-�4�2�9�.� 

�E�a�m�u�s�,� �D�.� �1�9�9�1�.� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �r�i�s�i�n�g� �C�O�,� �a�n�d� 
�t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h� �w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y�.� �P�l�a�n�t�,� �C�e�l�l� 
�a�n�d� �E�n�v�i�r�o�n�.� �1�4�:�8�4�3�-�8�5�2�.� 

�E�a�m�u�s�,� �D�.� �a�n�d� �P�.�G�.� �J�a�r�v�i�s�.� �1�9�8�9�.� �T�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t�s� �o�f� 
�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �g�l�o�b�a�l� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�o�n� �n�a�t�u�r�a�l� �a�n�d� �c�o�m�m�e�r�c�i�a�l� �t�e�m�p�e�r�a�t�e� �t�r�e�e�s� �a�n�d� �f�o�r�e�s�t�s�.� 
�A�d�v�.� �E�c�o�l�.� �R�e�s�.� �1�9�:�1�-�5�5�.� 

�G�a�t�e�s�,� �D�.�M�.� �1�9�9�0�.� �C�l�i�m�a�t�e� �c�h�a�n�g�e� �a�n�d� �f�o�r�e�s�t�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�7�:�1�-�5�.� 

�G�l�e�i�c�k�,� �P�.�H�.� �1�9�8�7�.� �R�e�g�i�o�n�a�l� �h�y�d�r�o�l�o�g�i�c�a�l� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� 
�i�n�c�r�e�a�s�e�s� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �a�n�d� �o�t�h�e�r� �t�r�a�c�e� �g�a�s�e�s�.� 
�C�l�i�m�a�t�e� �C�h�a�n�g�e� �1�0�:�1�3�7�-�1�6�1�.� 

�H�o�l�l�i�n�g�e�r�,� �D�.�Y�.� �1�9�8�7�.� �G�a�s� �e�x�c�h�a�n�g�e� �a�n�d� �d�r�y� �m�a�t�t�e�r� �a�l�l�o�c�a�t�i�o�n� 
�r�e�s�p�o�n�s�e�s� �t�o� �e�l�e�v�a�t�i�o�n� �o�f� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�i�n� �s�e�e�d�l�i�n�g�s� �o�f� �t�h�r�e�e� �t�r�e�e� �s�p�e�c�i�e�s�.� �T�r�e�e� �P�h�y�s�i�o�l�.� 
�3�:�1�9�3�-�2�0�2�.� 

�H�o�r�n�b�e�c�k�,� �J�.�W�.�,� �R�.�B�.� �S�m�i�t�h� �a�n�d� �C�.�A�.� �F�e�d�e�r�e�r�.� �1�9�8�6�.� �G�r�o�w�t�h� 
�d�e�c�l�i�n�e� �i�n� �r�e�d� �s�p�r�u�c�e� �a�n�d� �b�a�l�s�a�m� �f�i�r� �r�e�l�a�t�i�v�e� �t�o� 
�n�a�t�u�r�a�l� �p�r�o�c�e�s�s�e�s�.� �W�a�t�e�r�,� �A�i�r�,� �S�o�i�l� �P�o�l�l�u�t�.� 
�3�1�:�4�2�5�-�4�3�0�.� 

�M�a�n�a�b�e�,� �S�.�,� �R�.�T�.� �W�e�t�h�e�r�a�l�d� �a�n�d� �R�.�J�.� �S�t�o�u�f�f�e�r�.� �1�9�8�1�.� 
�S�u�m�m�e�r� �d�r�y�n�e�s�s� �d�u�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�t�m�o�s�p�h�e�r�i�c� �C�O�,� 
�c�o�n�c�e�n�t�r�a�t�i�o�n�.� �C�l�i�m�a�t�e� �C�h�a�n�g�e� �3�:�3�4�7�-�3�8�6�.� 

�M�c�L�a�u�g�h�l�i�n�,� �S�.�B�.� �D�.�J�.� �D�o�w�n�i�n�g�,� �T�.�J�.� �B�l�a�s�i�n�g�,� �E�.�R�.� �C�o�o�k� �a�n�d� 
�H�.�S�.� �A�d�a�m�s�.� �1�9�8�7�.� �A�n� �a�n�a�l�y�s�i�s� �o�f� �c�l�i�m�a�t�e� �a�n�d� 
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�c�o�m�p�e�t�i�t�i�o�n� �a�s� �c�o�n�t�r�i�b�u�t�o�r�s� �t�o� �d�e�c�l�i�n�e� �o�f� �r�e�d� �s�p�r�u�c�e� 
�i�n� �h�i�g�h� �e�l�e�v�a�t�i�o�n� �A�p�p�a�l�a�c�h�i�a�n� �f�o�r�e�s�t�s� �o�f� �t�h�e� �e�a�s�t�e�r�n� 
�U�n�i�t�e�d� �S�t�a�t�e�s�.� �O�e�c�o�l�o�g�i�a� �7�2�:�4�8�7�-�5�0�1�.� 

�M�c�L�a�u�g�h�l�i�n�,� �S�.�B�.�,� �C�.�P�.� �A�n�d�e�r�s�o�n�,� �N�.�T�.� �E�d�w�a�r�d�s�,� �W�.�K�.� �R�o�y� �a�n�d� 
�P�.�A�.� �L�a�y�t�o�n�.� �1�9�9�0�.� �S�e�a�s�o�n�a�l� �p�a�t�t�e�r�n�s� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� 
�a�n�d� �r�e�s�p�i�r�a�t�i�o�n� �o�f� �r�e�d� �s�p�r�u�c�e� �s�a�p�l�i�n�g�s� �f�r�o�m� �t�w�o� 
�e�l�e�v�a�t�i�o�n�s� �i�n� �d�e�c�l�i�n�i�n�g� �s�o�u�t�h�e�r�n� �A�p�p�a�l�a�c�h�i�a�n� �s�t�a�n�d�s�.� 
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�C�H�A�P�T�E�R� �V�I� 

�P�H�Y�S�I�O�L�O�G�I�C�A�L� �R�E�S�P�O�N�S�E�S� �O�F� �R�E�D� �S�P�R�U�C�E� �S�E�E�D�L�I�N�G�S� �T�O� 

�T�E�M�P�E�R�A�T�U�R�E�,� �L�I�G�H�T� �A�N�D� �C�O�,� �C�O�N�C�E�N�T�R�A�T�I�O�N� �I�N� �C�O�M�B�I�N�A�T�I�O�N� �W�I�T�H� 
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�R�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �o�f� �u�n�k�n�o�w�n� �a�g�e� �a�n�d� �s�i�m�i�l�a�r� �s�i�z�e� 

�a�l�o�n�g� �w�i�t�h� �s�o�i�l� �f�r�o�m� �W�h�i�t�e�t�o�p� �m�o�u�n�t�a�i�n� �V�i�r�g�i�n�i�a� �w�e�r�e� 

�3� �p�o�t�s�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�a� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �1�0�0�0�-�c�m� 

�g�r�e�e�n�h�o�u�s�e� �a�n�d� �a�l�l�o�w�e�d� �t�o� �g�r�o�w� �f�o�r� �t�w�o� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s�.� �A�l�l� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �k�e�p�t� �w�e�l�l�-�w�a�t�e�r�e�d� �a�n�d� �w�e�r�e� �f�e�r�t�i�l�i�z�e�d� �w�e�e�k�l�y� 

�w�i�t�h� �a� �1�0� �m�l�/�s�e�e�d�l�i�n�g� �s�o�l�u�t�i�o�n� �c�o�n�s�i�s�t�i�n�g� �o�f� �2�0�0� �u�g�/�g� �N�,� �8�7� 

�u�g�/�g� �P� �a�n�d� �1�6�6� �u�g�/�g� �K� �(�P�e�t�e�r�s� �G�e�n�e�r�a�l� �P�u�r�p�o�s�e� �2�0�-�2�0�-�2�0� 

�f�e�r�t�i�l�i�z�e�r�,� �F�o�g�e�l�s�v�i�l�l�e�,� �P�A�,� �U�S�A�)�.� 

�D�u�r�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� 
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�A�m�e�r�i�c�a�,� �P�e�m�b�i�n�a�,� �N�D�,� �U�S�A�)� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� �a� �1�4� �h�r� 
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�S�e�e�d�l�i�n�g�s� �r�e�c�e�i�v�e�d�,� �a�t� �t�h�e� �l�e�a�f� �s�u�r�f�a�c�e�,� �a� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� 
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�0�7�0�0� �a�n�d� �1�6�0�0� �h�r� �f�o�r� �3� �h�r� �a�n�d� �a� �P�P�F�D� �o�f� �6�0�0� �m�m�o�l� �m�2� �g�s� �7�1� 

�f�r�o�m� �1�0�0�0� �t�o� �1�6�0�0� �h�r� �t�o� �s�i�m�u�l�a�t�e� �a� �n�a�t�u�r�a�l� �d�a�y�.� �A�v�e�r�a�g�e� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �(�R�H�)� �w�i�t�h�i�n� �t�h�e� �c�h�a�m�b�e�r� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� 

�7�0� �(�+�2�)�%�.� 

�D�u�e� �t�o� �t�h�e� �l�i�m�i�t�e�d� �a�m�o�u�n�t� �o�f� �l�e�a�f� �t�i�s�s�u�e� �o�n� �a� �s�e�e�d�l�i�n�g�,� 

�d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �w�a�t�e�r�e�d� �w�h�e�n� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �w�a�s� �r�e�d�u�c�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�5�%�.� 

�P�h�o�t�o�s�y�n�t�h�e�s�i�s� �w�a�s� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �a� �P�A�C�s�y�s� �n�u�l�l� �b�a�l�a�n�c�i�n�g� 

�g�a�s� �e�x�c�h�a�n�g�e� �s�y�s�t�e�m� �w�i�t�h� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �c�o�n�t�r�o�l�l�e�d� 

�c�u�v�e�t�t�e� �(�D�a�t�a� �D�e�s�i�g�n� �G�r�o�u�p�,� �L�a� �J�o�l�l�e�,� �C�A�,� �U�S�A�)�.� �M�o�n�i�t�o�r�i�n�g� 

�w�a�s� �d�o�n�e� �a�t� �a� �l�e�a�f� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5�°�C�,� �a� �c�u�v�e�t�t�e� �R�H� �o�f� �3�0�3�,� 

�a� �P�P�F�D� �o�f� �1�2�0�0� �p�m�o�l� �m�7�?� �s�~�+� �(�s�u�p�p�l�i�e�d� �b�y� �a� �4�0�0� �W� �s�o�d�i�u�m� 

�v�a�p�o�r� �l�a�m�p� �s�u�s�p�e�n�d�e�d� �o�v�e�r� �t�h�e� �c�u�v�e�t�t�e�)�,� �a�n�d� �a� �C�O�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�5�0� �p�p�m�.� �A� �p�r�e�v�i�o�u�s� �s�t�u�d�y� �o�f� �r�e�d� �s�p�r�u�c�e� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �r�e�d�u�c�t�i�o�n� �o�f� �8�0�%� �o�c�c�u�r�r�e�d� 

�a�t� �a�n� �a�v�e�r�a�g�e� �l�e�a�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �-�1�.�9� �M�P�a� �(�S�e�i�l�e�r� �a�n�d� 

�C�a�z�e�l�l� �1�9�9�0�)�.� �L�e�a�f� �t�i�s�s�u�e� �u�s�e�d� �i�n� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �m�o�n�i�t�o�r�i�n�g� 

�w�a�s� �m�a�r�k�e�d� �s�o� �t�h�a�t� �t�h�e� �s�a�m�e� �t�i�s�s�u�e� �w�a�s� �c�o�n�s�i�s�t�e�n�t�l�y� �s�a�m�p�l�e�d�.� 

�T�h�e� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �1�2� 

�d�r�o�u�g�h�t� �c�y�c�l�e�s� �w�h�i�c�h� �w�a�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �4� �m�o�n�t�h�s� �o�f� �p�r�o�l�o�n�g�e�d� 

�s�u�b�l�e�t�h�a�l� �w�a�t�e�r� �s�t�r�e�s�s�.� �C�o�n�t�r�o�l� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �w�a�t�e�r�e�d� 

�r�e�g�u�l�a�r�l�y�.� �S�e�e�d�l�i�n�g�s� �w�e�r�e� �n�o�t� �f�e�r�t�i�l�i�z�e�d� �o�n�c�e� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �b�e�g�a�n� �t�o� �e�l�i�m�i�n�a�t�e� �c�o�n�f�o�u�n�d�i�n�g� �f�e�r�t�i�l�i�z�a�t�i�o�n� 

�a�n�d� �w�a�t�e�r� �s�t�r�e�s�s� �r�e�s�p�o�n�s�e�s�.� 
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�R�e�s�p�o�n�s�e� �c�u�r�v�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �o�n� �h�y�d�r�a�t�e�d� �d�r�o�u�g�h�t�-� 

�c�o�n�d�i�t�i�o�n�e�d� �a�n�d� �c�o�n�t�r�o�l� �s�e�e�d�l�i�n�g�s� �(�i�n�i�t�i�a�l� �w�a�t�e�r� �s�t�r�e�s�s� 

�s�t�a�g�e�,� �a�v�e�r�a�g�e� �l�e�a�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �-�0�.�8� �M�P�a�)� �a�n�d� �a�f�t�e�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4� �d�a�y�s� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �w�h�e�n� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� 

�w�a�s� �r�e�d�u�c�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0�%� �(�f�i�n�a�l� �w�a�t�e�r� �s�t�r�e�s�s� �s�t�a�g�e�,� 

�a�v�e�r�a�g�e� �l�e�a�f� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �-�1�.�7� �M�P�a�)�.� �W�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� 

�a�n�d� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �i�n�i�t�i�a�l� �a�n�d� 

�f�i�n�a�l� �w�a�t�e�r� �s�t�r�e�s�s� �s�t�a�g�e� �o�f� �t�h�e� �d�r�y� �d�o�w�n� �u�s�i�n�g� �a� �S�c�h�o�l�a�n�d�e�r� 

�p�r�e�s�s�u�r�e� �c�h�a�m�b�e�r� �a�n�d� �l�e�a�f� �p�s�y�c�h�r�o�m�e�t�e�r�s� �(�J�R�D� �M�e�r�r�i�l�l�,� �7�5� 

�s�e�r�i�e�s�,� �L�o�g�a�n�,� �U�t�a�h�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �W�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �o�n� �o�n�e� �b�r�a�n�c�h� �p�e�r� �s�e�e�d�l�i�n�g� �w�h�i�l�e� �t�w�o� �o�s�m�o�t�i�c� 

�p�o�t�e�n�t�i�a�l� �r�e�a�d�i�n�g�s� �p�e�r� �s�e�e�d�l�i�n�g� �w�e�r�e� �m�a�d�e� �a�n�d� �a�v�e�r�a�g�e�d�.� �A�n� 

�e�v�e�n� �m�i�x�t�u�r�e� �o�f� �c�u�r�r�e�n�t� �a�n�d� �1�l�-�y�r�-�o�l�d� �f�o�l�i�a�g�e� �w�a�s� �r�e�m�o�v�e�d� 

�f�r�o�m� �a� �s�e�e�d�l�i�n�g�,� �p�l�a�c�e�d� �i�n� �a� �l�e�a�f� �p�s�y�c�h�r�o�m�e�t�e�r� �a�n�d� �f�r�o�z�e�n� 

�w�i�t�h� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n�.� 

�R�e�s�p�o�n�s�e� �C�u�r�v�e�s� 

�G�a�s� �e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e�s� �t�o� �l�i�g�h�t�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �C�O�»� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�e�f�o�r�e� �w�a�t�e�r� �s�t�r�e�s�s� �i�n�i�t�i�a�t�i�o�n� 

�a�n�d� �a�f�t�e�r� �1�4� �d�a�y�s� �o�f� �w�a�t�e�r� �s�t�r�e�s�s�.� �R�e�s�p�o�n�s�e� �c�u�r�v�e�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �o�n� �l�e�a�f� �t�i�s�s�u�e� �l�o�c�a�t�e�d� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �m�a�i�n� �s�t�e�m� 

�a�n�d� �i�n�c�l�u�d�e�d� �b�o�t�h� �c�u�r�r�e�n�t� �a�n�d� �l�-�y�e�a�r�-�o�l�d� �f�o�l�i�a�g�e�.� �G�a�s� 

�e�x�c�h�a�n�g�e� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �t�h�e� �P�A�C�s�y�s� �n�u�l�l�-�b�a�l�a�n�c�i�n�g� �s�y�s�t�e�m� 

�a�t� �a� �P�P�F�D� �o�f� �1�0�0�,� �3�5�0� �a�n�d� �6�0�0� �p�m�o�l� �m�~�°� �s�~�1� �a�n�d� �a� �c�o�n�s�t�a�n�t� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �o�f� �3�3� �(�+�5�)�%�,� �l�e�a�f� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5�.�0� 
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�(�+�0�.�5�)�°�c� �a�n�d� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�5�0� �p�p�m� �w�h�e�n� �p�h�y�s�i�o�l�o�g�i�c�a�l� 

�r�e�s�p�o�n�s�e�s� �t�o� �l�i�g�h�t� �w�e�r�e� �s�t�u�d�i�e�d�.� �A� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p� �w�a�s� 

�s�u�s�p�e�n�d�e�d� �o�v�e�r� �t�h�e� �c�u�v�e�t�t�t�e� �a�n�d� �u�s�e�d� �a�s� �a� �l�i�g�h�t� �s�o�u�r�c�e�.� 

�S�h�a�d�e� �c�l�o�t�h� �w�a�s� �p�l�a�c�e�d� �o�v�e�r� �t�h�e� �c�u�v�e�t�t�e� �t�o� �a�l�t�e�r� �t�h�e� �P�P�F�D� 

�l�e�v�e�l�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�p�o�n�s�e� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� �w�i�t�h� �t�h�e� �P�A�C�s�y�s�t�e�m� �a�t� �a� 

�R�H� �o�f� �3�3� �(�+�6�)�%�,� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�,� �2�5� �a�n�d� �3�5�°�C� �(�a� �v�a�p�o�r� 

�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� �p�r�e�s�s�u�r�e� �d�e�f�i�c�i�t� �o�f� �9�.�0�,� �1�6�.�1� �a�n�d� �2�7�.�7� �g� �m�_� 

�a� �P�P�F�D� �o�f� �1�2�0�0� �p�m�o�l� �m�7 �� �s�l�,� �a�n�d� �a� �C�O�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�5�0� 

�p�p�m�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�p�o�n�s�e� �m�a�y� �t�h�u�s� �i�n�c�l�u�d�e� �a� �r�e�s�p�o�n�s�e� 

�t�o� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �d�e�f�i�c�i�t� �a�s� �w�e�l�l�.� 

�L�e�a�f� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e� �t�o� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �g�a�s� �e�x�c�h�a�n�g�e� �a�t� �2�0�0�,� �4�0�0� �a�n�d� �6�0�0� �p�p�m� 

�C�O�.� �u�s�i�n�g� �a� �p�o�r�t�a�b�l�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �s�y�s�t�e�m� �(�L�i�c�o�r� �6�2�5�0�,� �L�i�-� 

�C�o�r� �I�n�c�.�,� �L�i�n�c�o�l�n�,� �N�E�,� �U�S�A�)�.� �A� �l�e�a�f� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�1�.�0� 

�(�+�2�.�0�)�°�c�C� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �b�y� �p�l�a�c�i�n�g� �a� �c�l�e�a�r� �w�a�t�e�r� �b�a�t�h� 

�b�e�t�w�e�e�n� �t�h�e� �l�i�g�h�t� �s�o�u�r�c�e� �a�n�d� �t�h�e� �c�u�v�e�t�t�e�.� �M�a�g�n�e�s�i�u�m� 

�p�e�r�c�h�l�o�r�a�t�e� �w�a�s� �u�s�e�d� �t�o� �s�c�r�u�b� �t�h�e� �w�a�t�e�r� �v�a�p�o�r� �i�n� �t�h�e� �g�a�s� 

�e�x�c�h�a�n�g�e� �s�y�s�t�e�m� �t�o� �m�a�i�n�t�a�i�n� �a� �c�u�v�e�t�t�e� �R�H� �o�f� �3�4� �(�1�+�6�)�%�.� �A� 

�P�P�F�D� �o�f� �1�2�0�0� �y�u�m�o�l� �m�~�*� �s�~�1� �w�a�s� �s�u�p�p�l�i�e�d� �a�t� �t�h�e� �l�e�a�f� �s�u�r�f�a�c�e� 

�w�i�t�h� �a� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p�.� 

�N�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s�,� �t�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �o�n� �a� �l�e�a�f� �d�r�y� �w�e�i�g�h�t� �b�a�s�i�s�.� �S�a�m�p�l�e� �l�e�a�f� 

�t�i�s�s�u�e� �w�a�s� �o�v�e�n�-�d�r�i�e�d� �a�t� �6�0�°�C� �f�o�r� �a�t� �l�e�a�s�t� �4�8� �h�r� �b�e�f�o�r�e� �d�r�y� 
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�w�e�i�g�h�t� �d�e�t�e�r�m�i�n�a�t�i�o�n�.� �I�n�t�e�r�n�a�l� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �v�a�l�u�e�s� 

�(�C�i�)� �w�e�r�e� �n�o�t� �p�r�e�s�e�n�t�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�o�n�s�i�s�t�e�n�t�l�y� �l�o�w� 

�v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �P�A�C�s�y�s� �g�a�s� �e�x�c�h�a�n�g�e� �s�y�s�t�e�m�.� 

�R�e�s�u�l�t�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �2� �f�a�c�t�o�r� �a�n�a�l�y�s�i�s� �o�f� 

�v�a�r�i�a�n�c�e� �i�n� �a� �r�a�n�d�o�m�i�z�e�d� �c�o�m�p�l�e�t�e� �b�l�o�c�k� �d�e�s�i�g�n� �w�i�t�h� �a� �t�o�t�a�l� 

�o�f� �8� �b�l�o�c�k�s�.� �T�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �t�r�e�a�t�m�e�n�t� �(�P�P�F�D�,� �t�e�m�p�e�r�a�t�u�r�e� 

�o�r� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�)� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �a� �f�a�c�t�o�r� �a�l�o�n�g� �w�i�t�h� 

�b�e�f�o�r�e� �o�r� �a�f�t�e�r� �t�h�e� �f�i�n�a�l� �d�r�y� �d�o�w�n�.� �B�e�c�a�u�s�e� �t�h�e� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �c�y�c�l�e�s� �w�e�r�e� �s�t�a�g�g�e�r�e�d� �t�h�r�o�u�g�h� �t�i�m�e�,� �e�a�c�h� 

�c�o�n�t�r�o�l�,� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �p�a�i�r� �w�a�s� �t�r�e�a�t�e�d� �a�s� �a� �b�l�o�c�k�.� 

�T�u�k�e�y�s� �t�e�s�t� �w�a�s� �u�s�e�d� �t�o� �s�e�p�a�r�a�t�e� �t�r�e�a�t�m�e�n�t� �m�e�a�n�s�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�M�e�a�n� �n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �w�e�r�e� 

�S�i�g�n�i�f�i�c�a�n�t�l�y� �(�p�<�0�.�0�5�)� �l�o�w�e�r� �i�n� �t�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t� 

�t�h�a�n� �i�n� �t�h�e� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �t�r�e�a�t�m�e�n�t� �i�n� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e�,� �P�P�F�D� �a�n�d� �C�O�.� �s�t�u�d�i�e�s� �m�o�s�t� �l�i�k�e�l�y� �b�e�c�a�u�s�e� �o�f� 

�n�u�t�r�i�e�n�t� �s�t�r�e�s�s� �i�n� �t�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t� �(�0�.�0�2�6� �u�m�o�l� 

�-�1� �1� �e�l� �1� �.�-�1� �w�i� �s� �~� �v�e�r�s�u�s� �0�.�0�3�2� �p�m�o�l� �g�_� �G�g� �S�s� �a�n�d� �a�n�d� �0�.�1�6� �m�m�o�l� �g�_� �s� 

�0�.�2�1� �m�m�o�l� �g!"�!� �s ��}�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �N�e�e�d�l�e�s� �w�e�r�e� �v�i�s�i�b�l�y� 

�c�h�l�o�r�o�t�i�c� �i�n� �t�h�e� �w�e�l�l�-�w�a�t�e�r�e�d� �t�r�e�a�t�m�e�n�t�.� �H�o�w�e�v�e�r�,� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �d�i�d� �n�o�t� �c�h�a�n�g�e� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� 

�r�e�s�p�o�n�s�e�s� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� �t�o� �l�i�g�h�t�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� 

�C�O�,� �t�r�e�a�t�m�e�n�t� �d�u�r�i�n�g� �t�h�e� �f�i�n�a�l� �"�c�h�a�l�l�e�n�g�e�"� �d�r�y� �d�o�w�n�.� �N�o� 
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�s�i�g�n�i�f�i�c�a�n�t� �(�p�<�0�.�0�5�)� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �d�r�o�u�g�h�t� 

�c�o�n�d�i�t�i�o�n�i�n�g� �t�r�e�a�t�m�e�n�t� �a�n�d� �s�t�a�g�e� �o�f� �d�r�o�u�g�h�t� �s�t�r�e�s�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d�.� �B�o�t�h� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �a�n�d� �w�e�l�l�-�w�a�t�e�r�e�d� 

�s�e�e�d�l�i�n�g�s� �r�e�s�p�o�n�d�e�d� �t�o� �l�i�g�h�t�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �c�o�,� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �d�r�o�u�g�h�t� �s�i�m�i�l�a�r�l�y�.� �S�o�,� �g�a�s� 

�e�x�c�h�a�n�g�e� �r�e�s�p�o�n�s�e� �d�a�t�a� �f�r�o�m� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �a�n�d� �w�e�l�l�-� 

�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �c�o�m�b�i�n�e�d�.� �P�h�y�s�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�s� 

�b�e�f�o�r�e� �a�n�d� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �a�n�d� �p�r�e�s�e�n�t�e�d�.� 

�D�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� �f�o�r� �4� �m�o�n�t�h�s� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�e�f�f�e�c�t� �o�n� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �(�W�P�)� �a�n�d� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� �(�O�P�)� 

�r�e�s�p�o�n�s�e�s� �o�f� �s�e�e�d�l�i�n�g�s� �"�c�h�a�l�l�e�n�g�e�d�"� �t�o� �a� �f�i�n�a�l� �d�r�y� �d�o�w�n� 

�(�T�a�b�l�e� �6�.�1�)�.� �W�P� �a�n�d� �O�P� �w�e�r�e� �s�i�m�i�l�a�r� �b�e�t�w�e�e�n� �d�r�o�u�g�h�t�-� 

�c�o�n�d�i�t�i�o�n�e�d� �a�n�d� �w�e�l�l�-�w�a�t�e�r�e�d� �s�e�e�d�l�i�n�g�s�.� �T�h�e� �d�r�y� �d�o�w�n� 

�r�e�d�u�c�e�d� �W�P� �a�n�d� �l�e�a�f� �n�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �c�o�n�d�u�c�t�a�n�c�e� �b�u�t� 

�h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �O�P� �(�T�a�b�l�e�s� �6�.�1� �a�n�d� �6�.�2�)�.� �A� �l�a�c�k� �o�f� �o�s�m�o�t�i�c� 

�a�d�j�u�s�t�m�e�n�t� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �r�e�p�o�r�t�e�d� 

�f�o�r� �r�e�d� �s�p�r�u�c�e� �(�S�e�i�l�e�r� �a�n�d� �C�a�z�e�l�l� �1�9�9�0�)�.� �W�a�t�e�r� �u�s�e� 

�e�f�f�i�c�i�e�n�c�y� �w�a�s� �g�r�e�a�t�e�r� �a�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4� �d�a�y�s� �o�f� 

�d�r�o�u�g�h�t� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �P�P�F�D� �s�t�u�d�y� �(�T�a�b�l�e� �6�.�2�)�.� 

�L�o�w�e�r�e�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �w�a�s� �m�o�s�t� �l�i�k�e�l�y� 

�d�u�e� �t�o� �b�o�t�h� �s�t�o�m�a�t�a�l� �l�i�m�i�t�a�t�i�o�n� �(�i�n�d�i�c�a�t�e�d� �b�y� �l�o�w�e�r� �l�e�a�f� 

�c�o�n�d�u�c�t�a�n�c�e� �a�f�t�e�r� �w�a�t�e�r� �s�t�r�e�s�s�)� �a�n�d� �p�o�s�s�i�b�l�y� �m�e�s�o�p�h�y�l�l� 

�l�i�m�i�t�a�t�i�o�n�.� �R�e�d�u�c�e�d� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �d�u�r�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s� �m�a�y� 

�b�e� �a� �r�e�s�u�l�t� �o�f� �r�e�d�u�c�t�i�o�n�s� �i�n� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�,� �p�r�o�t�o�p�l�a�s�t� 

�v�o�l�u�m�e� �a�n�d� �r�u�b�i�s�c�o� �a�c�t�i�v�i�t�y� �(�V�a�p�a�a�v�o�u�r�i� �e�t� �a�l�.� �1�9�8�1�,� 
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�T�a�b�l�e� �6�.�1�.� �W�a�t�e�r� �p�o�t�e�n�t�i�a�l� �(�W�P�)� �a�n�d� �l�e�a�f� �o�s�m�o�t�i�c� �p�o�t�e�n�t�i�a�l� 
�(�O�P�)� �o�f� �d�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �a�n�d� �w�e�l�l�-�w�a�t�e�r�e�d� �r�e�d� �s�p�r�u�c�e� 
�s�e�e�d�l�i�n�g�s� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �a� �f�i�n�a�l� �d�r�y� �d�o�w�n� �(�i�n�i�t�i�a�l�)� �a�n�d� 
�a�f�t�e�r� �1�4� �d�a�y�s� �o�f� �d�r�o�u�g�h�t� �(�f�i�n�a�l�)�.� 

� � 

� � 

�T�r�e�a�t�m�e�n�t� �W�P� �(�M�P�a�)� �O�P� �(�M�P�a�)� 

� � 

�D�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� 
�D�r�o�u�g�h�t�-�c�o�n�d�i�t�i�o�n�e�d� �-�1�.�2�1� �-�2�.�2�9� 
�W�e�l�l�-�w�a�t�e�r�e�d� �-�1�.�2�6� �-�2�.�1�6� 

�W�a�t�e�r� �s�t�r�e�s�s� 
�I�n�i�t�i�a�l� �-�O�.�9�1� �*�  ��2�.�2�2� 

�F�i�n�a�l� �-�1�.�5�6� �-�2�.�2�3� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �W�P� �o�r� �O�P� �b�e�t�w�e�e�n� 
�d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�i�n�g� �o�r� �w�a�t�e�r� �s�t�r�e�s�s� �t�r�e�a�t�m�e�n�t�s� �a�t� �t�h�e� 
�p�s�0�.�0�5� �l�e�v�e�l�.� 
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�T�a�b�l�e� �6�.�2�.� �N�e�t� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �(�P�n�)�,� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �(�g�l�)� 
�a�n�d� �w�a�t�e�r� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �(�W�U�E�)� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 
�b�e�f�o�r�e� �d�r�o�u�g�h�t� �i�n�i�t�i�a�t�i�o�n� �(�i�n�i�t�i�a�l�)� �a�n�d� �1�4� �d�a�y�s� �a�f�t�e�r� 
�d�r�o�u�g�h�t� �s�t�r�e�s�s� �(�f�i�n�a�l�)� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� �P�P�F�D� �a�n�d� �C�O�,� 
�r�e�s�p�o�n�s�e� �s�t�u�d�i�e�s�.� 

� � 

� � 

� � 

�P�n� �g�l� �W�U�E� 
�T�r�e�a�t�m�e�n�t� �( ��m�o�l� �g�t� �s�7�l�)� �(�m�m�o�l� �g� �1� �s�l�)� �(�u�m�o�l�/�m�m�o�l� �)� 

�T�e�m�p�e�r�a�t�u�r�e� 

�I�n�i�t�i�a�l� �0�.�0�2�8� �*� �0�.�1�8� �*� �O�.�1�7� �*� 
�F�i�n�a�l� �0�.�0�1�8� �0�.�0�8� �0�.�2�4� 

�P�P�F�D� 

�I�n�i�t�i�a�l� �-�1� �0�.�1�8� �*� �0�.�1�3� �*� 
�F�i�n�a�l� �-� �0�.�0�7� �0�.�1�9� 

�C�O�5� 

�I�n�i�t�i�a�l� �0�.�0�1�9� �*� �0�.�2�9� �*� �-� �i� 
�F�i�n�a�l� �0�.�0�1�3� �0�.�1�6� �~� 

� � 

�*� �I�n�d�i�c�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �i�n�i�t�i�a�l� �a�n�d� 
�f�i�n�a�l� �t�r�e�a�t�m�e�n�t� �a�t� �t�h�e� �p�<�0�.�0�5� �l�e�v�e�l�.� 

�1� �M�a�i�n� �e�f�f�e�c�t� �m�e�a�n�s� �a�r�e� �n�o�t� �p�r�e�s�e�n�t�e�d� �w�h�e�n� �a� �s�i�g�n�i�f�i�c�a�n�t� 
�i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �s�t�a�g�e� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�,� 
�P�P�F�D� �o�r� �C�O�,� �t�r�e�a�t�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d�.� 
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�B�e�r�k�o�w�i�t�z� �a�n�d� �K�r�o�l�l� �1�9�8�8�,� �F�a�r�q�u�h�a�r� �e�t� �a�l�.� �1�9�8�9�)�.� �H�o�w�e�v�e�r�,� 

�s�e�p�a�r�a�t�i�o�n� �o�f� �s�t�o�m�a�t�a�l� �a�n�d� �m�e�s�o�p�h�y�l�l� �l�i�m�i�t�a�t�i�o�n�s� �t�o� �n�e�t� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �i�s� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �h�e�t�e�r�o�g�e�n�e�i�t�y� �o�f� �s�t�o�m�a�t�a�l� 

�o�p�e�n�i�n�g� �(�F�a�r�q�u�h�a�r� �e�t� �a�l�.� �1�9�8�9�)�.� 

�O�n�l�y� �m�a�i�n� �e�f�f�e�c�t� �m�e�a�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �w�h�e�n� �n�o� 

�i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �t�r�e�a�t�m�e�n�t� �(�t�e�m�p�e�r�a�t�u�r�e�,� 

�P�P�F�D� �a�n�d� �C�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�)� �a�n�d� �s�t�a�g�e� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� 

�(�i�n�i�t�i�a�l�,� �b�e�f�o�r�e� �d�r�o�u�g�h�t� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �f�i�n�a�l�,� �1�4� �d�a�y�s� �i�n�t�o� 

�t�h�e� �d�r�y� �d�o�w�n�)� �w�a�s� �o�b�s�e�r�v�e�d�.� 

�T�e�m�p�e�r�a�t�u�r�e� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �n�e�t� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �o�r� �l�e�a�f� �c�o�n�d�u�c�t�a�n�c�e� �o�f� �r�e�d� �s�p�r�u�c�e� �s�e�e�d�l�i�n�g�s� 

�(�T�a�b�l�e� �6�.�3�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�p�t�i�m�u�m� �f�o�r� 

�p�h�o�t�o�s�y�n�t�h�e�s�i�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �P�i�n�u�s� �t�a�e�d�a� �b�u�t� �n�o� 

�e�f�f�e�c�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �c�o�n�d�u�c�t�a�n�c�e� �w�a�s� �o�b�s�e�r�v�e�d� �(�T�e�s�k�e�y� �e�t� 

�a�l�.� �1�9�8�6�)�.� �T�h�e� �c�h�a�l�l�e�n�g�e� �d�r�y� �d�o�w�n� �d�i�d� �n�o�t� �c�h�a�n�g�e� �t�h�e� �n�a�t�u�r�e� 

�o�f� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� �a�n�d� �c�o�n�d�u�c�t�a�n�c�e� �t�o� 

�t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �w�e�l�l�-�w�a�t�e�r�e�d� �p�l�a�n�t�s�,� �s�t�o�m�a�t�a� �t�e�n�d� �t�o� �o�p�e�n� 

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�l�e� �w�a�t�e�r�-�s�t�r�e�s�s�e�d� �p�l�a�n�t�s� �t�e�n�d� 

�t�o� �c�l�o�s�e� �s�t�o�m�a�t�a� �w�i�t�h� �r�i�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�B�e�r�r�y� �a�n�d� �B�j�o�r�k�m�a�n� 

�1�9�8�0�)�.� �R�e�d� �s�p�r�u�c�e� �c�o�n�d�u�c�t�a�n�c�e� �t�e�n�d�e�d� �t�o� �d�e�c�r�e�a�s�e� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �b�u�t� �t�h�i�s� �t�r�e�n�d� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�.� 

�P�l�a�n�t�s� �e�x�p�o�s�e�d� �t�o� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �(�3�0� �t�o� �4�0�°�C�)� �a�n�d� �w�a�t�e�r� 

�s�t�r�e�s�s� �m�a�y� �s�u�f�f�e�r� �f�r�o�m� �p�h�o�t�o�i�n�h�i�b�i�t�i�o�n� �(�C�h�a�v�e�s� �1�9�9�1�)�.� �I�n� 

�r�e�d� �s�p�r�u�c�e�,� �3�5�°�C� �d�i�d� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e� �p�h�o�t�o�s�y�n�t�h�e�s�i�s� 

�b�u�t� �d�i�d� �e�n�h�a�n�c�e� �W�U�E�.� �L�e�a�f� �W�U�E� �w�a�s� �g�r�e�a�t�e�r� �a�t� �2�5� �a�n�d� �3�5�°�C� 
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