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ABSTRACT 

Plants play a key role in the hydrologic cycle and serve as a significant 

source of water vapor through the process of transpiration.  The contributions of 

saplings and mature trees have been well documented and are sufficiently understood, 

including responses to changing meteorological conditions.  However, the role and 

magnitude of contribution of seedlings to the transpiration stream is less well known.  

In situ seedling data are needed to validate controlled experiments performed in 

laboratory settings and to develop more robust understanding of understory 

contributions to forest systems.  In this study, the impacts of microclimate on intra- 

and interspecific differences of stomatal conductance and transpiration in three co-

occurring seedling species of vary shade tolerances were investigated.  Water loss in 

Fagus grandifolia Ehrh. (American beech), Prunus serotina Ehrh. (black cherry), and 

Liriodendron tulipifera L. (yellow poplar) seedlings were monitored in two study 

plots, a dense forest understory and an adjacent field clearing, in southeastern 

Pennsylvania (39°49'N, 75°43'W) beginning 22 May through 6 October 2008.  

Seedling observations were coupled with five-minute meteorological data.  This thesis 

summarizes the findings of the 2008 growing season. 

Shade tolerant species (F. grandifolia and P. serotina) growing in the 

understory had significantly lower mean rates of stomatal conductance and 

transpiration than shade intolerant species (P. serotina and L. tulipifera) growing in 

the clearing (� =0.05).  Additionally, water loss by shade grown P. serotina seedlings 

was significantly lower than sun grown P. serotina seedlings (� =0.05).  Physiological 



 xii

differences, specifically shade tolerance, played an important role in determining rates 

of stomatal conductance and transpiration in seedlings.  To a lesser degree, changes in 

microclimate also influenced water loss.  Statistical analysis revealed larger variation 

of microclimate conditions in the clearing plot and consequently a larger range of 

response in stomatal conductance and transpiration by P. serotina and L. tulipifera 

clearing seedlings, in comparison to understory seedlings, which maintained more 

similar rates of water loss throughout the day as well as throughout the growing 

season.  
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INTRODUCTION: TRANSPIRATION AND SHADE TOLERANCE AMONG 
THREE CO-OCCURRING DECIDUOUS TREE SPECIES 

1.1 The Hydrologic Cycle 

The hydrologic cycle is responsible for the cycling of water in its various 

forms between the surface and the atmosphere.  Water arrives at the surface as 

precipitation and is returned to the atmosphere through evaporation and transpiration 

(Figure 1).  Oceans, covering more than two-thirds of the Earth’s surface, represent 

84% of water evaporated into the atmosphere, with the remaining 16% evaporated 

from land and vegetative surfaces (Chorley, 1971).   The hydrologic cycle over 

terrestrial surfaces is complicated, in comparison to oceans, by interactions with 

vegetation and man-made surfaces.   

A linear, positive relationship exists between evaporation from land and 

ocean surfaces and incident solar radiation.  As energy from solar radiation increases, 

evaporation increases, evidenced by higher rates of evaporation in equatorial regions 

and lower rates with increasing distance from the equator.  Although solar radiation is 

the key factor controlling evapotranspiration, transpiration at the vegetative surface is 

effectively controlled by stomatal aperture (Willmer, 1983). 
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Figure 1.  The Hydrologic Cycle.  Values represent the percentage of water or 
water vapor involved in each process (Source: Christopherson, 2009). 

Stomata regulate water use in plants by playing a key role in transpiration, 

photosynthesis, carbohydrate production, and turgidity maintenance in cells and tissues 

(Roberts, 2005).  Stomata are more than 95% responsible for controlling the rate of 

intake of carbon dioxide used in photosynthesis and the release of water vapor 

(Willmer, 1983).   Although water vapor is released into the atmosphere during the 

exchange of carbon dioxide and oxygen, the majority of water vapor transpired is 

merely the result of open stomata (Figure 2).  This drawback is mitigated by changes 

in stomatal conductance as the plant tries to balance growth and water loss in varying 

climatic conditions (Willmer, 1983). 
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Figure 2.  Plant leaves draw carbon dioxide in through open stomata and release 
water vapor and oxygen.  This process is regulated by guard cells 
surrounding the stomata. (Source: NCCPG, 2003) 

In large forest ecosystems, the role of transpiration is apparent.  In tropical 

rainforests, transpired water vapor condenses into clouds over vegetation, but is absent 

over non-vegetated surfaces; this phenomena is visible on a daily basis. Tropical 

rainforests in equatorial regions transpire more than 1100 mm y-1 (Leopoldo et al., 

1995; Kumagai et al., 2005) in comparison to rainforests that experience minor 

seasonality with distance from the equator, which transpire between 350 to 850 mm   
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y-1 (Schellekens et al., 2000; McJannet et al., 2006). On a smaller scale, transpiration 

is not quite as tangible, but not negligible.  Each individual plant is responsible for a 

quantifiable amount throughout diverse ecosystems (see Table 1).  Summed together, 

these quantities of water vapor are significant.   
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Table 1.  Variability of daily and seasonal transpiration and leaf conductance 
among plant types in variable climates. 

Vegetation type Leaf 
Conductance 
(mmol m-2 s-1) 

Transpiration           
(mmol m-2 s-1) 

Canopy 
Transpiration per 
Growing Season 
(mm y-1) 

Woody Plants    

Humid Tropics 
   Rainforest trees 
   Understory 
   Lianas 

 
250-400 
100-200 
1000 

 
up to 1.8 
 
up to 2.0 

 

Semiarid Tropics 
   Mangroves 
   Dry Woodland 

 
ca. 170 
ca. 200 

 
0.6-1.8 
0.8-1.4 

 
 
 

Mediterranean Sclero-
phyllous Species 

100-250 1.5-3.0 400-600 

Temperate Deciduous 
Forests 
   Shade Tolerant Species 
   Shade Intolerant Species 

 
 
170-350 

 
1.2-2.2 
2.5-3.7 

 
 
300-600 

Evergreen Conifers ca. 230 1.4-1.7 300-600 

Evergreen Dwarf Shrubs 
   Tundra 
   Alpine Heath 

 
ca. 240 

 
0.15-0.45 
1.8-3.0 

 
80-100 
100-200 

Herbaceous Plants    

Dicotyledon Herbs 400-500 up to 11.0  

Grasses and Sedges 
   Meadows 
   Steppes 

 
300-400 
ca. 350 

 
3.0-4.5 

 
250-400 
ca. 200 

Succulents 100-120 up to 1.8  

Annual Desert Plants ca. 300 up to 7.0  

 (Source: Larcher, 2001) 
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1.2 Research Purpose 

 The purpose of this study is to identify intra- and interspecific 

differences of transpiration rates and stomatal conductance between seedlings of three 

species with varying shade tolerances in their natural environments and to establish 

whether these differences are significant.  Transpiration rates and stomatal 

conductance are controlled by physiological traits within the plant as well as physical 

conditions of the microclimate in which the plant lives, including ambient 

temperature, relative humidity, photosynthetically active radiation, wind speed and 

direction, soil temperature, and soil moisture availability.  In order to correlate plant 

conditions with meteorological conditions, five-minute meteorological data were 

acquired for both study plots throughout the entire growing season.  This extensive 

data set permits a detailed study of instantaneous stomatal responses among seedlings 

of the same species and between seedlings of all monitored species to meteorological 

conditions. 

This study seeks to examine whether co-occurring deciduous seedling 

species with varying shade tolerances will have statistically significant differences in 

stomatal conductances and transpiration rates.  It is assumed that there is an inherent, 

statistically significant rank of mean stomatal conductance and transpiration among the 

species caused by physiological differences, where species that are more shade tolerant 

have lower rates and less shade tolerant species have higher rates of water loss.  Based 

upon this assumption, this study hypothesizes that mean rates of water loss will vary 

among different meteorological conditions, but the significant interspecific differences 

will remain intact. 
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1.3 Species Descriptions 

The three species (Figure 3) selected for this study are Fagus grandifolia 

Ehrh. (American beech), Prunus serotina Ehrh. (black cherry), and Liriodendron 

tulipifera L. (yellow poplar), which represent the shade tolerance spectrum of very 

tolerant, moderately tolerant, and intolerant, respectively (see Table 2).  These species 

were chosen because of their relative abundance at each study plot, one in a forest 

understory and the second in a recently abandoned, open field clearing. 
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(a)

(d)

(c) (e)

(f)(b)

 

Figure 3. Illustrated figures of adult tree species in comparison to photographs of 
seedlings from the study site: F. grandifolia (a,b), P. serotina (c,d), and 
L. tulipifera (e,f) (Source: DK Images, 2008). 
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Table 2.   Habitat characteristics of F. grandifolia, P. serotina, and L. tulipifera. 

 F. grandifolia P. serotina L. tulipifera 

Annual Precipitation 

(mm) 

760-1270  810-1170  760-2030  

Growing Season 

Precipitation (mm) 

250-460  500   

Annual Temperature 

Range (°C) 

4-21 7.8-22 20.6-27 

Shade Tolerance very tolerant intermediate intolerant 

Varieties caroliniana 

mexicana 

serotina 

exima 

rufula 

alabamensis 

fastigiatum 

obtusilobum 

Seedling Growth 

(mm y-1) 

120  50-100a
 

450b 

50-300  

Adult Height (m) 18-24 30.5 61  

a mean growth rates of understory seedlings 
b mean growth rates of clearing seedlings 
(Sources: Baker, 1949; Hough, 1960;  Rushmore, 1961; Olson, 1969; Burns and 
Honkala. 1990; Griffith, 1991;  Uchytil, 1991) 

1.3.1 Fagus grandifolia Ehrh. 

Fagus grandifolia is abundant in forests in the eastern United States.  It is 

the only native species of beech in North America, with the varieties F. grandifolia 

var. caroliniana in the southern United States and F. grandifolia var. mexicana in 

mountainous regions of Mexico (Burns and Honkala, 1990).  Its range in the United 
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States stretches from Canada south to Florida and west to the Mississippi Valley 

(Figure 4). 

Fagus grandifolia grows in climates that receive an average of 760 to 

1270 mm of precipitation per year with approximately 250 to 460 mm falling during 

the growing season (Burns and Honkala, 1990).  Fagus grandifolia is a mesophytic 

species, requiring water for transpiration and growth, making it susceptible to periods 

of drought (Burns and Honkala, 1990).  The optimal average annual temperature for a 

healthy F. grandifolia population ranges between 4°C and 21°C (Rushmore, 1961). 

Fagus grandifolia is a dominant forest species owing to the fact that it is 

shade tolerant and able to survive in the subcanopy in low light levels until reaching 

maturation (Loach, 1967; Woods and Turner, 1970).  The average F. grandifolia 

seedling grows 12 cm in the first year and achieves an average adult height of 18 to 24 

m, but can grow up to 37 m (Burns and Honkala, 1990).  Vertical growth is similar in 

low light levels, less than 13% full sunlight, and moderate light levels, around 50% 

full sunlight (Burns and Honkala, 1990).  The growth is categorized as determinate, 

where all of the leaves develop at once.  Fagus grandifolia seedlings can be 

characterized as dependent or independent.  Independent seedlings grow from seeds 

dispersed from a parent tree, whereas dependent seedlings grow from root sprouts 

from a parent tree.  In the case of dependent seedlings, sprouting usually occurs on 

surface or near surface root systems, making distinction among the type of seedling 

easily identifiable (Jones and Raynal, 1986; Del Tredici, 2001). 
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Figure 4.   North American range of F. grandifolia Ehrh. (Source: Tubbs and 
Houston, 1990). 

1.3.2 Prunus serotina Ehrh. 

Prunus serotina has a similar range to F. grandifolia but reaches farther 

west into eastern Texas and as far north as Minnesota (Figure 5) (Burns and Honkala, 

1990).  Prunus serotina is the largest of the native cherry trees in North America, 

growing to average heights of 30.5 m with trunk diameters up to 1.52 m (Hough, 

1960).  The extensive range of the P. serotina allows it to grow in different climatic 
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conditions from temperate climates farther north to semi-arid desert conditions in the 

southwestern portion of its range.  Within the range of P. serotina, total annual 

precipitation measures from 810 to 1170 mm, with approximately 500 mm falling 

during the growing season, and mean annual summer temperatures ranging from 14°C 

to 28°C (Hough, 1960). 

Prunus serotina is  commonly found in most northern hardwood forests.  

It is a major component of hardwood forests dominated by F. grandifolia and L. 

tulipifera and is a minor component in most pine and hemlock stands as well (Burns 

and Honkala, 2000).  

Prunus serotina is characterized as moderately shade tolerant.  In 

Wisconsin, P. serotina is categorized as more shade intolerant, favoring growth in 

canopy gaps as the principal determinant of regeneration, whereas in Pennsylvania the 

species is more tolerant and is not as spatially limited to understory growth by canopy 

caps (Abrams et al., 1992).  Although P. serotina seedlings can persist under a dense 

forest canopy for several years, most do not survive to maturity due to low light levels 

(Hough, 1960).  Prunus serotina growth is not limited to the forest understory, but 

propagates in open fields as well.  Seedlings grown in full sun have physiological 

differences in comparison to those grown in the shade, including a greater quantity of 

stomata, presumably to take advantage of additional photosynthetically active radiation 

(Abrams et al., 1992).  Forest seedlings attain maximum first year heights of 50 to 100 

mm in the first month of germination without much subsequent growth throughout the 

duration of the growing season, whereas open field seedlings reach heights of 450 mm 

or more, with growth distributed evenly over the course of the entire growing season 

(Burns and Honkala, 1990). 
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Figure 5.   North American range of P. serotina Ehrh. of several varieties (Source: 
Burns and Honkala, 1990). 

1.3.3 Liriodendron tulipifera L. 

Liriodendron tulipifera has similar ranges to F. grandifolia east of the 

Mississippi River but does not reach quite as far north (Figure 6).  Liriodendron 

tulipifera is commonly known as yellow poplar, tulip poplar, tuliptree, white poplar, 

and whitewood.  Liriodendron tulipifera is found in climates with average annual 

precipitation varying from 760 mm to 2030 mm with mean summer temperatures from 

20.6°C to 27°C (Burns and Honkala, 1990). 
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Liriodendron tulipifera is a dominant species in four forest types of North 

America including pure yellow-poplar, yellow-poplar-hemlock, yellow-poplar-white 

oak-northern red oak, and sweetgum-yellow-poplar stands and is a minor species in an 

additional twelve forest types, including two co-dominated by American beech (Olson, 

1969). 

Liriodendron tulipifera seedlings reach heights as minimal as 50 mm to 

over 300 mm in the first growing season (Olson, 1969).  Liriodendron tulipifera is 

extremely intolerant of shade, so much so that there were no seedlings in the forest 

plot of this study despite the presence of several mature trees.  This species persists in 

open fields, similar to the plot used in this study, as well as in sparse canopies or 

within large canopy gaps of dense forests.  Liriodendron tulipifera requires higher soil 

temperatures for regeneration, which is indicative of a need of higher light levels and 

therefore shade intolerance (Buckner and McCracken, 1978).  In addition to a 

preference for warmer soil temperature, soil composition and moisture are important 

to L. tulipifera growth, requiring nutrient rich and well-drained soils (Buckner and 

McCracken, 1978). 
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Figure 6.  North American range of L. tulipifera L. (Source: Burns and Honkala, 
1990). 

1.4 Rationale 

Stomatal conductance and transpiration from seedlings are, on the whole, 

inadequately understood, especially as a function of shade tolerance, thus, this study 

supplies valuable data on two ecophysiological processes involved in water loss from 

plants where data are scant (Loach, 1967; Ellsworth and Reich, 1992; Abrams et al., 

1992; Holmgren, 2000; Jose et al., 2003; Nagakura et al., 2005).  Holmgren (2000) 
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summarizes this problem of patchwork investigations, inferring that the results from 

studies investigating one to a few meteorological variables are aggregated in order 

mimic a complete microclimate theory of water loss in seedlings.  In this sense, a study 

relating temperature to transpiration rates combined with another study relating soil 

moisture to transpiration rates will not always result in an accurate account of how the 

combination of temperature and soil moisture affect transpiration simultaneously.  

Therefore, the most accurate study should take into account all environmental and 

meteorological influences in order to develop the most realistic model with accurate 

correlations. 

 Accurate measurements of water loss in a forest stand are important for 

watershed and forest management.  For instance, knowledge of how meteorological 

conditions influence water loss through transpiration among species allows forest 

managers to understand optimal species composition in regions with limited water 

supplies (Swank and Douglas, 1974).  Additionally, accurate measurements are vital to 

understanding and monitoring potential effects of climate change on forest ecosystems.  

The influence of meteorological conditions on rates of water loss through transpiration 

varies among species.  Knowledge of this variation is essential to develop future 

models and predictions of species survival and adaptation in changing climate 

scenarios. 

Stand transpiration rates are estimated through models and scaling up 

methods (Oishi et al., 2008), however, seedling transpiration rates vary from those of 

mature trees, therefore water loss from seedlings cannot be accurately estimated using 

methods for mature trees; nor can seedlings be neglected.  Seedlings and other 

understory vegetation, including soil evaporation, greatly influence total water loss at 
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estimates from 5% to as much as 54% of total forest evapotranspiration, depending on 

canopy density (Jones, 1983; Black and Kelliher, 1989; Baldocchi and Vogel, 1996; 

Blanken et al., 1997). 

 The study of microclimates in relation to water loss in trees is of 

considerable importance.  Although water loss in plants is primarily controlled by the 

physiological characteristics of a species (i.e., shade tolerance and drought tolerance), 

the spatial distribution of a species is ultimately dictated by its microclimate.  Daily, 

monthly, and seasonal environmental and meteorological conditions of shade 

intolerant species are vastly different than those of shade tolerant species and therefore 

likely exert a large influence over the variability of water transport and water loss in 

each species and the surrounding microclimate. 
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LITERATURE REVIEW : METHODS OF MEASUREMENT AND BIOTIC 
AND ABIOTIC CONTROLS 

2.1 Water Loss In Plants 

Water loss in plants is controlled by both the physical environment in 

which the species lives and physiological characteristics of the species.  Physical 

factors include solar radiation, the vapor pressure gradient between leaf and 

atmosphere, leaf and air temperatures, wind speed, soil moisture, and soil temperature 

(Roberts, 2005).  Stomata ultimately control water loss from plants by reacting to 

meteorological conditions that create environments of excessive water loss.  

Additionally, there are numerous resistances within a plant that inhibit the uptake and 

release of water into the atmosphere (Figure 7). 

 

Figure 7.   Multiple resistances water encounters during ascent from the soil to the 
atmosphere through the plant during well watered conditions (Source: 
Milburn, 1979). 
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Interspecific differences of transpiration rates are important on many 

levels.  At the watershed scale, transpiration rates can vary among species to such an 

extent that the entire water budget is affected by forest composition (Swank and 

Douglass, 1974).  Bowden and Bauerle (2008) modeled transpiration rates throughout 

an entire growing season and found statistically significant differences between hourly 

and diurnal transpiration rates of multiple species 89% of the time.  Not only do 

differences exist between species, but differences exist within seedlings of the same 

species.  For instance, Betula pendula seedlings habituated to low light levels showed 

lower transpiration rates than seedlings grown in full sun, even when exposed to the 

same light levels during the experiment (Sellin et al., 2008).  The intra- and inter-

specific differences of shade and sun grown seedlings are the basis of this research. 

Transpiration is one of the most commonly studied processes in plants.  

Methods to measure and study stomatal conductance and transpiration may vary 

according to the forest type and forest age.  Most often, adults and saplings are 

observed in their natural environments while many of the studies performed on 

seedlings are carried out in a laboratory setting (Loach, 1967; Woods and Turner, 

1971; Mott and Parkhurst, 1991; Abrams et al., 1992; Saugier et al., 1997; Granier et 

al., 2000; Holmgren, 2000; Jose et al., 2003; Sinclair et al., 2005; Herbst et al., 2008).  

Laboratory experiments on seedlings can control for specific environmental and 

meteorological variables while ensuring seedling survival.  However, this approach 

fails to account of the complete array of environmental variables that a seedling would 

experience in reality.   

This study pursues the same research initiatives but is significant because 

the data were collected in situ from seedling species occurring in their natural habitats, 
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in an understory with low light levels and in a clearing with high light levels.  These 

data were coupled with real time meteorological data to better understand stomatal 

responses of seedlings to their microclimates. 

2.2 Methods to Measure Stomatal Regulation 

Stomatal conductance and subsequent transpiration are largely controlled 

through the opening and closing of stomatal pores on the abaxial side of the leaf. 

Methods to measure stomatal aperture vary from rubber impressions of leaves to leaf 

infiltration techniques to microscopic inspection of epidermal strips to porometers 

(Willmer, 1983).  Leaf impressions illustrate the degree of opening of the stomata but 

cannot estimate levels of conductance.   

Various methods have been proposed to measure stomatal conductance 

and transpiration rates.  For Example, Granier (1987) developed a method to measure 

transpiration rates of an entire tree through sap flow measurements.  In this method, 

two probes are inserted into the sapwood, one above the other at a known vertical 

distance, where the higher probe is heated and the lower probe is not (Smith and Allen, 

1996).  The flux of sap through the tree will alter the temperature difference between 

the two probes, so that faster flowing sap will result in a faster rate of temperature 

change and greater sap flux density (Granier, 1987).  Sap flux density can be combined 

with sapwood area in order to determine sap flow, which is equal to transpiration 

(Granier, 1987; David et al., 2004).  This method is fairly reliable, however, 

equipment must be changed in long duration studies and recalibrated.  A recent 

investigation into this method has shown that ring-porous species may require 

different calibrations than diffuse-porous species due to the different distribution of 

pores (see section 2.3.5) in the sapwood (Bush et al., 2008). 
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Another method to measure transpiration is the branch bag method.  A bag 

is placed around a branch that is permeable to shortwave and longwave radiation, is 

sealed, and subjected to continuous airflow except during measurements (Saugier et 

al., 1997).  During a measurement, airflow is interrupted while temperature and 

relative humidity are measured over several small increments, so that transpiration can 

be calculated, similar to calculations made by a steady state porometer (Saugier et al., 

1997).  This method is fairly reliable, however measurements are dependent on bag 

volume, which can fluctuate when the inflow of air is stopped during measurements.  

Apart from this minor drawback, this method accounts for water loss from all surfaces 

of the plant including woody surfaces, a minor limitation of porometers. 

Weighing lysimeters measure water loss in trees and include water loss 

from soil evaporation as well.  Lysimeters measure water loss through weighing 

devices that are installed below a tree but can be large, time consuming, and expensive 

(Fritschen et al., 1973).  Weighing lysimeters are beneficial to complete forest 

hydrology studies because they can measure net water loss and net water gain of the 

entire tree during precipitation events (Storck and Lettenmaier, 2002).  However, 

water loss from transpiration alone cannot be quantified. 

 Additional methods to measure stomatal conductance and transpiration 

rates include measuring changes in plant weight (Sinclair et al., 2005), the cobalt 

chloride paper method (Teare et al., 1972), soil water depletion rate studies, drainage 

lysimeters (Fritschen et al., 1973; Calder, 1976), tree-cutting techniques (Roberts, 

1976), infrared gas analyzers (Loach, 1967), gas exchange systems (Ellsworth and 

Reich, 1992), eddy covariance calculations (Saugier et al., 1997), and porometers 
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(Roberts, 2005).  There are two types of porometers currently in use—the viscous flow 

porometer and the diffusion porometer. 

2.2.1 Viscous Flow Porometer 

Viscous flow porometers measure stomatal conductance by observing 

decreases in air pressure from a known quantity while the air is allowed to pass 

through a leaf and be released into the atmosphere (Shimshi, 1977).  The theory behind 

this type of porometer assumes that more air will pass through a leaf in a given time 

when more stomata are open, therefore indicating higher rates of stomatal conductance 

(Gregory and Pearse, 1934).  A variation of the viscous flow porometer is Knight’s 

porometer where air is drawn by suction through a leaf into a water-filled jar and the 

resulting bubbles are recorded, so that bubbles released at faster rates indicate more 

permeability (Milburn, 1979).  Viscous flow porometers are reliable measurements of 

stomatal conductance but require frequent calibrations in order to account for changes 

in pressure throughout the course of measurements (Milburn, 1979). 

2.2.2 Diffusion Porometer 

The diffusion porometer, in contrast, measures the rate of water vapor lost 

by the leaf itself.  Steady state diffuse porometers, such as the one used in this 

experiment, output direct measurements of the flow rate of dry air entering the cuvette, 

leaf temperature, cuvette temperature, photosynthetic photon flux density (PPFD), 

total leaf conductance, and transpiration rate (Li-Cor, Inc., 1989).  Diffusion 

porometers assume a constant relative humidity within the cuvette so that when a leaf 

is attached to the device, water vapor released through transpiration increases the 



 35

relative humidity within the cuvette and dry air must be pumped into the cuvette to 

maintain the initially assumed relative humidity (Li-Cor, Inc., 1989).    

2.3 Environmental and Physiological Controls of Transpiration 

2.3.1 Seasonal Variability of Stomatal Conductance 

Leaf emergence and development varies from species to species resulting 

in interspecific differences of stomatal conductance that are based upon physiological 

differences.  Prunus serotina leaf expansion is long and slow, allowing the species to 

maintain higher levels of stomatal conductance throughout the entire growing season 

in comparison to F. grandifolia, whose leaf expansion is rapid, starting after and 

ending before P. serotina (Federer, 1973).  Seasonal variations in transpiration are not 

only regulated by leaf emergence, but by leaf size too; transpiration increases as leaves 

emerge and grow, peaking at maximum leaf area, and then decreasing during 

senescence (Kozlowski, 1958; Larcher, 2001).   

Seasonal differences of stomatal conductance arise in different age 

classifications of the same species.  Stomatal conductance rates of P. serotina 

seedlings are significantly higher than rates of saplings and mature trees of the same 

species throughout the entire growing season, with maximum differences in the earlier 

months (Fredericksen et al., 1996).  These intraspecific differences illustrate the 

importance of seedlings and their contribution to the transpiration stream in a forest 

stand. 

2.3.2 Diurnal Variability of Stomatal Conductance 

The closure of stomata during midday is a phenomenon common among 

plants.  Midday closure is explained by two competing theories: (1) stomata close to 
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prevent excessive loss of water after high rates of transpiration in the morning hours or 

(2) stomata close in response to higher temperatures caused by increasing solar 

radiation, which creates an imbalance between rates of respiration and photosynthesis, 

high levels of CO2 within the leaf, and subsequent stomatal closure  (Milburn, 1979; 

Willmer, 1983).  The majority of tree species show a peak in stomatal activity around 

mid morning and then a decline in the afternoon, most likely to preserve further loss of 

water during peak times of evaporation (Zweifel et al., 2002 Brodribb and Holbrook, 

2004; Johnson et al., 2009).  Fredericksen et al. (1996) found results favoring the first 

theory for P. serotina mature trees and saplings, but found that seedlings did not 

follow the same diurnal pattern and instead maintained high levels of stomatal 

conductance throughout the afternoon.   

2.3.3 Shade Tolerance in Relation to Stomatal Conductance 

Shade tolerance is a difficult characteristic to define among tree species.  

Comparable to any measurement across a spectrum, the classification of shade 

tolerance is not precise and lacks distinct parameters in order for classification.  The 

predominance of a successful species in the understory or in canopy gaps can signify 

shade tolerance or intolerance, respectively, while moderate success in both locations 

can signify moderate tolerance (Baker, 1949). 

Another indicator of tolerance can be growth rates when exposed to 

canopy gaps (Canham, 1989).  Species that grow rapidly when exposed to increased 

light levels are considered shade intolerant whereas species that grow slowly at all 

light levels are considered shade tolerant (Canham, 1989).  Some shade intolerant 

seedlings can persist in the understory for a few years, but will not survive to maturity 

in low light levels.  In this sense, intolerant species must efficiently use additional 
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light, such as canopy gaps from recent disturbances, for growth when exposed to reach 

heights into the canopy where light is not a limiting factor.  For shade tolerant 

seedlings, additional light is not necessary, and sometime even detrimental to growth. 

Leaf morphology is strongly influenced by light intensities (Figure 8).  Sun 

grown leaves tend to be smaller, most likely in an effort to reduce boundary layer 

resistances, and thicker, caused by an extra layer of chlorophyll cells associated with 

respiration that are not present in shade grown leaves (Aber and Melillo, 2001).  These 

physiological differences account for higher rates of stomatal conductance and 

transpiration in sun grown leaves as a result of access to more and higher light 

intensities.  
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 Figure 8.   Contrasting leaf morphology between sun-grown (top) and shade-grown 
(bottom) leaves of F. grandifolia from an electron micrograph (Source: 
Horn, 1971). 

Research has also demonstrated a relationship between stomatal 

conductance and shade tolerance (Woods and Turner, 1971; Davies and Kozlowski, 

1975; Chazdon, 1988).  Species that are extremely shade tolerant must respond quickly 

to changes in light availability.  Shade tolerant species growing in dense subcanopies 

with low light levels must maximize light use by rapidly opening stomata immediately 

when light intensities increase.  Less tolerant species by default grow in conditions 

with higher light intensities and/or availability.  For these species, changes in light are 

not as important because light is not a scarce resource and, therefore, efficiency of 

light use is less important. 
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Stomata are sensitive to changes in photosynthetically active radiation.  

Most stomata will begin to open at extremely low light levels, less than 1% full 

sunlight, and will reach maximum opening at levels much lower than full sunlight 

(Willmer, 1983).  Woods and Turner (1971) observed F. grandifolia and L. tulipifera 

under high and low light frequencies to determine the length of time it took each 

species to reach maximum stomatal aperture, as well as how long it took to close once 

the light source was removed.  The research demonstrated that stomatal conductance is 

related to light intensity and that the time for the stomata to stabilize, whether opening 

or closing, was dependent upon the intensity of the light (Woods and Turner, 1971).  

For instance, at high light intensities, F. grandifolia achieved full opening in three 

minutes but it took L. tulipifera up to 20 minutes, and once the light source was 

removed, similar rates of stomatal closure followed (Woods and Turner, 1971).  The 

moderately shade tolerant species in this study had intermediate reaction times to 

changes in light intensity, signifying a relationship between shade tolerance and 

stomatal reactivity to changes in light availability.  Other studies mimicked these 

findings implying that stomatal responses are faster in shaded species in order to 

capitalize on short and possibly infrequent sunflecks (Davies and Kozlowski, 1975; 

Chazdon, 1988). 

Although a clear relationship exists between stomatal responses among 

species of varying shade tolerances, a conclusive relationship has yet to be found in the 

same species grown in differing light regimes.  Abrams et al. (1992) found no 

relationship between sun and shade grown P. serotina seedlings and rates of stomatal 

opening.  Another study of shade tolerant seedlings in varying light regimes showed 

that stomatal conductance of seedlings grown in full sun decreased throughout the day 
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while seedlings grown in the understory maintained relatively constant stomatal 

conductances throughout the entire day (Ellsworth and Reich, 1992). 

2.3.4 Topographic Effects on Stomatal Conductance 

Topography has a major influence on a site’s microclimate.  Locations 

with west and south facing aspects receive more solar radiation than east and north 

facing aspects, so that larger quantities of energy input result in higher air temperatures 

on such aspects (Rosenberg, 1983).  Temperature differences influence vapor pressure 

deficits by raising temperatures and resulting in larger deficits, which will occur on 

south and west facing aspects (Desta et al., 2004).  The effects of water vapor pressure 

deficits on water loss will be discussed in a subsequent section.   

2.3.5 Water Transport and the Vascular System 

Water transport in temperate hardwoods depends strongly upon the 

structure of the species’ vascular system.  The vascular structure of diffuse porous 

species consists of a random distribution of pores across the entire growth ring in 

comparison to ring porous species, which have pores principally in the earlywood 

growth section and none in the latewood growth (Core et al., 1976).  A third type of 

classification, semi-ring porous, is less randomly distributed, with more homogeneity 

of pore size across the growth ring than ring porous, but less than diffuse porous (Core 

et al., 1976).  Fagus grandifolia is diffuse porous, L. tulipifera is ring porous, and P. 

serotina is semi-ring porous (Figure 9).  
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Figure 9.  Spatial distribution of pores varies between diffuse porous (left) species 
with randomly distributed pores across the growth ring, semi-porous 
species (center) with more distinction of pore size across growth ring, 
and ring porous species (right) with largest pores predominantly in early 
portion of growth ring (Source: Jefferson Patterson Park and Museum, 
1999). 

Diffuse porous species generally have higher rates of stomatal conductance, 

consequently resulting in more variation in response to changes in meteorological and 

site conditions than ring porous species (Oren and Pataki, 2001). 

2.4 Meteorological Controls of Transpiration 

2.4.1 Soil Moisture Content and Effects on Stomatal Conductance 

Soil moisture content is one of the most influential microclimate 

characteristics in relation to stomatal conductance and transpiration rates (Kozlowski, 

1958; Abrams et al., 1992; Holmgren, 2000; Oren and Pataki, 2001; Sinclair et al., 

2005).  With respect to the diurnal cycle, transpiration rates are greatest during 

morning hours because the soil moisture content is the highest, but as the day 

progresses, transpiration draws moisture from the soil, depleting reserves and creating 

a reduction in transpiration later in the day (Kozlowski, 1958).  This cycle is similar to 
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the seasonal cycle, where there is usually excess soil moisture in the spring, permitting 

higher rates of transpiration, which decrease throughout the summer as soil moisture 

declines, and is subsequently recharged during the winter months (Kozlowski, 1958).   

Declining soil moisture negatively influences transpiration rates.  Species 

respond to varying levels of water stress depending upon their physiological sensitivity 

to drought conditions.  In situations when soil moisture is high, transpiration rates are 

comparable between species of varying drought tolerances, but as soil moisture 

decrease, transpiration rates are reduced more rapidly in the drought intolerant species 

(Nagakura et al., 2004).  The results of this study suggest there is a minimum threshold 

at which species respond to declining soil moisture availability.  The impact of 

declining soil moisture on transpiration rates has been studied in a variety of species.  

Sinclair et al. (2005) investigated the effects of drying soil on transpiration rates and 

discovered that rates were not affected until transpirable soil water fraction was 

reduced to one-quarter that of field capacity.  This indicates that soil moisture is a 

threshold variable, whose effects are only important after a certain level.  Many other 

studies have revealed the inverse relationship between soil moisture stress on 

transpiration rates (Granier, 1987, Oren and Pataki, 2001; Jose et al., 2003; Bowden 

and Bauerle, 2008).  

Effects of soil moisture stress differ among species depending on their 

microclimate as well.  Stomatal conductance and transpiration rates of P.  serotina 

seedlings were adversely affected by drought conditions across a range of 

microclimates but rates of seedlings grown in full sun fell much faster than those 

grown in shade conditions (Abrams et al., 1992).  However, when soil moisture was 

not limiting, seedlings grown in full sun conditions had significantly higher stomatal 
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conductances than shade-grown seedlings (Abrams et al., 1992).  These results suggest 

that species with inherently higher rates of water loss have faster responses when water 

is limited. 

A significant study combining multiple environmental factors at once 

demonstrates the relationship between soil moisture and photosynthetically active 

radiation (PAR) for L. tulipifera seedlings.  Although this experiment was carried out 

in artificial conditions, it showed that transpiration rates of L. tulipifera seedlings 

under varying light regimes were regulated by soil moisture only when soil moisture 

was limiting, but when moisture was sufficient, seedlings transpired at similar rates 

under all light regimes (Holmgren, 2000).  This study also showed that not only are 

transpiration rates reduced when soil moisture is reduced but the daily course of 

transpiration was reduced, beginning later in the morning at subsequently lower levels 

of soil moisture (Holmgren, 2000).  Additional research has shown that PAR and 

vapor pressure deficit were the principal controlling factors of transpiration (up to 81% 

of variation) as long as soil moisture remained high, yet once soil moisture became 

limiting, stomatal conductance and transpiration rates were no longer linked to vapor 

pressure deficit and only moderately explained by PAR (Oren and Pataki, 2001).  

2.4.2 Air Temperature Effects on Stomatal Conductance 

Air temperature regulates stomatal opening and conductance on both ends 

of the spectrum.  When temperatures are too low, for example below 17°C in Fagus 

sylvatica L., stomatal conductance will be inhibited (Granier et al., 2000).  Increases in 

air temperature will induce stomatal opening up to a certain point, but once the 

maximum threshold is met, the leaf is susceptible to damage, either from overheating 

or desiccation (Willmer, 1983).  The optimum temperature for stomatal conductance 
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and transpiration is dictated by the species’ environment, so that humid species have 

higher optimum temperatures while temperate species have lower optimum 

temperatures (Turner, 1991). 

2.4.3 Water Vapor Pressure Deficit Effects on Stomatal Conductance 

 The effects of temperature on stomatal functioning are better understood 

in terms of the water vapor pressure deficit.  Water vapor pressure deficit is the 

difference between the amount of moisture the air may hold and how much moisture is 

currently in the air.  Transpiration is like any other form of evaporation where 

maximum evaporation occurs when the vapor pressure gradient is largest (Larcher, 

2001).  When air is less saturated, the potential for evaporation is much greater than 

when the air is more saturated and unable to hold as much water vapor.  This relates to 

temperature because air becomes less saturated as the difference between dew point 

and actual temperature increases.  Therefore, stomatal response to temperature 

increases is, in fact, a response to changes in the water vapor pressure deficit. 

 In conditions of large vapor pressure deficits, the leaf is prone to lose 

water through evaporation and will consequently reduce water loss through stomatal 

closure.  During periods of high relative humidity, stomata may remain open since the 

potential for water loss is not as large (Jarvis and Mansfield, 1981).  Stomatal closure 

is a protection mechanism against water loss during periods of strong potential 

transpiration (Schulze et al., 1974).  Although the connection between water vapor 

deficits and stomatal closure is present among the literature, the exact mechanisms are 

unknown, but recent work has suggested that stomata are reacting to transpiration 

rates, and therefore reacting to water vapor deficits indirectly (Mott and Parkhurst, 

1991).  In any case, stomata are closing in order to prevent water loss. 
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2.4.4 Wind Speed Effects on Stomatal Conductance 

The effects of wind speed on stomatal conductance and transpiration 

remain highly debated.  As wind speeds increase, the boundary layer surrounding a 

leaf is more easily disrupted.  This thin layer surrounding a leaf consists of saturated 

air as a result of transpiration and therefore has high relative humidity (Roberts, 2005).  

When conditions are calm, the boundary layer remains intact acting as a resistance to 

further transpiration similar to high values of ambient relative humidity in general, but 

when conditions are disturbed, the resistance created by the boundary layer decreases 

as the saturated air is displaced and less saturated air surrounds the leaf (Larcher, 

2001).    

Many studies demonstrate a negative relationship between wind speed and 

stomatal conductance but fail to agree on the nature of this relationship.  Stokes et al. 

(2006) found that the control of transpiration by vapor pressure deficit and stomatal 

conductance increased with increasing wind speed.  Aphalo and Jarvis (1993) found 

that stomatal conductance decreased at relatively small wind speeds, yet leveled out to 

a constant rate at higher wind speeds, suggesting that higher wind speeds cannot 

disrupt stomatal conductance completely.  Gutiérrez et al. (1994) achieved a similar 

negative curvilinear relationship between transpiration and wind speed by removing 

covariation among other influential meteorological variables.  However, other studies 

have failed to show any relationship, and sometimes a positive relationship among 

transpiration and wind speed (Caldwell, 1970, Komatsu et al., 2006).  

2.5 Intra- and Interspecific Patterns of Water Loss 

The literature shows that much is known about species of varying ages and 

their responses of stomatal conductance and transpiration rates to their microclimates.  
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However, it has not been effectively determined if the intra- and interspecific 

variations are significantly different.  Are all species within a given microclimate 

equally responsive to changes in their microclimate?  Are intraspecific responses 

significantly different within a microclimate or across microclimates?   

As a consequence of the difficulties associated with measuring water loss 

in seedlings over long time periods in situ, a paucity of information exists concerning 

seedling responses to changes within their microclimates.  The ability to study 

seedlings over an entire growing season is important for the larger framework of forest 

hydrology studies.  Currently, the comparison of laboratory results from seedlings to 

field results of saplings and adult trees is used to generate a composite description of 

water loss in forests.  This coupling of two different research methods must be 

validated through field studies to determine seedlings’ actual responses to 

microclimates.  Validation is necessary to determine the extent to which seedlings are 

influenced by individual meteorological variables or a combination of meteorological 

variables in a microclimate, as well as the extent to which different seedling species 

are influenced, by both meteorological and physiological variables. 
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MATERIALS AND METHODS 

3.1 Study Area 

The research site was located at the Bucktoe Creek Preserve in 

southeastern Pennsylvania (39.82°N, 75.72°W).  Within the preserve were two 

designated study areas: (1) the understory plot (40m X 60m), in a mixed deciduous 

forest dominated by F. grandifolia and (2) the clearing plot (80m X 100m) adjacent to 

a separate mixed deciduous forest primarily dominated by L. tulipifera.  Mean 

elevation at the preserve is 106 m.  Seedling densities were estimated by averaging the 

seedling counts in circles with radii of one meter at intervals along diagonal transects 

of both plots (Table 3). The mean aspect of the clearing plot is ideal for L. tulipifera 

and P. serotina growth because it is north-northeast, consistent with preferable aspects 

for growth of these two species found in the literature (Desta et al., 2004). 

3.1.1 Site Climatology 

In southeastern Pennsylvania, the growing season lasts from mid May 

through mid October.  Mean annual precipitation (30-year) is 1152 mm and mean 

monthly precipitation (30-year) during the growing season is 104 mm, approximately 

half of the yearly precipitation (NCDC, 2000).  Mean daily temperatures (30-year) 

during the growing season range from 13.4°C to 24.7°C (NCDC, 2000).   
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Table 3.  Stand characteristics of the study site at Bucktoe Creek Preserve. 

 Forest Plot Clearing Plot 

Plot Area (m2) 2400 8000 

Mean Elevation (m)   102    96 

Mean Aspect (°)   193    56 

Mean Slope (°)   2.4   2.8 

Maximum Slope (°)   8.3 11.1 

LAI (m2 m-2) 4.52±0.14  

Seedling Density (ha-1)  7.26 x 103a 

 2.29 x 104b 

2.55 x 103c 

3.55 x 104d 

a F. grandifolia; b P. serotina (understory); c L. tulipifera; d P. serotina (clearing) 

3.1.2 Soil Characteristics 

  The soils in both study plots are characterized as well drained, 

moderately eroded, silt loams on slopes ranging from 3 to 25% (PSU Soil Map, 2006).   

Mean growing season soil temperature (30-year) fluctuates between 12.5°C and 14°C  

(USDA/NRCS, 1996).  Soils in this region experience a deficit in the water budget 

greater than 100 mm during the summer months (USDA/NRCS, 1996), but maintain 

soil moisture levels (30-year) that are approximately half of the total field capacities 

(760mm) throughout the entire growing season (NOAA, 2005).  Drought is 

occasionally experienced in this region during late summer months, but the drought 

status levels remained normal throughout the study period (USGS, 2009).   
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3.1.3 Leaf Area Index 

Leaf area index (LAI) is an important characteristic of forest stands.  LAI 

is a measure of canopy density per unit surface area that influences many variables in a 

forest stand, including understory ambient, leaf, and soil temperatures, 

evapotranspiration, and soil moisture.  LAI in the forest plot was measured with an 

LAI-2000 plant canopy analyzer during overcast conditions at midday on 26 June 2008 

(Li-Cor, Inc., Lincoln, Nebraska).  The LAI-2000 plant canopy analyzer assesses light 

interception from the canopy through a fish eye lens then calculates LAI based upon 

radiative transfer models (Li-Cor, Inc., 1992). Measurements were collected by first 

obtaining a reading from the clearing and then several measurements at random 

interval distances within the forest and a final reading in the clearing.  This method 

allows the instrument to calculate LAI from multiple locations within the forest and 

reduce any errors associated with uneven canopy distribution while clearing 

measurements act as a calibration to current sky conditions (Li-Cor, Inc., 1992).  

Although the instrument is designed to collect data under any sky conditions, LAI in 

this study was collected at noon on a uniformly overcast day when the effects of 

scattering by the canopy were minimized (Li-Cor, Inc., 1992). 

3.2 Meteorological Data 

Meteorological data were collected at two separate automated 

meteorological stations (Campbell Scientific, Logan, Utah) for each study plot at five-

minute intervals.  The forest station (39.820°N, 75.724°W) was located within the 

understory plot and the clearing station (39.820°N, 75.727°W) was located in an 

adjacent field 750 m east of the clearing plot.  Data, collected  every five minutes by a 

Campbell Scientific data logger (Logan, Utah), include ambient temperature, relative 
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humidity, solar radiation, photosynthetically active radiation (PAR), wind speed, wind 

direction, soil temperature, volumetric water content, and barometric pressure.    

Hourly precipitation measurements were gathered using a vibrating-wire 

rain gauge (Geonor A/S, Oslo, Norway) enclosed by an alter-type wind shield.  

Precipitation measurements were collected exclusively by the open field 

meteorological station in order to measure gross precipitation.  Measurements of 

volumetric water content at both meteorological stations serve as indicators of soil 

moisture content, under the assumption that soil moisture is relatively homogenous 

across small spatial scales. 

3.3 Porometer Measurements and Data 

3.3.1 Sampling Strategy 

Seedlings were chosen from naturally occurring species in both locations 

based upon shade tolerance.  Fagus grandifolia seedlings (shade tolerant) were found 

exclusively in the forest understory, L. tulipifera seedlings (shade intolerant) were 

found exclusively in the clearing, and P. serotina seedlings (moderately shade tolerant) 

were found in both locations and served as the control variable in this study.  Twenty 

seedlings from each species, for a total of 80 sample seedlings, were randomly 

selected, tagged by number, and caged to prevent deer browsing.  All seedlings were in 

their second year of growth.  

3.3.2 Porometer Measurements 

Total leaf conductance and transpiration rates were collected using a LI-

COR LI-1600M Steady State Porometer (LI-COR, Lincoln, NE) from 22 May until 6 

October 2008.  Data were collected approximately weekly during varying 
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meteorological conditions characteristic of the growing season.  Measurements were 

also scattered throughout the day in relation to time so that diurnal transpiration rates 

could be assessed.  Each measurement included the flow rate of air, leaf temperature, 

cuvette temperature, cuvette relative humidity, quantum radiation, total leaf 

conductance and transpiration.   

The LI-1600M porometer uses the definition of stomatal conductance 

given by Cowan (1977) such that conductance changes according to the ratio value of 

� �bu , where u  is a measure of wind speed approximated by the volumetric flow 

rate of dry air into the cuvette and b  is the breadth of the leaf, or leaf size, a known 

value of the cuvette sensor head (Cowan, 1977; Li-Cor, Inc., 1989).  The flow rate of 

dry air into the cuvette is calculated using the equation 
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where cT  is the cuvette temperature in Celsius, P  is true barometric pressure in kPa at 

the measurement site, and M  (cm3 s-1) is the standard volumetric flow rate of dry air 

into the cuvette measured by the LI-1600 mass flow meter,  which is calibrated and 

referenced to standard units of 101.3 kPa and 0°C (Li-Cor, Inc., 1989).  From these 

values, transpiration is calculated by 
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where mE  is transpiration in mmol m2 s-1, mg  is total leaf conductance in             

mmol m2 s-1, le  is leaf vapor pressure in kPa, ce  is cuvette vapor pressure in kPa, and 

P  is true barometric pressure in kPa at the measurement site (Li-Cor, Inc., 1989).  The 

inclusion of barometric pressure is useful because it normalizes the equation into a 
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dimensionless mole fraction gradient where transpiration and conductance have the 

same units (Li-Cor, Inc., 1989). 

 Total leaf conductance, as measured by the porometer, does not account 

for boundary layer resistance, which occurs as a result of topographical features of the 

leaf surrounding the stomata (Willmer, 1983; Li-Cor, Inc, 1989).  In this study, the 

average leaf size of a seedling is relatively small and therefore has minimum boundary 

layer resistance, so total leaf conductance should approximate stomatal conductance.  

However, total leaf conductance was converted to stomatal conductance for easier 

comparison to values cited in the literature.  The conversion was obtained through the 

equation 

lb

lb
s gg

gg
g

�



  (3) 

where lg  is the total leaf conductance as measured by the porometer and bg  is a 

known boundary layer resistance (0.15 s cm-1) or conductance (6.7 cm s-1 = 2700 

mmol m2 s-1) (Li-Cor, Inc., 1989). 

Porometer measurements were collected on 17 dates throughout the course 

of this study.  Each collection sampled a subset of 10 randomly selected seedlings 

from each species so that 20 seedlings were sampled in each plot for a total of 40 

seedling measurements per day.  The temporal distribution of measurements is 

displayed in Table 4. 
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Table 4.   Temporal distribution of water loss measurements throughout the day of 
the entire study period. Most measurements were taken around midday 
when water loss rates were the highest. 

Hour Measurements 

 Clearing Forest 

800 10 12 

900 25 20 

1000 32 18 

1100   8 20 

1200 17 44 

1300 52 48 

1400 29 42 

1500 81 51 

1600 37 35 

1700 13 17 

1800 20   8 

1900   0   8 
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3.4 Spatial Referencing and Data Analysis 

Seedling coordinates were identified prior to data collection using a GPS 

(Trimble GPS Pathfinder Pro XR, Sunnyvale, CA).  Data were processed and analyzed 

using software packages Excel (Microsoft, Redmond, WA), SSPS Statistics (SSPS, 

Chicago, IL), and ArcGIS (ESRI, Redlands, CA).  Seedling locations were 

geographically referenced to illustrate contrasting slope and aspects of the study plots 

(Figures 10 and 11). 
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Figure 10.   Topographic map of Bucktoe Creek Preserve indicated slope and aspect 
of the study plots. 
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Figure 11. Species distribution within understory plot (above) and clearing plot 
(below). 
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3.5 Statistical Analysis 

Several statistical methods were used to analyze the data from this study.  

An analysis of variance (ANOVA) was first performed to determine if the intra- and 

interspecific mean differences in stomatal conductance and transpiration rates were 

significantly different.  One of the assumptions of ANOVA is that the measurements 

are independent of one another, which is not the case for this data set.  Instead, 

ANOVA was performed using repeated measures to ensure that multiple 

measurements of a seedling throughout the growing season were accounted for in the 

calculations.  In addition, repeated measures works for unbalanced models, where each 

seedling does not have to be sampled the same number of times (SPSS, Inc., 2009).  

ANOVA Repeated Measures was performed on the following groups: (1) clearing 

species, (2) forest species, (3) all species, and (4) P. serotina seedlings in both 

locations.  The underlying null hypothesis assumed that there were no differences of 

stomatal conductance and transpiration rates between species, with the alternative that 

a significant relationship exists. 

A cluster analysis was then used as a validation tool to determine whether 

the intra- and interspecific differences obtained through ANOVA could be explained 

by similar microclimate conditions during the growing season.  The following steps of 

statistical analysis were performed on the clearing species and the understory species 

separately, assuming the two different microclimates would result in separate clusters.  

To perform the cluster analysis, a principal components analysis was executed on the 

following independent variables: date, air temperature, ambient relative humidity, 

wind speed, barometric pressure, soil temperature, volumetric water content, time of 

measurement, leaf temperature, leaf relative humidity, and quantum radiation to 

reduce the number of independent variables into components and to remove the 
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redundancy between colinear variables.  The resulting principal components were used 

as input variables to the hierarchical clustering algorithm.  Multiple clustering methods 

were tested including single linkage, complete linkage, Ward’s method, between-

groups linkage, and centroid clustering to determine the best clustering method.  Each 

clustering algorithm was visually analyzed through dendrograms (see Appendix) to 

determine which algorithm best described the different microclimatic conditions 

during the growing season.  Finally, the clusters were entered as independent variables 

into a multivariate General Linear Model to test if the means of stomatal conductance 

and transpiration in each cluster of microclimate conditions were significantly 

different through a multivariate analysis of variance (MANOVA).  
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RESULTS: EFFECTS OF MICROCLIMATE ON STOMATAL 
CONDUCTANCE AND TRANSPIRATION IN SEEDLINGS 

4.1 Microclimate Conditions during the Growing Season of 2008 

During the course of this study, from 22 May through 6 October 2008, the 

research site received 439.6 mm of rainfall, which is consistent with the 30-year mean 

precipitation (Figure 12).  There was no apparent trend in precipitation during the 

course of this study.  However, the month of August received only 32% of the 30-year 

mean precipitation, followed by 175% of the 30-year mean precipitation in September 

(Table 5).   
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Figure 12.   Differences between observed monthly precipitation and the 30-year 
mean.  Positive precipitation values indicate above average monthly 
means and negative precipitation values indicate below average monthly 
means. 
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Table 5.   Monthly precipitation compared to 30-year monthly mean, including 
difference in mm between the observed and predicted values and the 
difference as a percentage of the observed to the mean precipitation. 

 30-Year Mean 

Precipitation (mm) 

Observed Mean 

Precipitation (mm) 

Difference 

(mm) 

Difference 

(%) 

May 112.0 127.3   15.3 113.7 

June 103.1   61.8 -41.3   59.9 

July 114.1 129.7   15.7 113.7 

August 101.9   32.5 -69.4   31.9 

September 108.7 189.6   80.9 174.4 

October   85.9   75.4 -10.5   87.8 

 

 

Average temperature during the study period was 20.6°C in the understory 

plot and 24.9°C in the clearing plot.  On each measurement date, the clearing 

temperatures were greater than the understory temperatures, regardless of time of day 

(Figure 13).  On average, the understory was approximately 4.1°C cooler than the 

clearing plot, and ranged from 11.8°C cooler to less than 0.1°C cooler.  Temperatures 

in both study plots were compared to the 30-year mean daytime temperature (Figure 

14).   
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Figure 13.  Difference in air temperature between the clearing and understory study 
plots on each date of measurement.  The average difference between 
plots is 4.1°C. 
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Figure 14.   Temperature comparison of each measurement date with 30-year mean 
monthly daytime temperatures (—) versus (a) understory temperatures 
(�ð ) and (b) clearing temperatures (� ).  
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The clearing plot had higher vapor pressure deficits during the growing 

season, indicating that the air was less saturated there than in the understory plot  

(Figure 15).  Quantum radiation varied throughout the growing season at both plots 

due to the temporal distribution of measurements throughout the day.  Regardless, the 

clearing plot always received much more radiation than the understory plot (Figure 

16).  Soil temperature had a similar progression throughout the growing season as air 

temperature, with peak values occurring in July (Figure 17).  Soil temperature was 

always greater in the clearing plot than in the understory. 
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Figure 15.   Differences in vapor pressure deficit between the clearing and the 
understory research plots. 
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Figure 16.   Daily quantum radiation at the study plots.  Understory radiation values 
read from the left vertical axis while clearing radiation values read from 
the right vertical axis. 
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Figure 17.   Monthly mean soil temperatures in the clearing and understory plots. 

Volumetric water content, a measure of soil moisture ranging from zero to 

one, was high in the beginning of the growing season, decreased as the summer 

progressed, and increased again at the end of the growing season.  This is a typical 

cycle for soil moisture, where the soil recharges with moisture during the spring and 

fall after undergoing an increasing deficit of moisture during the peak summer months.  

Volumetric water content was consistently greater in the clearing than in the forest 

plot, however, both plots experienced a similar minimum soil moisture through 

August, and then a recharge during the remainder of the growing season (Figure 18). 
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Figure 18.  Volumetric water content of the soil in the understory and clearing plots 
throughout the growing season. 

4.2 Monthly Course of Water Loss 

Stomatal conductance of understory seedlings was greatest during the 

early months of the growing season and displayed a decreasing trend until August 

when soil moisture was most stressed (Figure 19).  In the late growing season, 

stomatal conductance returned to early season levels in both understory species.  
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Throughout the majority of the growing season, P. serotina had greater stomatal 

conductances than F. grandifolia.  

Stomatal conductances of clearing species followed a similar ranking in 

order of shade intolerance, where L. tulipifera seedlings had larger mean monthly 

stomatal conductances than P. serotina.  Similarly, both clearing seedlings 

experienced a sharp decrease in stomatal conductance in August when soil moisture 

was lowest, but recovered as soil moisture recharged late in the growing season. 

Mean monthly transpiration rates exhibited the same temporal 

relationships between species as stomatal conductance (Figure 20).  Understory 

seedlings had similar transpiration rates throughout the growing season except for a 

sharp decline in August.  Prunus serotina understory seedlings also maintained higher 

rates of transpiration than F. grandifolia seedlings, indicating a relationship between 

shade tolerance and water loss. 
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Figure 19.   Mean monthly stomatal conductance rates of the four groups of seedling 
species. 
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Figure 20.   Mean monthly transpiration rates of the four groups of seedling species. 
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Clearing species exhibited more temporal variation of mean monthly 

transpiration but paralleled the decrease of understory seedlings in August.  A more 

dramatic increase than understory species in transpiration at the beginning of the 

growing season is most likely related to different physiological responses of sun grown 

seedlings to those of shade grown seedlings.  In both measures of water loss, stomatal 

conductance and transpiration, L. tulipifera had lower rates than P. serotina at the 

onset of the growing season, but quickly surpassed those rates for the remaining 

months.  This relationship points towards physiological differences between the two 

species and the rates of development and leaf emergence in the beginning of the 

growing season. 

The relationships and rank of stomatal conductance and transpiration 

across species in accordance to shade tolerance is also found between both seedling 

groups of P. serotina.  Prunus serotina seedlings in the clearing plot maintained higher 

rates of water loss throughout the growing season than the seedlings in the understory 

plot (Table 6).  Both seedling groups also responded negatively to the decline of 

volumetric water content in August, after which water loss increased with increasing 

volumetric water content. 
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Table 6.   Comparison of mean stomatal conductance and transpiration throughout 
the study of P. serotina seedlings in the understory and the clearing, 
including the percent difference between the two seedling groups on each 
measurement date. 

Date 

 

Stomatal Conductance 

(mmol m-2 s -1) 

Transpiration 

(mmol m-2 s -1) 

 

Understory 

 

Clearing 

 

Difference 

(%) 

Understory 

 

Clearing 

 

Difference 

(%) 

142 166.4 232.4 71.6 1.457 2.155 67.6 

150 102.3 409.7 25.0 2.306 10.160 22.7 

157 120.8 347.7 34.7 1.969 5.637 34.9 

160   63.5 255.6 24.8 2.023 7.498 27.0 

182 191.4 382.1 50.1 3.504 7.413 47.3 

188   54.2 178.0 30.4 0.787 2.557 30.8 

196 132.9 274.9 48.3 2.923 8.286 35.3 

203 103.0 238.7 43.2 2.185 3.978 54.9 

206   96.9 561.3 17.2 1.369 9.200 14.9 

212   70.4 396.2 17.8 1.219 5.688 21.4 

230   33.3 236.6 14.1 0.867 5.375 16.1 

237   49.5 216.4 22.9 0.683 4.179 16.3 

247 140.5 186.9 75.2 3.294 6.281 52.4 

254 149.3 312.5 47.8 1.987 5.291 37.6 

260 125.2 323.9 38.7 1.904 6.071 31.4 

272 110.1 363.5 30.3 1.275 3.445 37.0 

279   94.3 434.0 21.7 1.200 5.240 22.9 

Mean 106.1 314.7 36.1 1.943 5.791 36.6 

 



 74

4.3 Analysis of Variance 

Repeated measures analysis of variance (ANOVA) was performed on each 

of the four individual species, a combination of forest species versus clearing species, 

and on P. serotina seedlings of both study plots.  The repeated measures method of 

ANOVA assumes that each data observation is not independent of the previous 

observation, and that spatial and temporal relationships exist between measurements.  

Repeated measures ANOVA tested the within subjects factor of water loss, both from 

stomatal conductance and transpiration and the between subjects factor of species.  

4.3.1 Analysis of Variance of Monthly Water Loss 

 Stomatal conductance and transpiration had differing means that were 

statistically significant (� =0.05) during all months when all four seedling species were 

compared (Figures 21 and 22).  The broad range of means across species was an 

expected result from analysis of variance.  Fagus grandifolia seedlings had the lowest 

mean rates of water loss during all months and were similar to P. serotina understory 

seedlings.  Liriodendron tulipifera had the highest mean rates of water loss during 

most months, and were similar to P. serotina clearing seedlings.   
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Figure 21.  Monthly plots of mean stomatal conductance throughout the growing 
season of F. grandifolia, P. serotina (understory), P. serotina (clearing) 
and L. tulipifera, respectively. Outliers, values that exceeded ± two 
standard deviations, are indicated with the ° symbol. 
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Figure 22. Monthly plots of mean transpiration throughout the growing season of F. 
grandifolia, P. serotina (understory), P. serotina (clearing) and L. 
tulipifera, respectively. Outliers, values that exceeded ± two standard 
deviations, are indicated with the ° symbol. 
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 Water loss differences existed between P. serotina understory and clearing 

seedlings throughout the growing season, with exception to May (Table 7).  Analysis 

of variance between the understory species confirmed the null hypothesis in each 

month, indicating that the mean rates of stomatal conductance and transpiration  were 

not statistically significant.  In other words, P. serotina understory seedlings and F. 

grandifolia seedlings had similar means.  During August, the P-value was 0.051, 

which is nearly considered a significant value, suggesting that the means during this 

month were different between the understory seedlings.  The trend throughout the 

season suggests that understory seedlings do not have different mean rates of water 

loss, so this significance was viewed with caution. 

 Similar results were obtained for clearing species as well.  During the 

majority of months, the mean rates of water loss between P. serotina clearing 

seedlings and L. tulipifera were not statistically different.  However, there were 

statistical differences in May and again in August.  The agreement between understory 

seedlings and clearing seedlings in August alludes to more variability as a result 

declining soil moisture availability.  Perhaps, the effect of limited soil moisture is 

different across species.  The statistical significance of means in May points towards a 

physiological constraint, most likely attributed to differences in leaf emergence and 

development. 
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Table 7. Monthly ANOVA table of water loss. 

 n SS d.f. MS F P-value 

May       
All Species 80 4.04 x 105 3 1.35 x 105 10.069   0.000* 

Forest 40 1.18 x 104 1 1.18 x 104    1.223   0.276 

Clearing 40 7.20 x 104 1 7.20 x 104    6.013   0.019*  

P. serotina 40 3.79 x 104 1 3.79 x 104    1.998   0.166 

June       

All Species 80 6.06 x 105 3 2.02 x 105 29.326   0.000*  

Forest 40 1.53 x 103 1 1.53 x 103    1.546   0.221 

Clearing 40 2.21 x 104 1 2.21 x 104    1.726   0.197 

P. serotina 40 1.99 x 105 1 1.99 x 105 43.862   0.000*  

July       

All Species 207 1.22 x 106 3 4.07 x 105 42.054   0.000*  

Forest 103 9.09 x 102 1 9.09 x 102    0.570   0.452 

Clearing 104 6.25 x 103 1 6.25 x 103    0.353   0.554 

P. serotina 102 5.61 x 105 1 5.61 x 105 46.783   0.000*  

August       

All Species 80 4.51 x 105 3 1.50 x 105 44.759   0.000*  

Forest 40 8.98 x 101 1 8.98 x 101    0.359   0.553 

Clearing 40 1.37 x 104 1 1.37 x 104    2.112   0.154 

P. serotina 40 1.71 x 105 1 1.71 x 105 54.062   0.000*  

September       

All Species 160 9.87 x 105 3 3.29 x 105 52.627   0.000*  

Forest 40 4.28 x 103 1 4.28 x 103    3.932   0.051 

Clearing 40 5.92 x 104 1 5.92 x 104    5.817   0.025*  

P. serotina 40 7.76 x 105 1 2.76 x 105 58.961   0.000*  

October       

All Species 40 6.05 x 105 3 2.02 x 105   40.503   0.000*  

Forest 10 6.01 x 101 1 6.01 x 101     0.102   0.754 

Clearing 10 1.92 x 103 1 1.92 x 103     0.205   0.656 

P. serotina 10 2.82 x 105 1 2.82 x 105 174.337   0.000*  

*denotes a statistically significant P-value 
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 Analysis of variance was also conducted on each seedling group to test 

whether mean stomatal conductance and transpiration were different throughout the 

growing season by testing each monthly mean (Table 8).  Results show that for both 

understory species, F. grandifolia and P. serotina, their differing means of water loss 

could be attributed to temporal causes during the course of the growing season.  

Prunus serotina clearing species also had significantly different means, although the 

P-value was higher than those for the understory species.  Liriodendron tulipifera 

seedlings did not have statistically different means throughout the growing season.   

Table 8. ANOVA results of mean water loss by month of four seedling species. 

 n SS d.f. MS F P-value 

F. grandifolia 162 4.86 x 104 6 8.09 x 103 8.200  0.000*  

P. serotina (understory) 161 8.90 x 104 6 1.48 x 104 3.208  0.000*  

P. serotina (clearing) 161 1.75 x 105 6 2.92 x 104 2.374  0.032*  

L. tulipifera 163 1.33 x 105 6 2.22 x 104 1.615 0.146 

* denotes a statistically significant P-value 

 

 Monthly variation for each seedling group followed a similar pattern that 

could be explained by the progression of microclimatological conditions throughout 

the growing season (Figures 23 and 24).  All seedlings groups displayed a reduction of 

mean as well as a minimal variance during months when volumetric water content was 

lower. 
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Figure 23.  Monthly stomatal conductance during the growing season for (a) F. 
grandifolia, (b) understory P. serotina, (c) clearing P. serotina and (d) L. 
tulipifera seedlings. Outliers, values that exceeded ± two standard 
deviations, are indicated with the ° symbol. 
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Figure 24.  Monthly transpiration during the growing season for (a) F. grandifolia, 
(b) understory P. serotina, (c) clearing P. serotina and (d) L. tulipifera 
seedlings. Outliers, values that exceeded ± two standard deviations, are 
indicated with the ° symbol.  
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Tests of equality of error variance rejected the null hypothesis, indicating 

that the error variances were not equal across samples.  Equality of error variance tests 

assume that a population is normally distributed, which is true of this study on a daily 

basis, but when ANOVA was run on monthly data, multiple days were included with 

multiple Gaussian distributions within the data set.  Therefore, with reasonable 

explanation for unequal error variances, this test can be ignored. Error inequality most 

likely arises from physiological differences between species and their rates of water 

loss depending upon their microclimate.  Variance differences are illustrated through 

box plots to validate the reasoning behind this assumption.  It is clear that means can 

be compared and can be equal even when variances are not.  Additionally, 

measurements were taken across a variety of meteorological conditions at different 

periods during the day and the growing season.  Therefore, the unequal error variances 

could be a result of different species’ responses to changing microclimates. 

4.3.2 Analysis of Variance of Seasonal Water Loss 

Repeated measures analysis of variance results throughout the growing 

season of the four seedling groups were similar to ANOVA monthly results (Table 9).  

The seasonal ANOVA also included date of measurement as a between subjects factor 

to determine if water loss means were significantly different across species and time.  

There were statistically significant differences between all four seedling groups across 

the entire growing season.  The understory seedlings had different mean water loss 

rates throughout the growing season, but the difference in mean could not be attributed 

to species type.  The clearing seedlings had difference means as a result of date and 

species type, but the combination of between subject factors was not significant.  
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Lastly, the P. serotina seedlings had different means across time and species that could 

also be attributed to a combination of both factors. 

Throughout the growing season, the mean rates of water loss as well as the 

extent of variability among seedling groups were ordered according to shade tolerance 

(Figure 25). Fagus grandifolia had slightly lower mean rates of stomatal conductance 

and transpiration throughout the growing season than the understory seedlings of P. 

serotina.  Similarly, P. serotina seedlings in the understory had lower mean rates and 

less variability than P. serotina seedlings in the clearing.  In the clearing plot, P. 

serotina seedlings had lower mean rates of stomatal conductance and transpiration 

than L. tulipifera seedlings.  Overall, seedling species that were less shade tolerant had 

higher stomatal conductances and transpiration rates than seedling species that were 

more shade tolerant.  In addition, the sun grown seedling species had more variability, 

illustrated by the longer whiskers of those box plots. 

 



 84

Table 9.  ANOVA table of water loss for the four seedlings groups throughout the 
growing season. 

 SS d.f. MS F P-value 

All Species (n=647)      

Water Loss x Species 4.16 x 106    3 1.39 x 106 243.937 0.000*  

Water Loss x Date 9.62 x 105  16 6.01 x 104   10.580 0.000*  

Water Loss x Species x Date 1.06 x 106  47 2.25 x 104     3.965 0.000* 

Forest Species (n=323)      

Water Loss x Species 2.79 x 103    1 2.79 x 103     1.121 0.291 

Water Loss x Date 2.23 x 105  16 1.39 x 104     5.601 0.000*  

Water Loss x Species x Date 6.16 x 104  16 3.85 x 103     1.549 0.083 

Clearing Species (n=324)      

Water Loss x Species 1.30 x 105    1 1.30 x 105   14.968 0.000*  

Water Loss x Date 1.61 x 106  16 1.01 x 105   11.573 0.000*  

Water Loss x Species x Date 2.11 x 105  16 1.32 x 104     1.519 0.092 

P. serotina Species (n=322)      

Water Loss x Species 1.49 x 106    1 1.49 x 106  223.866 0.000*  

Water Loss x Date 4.85 x 105  16 3.03 x 104      4.537 0.000*  

Water Loss x Species x Date 4.93 x 105  16 3.08 x 104      4.615 0.000*  

*denotes a statistically significant P-value. 
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Figure 25.   Mean seasonal stomatal conductance and transpiration for F. 
grandifolia, P. serotina (understory), P. serotina (clearing) and L. 
tulipifera, respectively.  Outliers, values that exceeded ± two standard 
deviations, are indicated with the ° symbol. 
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4.4 Validation Analysis  

After determining that there were significant differences of mean stomatal 

conductance and transpiration between species and between microclimates, a further 

analysis was performed to validate these findings.  Cluster analysis categorized 

observations based upon similar microclimate conditions in each of the study plots. 

4.4.1 Understory Seedling Cluster Analysis 

Principle components analysis of Julian date, air temperature, relative 

humidity, wind speed, barometric pressure, soil temperature, volumetric water content, 

time of measurement, leaf temperature, leaf relative humidity, and quantum radiation 

resulted in four principal components (Table 10).  These components had eigenvalues 

greater than one and represented temperature, humidity, date of measurement, and 

time of measurement, respectively.   
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Table 10. Component Matrix of PCA for understory seedlings. 

 PC1 PC2 PC3 PC4 

Julian Date -0.233    0.803*  -0.311   0.111 

Air Temperature    0.981* -0.037  0.019 -0.086 

Relative Humidity -0.573  0.342   0.665*    0.039 

Wind Speed  0.474 -0.553  0.120   0.075 

Air Pressure -0.132  0.371 -0.624*    0.210 

Soil Temperature    0.763*   0.362  0.411   0.007 

Volumetric Water Content -0.331 -0.882*  -0.075 -0.060 

Time of Measurement  0.444  0.254 -0.618*  -0.164 

Leaf Temperature    0.915*   0.130  0.127   0.008 

Leaf Relative Humidity -0.103  0.556  0.458 -0.168 

Quantum Radiation  0.158 -0.068  0.107   0.993*  

*denotes highly correlated variables of each component based upon large loadings. 

 

The first component is a temperature component, as it has high positive 

loadings for air temperature, soil temperature, and leaf temperature.  The second 

component has a high positive loading for Julian date and a high negative loading for 

volumetric water content, which represents the declining soil moisture throughout the 

growing season.  The third component has a high positive loading on relative humidity 

and high negative loadings on air pressure and time of measurement.  This component 

represents how humidity relates to both time of day as well as barometric pressure.  

Relative humidity is inversely related to barometric where high pressure weather 
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systems are related to low relative humidity and vice versa.  Relative humidity is also 

inversely related to time of day.  Relative humidity decreases throughout the day as the 

difference between air temperature and dew point temperature increases due to 

daytime heating of the air.  However, these loadings for component three are much 

lower than other components and signifies a weaker relationship among relative 

humidity, air pressure, and time of day components in the understory.  The final 

component has a very high loading on quantum radiation.  This radiation component is 

most likely associated with intermittent sunflecks in the understory and therefore 

would not be related to relative humidity. 

The best clustering results in the understory were obtained with Ward’s 

method.  Five clusters of microclimate conditions were created from the four principal 

components.  The decision to use five clusters was made visually from the dendrogram 

(see Appendix) and was verified by plotting the agglomeration coefficients against the 

clustering steps (Figure 26).  The agglomeration coefficients represent a loss of 

information from the original data when the data are combined into clusters, so that the 

optimal number of clusters is based upon minimizing the loss of information.  This 

occurred for the understory microclimate data when five clusters were formed. 
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Figure 26.   Agglomeration coefficients from understory microclimate conditions 
display a sharp increase after 8.0 at clustering step 285. 

 The five clusters were defined by plotting the scores obtained during 

principal components analysis against each of the clusters (Figure 27).  Scores closer 

to zero were considered neutral, while scores farther from zero represented 

components that were influencing the formation of the cluster. 
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Figure 27.   Principal component scores explain the formation of each cluster, where 
very high or very low scores have the most influence on cluster 
formation.  

 The first cluster grouped together early season measurements with 

relatively high air and leaf temperatures along with the lowest relative humidities.  

This cluster also included the highest wind speeds, which are probably the result of 

lower leaf area index in the canopy while the mature leaves are still emerging.  Soil 
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temperature and volumetric water content represented broad ranges of values in this 

cluster, so they were considered neutral microclimate aspects. 

The second cluster grouped together middle to late season measurements 

with moderately high air, leaf, and soil temperatures.  This cluster had the highest 

relative humidities and the lowest volumetric water contents, as would be expected 

during peak summer months when precipitation is more scarce and there is a deficit in 

the soil moisture budget. 

The third cluster contained only ten observations.  In general, the 

microclimatic variables of this cluster were of moderate values except for quantum 

radiation, which was extremely high in comparison to the other clusters.  The 

seedlings in this group were most likely experiencing sunflecks at the time of 

measurement.  The limited number of seedlings in this cluster indicates that sunflecks 

were rare and not a prevailing microclimatic condition of the understory. 

The fourth cluster grouped cases by the latest dates of measurement.  The 

air, leaf, and soil temperatures were relatively low, as was relative humidity.  

Volumetric water content was moderate too, indicative of soil moisture recharge 

during the transition into fall months.   

The fifth cluster was exclusive to the first date of measurement, which had 

the lowest air, leaf and soil temperatures.  Relative humidity and volumetric water 

content were the highest of all the clusters. 

 



 92

4.4.2 Clearing Seedling Cluster Analysis 

Principal components analysis of the microclimate clearing data, using the 

same variables as the understory components analysis, produced five components 

(Table 11). These components had eigenvalues greater than one as well.    

Table 11. Component matrix of PCA for clearing seedlings. 

 PC1 PC2 PC3 PC4 PC5 

Julian Date -0.020 -0.261   0.835*  0.163 -0.215 

Air Temperature   0.952*  0.134 -0.106 -0.092 -0.029 

Relative Humidity -0.481   0.608*  0.356 -0.256  0.355 

Wind Speed  -0.014  0.483 -0.554  0.550  0.040 

Air Pressure  0.095  -0.631*  0.483  0.307  0.240 

Soil Temperature   0.833*  0.216  0.344 -0.113  0.068 

Volumetric Water Content  -0.855* -0.266 -0.144  0.180  0.116 

Time of Measurement  0.360  0.059  0.088   0.858*  0.123 

Leaf Temperature   0.955*  0.051 -0.091 -0.064  0.004 

Leaf Relative Humidity -0.111   0.797*  0.453  0.099  0.267 

Quantum Radiation  0.270 -0.475 -0.251 -0.161   0.726* 

* denotes highly correlated variables of each component based upon large loadings 
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The first component had high positive loadings on air, soil, and leaf 

temperature and a high negative loading on volumetric water content.  Temperature is 

acting as a proxy for Julian date in this component, because high growing season 

temperatures occur during peak summer months, July and August, when soil moisture 

is lowest.  The second component had high positive loadings on relative humidity and 

leaf relative humidity and a high negative loading on barometric pressure.  This 

component is the same as the second component for the understory seedlings, with the 

addition of leaf relative humidity.  This may imply that leaf relative humidity is more 

pronounced and variable in the clearing.  The third component represented Julian date 

only.  The fourth component represented time of day.  Lastly, the fifth component had 

a high loading on quantum radiation.  

Similar to the cluster analysis of the understory seedlings, Ward’s method 

produced the best results in comparison to the other four clustering algorithms.  The 

microclimatic conditions in the clearing could be described best by five clusters.  The 

choice of five clusters for the independent clearing data was made from the same 

criteria as the understory data using the dendrogram (see Appendix) and the 

agglomeration coefficients (Figure 28). 

The five clusters were categorized following the same method as the 

understory clusters, by plotting the principal component scores against each of the 

clearing clusters (Figure 29).  
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Figure 28.   Scatter plot of the agglomeration coefficients, representing the loss of 
information accrued at each clustering step.   
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Figure 29.   Principal components scores in relation to clusters of the clearing 
microclimate conditions. 

The first cluster of seedlings had the earliest dates of measurement.  Air, 

soil, and leaf temperatures were low, relative humidity was relatively high, and the 

volumetric water content of the soil was the highest of all the clusters.  This 

microclimate is characteristic of late spring conditions, when soil moisture is high due 

to springtime recharge and fairly cool temperatures. 
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The second cluster had the highest air and leaf temperatures, relatively 

high soil temperatures, and the lowest volumetric water content.  These microclimate 

characteristics indicate peak summer conditions when temperatures are high and soil 

moisture is limited by drought-like conditions. 

The third cluster represented the later hours of the day with moderately 

low air and leaf temperatures, but higher soil temperatures.  This is most likely due to 

a differential cooling of surfaces in the afternoon and evening hours.  In addition, this 

cluster had measurements of the highest wind speeds.   

The fourth cluster represented the earlier hours of the day.  Air, leaf, and 

soil temperatures had high values.  Volumetric water content had medium values 

indicating that this cluster represented a broad range of average microclimate 

conditions during the growing season. 

The final cluster included measurements from the latest dates of the 

growing season.  Air, leaf, and soil temperatures were relatively low and volumetric 

water content was high, signifying a recharge in soil moisture during the early fall.   

4.5 Multivariate Analysis of Variance of Clusters 

Multivariate analysis of variance (MANOVA) of the microclimate clusters 

revealed that transpiration and stomatal conductance rates of the clusters were 

significantly different (Table 12).  Transpiration rates and stomatal conductances in the 

understory and the clearing plots were significantly different in each of the clusters.  

The partial Eta squared (� p
2) of the understory seedlings indicates that only a small 

portion of the variance of water loss was attributed to the different clusters, whereas a 

much larger portion of the variance in the clearing plot was explained by the clusters.  

However, none of the clusters were able to explain a large majority of the variance.  
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This result confirms the hypothesis that the majority of water loss differences can be 

attributed to physiological differences between species, while microclimate conditions 

serve to amplify these differences. 

Table 12. Multivariate Analysis of Variance of Microclimate Clusters. 

 SS d.f. MS F P-value � p
2 

Understory       

Stomatal  Conductance 5.45 x 104 4 1.36 x 104 3.086 0.016*  0.036 

Transpiration 3.88 x 101 4  9.71 7.040 0.000*  0.078 

Clearing       

Stomatal Conductance 7.25 x 105 4 1.81 x 105 7.164 0.000*  0.082 

Transpiration 5.76 x 102 4 1.44 x 102 24.070 0.000*  0.232 

* denotes a statistically significant P-value 
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SUMMARY: WATER LOSS IN SEEDLINGS 

5.1 Microclimate 

The microclimates of the two study plots had distinct characteristics.  The 

understory plot consistently had lower air and soil temperatures than the clearing plot, 

which is a direct result of the difference between radiation regimes.  The clearing plot 

had higher values of quantum radiation on every measurement date regardless of sky 

conditions, so that more photosynthetically active radiation was available for plant use 

in the clearing plot.   

Volumetric water content declined in both sites until August and was 

recharged during the later months of the growing season.  This pattern followed  the 

distribution of precipitation.  Precipitation was considerably lower than the 30-year 

monthly mean for August and clearly influenced declining volumetric water content.  

Precipitation in September was much higher than the 30-year monthly mean and 

influenced the recharge of soil moisture experienced in that month.  Although both 

study plots had similar rates of soil moisture loss in the first half of the growing 

season, the clearing plot experienced a steeper rate of soil moisture recharge from 

August to September.  The lack of mature trees in the clearing plot most likely resulted 

in a reduced water demand.  The increased input of precipitation caused soil moisture 

recharge, but the species composition and age in the clearing plot did not have the 

same demand for water as the understory, leaving more water in the soil creating 

higher volumetric water content in the clearing. 

Vapor pressure deficits were also consistently larger in the clearing plot 

than in the understory.  Transpiration from understory plants increased humidity 

within the canopy, whereas transpiration from the clearing vegetation was 



 99

unobstructed from further circulation and mixing into the atmosphere.  Vapor pressure 

deficit is a controlling factor of transpiration, consequently increasing transpiration 

until the plant becomes water-stressed and stomatal conductance reduces. 

5.2 Monthly Water Loss 

Stomatal conductance and transpiration rates maintained ranks according 

to shade tolerance among the seedling species.  The dramatic decrease of stomatal 

conductance in all four species in August can be attributed to minimum soil moisture 

at this point during the growing season.  The effects of limited soil moisture, as 

demonstrated in previous studies (Kozlowski, 1958; Sinclair et al., 2005), were 

observed in both research sites.  Shade grown seedlings had significantly lower rates 

of water loss that sun grown seedlings, even among the same species P. serotina.  

Response magnitudes to declining soil moisture in P. serotina confirmed the findings 

of Abrams et al. (1992), who discovered that transpiration rates of sun grown seedlings 

fell more rapidly than shade grown seedlings.  All species experienced an increase in 

stomatal conductance and transpiration as soil moisture recharged during September. 

5.3 Repeated Measures Analysis of Variance 

Analysis of variance was an important statistical tool used to expose the 

relationship of monthly mean rates of stomatal conductance and transpiration.  All four 

of the seedling groups had significantly different means by species and by date.  This 

demonstrated the variability among species that grow in different microclimates and 

how a change in those microclimates throughout the growing season impacted mean 

rates of water loss.  
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The understory seedlings, F. grandifolia and P. serotina, did not have 

statistically different means among the two species.  Within each month, the means 

were not different, with exception to September where they were almost different 

(P=0.051).  In this month, stomatal conductance and transpiration had higher values 

than any other month in the growing season.  This could signify the presence of 

optimal conditions for water loss, when temperatures are moderate and soil moisture is 

not limited, maximizing interspecific differences.  The means from month to month 

were statistically different, implying a temporal variation throughout the growing 

season.   

  The clearing species, P. serotina and L. tulipifera had statistically 

different means among species and throughout the entire course of the growing season.  

This suggests that sun grown seedlings responded differently in the clearing 

environment, and that this environment had temporal differences that influenced water 

loss.  Although the monthly means were different across the entire season, within each 

month the means were only different for May and September.  May represents the 

beginning of the growing season and different rates would be expected due to 

physiological differences caused by variable rates of leaf emergence and growth 

(Federer, 1973; Larcher, 2001).  A difference of means in September is most likely due 

to the same optimal water loss conditions experienced in the understory.  

Prunus serotina seedlings in the clearing and the understory had 

significantly different means of stomatal conductance and transpiration.  These two 

seedling groups had different means from month to month as well as within each 

month, except for May.  In May, physiological characteristics of sun and shade grown 

seedlings most likely play a role in the date of leaf emergence (Federer, 1973). 
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Additionally, the four seedling groups displayed differences in variability 

of water loss throughout the growing season.  Understory seedlings had much less 

variability in all months than the clearing seedlings.  Understory seedlings experienced 

a much smaller range of microclimate conditions, which would explain for a smaller 

range of responses, whereas the clearing seedlings experienced a wider array of 

microclimate conditions and would have more variable responses.  Other research has 

demonstrated faster reaction times of shade adapted seedlings to changing light 

intensities (Woods and Turner, 1971; Chazdon, 1988).  Slower reaction times to 

changes in microclimate of clearing seedlings would serve as an exaggeration of 

variability.  Understory seedling with faster reaction times would maintain similar 

means, even under quickly changing conditions. 

The most noticeable decrease in variability occurred in August and 

October.  The decrease in August is most likely due to limited soil moisture 

availability.  The decrease in October is more representative of senescence and all 

rates of water loss going to zero.   

5.4 Validation of Results 

Principal components obtained for the understory differed from those for 

the clearing and exposed key microclimate differences between the study plots.  The 

diurnal temporal dependence of components in the clearing was stronger than in the 

understory.  This implies that understory conditions could not be categorized by 

changes that occurred on a daily cycle, but rather were the result of seasonal changes.  

Although there was some temporal dependence of microclimate variables (i.e., 

declining soil moisture with onsetting summer drought, hotter temperatures during 

peak summer), the lack of daily temporal dependence in the understory was 
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considerable.  In comparison, time of day had a considerably high loading on one of 

the clearing principal components. 

 The cluster analysis supported these findings with the inclusion of 

stomatal conductance and transpiration observations.  Understory clusters were 

generally formed by water loss rates characteristic of meteorological conditions that 

changed with the progression of the growing season.  The clearing clusters were 

grouped based upon seasonal and daily time frames.  This distinction implies that 

water loss in the clearing seedlings was variable on a daily and season scale, whereas 

the water loss through the understory seedlings was variable exclusively on the 

seasonal scale.   

MANOVA results of the cluster analysis also demonstrated the larger 

variability of microclimates and the reaction of seedling water loss in the clearing.  

Understory microclimate conditions are more stable because of canopy coverage, 

which limits the influence of solar radiation and wind.  In the clearing plot, the 

seedlings were completely exposed, creating more diverse conditions for the seedlings 

in this location. 

5.5 Conclusion 

This study exposed interspecific differences that exist among co-occurring 

seedling species in two different microclimates.  Understory seedlings had more 

similar mean rates of water loss than clearing seedlings.  This distinction was 

controlled by physiological and microclimate differences.  Physiological differences 

arose primarily due to shade tolerance, which dictated which species were present in 

each study plot.  These differences accounted for the majority of variation between 

seedling groups. Meteorological differences accounted for a smaller degree of 
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variability in the understory than the clearing, as demonstrated by � p
2 values obtained 

through MANOVA. 

The significance of this work lies in the ability to distinguish between 

rates of water loss through stomatal conductance and transpiration among seedling 

species.  Additionally, the relationship between specific microclimate characteristics to 

seedling species was exposed, demonstrating that clearing seedlings respond to diurnal 

and seasonal changes in microclimate, whereas understory seedlings experienced 

variability solely on the seasonal scale. 
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APPENDIX: CLUSTER DENDROGRAMS 

A1. Understory Clustering Dendrogram using Ward’s Method 
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         331   ������                                      �      �  
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         107   ��                                          �      �  
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         102   ��                                          �      �  
         316   ��                                          �������  
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         335   ��                                          �  
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         318   ��                                          �  
         337   ��                                          �  
         338   ��                                          �  
         104   ��                                          �  
         105   ��                                          �  
          83   ��                                          �  
         140   ��                                          �  
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          85   ��                                          �  
         103   ��                                          �  
          84   ��                                          �  
         155   ��                                          �  
         229   ��                                          �  
         230   ��                                          �  
         228   ��                                          �  
         227   ��                                          �  
         233   ��                                          �  
         235   ��                                          �  
         226   ��                                          �  
         231   ��                                          �  
         225   ��                                          �  
         209   ��                                          �  
         224   ���������������� Cluster 4 �������������������  
         212   ��                                          �  
         215   ��                                          �  
         232   ��                                          �  
         214   ��                                          �  
         220   ��                                          �  
         206   ��                                          �  
         234   ��                                          �  
         213   ��                                          �  
         208   ��                                          �  
          33   ��                                          �  
          35   ��                                          �  
          36   ��                                          �  
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          43   ��                                          �  
          37   ��                                          �  
          41   ��                                          �  
          39   ��                                          �  
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          42   ��                                          �  
          25   ��������                                    �  
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          28   ��      �                                    �  
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          21   ��      �                                    �  
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         252   ��      �                                    �  
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          53   ��      �                                    �  
          45   ��      �                                    �  
          62   ��      �                                    �  
          48   ��      ��������� Cluster 5 �������������������  
          52   ������  �  
          51   ��    �  �  
          64   ��    �  �  
          46   ��    �  �  
          47   ��    �  �  
          56   ��    �  �  
          63   ��    �  �  
          59   ��    �  �  
          58   ��    �  �  
          55   ��    �  �  
          54   ��    �  �  
          60   ��    �  �  
          50   ��    �  �  
         191   ��    �  �  
         192   ��    �  �  
         239   ��    �  �  
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         271   ��    �  �  
         187   ��    �  �  
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         175   ��    �  �  
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         237   ��    �  
         270   ��    �  
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         109   ��    �  
         132   ��    �  
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         334   ��  �  �  
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         168   ��  �  �  
         108   ��  �  �  
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         293   ��  ���  
         257   ��  �  
         275   ��  �  
         295   ��  �  
         294   ��  �  
         296   ��  �  
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         273   ��  �  
         274   ��  �  
         272   ����  
         201   ��  
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A2. Clearing Clustering Dendrogram using Ward’s Method 
 
 
  Observation 0         5        10        15        20        25 
              +---------+---------+---------+---------+---------+ 
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         122   ��      �        �  
         131   ��������        �  
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         127   ��              �  
         126   ��              �  
         136   ��              ���������� Cluster 1 ��  
         129   ��              �                    �  
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         266   ����      ���������������� Cluster 2 ��              �  
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         271   ��  �      �                                        �  
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         253   ��  �      �                                        �  
         283   ��  �      �                                        �  
         270   ��  �      �                                        �  
         284   ��  �      �                                        �  
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         260   ��  �                                              �  
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         264   ��  �                                              �  
         246   ��  �                                              �  
         254   ��  �                                              �  
         256   ��  �                                              �  
         251   ����                                              �  
         252   ��                                                �  
         255   ��                                                �  
         257   ��                                                �  
         250   ��                                                �  
         273   ��                                                �  
         274   ��                                                �  
         281   ��                                                �  
         277   ��                                                �  
         267   ��                                                �  
         265   ��                                                �  
         268   ��                                                �  
         272   ��                                                �  
         276   ��                                                �  
         278   ��                                                �  
         282   ��                                                �  
          12   ��                                                �  
          13   ��                                                �  
          14   ��                                                �  
          20   ��                                                �  
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          19   ��                                          �      �  
         178   ��                                          �      �  
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         179   ��                                          �      �  
         176   ��                                          �      �  
         177   ��                                          �      �  
         181   ��                                          �      �  
         182   ��                                          �      �  
         183   ��                                          �      �  
         184   ��                                          �      �  
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         208   ��      �                                    �      �  
         209   ��      �                                    �      �  
         205   ��      �                                    �      �  
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         224   ��      �                                    �      �  
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         151   ��      �      �                              �      �  
         158   ��      �      �                              �      �  
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         147   ��  �    �      �                              �      �  
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         172   ��      �������                          �    �  
         170   ��      �                                �    �  
         169   ��      �                                �    �  
          75   ��      �                                �    �  
          78   ��      �                                �    �  
          63   ��      �                                �    �  
          64   ��      �                                �    �  
          68   ��      �                                �    �  
          66   ��      �                                �    �  
          73   ��      �                                �    �  
          80   ��������                                �    �  
          71   ��                                      �    �  
          72   ��                                      �    �  
          76   ��                                      �    �  
          77   ��                                      �    �  
          79   ��                                      �    �  
          74   ��                                      �    �  
          69   ��                                      �    �  
          70   ��                                      �    �  
          61   ��                                      �    �  
          65   ��                                      �����  
          62   ��                                      �  
          67   ��                                      �  
          41   ��                                      �  
          55   ��                                      �  
          53   ��                                      �  
          42   ��                                      �  
         304   ��                                      �  
          84   ������                                  �  
          92   ��    �                                  �  
          81   ��    �                                  �  
          94   ��    �                                  �  
          95   ��    �                                  �  
          83   ��    �                                  �  
          90   ��    �                                  �  
         100   ��    �                                  �  
          93   ��    �                                  �  
          85   ��    �������������                      �  
          89   ��    �            �                      �  
          99   ��    �            �                      �  
          91   ��    �            �                      �  
          98   ��    �            �                      �  
          96   ��    �            �                      �  
          97   ��    �            �                      �  
          87   ��    �            �                      �  
          88   ��    �            �                      �  
          82   ��    �            �                      �  
          86   ������            �                      �  
          49   ��                �                      �  
          57   ��                �                      �  
          43   ��                �                      �  
          44   ��                �                      �  
          46   ��                �                      �  



 116

          47   ��                �                      �  
          45   ��                �                      �  
          56   ��                �                      �  
          59   ��                �                      �  
          60   ��                �                      �  
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