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ABSTRACT

Plants play a key role in the hydrologic cycle and serve agnéisant
source of water vapor through the process of transpiration. The cowombudf
saplings and mature trees have been well documented and are rdbyffioielerstood,
including responses to changing meteorological conditions. However, thamndl
magnitude of contribution of seedlings to the transpiration stred@ssswell known.

In situ seedling data are needed to validate controlled experiments peafarm
laboratory settings and to develop more robust understanding of understory
contributions to forest systems. In this study, the impacts ofoniicrate on intra-

and interspecific differences of stomatal conductance and transpiratthree co-
occurring seedling species of vary shade tolerances were iratedtigWater loss in
Fagus grandifoliaEhrh. (American beechPrunus seroting&hrh. (black cherry), and
Liriodendron tulipiferaL. (yellow poplar) seedlings were monitored in two study
plots, a dense forest understory and an adjacent field clearingyutheastern
Pennsylvania (39°49'N, 75°43'W) beginning 22 May through 6 October 2008.
Seedling observations were coupled with five-minute meteorological ddtis thesis
summarizes the findings of the 2008 growing season.

Shade tolerant specief.(grandifolia and P. serotina growing in the
understory had significantly lower mean rates of stomatal condectamo
transpiration than shade intolerant specRsserotinaandL. tulipifera) growing in
the clearing (=0.05). Additionally, water loss by shade groRnserotinaseedlings

was significantly lower than sun grovilh serotinaseedlings (=0.05). Physiological

Xi



differences, specifically shade tolerance, played an importaninrdietermining rates
of stomatal conductance and transpiration in seedlings. To adegger, changes in
microclimate also influenced water loss. Statistical amalgealed larger variation
of microclimate conditions in the clearing plot and consequently gerlaiange of
response in stomatal conductance and transpiratioB. lserotinaand L. tulipifera
clearing seedlings, in comparison to understory seedlings, which mathtmore
similar rates of water loss throughout the day as well as thoatighe 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 watdtsivarious
forms between the surface and the atmosphere. Water arrivbge gurface as
precipitation and is returned to the atmosphere through evaporation anuratzoTs
(Figure 1). Oceans, covering more than two-thirds of the Earinface, represent
84% of water evaporated into the atmosphere, with the remaining 16% ateajpor
from land and vegetative surfaces (Chorley, 1971). The hydrologie oyxar
terrestrial surfaces is complicated, in comparison to oceansntesadtions with
vegetation and man-made surfaces.

A linear, positive relationship exists between evaporation from ladd a
ocean surfaces and incident solar radiation. As energy fromradiation increases,
evaporation increases, evidenced by higher rates of evaporation in ejuatgidons
and lower rates with increasing distance from the equator. Althsnlghradiation is
the key factor controlling evapotranspiration, transpiration at thetatege surface is

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

Stomata regulate water use in plants by playing a key rotarnisgiration,
photosynthesis, carbohydrate production, and turgidity maintenance in cells and tissues
(Roberts, 2005). Stomata are more than 95% responsible for controllingtehef
intake of carbon dioxide used in photosynthesis and the release of wagt@r
(Willmer, 1983). Although water vapor is released into the atmospgheneg the
exchange of carbon dioxide and oxygen, the majority of water vapopineshss
merely the result of open stomata (Figure 2). This drawbacktigated by changes
in stomatal conductance as the plant tries to balance growth aedless 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 eppain tropical
rainforests, transpired water vapor condenses into clouds over vegddaticnabsent
over non-vegetated surfaces; this phenomena is visible on a daity haspical
rainforests in equatorial regions transpire more than 1100 thif.gopoldo et al.,
1995; Kumagai et al., 2005) in comparison to rainforests that experram®

seasonality with distance from the equator, which transpire bet®&&mo 850 mm

15



y! (Schellekens et al., 2000; McJannet et al., 2006). On a smaller tsea#piration
IS not quite as tangible, but not negligible. Each individual plargsgansible for a
guantifiable amount throughout diverse ecosystems (see Table 1). 8Suogether,

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 Transpiration  Canopy
Conductance (mmol m?s?%)  Transpiration per
(mmol m? s?) Growing Season

(mm y™)

Woody Plants
Humid Tropics

Rainforest trees 250-400 upto 1.8
Understory 100-200
Lianas 1000 up to 2.0

Semiarid Tropics

Mangroves ca. 170 0.6-1.8
Dry Woodland ca. 200 0.8-1.4
Mediterranean Sclero- 100-250 1.5-3.0 400-600

phyllous Species

Temperate Deciduous

Forests 1.2-2.2
Shade Tolerant Species 170-350 2.5-3.7 300-600
Shade Intolerant Species
Evergreen Conifers ca. 230 1.4-1.7 300-600
Evergreen Dwarf Shrubs
Tundra ca. 240 0.15-0.45 80-100
Alpine Heath 1.8-3.0 100-200

Herbaceous Plants

Dicotyledon Herbs 400-500 up to 11.0
Grasses and Sedges
Meadows 300-400 3.0-4.5 250-400
Steppes ca. 350 ca. 200
Succulents 100-120 up to 1.8
Annual Desert Plants ca. 300 upto 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 betesdings of three
species with varying shade tolerances in their natural environraedt$o establish
whether these differences are significant.  Transpiration rates$ stomatal
conductance are controlled by physiological traits within the plantefisas physical
conditions of the microclimate in which the plant lives, including antbie
temperature, relative humidity, photosynthetically active radiatiand v8peed and
direction, soil temperature, and soil moisture availability. In otdesorrelate plant
conditions with meteorological conditions, five-minute meteorologicah deere
acquired for both study plots throughout the entire growing season. Thissiee
data set permits a detailed study of instantaneous stomatal res@onsng seedlings
of the same species and between seedlings of all monitored Sjgesieteorological
conditions.

This study seeks to examine whether co-occurring deciduous seedling
species with varying shade tolerances will have statistisadlyificant differences in
stomatal conductances and transpiration rates. It is assumeketteats an inherent,
statistically significant rank of mean stomatal conductance and trarmspaatong the
species caused by physiological differences, where speciesdimbee shade tolerant
have lower rates and less shade tolerant species have highafnatder loss. Based
upon this assumption, this study hypothesizes that mean rates oflagatevill vary
among different meteorological conditions, but the significant inteispéifferences

will remain intact.
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1.3 Species Descriptions

The three species (Figure 3) selected for this studfages grandifolia
Ehrh. (American beechPrunus serotinaEhrh. (black cherry), andiriodendron
tulipifera L. (yellow poplar), which represent the shade tolerance spectrurarpf
tolerant, moderately tolerant, and intolerant, respectively (sele Ph These species
were chosen because of their relative abundance at each study plot, aoferest

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

(b)

Figure 3.

() (€)

(d) (M

lllustrated figures of adult tree species in comparison to photogadphs
seedlings from the study sité: grandifolia (a,b),P. serotina(c,d), and
L. tulipifera (e,f) (Source: DK Images, 2008).
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Table 2. Habitat characteristics &f. grandifolia, P. serotina andL. tulipifera.

F. grandifolia P. serotina L. tulipifera
Annual Precipitation 760-1270 810-1170 760-2030
(mm)
Growing Season 250-460 500
Precipitation (mm)
Annual Temperature 4-21 7.8-22 20.6-27
Range (°C)
Shade Tolerance very tolerant intermediate intolerant
Varieties caroliniana serotina fastigiatum
mexicana exima obtusilobum
rufula
alabamensis
Seedling Growth 120 50-109 50-300
(mm y?) 450,
Adult Height (m) 18-24 30.5 61

amean growth rates of understory seedlings

»r mean growth rates of clearing seedlings

(Sources: Baker, 1949; Hough, 1960; Rushmore, 1961; Olson, 1969; Burns and
Honkala. 1990; Griffith, 1991; Uchytil, 1991)

1.3.1Fagus grandifoliaEhrh.

Fagus grandifoliais abundant in forests in the eastern United States. It is
the only native species of beech in North America, with the vesidtigrandifolia
var. caroliniana in the southern United States andgfandifolia var. mexicanain

mountainous regions of Mexico (Burns and Honkala, 1990). Its range in thedUni
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States stretches from Canada south to Florida and west to tlsesdfipi Valley
(Figure 4).
Fagus grandifoliagrows in climates that receive an average of 760 to
1270 mm of precipitation per year with approximately 250 to 460 mnmdatiuring
the growing season (Burns and Honkala, 199Bagus grandifoliais a mesophytic
species, requiring water for transpiration and growth, making ieptibte to periods
of drought (Burns and Honkala, 1990). The optimal average annual tempévature
healthyF. grandifoliapopulation ranges between 4°C and 21°C (Rushmore, 1961).
Fagus grandifoliais a dominant forest species owing to the fact that it is
shade tolerant and able to survive in the subcanopy in low light levdiseathing
maturation (Loach, 1967; Woods and Turner, 1970). The avdtaggandifolia
seedling grows 12 cm in the first year and achieves an avatatjdnaight of 18 to 24
m, but can grow up to 37 m (Burns and Honkala, 1990). Vertical growthiisusin
low light levels, less than 13% full sunlight, and moderate lightldexaound 50%
full sunlight (Burns and Honkala, 1990). The growth is categorized asmieate,
where all of the leaves develop at oncd-agus grandifolia seedlings can be
characterized as dependent or independent. Independent seedlings graseddsm
dispersed from a parent tree, whereas dependent seedlings growo&osprouts
from a parent tree. In the case of dependent seedlings, sproutiny osgals on
surface or near surface root systems, making distinction amongpthef seedling

easily identifiable (Jones and Raynal, 1986; Del Tredici, 2001).
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Figure 4.  North American range d¥. grandifoliaEhrh. (Source: Tubbs and
Houston, 1990).

1.3.2Prunus serotinaEhrh.

Prunus serotinahas a similar range t. grandifolia but reaches farther
west into eastern Texas and as far north as Minnesota (Fig(Ber®s and Honkala,
1990). Prunus serotinais 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 l{Houg

1960). The extensive range of tReserotinaallows it to grow in different climatic

23



conditions from temperate climates farther north to semi-aridrdesnditions in the
southwestern portion of its range. Within the rangePofserotina total annual
precipitation measures from 810 to 1170 mm, with approximately 500 nhimgfal
during the growing season, and mean annual summer temperatures fangiig°C
to 28°C (Hough, 1960).

Prunus serotinds commonly found in most northern hardwood forests.
It is a major component of hardwood forests dominated-bgrandifolia and L.
tulipifera and is a minor component in most pine and hemlock stands as well (Burns
and Honkala, 2000).

Prunus serotinais characterized as moderately shade tolerant. In
Wisconsin,P. serotinais categorized as more shade intolerant, favoring growth in
canopy gaps as the principal determinant of regeneration, whereasnsylvania the
species is more tolerant and is not as spatially limited to stwaigrgrowth by canopy
caps (Abrams et al., 1992). Althoufh serotinaseedlings can persist under a dense
forest canopy for several years, most do not survive to maturityodoes tlight levels
(Hough, 1960). Prunus serotinagrowth is not limited to the forest understory, but
propagates in open fields as well. Seedlings grown in full sun hastofdgical
differences in comparison to those grown in the shade, including terggeantity of
stomata, presumably to take advantage of additional photosynthetically actit®madia
(Abrams et al., 1992). Forest seedlings attain maximum &estlyeights of 50 to 100
mm in the first month of germination without much subsequent growth throutiteout
duration of the growing season, whereas open field seedlings regbkshadi 450 mm
or more, with growth distributed evenly over the course of the entngiigg season

(Burns and Honkala, 1990).
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Figure 5.  North American range d?. serotinaEhrh. of several varieties (Source:
Burns and Honkala, 1990).

1.3.3Liriodendron tulipifera L.

Liriodendron tulipiferahas similar ranges t6. grandifolia east of the
Mississippi River but does not reach quite as far north (FigurelL@jodendron
tulipifera is commonly known as yellow poplar, tulip poplar, tuliptree, white poplar,
and whitewood. Liriodendron tulipiferais found in climates with average annual
precipitation varying from 760 mm to 2030 mm with mean summer tenopessrom

20.6°C to 27°C (Burns and Honkala, 1990).
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Liriodendron tulipiferais a dominant species in four forest types of North
America including pure yellow-poplar, yellow-poplar-hemlock, yellow-pcplhite
oak-northern red oak, and sweetgum-yellow-poplar stands and is a mio@sspean
additional twelve forest types, including two co-dominated by Ameressech (Olson,
1969).

Liriodendron tulipiferaseedlings reach heights as minimal as 50 mm to
over 300 mm in the first growing season (Olson, 1969)iodendron tulipiferais
extremely intolerant of shade, so much so that there were nongsettii the forest
plot of this study despite the presence of several mature ffbéesspecies persists in
open fields, similar to the plot used in this study, as well apanse canopies or
within large canopy gaps of dense foredtgiodendron tulipiferarequires higher soil
temperatures for regeneration, which is indicative of a need bé&hlgyht levels and
therefore shade intolerance (Buckner and McCracken, 1978). In addition to a
preference for warmer soil temperature, soil composition and nmiataerimportant
to L. tulipifera growth, requiring nutrient rich and well-drained soils (Buckner and

McCracken, 1978).
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Figure 6.  North American range df. 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 tolerancehithssudy
supplies valuable data on two ecophysiological processes involved inlegsdrom
plants where data are scant (Loach, 1967; Ellsworth and Reich, 1992; sAérah,
1992; Holmgren, 2000; Jose et al., 2003; Nagakura et al., 2005). Holmgren (2000)
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summarizes this problem of patchwork investigations, inferring teatrdasults from
studies investigating one to a few meteorological variablesaggeegated in order
mimic a complete microclimate theory of water loss in seedlings. In thsge sa study
relating temperature to transpiration rates combined with anatidy eelating soil
moisture to transpiration rates will not always result in au@ate account of how the
combination of temperature and soil moisture affect transpiratiomltsineously.
Therefore, the most accurate study should take into account all envimahraad
meteorological influences in order to develop the most realistic Invatte accurate
correlations.

Accurate measurements of water loss in a forest stananatant for
watershed and forest management. For instance, knowledge of howalogieat
conditions influence water loss through transpiration among specmssalbrest
managers to understand optimal species composition in regions witedlimater
supplies (Swank and Douglas, 1974). Additionally, accurate measurementslaie vi
understanding and monitoring potential effects of climate change on forest etssyste
The influence of meteorological conditions on rates of water losgghrtranspiration
varies among species. Knowledge of this variation is esseatidévelop future
models and predictions of species survival and adaptation in changingteclim
scenarios.

Stand transpiration rates are estimated through models and sgpling
methods (Oishi et al., 2008), however, seedling transpiration ratefrmaryhose of
mature trees, therefore water loss from seedlings cannot bextsty estimated using
methods for mature trees; nor can seedlings be neglected. Seedfidgother

understory vegetation, including soil evaporation, greatly influence watir loss at
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estimates from 5% to as much as 54% of total forest evapotramspigepending 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 treesof
considerable importance. Although water loss in plants is primaoiiyrolled by the
physiological characteristics of a species (i.e., shade tolesamtdrought tolerance),
the spatial distribution of a species is ultimately dictatedsynicroclimate. Daily,
monthly, and seasonal environmental and meteorological conditions of shade
intolerant species are vastly different than those of shadertbfgrecies and therefore
likely exert a large influence over the variability of watt@nsport and water loss in

each species and the surrounding microclimate.

29



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 ofspleeies. Physical
factors include solar radiation, the vapor pressure gradient betvesdnahd
atmosphere, leaf and air temperatures, wind speed, soil moisturailaetperature
(Roberts, 2005). Stomata ultimately control water loss from playteeacting to
meteorological conditions that create environments of excessiver wass.
Additionally, there are numerous resistances within a plant thdtitnhe uptake and

release of water into the atmosphere (Figure 7).

Figure 7.  Multiple resistances water encounters during ascent from théosibié
atmosphere through the plant during well watered conditions (Source:
Milburn, 1979).
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Interspecific differences of transpiration rates are importantmany
levels. At the watershed scale, transpiration rates can magicaspecies to such an
extent that the entire water budget is affected by forest congmog¢Swank and
Douglass, 1974). Bowden and Bauerle (2008) modeled transpiration rates throughout
an entire growing season and found statistically significantrdiftees between hourly
and diurnal transpiration rates of multiple species 89% of the tildet only do
differences exist between species, but differences existmsgedlings of the same
species. For instancBetula pendulaseedlings habituated to low light levels showed
lower transpiration rates than seedlings grown in full sun, even wpased to the
same light levels during the experiment (Sellin et al., 2008). ifitn@ and inter-
specific differences of shade and sun grown seedlings are the basis of thahresear

Transpiration is one of the most commonly studied processes in plants.
Methods to measure and study stomatal conductance and transpirationamay
according to the forest type and forest age. Most often, adults eglidgs are
observed in their natural environments while many of the studies pedoon
seedlings are carried out in a laboratory setting (Loach, 1967; Waald3 wner,
1971; Mott and Parkhurst, 1991; Abrams et al., 1992; Saugier et al., 1997;r@tanie
al., 2000; Holmgren, 2000; Jose et al., 2003; Sinclair et al., 2005; Hedbst2§08).
Laboratory experiments on seedlings can control for specific envirdtamand
meteorological variables while ensuring seedling survival. Howeher,approach
fails to account of the complete array of environmental variab&satseedling would
experience in reality.

This study pursues the same research initiatives but is sagitiecause

the data were collected situ from seedling species occurring in their natural habitats,
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in an understory with low light levels and in a clearing withhHight levels. These
data were coupled with real time meteorological data to bettderstand stomatal

responses of seedlings to their microclimates.

2.2 Methods to Measure Stomatal Regulation

Stomatal conductance and subsequent transpiration are largely cdntrolle
through the opening and closing of stomatal pores on the abaxial sile tHaf.
Methods to measure stomatal aperture vary from rubber impressitee/e$ to leaf
infiltration techniques to microscopic inspection of epidermal stigp@orometers
(Willmer, 1983). Leaf impressions illustrate the degree of opevfitige 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 metmadsure
transpiration rates of an entire tree through sap flow measuremanthis method,
two probes are inserted into the sapwood, one above the other at a knowal verti
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 temperaliffexrence between
the two probes, so that faster flowing sap will result in sefastte of temperature
change and greater sap flux density (Granier, 1987). Sap flux density can beezbmbi
with sapwood area in order to determine sap flow, which is equahnspiration
(Granier, 1987; Davidet al, 2004). This method is fairly reliable, however,
equipment must be changed in long duration studies and recalibrated.cert re
investigation into this method has shown that ring-porous species mayere
different calibrations than diffuse-porous species due to the diffdistnibution of

pores (see section 2.3.5) in the sapwood (Basth, 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 longdmi®mais
sealed, and subjected to continuous airflow except during measurei@auntge(et
al., 1997). During a measurement, airflow is interrupted while temperaind
relative humidity are measured over several small incrementsastranspiration can
be calculated, similar to calculations made by a steadymtadeneter (Saugiest al,
1997). This method is fairly reliable, however measurements ar@dbrgeon bag
volume, which can fluctuate when the inflow of air is stopped during uneaents.
Apart from this minor drawback, this method accounts for water toss &ll surfaces
of the plant including woody surfaces, a minor limitation of porometers.

Weighing lysimeters measure water loss in trees and inclader Woss
from soil evaporation as well. Lysimeters measure water tlmsgigh weighing
devices that are installed below a tree but can be largectingiming, and expensive
(Fritschenet al, 1973). Weighing lysimeters are beneficial to complete forest
hydrology studies because they can measure net water loss andteregan of the
entire tree during precipitation events (Storck and Lettenmaier, 20B@wever,
water loss from transpiration alone cannot be quantified.

Additional methods to measure stomatal conductance and transpiration
rates include measuring changes in plant weight (Sinclair.e2@0D5), the cobalt
chloride paper method (Teare et al., 1972), soil water depletiontudliess drainage
lysimeters (Fritschen et al., 1973; Calder, 1976), tree-cutting tpeksi(Roberts,
1976), infrared gas analyzers (Loach, 1967), gas exchange systdsugi(al and

Reich, 1992), eddy covariance calculations (Saugier et al., 1997), and msOmMet
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(Roberts, 2005). There are two types of porometers currently in usexistbes 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 a@lowed 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 throlggf & a given time
when more stomata are open, therefore indicating higher rateswadtat conductance
(Gregory and Pearse, 1934). A variation of the viscous flow poronsetemight’s
porometer where air is drawn by suction through a leaf into a \fierjar and the
resulting bubbles are recorded, so that bubbles released at &ésgemdicate more
permeability (Milburn, 1979). Viscous flow porometers are reliald@surements of
stomatal conductance but require frequent calibrations in order to adopchtinges

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

2.2.2 Diffusion Porometer

The diffusion porometer, in contrast, measures the rate of water leapor
by the leaf itself. Steady state diffuse porometers, suctheaorie used in this
experiment, output direct measurements of the flow rate of dgngering the cuvette,
leaf temperature, cuvette temperature, photosynthetic photon flux déRBIED),
total leaf conductance, and transpiration rate (Li-Cor, Inc., 1989). udfi
porometers assume a constant relative humidity within the cueettaswhen a leaf

is attached to the device, water vapor released through transpiratieases the
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relative humidity within the cuvette and dry air must be pumped intezukiette 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 spetitsge
in interspecific differences of stomatal conductance that aedhgson physiological
differences. Prunus serotindeaf expansion is long and slow, allowing the species to
maintain higher levels of stomatal conductance throughout the erdiréngrseason
in comparison toF. grandifolia whose leaf expansion is rapid, starting after and
ending beford®. serotina(Federer, 1973). Seasonal variations in transpiration are not
only regulated by leaf emergence, but by leaf size too; tratispiiacreases as leaves
emerge and grow, peaking at maximum leaf area, and then decrehsing
senescence (Kozlowski, 1958; Larcher, 2001).

Seasonal differences of stomatal conductance arise in diffegent a
classifications of the same species. Stomatal conductance ohte. serotina
seedlings are significantly higher than rates of saplings anarenttees of the same
species throughout the entire growing season, with maximum differentiee earlier
months (Fredericksen et al.,, 1996). These intraspecific differalassate the
importance of seedlings and their contribution to the transpiratioanstie 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 theoriesitdf)ata close to
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prevent excessive loss of water after high rates of transpinatthe morning hours or

(2) stomata close in response to higher temperatures caused ésgsingr solar
radiation, which creates an imbalance between rates of respieatd photosynthesis,
high levels of CQ within the leaf, and subsequent stomatal closure (Milburn, 1979;
Willmer, 1983). The majority of tree species show a peak in sabraetivity around

mid morning and then a decline in the afternoon, most likely to presetkierfloss of
water during peak times of evaporation (Zweifel et al., 2002 BroduitnbHolbrook,
2004; Johnson et al., 2009). Fredericksen et al. (1996) found results favoriingt the
theory for P. serotinamature trees and saplings, but found that seedlings did not
follow the same diurnal pattern and instead maintained high levekstoaofatal

conductance throughout the afternoon.

2.3.3 Shade Tolerance in Relation to Stomatal Conductance

Shade tolerance is a difficult characteristic to define amireg dpecies.
Comparable to any measurement across a spectrum, the claesifioh shade
tolerance is not precise and lacks distinct parameters in andelassification. The
predominance of a successful species in the understory or in canopsagaggnify
shade tolerance or intolerance, respectively, while moderate sundesth 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 exposedcasedcr
light levels are considered shade intolerant whereas speciegrdlmatsiowly at all
light levels are considered shade tolerant (Canham, 1989). Some st@eant
seedlings can persist in the understory for a few years, butatiburvive to maturity

in low light levels. In this sense, intolerant species mustieffily use additional
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light, such as canopy gaps from recent disturbances, for growth wpeseelxto reach
heights into the canopy where light is not a limiting factor. §&loade tolerant
seedlings, additional light is not necessary, and sometime even detrimentaltta grow
Leaf morphology is strongly influenced by light intensities (Figure 8). Sun
grown leaves tend to be smaller, most likely in an effort to rethocedary layer
resistances, and thicker, caused by an extra layer of chlorophylbaseociated with
respiration that are not present in shade grown leaves (Aber aitid N2€I01). These
physiological differences account for higher rates of stomatal ctawhe and
transpiration in sun grown leaves as a result of access to mdréiigher light

intensities.

37



Figure 8. Contrasting leaf morphology between sun-grown (top) and shade-grown
(bottom) leaves oF. grandifoliafrom 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 growimgnse subcanopies
with low light levels must maximize light use by rapidly operstgmata immediately
when light intensities increase. Less tolerant species byltgi@mw in conditions
with higher light intensities and/or availability. For these gseahanges in light are
not as important because light is not a scarce resource andptéerdficiency of

light use is less important.
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Stomata are sensitive to changes in photosynthetically activatioadi
Most stomata will begin to open at extremely low light levédss than 1% full
sunlight, and will reach maximum opening at levels much lower thkrsdinlight
(Willmer, 1983). Woods and Turner (1971) obserizedrandifolia andL. tulipifera
under high and low light frequencies to determine the length of tin@ok each
species to reach maximum stomatal aperture, as well asohgwit ltook to close once
the light source was removed. The research demonstrated thatestwonductance is
related to light intensity and that the time for the stomasaaioilize, whether opening
or closing, was dependent upon the intensity of the light (Woods and Turner, 1971)
For instance, at high light intensities, grandifolia achieved full opening in three
minutes but it tookL. tulipifera up to 20 minutes, and once the light source was
removed, similar rates of stomatal closure followed (Woods and Tur@@ét). The
moderately shade tolerant species in this study had intermedeatgon times to
changes in light intensity, signifying a relationship between shealgeance and
stomatal reactivity to changes in light availability. Othardees mimicked these
findings implying that stomatal responses are faster in shadeiespa order to
capitalize on short and possibly infrequent sunflecks (Davies and Kda)ol@y5;
Chazdon, 1988).

Although a clear relationship exists between stomatal responsasga
species of varying shade tolerances, a conclusive relationship has yet to be found in the
same species grown in differing light regimes. Abrams et(1892) found no
relationship between sun and shade gr&wvserotinaseedlings and rates of stomatal
opening. Another study of shade tolerant seedlings in varying ligimeegshowed

that stomatal conductance of seedlings grown in full sun decreasedtibut the day

39



while seedlings grown in the understory maintained relatively coinsttmatal

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. laysati
with west and south facing aspects receive more solar radidaonetast and north
facing aspects, so that larger quantities of energy input result in laighemperatures
on such aspects (Rosenberg, 1983). Temperature differences influencpreapare
deficits by raising temperatures and resulting in larger it&fizvhich will occur on
south and west facing aspects (Desta et al., 2004). The effecésenfvapor 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
structure of the species’ vascular system. The vascularw®uct diffuse porous
species consists of a random distribution of pores across the gmwéh ring in
comparison to ring porous species, which have pores principally in thsveead
growth section and none in the latewood growth (Core et al., 1976). Atypedf
classification, semi-ring porous, is less randomly distributed, midthe homogeneity
of pore size across the growth ring than ring porous, but less thasedifbrous (Core
et al., 1976). Fagus grandifoliais diffuse porousl.. tulipifera is ring porous, ané.

serotinais semi-ring porous (Figure 9).
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Figure 9.  Spatial distribution of pores varies between diffuse porous (leftiespe
with randomly distributed pores across the growth ring, semi-porous
species (center) with more distinction of pore size across lgrong,
and ring porous species (right) with largest pores predominantbyin e
portion of growth ring (Source: Jefferson Patterson Park and Museum,
1999).

Diffuse porous species generally have higher rates of stomataductance,
consequently resulting in more variation in response to changes iarotetgcal 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 tramspirates (Kozlowski,
1958; Abramset al, 1992; Holmgren, 2000; Oren and Pataki, 2001; Sinelaal,
2005). With respect to the diurnal cycle, transpiration ratesgegatest during
morning hours because the soil moisture content is the highest, bbe atay
progresses, transpiration draws moisture from the soil, depleegves and creating

a reduction in transpiration later in the day (Kozlowski, 1958). Thikdg similar to
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the seasonal cycle, where there is usually excess soil neoisttite spring, permitting
higher rates of transpiration, which decrease throughout the summeeil asisture
declines, and is subsequently recharged during the winter months (Kozlowski, 1958).

Declining soil moisture negatively influences transpirationstat8pecies
respond to varying levels of water stress depending upon their physibkensdivity
to drought conditions. In situations when soil moisture is high, transpinattes are
comparable between species of varying drought tolerances, but amasilire
decrease, transpiration rates are reduced more rapidly in the dnotodgriant species
(Nagakura et al., 2004). The results of this study suggest there is a mithnegirold
at which species respond to declining soil moisture availabilithe impact of
declining soil moisture on transpiration rates has been studied mety\& species.
Sinclair et al. (2005) investigated the effects of drying soilranspiration rates and
discovered that rates were not affected until transpirable saiérwiraction was
reduced to one-quarter that of field capacity. This indicatesstikmoisture is a
threshold variable, whose effects are only important after aicdeivel. Many other
studies have revealed the inverse relationship between soil mogtass on
transpiration rates (Granier, 1987, Oren and Pataki, 2001; Jose et al. Ba0@i&n
and Bauerle, 2008).

Effects of soil moisture stress differ among species dependirthenn
microclimate as well. Stomatal conductance and transpiraties cdfP. serotina
seedlings were adversely affected by drought conditions acrossnge raf
microclimates but rates of seedlings grown in full sun fell miagter than those
grown in shade conditions (Abrams et al., 1992). However, when soil neowsas

not limiting, seedlings grown in full sun conditions had significantghbr stomatal
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conductances than shade-grown seedlings (Abrams et al., 1992). Hudtsestgggest
that species with inherently higher rates of water loss have faster respdmnen water
is limited.

A significant study combining multiple environmental factors at once
demonstrates the relationship between soil moisture and photosynthedictale
radiation (PAR) forL. tulipifera seedlings. Although this experiment was carried out
in artificial conditions, it showed that transpiration ratesLoftulipifera seedlings
under varying light regimes were regulated by soil moisture whign soil moisture
was limiting, but when moisture was sufficient, seedlings traadpmt similar rates
under all light regimes (Holmgren, 2000). This study also showedcthtatnly are
transpiration rates reduced when soil moisture is reduced but tlyecdailse of
transpiration was reduced, beginning later in the morning at subsedoerghievels
of soil moisture (Holmgren, 2000). Additional research has shown thit &%l
vapor pressure deficit were the principal controlling factors of traatsmir (up to 81%
of variation) as long as soil moisture remained high, yet oncersngture became
limiting, stomatal conductance and transpiration rates were no longed 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 belowii Fagus
sylvatical., stomatal conductance will be inhibited (Granier et al., 2000)edses in
air temperature will induce stomatal opening up to a certain pointotceg the
maximum threshold is met, the leaf is susceptible to damabey &idbm overheating

or desiccation (Willmer, 1983). The optimum temperature for stormataductance
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and transpiration is dictated by the species’ environment, so that lspetdts have
higher optimum temperatures while temperate species have low@nuopt

temperatures (Turner, 1991).

2.4.3 Water Vapor Pressure Deficit Effects on Stomatal Conductance

The effects of temperature on stomatal functioning are haterstood
in terms of the water vapor pressure deficit. Water vapor peesificit is the
difference between the amount of moisture the air may hold and how mustumas
currently in the air. Transpiration is like any other form of evafpon where
maximum evaporation occurs when the vapor pressure gradient ist Irgeser,
2001). When air is less saturated, the potential for evaporation Is gneater than
when the air is more saturated and unable to hold as much water Vaprelates to
temperature because air becomes less saturated as thend#fbstween dew point
and actual temperature increases. Therefore, stomatal resmorisengerature
increases is, in fact, a response to changes in the water vapor pressure deficit.

In conditions of large vapor pressure deficits, the leaf is proriesto
water through evaporation and will consequently reduce water loss thstarghtal
closure. During periods of high relative humidity, stomata mayireoyen since the
potential for water loss is not as large (Jarvis and Mansfi®igl]). Stomatal closure
iS a protection mechanism against water loss during periods arfgspotential
transpiration (Schulze et al., 1974). Although the connection between vegier
deficits and stomatal closure is present among the literah@exgact mechanisms are
unknown, but recent work has suggested that stomata are reactiraggpiration
rates, and therefore reacting to water vapor deficits indirgbthtt 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 layainslimg a
leaf is more easily disrupted. This thin layer surrounding facleasists of saturated
air as a result of transpiration and therefore has high relaiwvedity (Roberts, 2005).
When conditions are calm, the boundary layer remains intact actiagesistance to
further transpiration similar to high values of ambient reldtweidity in general, but
when conditions are disturbed, the resistance created by the bounéargdeseases
as the saturated air is displaced and less saturated air surtbenksf (Larcher,
2001).

Many studies demonstrate a negative relationship between wind spked a
stomatal conductance but fail to agree on the nature of thisoredhip. Stokes et al.
(2006) found that the control of transpiration by vapor pressure deficittandhtal
conductance increased with increasing wind speed. Aphalo and Jarvis fA9%3)
that stomatal conductance decreased at relatively small wiedspget leveled out to
a constant rate at higher wind speeds, suggesting that higherspaedls cannot
disrupt stomatal conductance completely. Gutiérrez et al. (1994vacha similar
negative curvilinear relationship between transpiration and wind speegirimyving
covariation among other influential meteorological variables. Hom@tker studies
have failed to show any relationship, and sometimes a positiveonslaifp 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 toitneclimates.
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However, it has not been effectively determined if the intra- amdrgpecific
variations are significantly different. Are all specieshivita given microclimate
equally responsive to changes in their microclimate? Are pe#cHic responses
significantly different within a microclimate or across microclins&te

As a consequence of the difficulties associated with measuritey lwas
in seedlings over long time periotssity, a paucity of information exists concerning
seedling responses to changes within their microclimates. Thi¢y abi study
seedlings over an entire growing season is important for the feageework of forest
hydrology studies. Currently, the comparison of laboratory results $emdlings to
field results of saplings and adult trees is used to genemposite description of
water loss in forests. This coupling of two different researethads must be
validated through field studies to determine seedlings’ actual respohs
microclimates. Validation is necessary to determine thenetdewhich seedlings are
influenced by individual meteorological variables or a combination oéonelogical
variables in a microclimate, as well as the extent to whifferdnt 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 i
southeastern Pennsylvania (39.82°N, 75.72°W). Within the preserve were two
designated study areas: (1) the understory plot (40m X 60m), in &l mecduous
forest dominated bif. grandifoliaand (2) the clearing plot (80m X 100m) adjacent to
a separate mixed deciduous forest primarily dominated..byulipifera. Mean
elevation at the preserve is 106 m. Seedling densities waregsli by averaging the
seedling counts in circles with radii of one meter at interallag diagonal transects
of both plots (Table 3). The mean aspect of the clearing plotas fiokeL. tulipifera
andP. serotinagrowth because it is north-northeast, consistent with prefergidetas

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 aad m
monthly precipitation (30-year) during the growing season is 104 approximately
half of the yearly precipitation (NCDC, 2000). Mean daily temjoees (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 (M) 2400 8000
Mean Elevation (m) 102 96
Mean Aspect (°) 193 56
Mean Slope (°) 2.4 2.8
Maximum Slope (°) 8.3 11.1
LAI (m? m?) 4.52+0.14
Seedling Density (H§ 7.26 x 16, 2.55 x 16,

2.29 x 16, 3.55 x 10q

a F. grandifolig , P. serotina(understory); L. tulipifera; 4 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% (PSM&mni2006).
Mean growing season soil temperature (30-year) fluctuates éetb®25°C and 14°C
(USDA/NRCS, 1996). Soils in this region experience a deficihenwater budget
greater than 100 mm during the summer months (USDA/NRCS, 1996), buaimaint
soil moisture levels (30-year) that are approximately hatheftotal field capacities
(760mm) throughout the entire growing season (NOAA, 2005). Drought is
occasionally experienced in this region during late summer monthshdéuwlrought

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 $oisgands. LAl
is a measure of canopy density per unit surface area that irdkigrany variables in a
forest stand, including understory ambient, leaf, and soil temperatures,
evapotranspiration, and soil moisture. LAl in the forest plot wassuaned 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 analyzersass light
interception from the canopy through a fish eye lens then calcllatdsased upon
radiative transfer models (Li-Cor, Inc., 1992). Measurements welectsa by first
obtaining a reading from the clearing and then several measusememandom
interval distances within the forest and a final reading in teariclg. This method
allows the instrument to calculate LAl from multiple locationghu the forest and
reduce any errors associated with uneven canopy distribution whidginge
measurements act as a calibration to current sky conditionso(l.idGc., 1992).
Although the instrument is designed to collect data under any sky cosditiAl in
this study was collected at noon on a uniformly overcast day wheeffées 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) fohedudy plot at five-
minute intervals. The forest station (39.820°N, 75.724°W) was located witéin t
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, colleetexty five minutes by a

Campbell Scientific data logger (Logan, Utah), include ambienpéeature, relative
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humidity, solar radiation, photosynthetically active radiation (PAR)dwpeed, wind
direction, soil temperature, volumetric water content, and barometric pressure.
Hourly precipitation measurements were gathered using a vibratiag-
rain gauge (Geonor A/S, Oslo, Norway) enclosed by an alter-type wihield.
Precipitation measurements were collected exclusively by then opeld
meteorological station in order to measure gross precipitationasiements of
volumetric water content at both meteorological stations servedasators of soill
moisture content, under the assumption that soil moisture is rejatieehogenous

across small spatial scales.

3.3 Porometer Measurements and Data

3.3.1 Sampling Strategy
Seedlings were chosen from naturally occurring species in bothologat

based upon shade tolerandeagus grandifoliaseedlings (shade tolerant) were found
exclusively in the forest understorl, tulipifera seedlings (shade intolerant) were
found exclusively in the clearing, aRd serotinaseedlings (moderately shade tolerant)
were found in both locations and served as the control variable inubis stwenty
seedlings from each species, for a total of 80 sample seedlimgs, randomly
selected, tagged by number, and caged to prevent deer browsing. All seediengs we

their second year of growth.

3.3.2 Porometer Measurements
Total leaf conductance and transpiration rates were collected adihg
COR LI-1600M Steady State Porometer (LI-COR, Lincoln, NE) fronM2® until 6

October 2008. Data were collected approximately weekly during nepryi
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meteorological conditions characteristic of the growing seasonasiMements were
also scattered throughout the day in relation to time so that divanabiration rates
could be assessed. Each measurement included the flow rateledfaemperature,
cuvette temperature, cuvette relative humidity, quantum radiation, tetdl
conductance and transpiration.

The LI-1600M porometer uses the definition of stomatal conductance
given by Cowan (1977) such that conductance changes according to theluagtiofva
Ju/b , whereu is a measure of wind speed approximated by the volumetric flow
rate of dry air into the cuvette ar is the breadth of the leaf, or leaf size, a known
value of the cuvette sensor head (Cowan, 1977; Li-Cor, Inc., 1989). The fonfra

dry air into the cuvette is calculated using the equation

T o, 13
27315 P

(1)
whereT, is the cuvette temperature in Celsi#sjs true barometric pressure in kPa at

the measurement site, ahdl (cn?® s%) is the standard volumetric flow rate of dry air
into the cuvette measured by the LI-1600 mass flow meter, whichlilzated and
referenced to standard units of 101.3 kPa and 0°C (Li-Cor, Inc., 1989). Fran thes

values, transpiration is calculated by

e
E. On S 5 :
(2)

where E_ is transpiration in mmol ms' g_ is total leaf conductance in
m

m

mmol nf s, g is leaf vapor pressure in kPa, is cuvette vapor pressure in kPa, and

P is true barometric pressure in kPa at the measurementis@erLinc., 1989). The

inclusion of barometric pressure is useful because it normalizegsduation into a
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dimensionless mole fraction gradient where transpiration and condudtaueethe
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 topogrhfgatures of the

leaf surrounding the stomata (Willmer, 1983; Li-Cor, Inc, 1989). In thidys the
average leaf size of a seedling is relatively small anefiiee has minimum boundary
layer resistance, so total leaf conductance should approximatetat@maductance.
However, total leaf conductance was converted to stomatal condudtaneasier

comparison to values cited in the literature. The conversion wasettdirough the

equation
g 0v9
9 9 3)

where g, is the total leaf conductance as measured by the porometeg arsla

known boundary layer resistance (0.15 s*frar conductance (6.7 cni'ss 2700
mmol nf s?) (Li-Cor, Inc., 1989).

Porometer measurements were collected on 17 dates throughout the course
of this study. Each collection sampled a subset of 10 randomlytesklseedlings
from each species so that 20 seedlings were sampled in eaclorptotdtal of 40
seedling measurements per day. The temporal distribution of measuseis

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

53



3.4 Spatial Referencing and Data Analysis

Seedling coordinates were identified prior to data collection usiGga
(Trimble GPS Pathfinder Pro XR, Sunnyvale, CA). Data were psedeand analyzed
using software packages Excel (Microsoft, Redmond, WA), SSP&tB&at(SSPS,
Chicago, IL), and ArcGIS (ESRI, Redlands, CA). Seedling locatiomse w
geographically referenced to illustrate contrasting slope andtasplethe 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 dataHi®study.
An analysis of variance (ANOVA) was first performed to deteanif the intra- and
interspecific mean differences in stomatal conductance and transpirates were
significantly different. One of the assumptions of ANOVA is tthet measurements
are independent of one another, which is not the case for this datdns&tad,
ANOVA was performed using repeated measures to ensure thatplenult
measurements of a seedling throughout the growing season were atdouimethe
calculations. In addition, repeated measures works for unbalanced modetseadie
seedling does not have to be sampled the same number of times (8P.SE)09).
ANOVA Repeated Measures was performed on the following groupscléajing
species, (2) forest species, (3) all species, andP(43erotinaseedlings in both
locations. The underlying null hypothesis assumed that there werefer@miies of
stomatal conductance and transpiration rates between specied)endtketnative that
a significant relationship exists.

A cluster analysis was then used as a validation tool to detewhigier
the intra- and interspecific differences obtained through ANOVA cbaléxplained
by similar microclimate conditions during the growing season. fdllewving steps of
statistical analysis were performed on the clearing spaci@éshe understory species
separately, assuming the two different microclimates wouldtresakparate clusters.
To perform the cluster analysis, a principal components analysiexetuted on the
following independent variables: date, air temperature, ambientveslatimidity,
wind speed, barometric pressure, soil temperature, volumetric eattent, time of
measurement, leaf temperature, leaf relative humidity, and quarddmtion to

reduce the number of independent variables into components and to remove the
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redundancy between colinear variables. The resulting principal compererstsised
as input variables to the hierarchical clustering algorithm. Multipisteting methods
were tested including single linkage, complete linkage, Ward'shadetbetween-
groups linkage, and centroid clustering to determine the best clgsteethod. Each
clustering algorithm was visually analyzed through dendrogranes Apeendix) to
determine which algorithm best described the different microtbmeonditions
during the growing season. Finally, the clusters were enteiedegggendent variables
into a multivariate General Linear Model to test if the mezrgomatal conductance
and transpiration in each cluster of microclimate conditions wegeifisantly

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 consisté¢httiae 30-year mean
precipitation (Figure 12). There was no apparent trend in prempitduring the
course of this study. However, the month of August received only 32% 80tiiear
mean precipitation, followed by 175% of the 30-year mean precipitatiSeptember

(Table 5).
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Precipitation (mm)

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 Observed Mean  Difference Difference
Precipitation (mm)  Precipitation (mm) (mm) (%)

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, thmgclea

temperatures were greater than the understory temperatuiaslie@sg of time of day

(Figure 13). On average, the understory was approximately 4.1°C ¢baterthe

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

in both study plots were compared to the 30-year mean daytime teémegféigure

14).
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Temperature Difference (°C)

Date of Measurement

Figure 13.  Difference in air temperature between the clearing and undesstaty

plots on each date of measurement. The average difference between
plots is 4.1°C.
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(@)

Temperature (°C)

(b)

Temperature (°C)

May  Jun Jul Aug  Sept Oct

Figure 14 Temperature comparison of each measurement date with 30-y@ar me
monthly daytime temperatures (—) versus (@) understory temperature
(0) 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 ththe understory plot
(Figure 15). Quantum radiation varied throughout the growing seasonhaplbts
due to the temporal distribution of measurements throughout the dayrdRegathe
clearing plot always received much more radiation than the undegdtiryFigure
16). Soil temperature had a similar progression throughout the greeasgpn as air
temperature, with peak values occurring in July (Figure 17). 8mipérature was

always greater in the clearing plot than in the understory.
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clearing

Vapor Pressure Deficit (kPa)

understory

Date of Measurement

Figure 15. Differences in vapor pressure deficit between the clearing and the
understory research plots.
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clearing

Quantum Radiation
(umol m2 s?)
(S ;w jowrl)
uoneipey wmuend

understory

Date of Measurement

Figure 16. Daily quantum radiation at the study plots. Understory radiation values
read from the left vertical axis while clearing radiationuesl read from
the right vertical axis.
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clearing

Temperature (°C)

understory

Figure 17. Monthly mean soil temperatures in the clearing and understory plots.

Volumetric water content, a measure of soil moisture ranging Zenm to
one, was high in the beginning of the growing season, decreased asrimers
progressed, and increased again at the end of the growing seasons & typical
cycle for soil moisture, where the soil recharges with moistureng the spring and
fall after undergoing an increasing deficit of moisture during tla gammer months.
Volumetric water content was consistently greater in therinpdahan in the forest
plot, however, both plots experienced a similar minimum soil moistur@ugh

August, and then a recharge during the remainder of the growing season (Figure 18).
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clearing

understory

Volumetric Water Content

Figure 18. Volumetric water content of the soil in the understory and cleatlivig
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 trdndugist
when soil moisture was most stressed (Figure 19). In the tatging season,

stomatal conductance returned to early season levels in both undess¢migs.
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Throughout the majority of the growing seaséh, serotinahad greater stomatal
conductances thana grandifolia.

Stomatal conductances of clearing species followed a simil&mg in
order of shade intolerance, whdre tulipifera seedlings had larger mean monthly
stomatal conductances thaR. serotina  Similarly, both clearing seedlings
experienced a sharp decrease in stomatal conductance in Augustovhanisture
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 (2@jerstory
seedlings had similar transpiration rates throughout the growirsgprsexcept for a
sharp decline in AugustPrunus serotinainderstory seedlings also maintained higher
rates of transpiration thaf. 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 seedlidgsggust. A more
dramatic increase than understory species in transpiration dietliening of the
growing season is most likely related to different physiologicploeses of sun grown
seedlings to those of shade grown seedlings. In both measures mloaststomatal
conductance and transpiratidn, tulipifera had lower rates thaR. serotinaat the
onset of the growing season, but quickly surpassed those rates fanth&ing
months. This relationship points towards physiological differenceseketthe two
species and the rates of development and leaf emergence in theirgpgf the
growing season.

The relationships and rank of stomatal conductance and transpiration
across species in accordance to shade tolerance is also foundnbebttleseedling
groups ofP. serotina Prunus serotinaeedlings in the clearing plot maintained higher
rates of water loss throughout the growing season than the seeadlthgsunderstory
plot (Table 6). Both seedling groups also responded negatively to theedet
volumetric water content in August, after which water loss isg@avith increasing

volumetric water content.
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Table 6. Comparison of mean stomatal conductance and transpiration throughout
the study ofP. serotinaseedlings in the understory and the clearing,
including the percent difference between the two seedling groups lon eac
measurement date.

Date Stomatal Conductance Transpiration
(mmol m?s™) (mmol m?s™)

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
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4.3 Analysis of Variance

Repeated measures analysis of variance (ANOVA) was perfamedch
of the four individual species, a combination of forest species veesaring species,
and onP. serotinaseedlings of both study plots. The repeated measures method of
ANOVA assumes that each data observation is not independent of theuprevi
observation, and that spatial and temporal relationships exist betmessurements.
Repeated measures ANOVA tested the within subjects factoatef Woss, 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 s@ecias
expected result from analysis of varianéeagus grandifoliaseedlings had the lowest
mean rates of water loss during all months and were simiRr serotinaunderstory
seedlings. Liriodendron tulipiferahad the highest mean rates of water loss during

most months, and were similarRo serotinaclearing seedlings.
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May June

Stomatal Conductance
(mmol m? s?)

July August

Stomatal Conductance
(mmol m2 s?)

September October

Stomatal Conductance
(mmol m? s?)

Fg Ps Ps Lt Fg Ps Ps Lt
(understory)clearing) (understory)(clearing)

Figure 21. Monthly plots of mean stomatal conductance throughout the growing
season of-. grandifolia P. serotina(understory)pP. serotina(clearing)
and L. tulipifera, respectively. Outliers, values that exceeded * two
standard deviations, are indicated with the ° symbol.
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May June

Transpiration
(mmol m? s?t)

July August

Transpiration
(mmol m?2 s?)

September October

Transpiration
(mmol m? s?t)

Fg Ps Ps Lt Fg Ps Ps Lt
(understory)(clearing) (understory)(clearing)

Figure 22. Monthly plots of mean transpiration throughout the growing seasbn of
grandifolia, P. serotina (understory),P. serotina (clearing) andL.
tulipifera, respectively. Outliers, values that exceeded + two standard
deviations, are indicated with the ° symbol.
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Water loss differences existed betwé&erserotinaunderstory and clearing
seedlings throughout the growing season, with exception to May (Tabl&nglysis
of variance between the understory species confirmed the null hypothesach
month, indicating that the mean rates of stomatal conductance argiraos were
not statistically significant. In other wordB, serotinaunderstory seedlings arkd
grandifolia seedlings had similar means. During August, Phealue was 0.051,
which is nearly considered a significant value, suggesting thanéams during this
month were different between the understory seedlings. The trend hbtdutpe
season suggests that understory seedlings do not have differentatesanfrwater
loss, so this significance was viewed with caution.

Similar results were obtained for clearing species as. wBliring the
majority of months, the mean rates of water loss betwRerserotina clearing
seedlings and.. tulipifera were not statistically different. However, there were
statistical differences in May and again in August. The ageeebetween understory
seedlings and clearing seedlings in August alludes to more Vidyias a result
declining soil moisture availability. Perhaps, the effect ofitéth soil moisture is
different across species. The statistical significanceeain® in May points towards a
physiological constraint, most likely attributed to differencesest 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  4.04x fo 3 1.35x 16 10.069 0.000
Forest 40 1.18xfo 1 1.18x16  1.223 0.276
Clearing 40 7.20x 10 1 7.20x16  6.013 0.019
P. serotina 40  3.79x1b 1 3.79x16  1.998 0.166
June
All Species 80  6.06x fo0 3 2.02x 16 29.326 0.000
Forest 40 1.53xfo 1 1.53x16 1.546 0.221
Clearing 40 2.21x10 1 221x16 1.726 0.197
P. serotina 40  1.99x10 1 1.99 x 16 43.862 0.000
July
All Species 207 1.22xf0 3 4.07 x 16 42.054 0.000
Forest 103 9.09 x fo 1 9.09x16  0.570 0.452
Clearing 104 6.25x 0 1 6.25x16  0.353 0.554
P. serotina 102 5.61x1D 1 5.61x 16 46.783 0.000
August
All Species 80 4.51xfo 3 1.50 x 16 44.759 0.000
Forest 40  8.98x 10 1 8.98x 16  0.359 0.553
Clearing 40 1.37x10 1 1.37x106 2112 0.154
P. serotina 40 1.71x10 1 1.71x 16 54.062 0.000
September
All Species 160 9.87x%0 3 3.29x 16 52.627 0.000
Forest 40  4.28x fo 1 428x18  3.932 0.051
Clearing 40 5.92x10 1 592x10 5.817 0.025
P. serotina 40  7.76 x 10 1 2.76 x 16 58.961 0.000
October
All Species 40  6.05x fo 3 2.02x16 40.503 0.000
Forest 10 6.01x 10 1 6.01x16  0.102 0.754
Clearing 10  1.92x 10 1 1.92x16  0.205 0.656
P. serotina 10 2.82x10 1 2.82x16 174.337 0.000

"denotes a statistically significaRtvalue
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Analysis of variance was also conducted on each seedling groug to tes
whether mean stomatal conductance and transpiration were differenghout the
growing season by testing each monthly mean (Table 8). Rebalistbat for both
understory species;. grandifoliaandP. serotina their differing means of water loss
could be attributed to temporal causes during the course of the greeaspn.
Prunus serotinaclearing species also had significantly different means, althtug
P-value was higher than those for the understory spedi@sodendron 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 4.86x1H 6 8.09x16 8200  0.000
P. serotinaunderstory) 161 890x10 6 1.48x10 3.208  0.000
P. serotina(clearing) 161 1.75xP0 6 292x16 2374  0.032

L. tulipifera 163 1.33x10 6 2.22x10 1615 0.146

" denotes a statistically significaBtvalue

Monthly variation for each seedling group followed a similar patteat
could be explained by the progression of microclimatological conditimasighout
the growing season (Figures 23 and 24). All seedlings groups @éid@agduction of
mean as well as a minimal variance during months when volumetter wontent was

lower.
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@) (b)

Stomatal Conductance
(mmol m2 s?)

(©) (d)

Stomatal Conductance
(mmol m2s?1)

May Jun Jul Aug Sept Oct May Jun Jul Aug Sept Oct

Figure 23. Monthly stomatal conductance during the growing season foF.(a)
grandifolia, (b) understory. serotina (c) clearingP. serotinaand (d)L.
tulipifera seedlings. Outliers, values that exceeded * two standard
deviations, are indicated with the ° symbol.
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@) (b)

Transpiration
(mmol m2s?)

Transpiration
(mmol m2 s1)

May Jun Jul Aug Sept Oct May Jun Jul Aug Sept Oct

Figure 24. Monthly transpiration during the growing season forKagrandifolia
(b) understoryP. serotina (c) clearingP. serotinaand (d)L. tulipifera
seedlings. Outliers, values that exceeded + two standard deviatiens, a
indicated with the ° symbol.
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Tests of equality of error variance rejected the null hypothesig;ating
that the error variances were not equal across samples. Eg@&litpr variance tests
assume that a population is normally distributed, which is true ostilnily on a daily
basis, but when ANOVA was run on monthly data, multiple days wereded|with
multiple Gaussian distributions within the data set. Thereforedy vaasonable
explanation for unequal error variances, this test can be ignored.irt&golity most
likely arises from physiological differences between speaielstheir rates of water
loss depending upon their microclimate. Variance differencedlastated through
box plots to validate the reasoning behind this assumption. It istbbgameans can
be compared and can be equal even when variances are not. Additionally,
measurements were taken across a variety of meteorologicaticoscat different
periods during the day and the growing season. Therefore, the unequaheaioces

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 thegrowi
season of the four seedling groups were similar to ANOVA monésiylts (Table 9).
The seasonal ANOVA also included date of measurement as a betwgects factor
to determine if water loss means were significantly diffeecross species and time.
There were statistically significant differences betwdefoar seedling groups across
the entire growing season. The understory seedlings had differant weager loss
rates throughout the growing season, but the difference in mean could ttoboéed
to species type. The clearing seedlings had difference meanseaslt of date and

species type, but the combination of between subject factors wasgniicant.

82



Lastly, theP. serotinaseedlings 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 \uell as t
extent of variability among seedling groups were ordered accomlisigaide tolerance
(Figure 25).Fagus grandifoliahad slightly lower mean rates of stomatal conductance
and transpiration throughout the growing season than the understory seetiihgs
serotina Similarly, P. serotinaseedlings in the understory had lower mean rates and
less variability thanP. serotinaseedlings in the clearing. In the clearing plet,
serotina seedlings had lower mean rates of stomatal conductance and ragmspi
thanL. tulipifera seedlings. Overall, seedling species that were less shadmntdiad
higher stomatal conductances and transpiration rates than seedlngs shat were
more shade tolerant. In addition, the sun grown seedling species hadamabdity,

illustrated by the longer whiskers of those box plots.
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Table 9.
growing season.

ANOVA table of water loss for the four seedlings groups throughout the

SS d.f. MS F P-value
All Species (n=647)
Water Loss x Species 416 x*10 3 1.39x 1B 243.937  0.000
Water Loss x Date 9.62x10 16 6.01x16 10.580 0.000
Water Loss x Species x Date 1.06 1047 2.25x16  3.965 0.000
Forest Species (n=323)
Water Loss x Species 279x%0 1 279x16  1.121 0.291
Water Loss x Date 2.23x10 16 1.39x16 5601 0.000
Water Loss x Species x Date 6.16 X 1016 3.85x16  1.549  0.083
Clearing Species (n=324)
Water Loss x Species 1.30x°10 1 1.30x1® 14.968 0.000
Water Loss x Date 1.61x90 16 1.01x1® 11.573 0.000
Water Loss x Species x Date 2.11X1016 1.32x16 1519 0.092
P. serotinaSpecies (n=322)
Water Loss x Species 1.49x%10 1 1.49x10 223.866 0.000
Water Loss x Date 485x10 16 3.03x 16 4.537 0.000
Water Loss x Species x Date 4.93X1016 3.08 x 16 4.615 0.000

"denotes a statistically significaRtvalue.

84



Stomatal Conductance
(mmol m2 s1)

Transpiration
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Figure 25. Mean seasonal stomatal conductance and transpiration Ffor
grandifolia, P. serotina (understory),P. serotina (clearing) andL.
tulipifera, respectively. Oultliers, 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 differencemefin stomatal
conductance and transpiration between species and between micexlien&trther
analysis was performed to validate these findings. Cluster ssmatategorized

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 temperaturgiveela
humidity, wind speed, barometric pressure, soil temperature, voluweatec content,
time of measurement, leaf temperature, leaf relative humality,quantum radiation
resulted in four principal components (Table 10). These components kasadiges
greater than one and represented temperature, humidity, date afrenearst, 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 teroperatThe second
component has a high positive loading for Julian date and a high negaiileg for
volumetric water content, which represents the declining soil meistuoughout the
growing season. The third component has a high positive loading on rélativeity
and high negative loadings on air pressure and time of measurenmscomponent
represents how humidity relates to both time of day as well @sne#ic pressure.

Relative humidity is inversely related to barometric where Ipgkssure weather
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systems are related to low relative humidity and vice vers&datiRe humidity is also
inversely related to time of day. Relative humidity decrettsesighout the day as the
difference between air temperature and dew point temperatureasasralue to
daytime heating of the air. However, these loadings for componesmt dheemuch

lower than other components and signifies a weaker relationship aretatyer
humidity, air pressure, and time of day components in the understory.finkhe
component has a very high loading on quantum radiation. This radiation component is
most likely associated with intermittent sunflecks in the understod therefore
would not be related to relative humidity.

The best clustering results in the understory were obtained witld’'®Wa
method. Five clusters of microclimate conditions were createal fine four principal
components. The decision to use five clusters was made visually from the damdrog
(see Appendix) and was verified by plotting the agglomeration caeffs against the
clustering steps (Figure 26). The agglomeration coefficiegpsesent 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 infmmaThis

occurred for the understory microclimate data when five clusters were formed.
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Agglomeration Coefficients

8.0

Cluster Stage

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 (FAgureScores closer
to zero were considered neutral, while scores farther from zepoesented

components that were influencing the formation of the cluster.
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PC 1:
PC 2:
PC 3:
PC 4:

Component Score

Cluster

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 measurematfits w
relatively high air and leaf temperatures along with the lowelsttive humidities.
This cluster also included the highest wind speeds, which are probabigdult of

lower leaf area index in the canopy while the mature leavestdlremerging. Soil
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temperature and volumetric water content represented broad rangasiex in this
cluster, so they were considered neutral microclimate aspects.

The second cluster grouped together middle to late season measarement
with moderately high air, leaf, and soil temperatures. Thiserlusd the highest
relative humidities and the lowest volumetric water contents, agdwbe expected
during peak summer months when precipitation is more scarce andsthaedeficit in
the soil moisture budget.

The third cluster contained only ten observations. In general, the
microclimatic variables of this cluster were of moderate \&@lkecept for quantum
radiation, which was extremely high in comparison to the other cdustéelhe
seedlings in this group were most likely experiencing sunfleckthattime of
measurement. The limited number of seedlings in this clusteatedithat sunflecks
were rare and not a prevailing microclimatic condition of the understory.

The fourth cluster grouped cases by the latest dates of measurehhe
air, leaf, and soil temperatures were relatively low, as weaative humidity.
Volumetric water content was moderate too, indicative of soil mm@stecharge
during the transition into fall months.

The fifth cluster was exclusive to the first date of measargnwhich had
the lowest air, leaf and soil temperatures. Relative humiditly \elumetric water

content were the highest of all the clusters.
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4.4.2 Clearing Seedling Cluster Analysis
Principal components analysis of the microclimate clearing datag the
same variables as the understory components analysis, produced five ausipone

(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

92



The first component had high positive loadings on air, soil, and leaf
temperature and a high negative loading on volumetric water contentpéerature is
acting as a proxy for Julian date in this component, because highngreeason
temperatures occur during peak summer months, July and August, wheroistiire
is lowest. The second component had high positive loadings on relative tyusmidli
leaf relative humidity and a high negative loading on barometricsypres This
component is the same as the second component for the understory seedhripe
addition of leaf relative humidity. This may imply that ledatiee humidity is more
pronounced and variable in the clearing. The third component represemediaid
only. The fourth component represented time of day. Lastly, thecbihponent had
a high loading on quantum radiation.

Similar to the cluster analysis of the understory seedlingsq¥/arethod
produced the best results in comparison to the other four clustermglatgs. The
microclimatic conditions in the clearing could be described beswéyclusters. The
choice of five clusters for the independent clearing data was fmaalethe same
criteria as the understory data using the dendrogram (see Appemtix)the
agglomeration coefficients (Figure 28).

The five clusters were categorized following the same methotheas
understory clusters, by plotting the principal component scores agaicistof the

clearing clusters (Figure 29).
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Agglomeration Coefficients

8.0

Cluster Stage

Figure 28 Scatter plot of the agglomeration coefficients, representindgpfiseof
information accrued at each clustering step.
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PC1: PC 4: x
PC2: PC5: +
PC3:

Component Score

Cluster

Figure 29. Principal components scores in relation to clusters of theimdear
microclimate conditions.

The first cluster of seedlings had the earliest dates ofurerasnt. Air,
soil, and leaf temperatures were low, relative humidity waaively high, and the
volumetric water content of the soil was the highest of all tlusters. This
microclimate is characteristic of late spring conditions, wiéinnsoisture is high due

to springtime recharge and fairly cool temperatures.
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The second cluster had the highest air and leaf temperaturésiehgla
high soil temperatures, and the lowest volumetric water contentse Ttheroclimate
characteristics indicate peak summer conditions when temperaterésgh and soil
moisture is limited by drought-like conditions.

The third cluster represented the later hours of the day with ateter
low air and leaf temperatures, but higher soil temperatures. isThisst likely due to
a differential cooling of surfaces in the afternoon and evening honraddition, this
cluster had measurements of the highest wind speeds.

The fourth cluster represented the earlier hours of the day.leAfr,and
soil temperatures had high values. Volumetric water content hadumedilues
indicating that this cluster represented a broad range of avemégeclimate
conditions during the growing season.

The final cluster included measurements from the latest datébeof
growing season. Air, leaf, and soil temperatures were rdialme and volumetric

water content was high, signifying a recharge in soil moisture during the &arly f

4.5 Multivariate Analysis of Variance of Clusters

Multivariate analysis of variance (MANOVA) of the microcliteaclusters
revealed that transpiration and stomatal conductance rates of usersl were
significantly different (Table 12). Transpiration rates and stomatal ctarthes in the
understory and the clearing plots were significantly differergaoh of the clusters.
The partial Eta squared pf) of the understory seedlings indicates that only a small
portion of the variance of water loss was attributed to the diffelesters, whereas a
much larger portion of the variance in the clearing plot was exguldby the clusters.

However, none of the clusters were able to explain a large tyapbrthe variance.
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This result confirms the hypothesis that the majority of wates Hifferences can be
attributed to physiological differences between species, whileoaliimate conditions

serve to amplify these differences.

Table 12. Multivariate Analysis of Variance of Microclimate Clusters.

SS d.f. MS F  Pvalue

Understory

Stomatal Conductance 5.45x'10 4  1.36x10 3.086 0.016 0.036
Transpiration 383x10 4 971 7.040 0.000 0.078
Clearing

Stomatal Conductance 7.25x10 4  1.81x16 7.164 0.000 0.082

Transpiration 576 xf0 4  1.44x16 24.070 0.000 0.232

" denotes a statistically significaBtvalue
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SUMMARY: WATER LOSS IN SEEDLINGS

5.1 Microclimate

The microclimates of the two study plots had distinct charatterisThe
understory plot consistently had lower air and soil temperatureshbartearing plot,
which is a direct result of the difference between radiatiomesgy The clearing plot
had higher values of quantum radiation on every measurement dateasgaifdsky
conditions, so that more photosynthetically active radiation was blaftar 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. Thisnpitilewved the
distribution of precipitation. Precipitation was considerably lovwantthe 30-year
monthly mean for August and clearly influenced declining volumetriem@ontent.
Precipitation in September was much higher than the 30-year mantdy and
influenced the recharge of soil moisture experienced in that moniinough both
study plots had similar rates of soil moisture loss in the hedt of the growing
season, the clearing plot experienced a steeper rate of soturaaischarge from
August to September. The lack of mature trees in the clearing plot kedgtrésulted
in a reduced water demand. The increased input of precipitation caispwisture
recharge, but the species composition and age in the clearing plobtdichve the
same demand for water as the understory, leaving more water soithereating
higher volumetric water content in the clearing.

Vapor pressure deficits were also consistently larger in |d¢aicg plot
than in the understory. Transpiration from understory plants increasedityum

within the canopy, whereas transpiration from the clearing vegetatvas
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unobstructed from further circulation and mixing into the atmospheagoMoressure
deficit is a controlling factor of transpiration, consequently irgirgatranspiration

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 dramatiasdecofestomatal
conductance in all four species in August can be attributed to minsoummoisture
at this point during the growing season. The effects of limited isoisture, as
demonstrated in previous studies (Kozlowski, 1958; Sinclair et al., 2005¢ wer
observed in both research sites. Shade grown seedlings had sigyifmast rates
of water loss that sun grown seedlings, even among the same dpes@otina
Response magnitudes to declining soil moisture.igerotinaconfirmed 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 eqpad 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 useckpose the
relationship of monthly mean rates of stomatal conductance and transpiratioaurAll f
of the seedling groups had significantly different means by span@$®y date. This
demonstrated the variability among species that grow in diffenecroclimates and
how a change in those microclimates throughout the growing seasortethpagan

rates of water loss.
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The understory seedling§, grandifolia and P. serotina did not have
statistically different means among the two species. Withah enonth, the means
were not different, with exception to September where they warest 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 thenpeesé
optimal conditions for water loss, when temperatures are modechtoa moisture is
not limited, maximizing interspecific differences. The meaosmfmonth to month
were statistically different, implying a temporal variatidiroughout the growing
season.

The clearing species?. serotinaand L. tulipifera had statistically
different means among species and throughout the entire course of the grasomg se
This suggests that sun grown seedlings responded differently incldaging
environment, and that this environment had temporal differences thanhcdhlievater
loss. Although the monthly means were different across the satison, within each
month the means were only different for May and September. Magsents the
beginning of the growing season and different rates would be expectedo due
physiological differences caused by variable rates of leaf ggnee 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 serotinaseedlings in the clearing and the understory had
significantly different means of stomatal conductance and tratispiraThese two
seedling groups had different means from month to month as wellthis wach
month, except for May. In May, physiological characteristicauofand 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 vditiabi
of water loss throughout the growing season. Understory seedlings ucdd less
variability in all months than the clearing seedlings. Undersieeglings experienced
a much smaller range of microclimate conditions, which would exfdaia smaller
range of responses, whereas the clearing seedlings experiengetkraarray of
microclimate conditions and would have more variable responses. @search has
demonstrated faster reaction times of shade adapted seedlirgsariging light
intensities (Woods and Turner, 1971; Chazdon, 1988). Slower reaction times to
changes in microclimate of clearing seedlings would serve asxaggeration of
variability. Understory seedling with faster reaction timesudd 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 limitet moisture
availability. The decrease in October is more representatisergscence 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 betvineestudy plots. The
diurnal temporal dependence of components in the clearing was strbagentthe
understory. This implies that understory conditions could not be categdolbiy
changes that occurred on a daily cycle, but rather were the oés@asonal changes.
Although there was some temporal dependence of microclimate variéide,
declining soil moisture with onsetting summer drought, hotter temyesaturing

peak summer), the lack of daily temporal dependence in the understery wa
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considerable. In comparison, time of day had a considerably high loawdioge of
the clearing principal components.

The cluster analysis supported these findings with the inclusion of
stomatal conductance and transpiration observations. Understory clustsss
generally formed by water loss rates characteristic oeonekogical conditions that
changed with the progression of the growing season. The clearirtgrelugere
grouped based upon seasonal and daily time frames. This distinctiaasirtipt
water loss in the clearing seedlings was variable on a dall\season scale, whereas
the water loss through the understory seedlings was variable iegblusn the
seasonal scale.

MANOVA results of the cluster analysis also demonstrated ahget
variability of microclimates and the reaction of seedling waiss in the clearing.
Understory microclimate conditions are more stable because of cawmepyage,
which limits the influence of solar radiation and wind. In the abdgaplot, the
seedlings were completely exposed, creating more diverse conditrahe seedlings

in this location.

5.5 Conclusion

This study exposed interspecific differences that exist amofgaaring
seedling species in two different microclimates. Understogedlsgs had more
similar mean rates of water loss than clearing seedlingbis distinction was
controlled by physiological and microclimate differences. Physicébglifferences
arose primarily due to shade tolerance, which dictated which speerespresent in
each study plot. These differences accounted for the majority iatioarbetween

seedling groups. Meteorological differences accounted for a smddigree of
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variability in the understory than the clearing, as demonstrategzwlues obtained
through MANOVA.

The significance of this work lies in the ability to distinguishwieen
rates of water loss through stomatal conductance and transpiratarg aseedling
species. Additionally, the relationship between specific microclinfeteacteristics to
seedling species was exposed, demonstrating that clearing seedfipgnd to diurnal
and seasonal changes in microclimate, whereas understory seezkimgsenced

variability solely on the seasonal scale.
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APPENDIX: CLUSTER DENDROGRAMS

Al. Understory Clustering Dendrogram using Ward’s Method
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A2. Clearing Clustering Dendrogram using Ward’'s Method
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