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This dissertation project aimed to improve understanding of plant water relations, with an
emphasis on the use of stable water isotopes. This study attempted to integrate gas
exchange theories of stable water isotopes into the models of hydrologic processes by
measuring fine time resolution vapor isotope ratios including both laboratory and
ecosystem levels of analysis. This dissertation focuses on three research areas: (1)
isotopic enrichment at the evaporating surfaces, (2) the effects of dew on isotopic
equilibrium of leaf water with vapor, and (3) the dynamics of ecosystem water pools in a

mixed temperate forest in Ontario, Canada.

An evaporation flux chamber was developed to make continuous measurements of H,'*O
and HDO in vapor. My results revealed that surface enrichment due to the kinetic effect
was substantial and likely to be stronger at a high evaporation rate. My results suggested
that the surface enrichment could exist in natural environments under conditions of
suppressed natural mixing in evaporating water bodies. The estimate of surface

enrichment was insensitive to the consideration of evaporative surface cooling.

A fumigated plant chamber was developed to investigate the effect of dew on leaf water
isotope ratios. My results showed that the exchanges of H,'*O and HDO between leaf
water and the air continued in the darkness via incomplete stomatal closure. The

estimates of the leaf conductance at wet foliage following the isotopic mass balance



method fell in the ranges of the nighttime stomatal conductance reported in the literature.
Of the species used in the study, the C4 stomatal conductance was lower than the C;

conductance.

Continuous measurements of evapotranspiration flux isotope ratios were made in a mixed
temperate forest over a full growing season of 2009. Disequilibrium between vapor and
precipitation isotope ratios was observed, peaking in dry periods. The isotopic steady
state assumption turned out to be invalid in the site and the xylem of the overstory species
was coupled with soil water collected at 50 cm depth. The vertical profiles of soil water
isotope ratios revealed the dynamics of soil water, resulting from infiltration and mixing

of newer precipitation with existing soil water.
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Chapter 1. Introduction



1.1 Introduction

This chapter briefly outlines the significance of plants in hydrologic processes, the
implications of dew water input on plants water relations, and the advantages of stable
water isotopes in studying the dynamics of plant water uses. A knowledge gap between
theories and observations in the isotopic enrichment is briefly discussed. The
importance of leaf water contents and some uncertainties of nocturnal stomatal
behavior are briefly considered as determinants of leaf water isotope ratios. The power
of continuous measurements of vapor isotopes is given. The chapter ends with an

overview of the dissertation studies.

Plants assume a significant role in the hydrologic processes in terrestrial ecosystems.
Evapotranspiration (ET) is one of the important sources of atmospheric water vapor and
energy flux from terrestrial ecosystems: approximately 70% of the precipitation which
falls on the continents returns back to the atmosphere through ET processes (Shiklomanov
and Sokolov, 1983). Long term ET measurements are credible indicators to recognize the
intensity of the water cycle (Huntington, 2006). In vegetative areas, water vapor transfer is
mainly driven by transpiration rather than evaporation (Dawson et al., 2002) so that
deeper understanding of the dynamics of plants water uses is necessary in order to account
for ET processes. However, conventional methods have been limited in quantifying total

fluxes of ET above vegetation surfaces (Baldocchi et al., 1988; Monteith, 1965).

Identification of possible plant water sources is a fundamental step in understanding and
constructing the dynamics of hydrologic processes in ecosystems. It is crucial to fully
understand the dynamics of water uses by plants, especially under conditions of climate

changes that the hydrologic cycle will experience in the future (IAEA, 2001). Spatial and



temporal variations of water concentration in soil are a crucial factor in determining plant
diversity. Combining multiple water sources is a common strategy in plants aimed to
secure the supply of water. Though the effect of commonly known water pools, e.g.
groundwater, stream water and precipitation has been established, the consequence of

additional water input to plant water requirement has not been fully understood.

Water input by nighttime dew formation is equivalent to 11% of the annual precipitation
in the desert valleys of the western US (Malek et al., 1999) and the frequency of dew
occurrence over a growing season is approximately 85% in an soybean field in Minnesota
(Welp et al., 2008). Impact of dew in the regional water budget becomes significant in
dry climatic regions, restoring leaf water at night in Mediterranean (Munne-Bosch and
Alegre, 1999). These observations provide evidence that the nocturnal phase of water
movement is substantially high, which is supposedly driven by incomplete stomatal
closure during nighttime, considering a reported threshold of cuticular conductance
(Caird et al., 2007). Dew formation can alter the H,'*0 and HDO isotopic compositions

of leaf water (Welp et al., 2008; Wen et al., In review).

1.2 Water isotopologues in the study of plant water relations

1.2.1. Uses of water isotopologues

Stable isotopes allow us to trace water movement in the forest hydrologic cycle and to
identify plant source water. The source water of trees can be determined by comparing the
isotope composition of xylem sap (dy) to soil water (ds) and other possible water sources

such as groundwater, rain, or stream water (Dawson and Ehleringer, 1991; Walker and



Richardson, 1991; Stratton et al., 2000; Yakir and Sternberg, 2000). Soil water is the
complex mixture and redistribution of rain events and the accompanying isotopic
fractionation during evaporation (Zimmerman et al., 1967), resulting in unique depth
profiles of isotopic composition of soil water. Many studies have established that Js at the
surface is highly enriched compared to deep soil water (Allison et al., 1983; Barnes and
Allison, 1983; Mathieu and Bariac, 1996; Melayah et al., 1996). Root uptake and xylem
transport do not cause isotopic fractionation, so that measurements of dx can provide

unique information on the origin of source water (Dawson and Ehleringer, 1991).

In recent years, there are increasing efforts to combine stable isotope methods and
micrometeorological flux measurements in order to investigate atmosphere-vegetation
water exchange. The isotopic compositions of soil evaporation from forest floor and
transpiration are not identical. If the isotope analysis combines with the net flux
measurement, they allow us to distinguish gross flux components from the net flux (Yakir
and Wang, 1996; Yakir and Sternberg, 2000; Lai et al., 2006). This method requires
obtaining the isotopic information of ecosystem water pools, with an exceptional need for
leaf water isotope ratios. Indeed, understanding of leaf water enrichment governed by
diffusive kinetic effect through stomata lies in an analogy to isotopic enrichment at

evaporating surfaces.

1.2.2. Enrichment theory

Gas exchanges at the evaporating surface include both upward and downward fluxes of
water molecules whose rate is determined by vapor pressure deficit at the liquid-vapor

interface. At saturation, liquid water is in equilibrium with vapor at the liquid-air interface,



so that the isotopic composition of evaporation (Jg) is a function of temperature at the
water surface. Even though the net flux of major isotopes (H,'°0) is zero, the flux of
minor isotopologues apparently exists at saturation if the concentration gradient of minor
isotopes between two phases is presented. At sub-saturation, in addition to the equilibrium
effect, the kinetic effect is involved as a one of the driving forces in determining Jz. This
results in the isotopic enrichment at the evaporating surface due to the preferential
diffusion of lighter isotopes across the boundary layer. Consequently, measurements of dg

reveal the surface enrichment against the bulk water created at the evaporating surfaces.

Isotopic enrichment of leaf water can be estimated with a modification of the evaporation
enrichment model proposed by Craig and Gordon (Craig and Gordon, 1965). They first
proposed an explanation for the isotopic composition of the evaporated vapor (Jz), molar
fraction of minor isotopes to major isotope species in evaporating vapor, and liquid water
body (dw). Their model was adopted to predict leaf water enrichment during transpiration,
assuming transpiration isotope ratios are identical to those of the source of leaf water, a
condition called isotopic steady-state. This model was later modified to isotopic
enrichment at leaf water. The modified Craig-Gordon model did not concur with bulk leaf
water measurements, especially at nighttime (Cernusak et al., 2002; Dongmann et al.,
1974; Farquhar and Cernusak, 2005; Flanagan and Ehleringer, 1991; Flanagan et al., 1993)
because the model oversimplified the dynamics of leaf water by assuming static

conditions of stomatal behaviors.

A non-steady state assumption has improved the prediction of leaf water isotope ratios,
indicating the significance of leaf water contents and stomatal conductance. Dongmann et

al (1974) has demonstrated that isotopic enrichment of a leaf in the non-steady state



(4Lnss) can be estimated by leaf water turnover time, conductance, relative humidity with
the time step changes of ALyss at time (¢) and (z-1). ALyss (1) and ALyss (t-1) are estimated
from the steady state model. Farquhar and Lloyd (1993) plugged back-diffusion of
enriched water molecules at the evaporating site in leaves into the Dongmann’s model. In
order to explain isotopic heterogeneity of leaf water at a given time step, Farquhar and
Lloyd model acknowledged leaf water contents and stomatal conductance as major
constraints in controlling leaf water enrichment. Implications of dew formation and
nocturnal stomatal behavior on the leaf water enrichment have not been understood.
Consequently, new experimental studies place a greater emphasis on mechanisms by
which dew effects take place and on investigation of the extent to which they modulate

leaf water isotopes.

1.3 Relationship between leaf water content (LWC) and the isotopic

enrichment of leaf water

Leaf water status is associated with the isotopic enrichment of leaf water in two possible
ways: regulating transpiration and affecting leaf water turnover time. Leaf water status
physiologically regulates transpiration by controlling stomatal closure. Stomatal behaviors
are governed by completed physiological responses to the surrounding environment. The
major mechanisms of such regulation are mediated by releasing abscisic acid (ABA),
potassium ion channels, and the concentration of soluble sugars at a cellular level. Along
with soil water status and atmospheric variables (Gallego et al., 1994; Millar et al., 1971;
Saranga et al., 1991; Smart and Barrs, 1973), it can influence transpiration (Jones, 1978)

and stomatal conductance (Saliendra et al., 1995). Increasing leaf temperature due to leaf



water stress (Millar et al., 1971) may potentially affect the isotopic enrichment of leaf

water.

Limited observations suggested that leaf water content (LWC) may play a significant role
in the temporal variations in J;. For example, according to the measurements from an
intensive campaign conducted in a soybean field in the summer of 2006, LWC was
closely related to leaf water enrichments (Figures 1.1 and 1.2). Comparing the top and
bottom leaves, the trends of LWC were the inverse of the trends of the isotopic
composition of leaf water. The diurnal variation of LWC of the top leaves was smaller
than the one of the bottom leaves. In case of J;, however, the top leaves had slightly larger
diurnal variation than that of the bottom leaves. Further investigation is required to

understand the relationship between LWC and 6;.
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1.4 Nocturnal stomatal behaviors under dew formation
Dew formed at leaf surfaces may be in exchange with leaf water through two possible
pathways: partially open stomata and cuticular permeability. At high humidity, foliar
uptake is possible because equilibrium between intercellular space and leaf boundary
layer can be achieved. This foliar uptake may be a key to understand the enrichment of

leaf water less than predicted by existing models.

There are two possible pathways suggested for water uptake by leaves: via cuticles and
via stomata. Very few studies were conducted to investigate the permeability of water
through leaf cuticles and a threshold cuticular conductance of 0.02 mol m™s™ is
considered to be a background leaf conductance (Caird et al., 2007). It is found that the
properties of cuticular waxes determine the permeability (Fernandez and Ebert, 2005;
Schonherr, 2000). Temperature is not correlated with penetration, but high humidity

likely enhances the cuticular penetration of water at night (Schonherr, 2001).

Two hypotheses have been proposed to explain dew penetration via stomata: imperfect
stomatal closure and the form of water at the time of penetration. There is growing
evidence that plant stomata remain partially open at night, including measurements of
both nocturnal sap flow and diurnal leaf water isotopes (Dawson et al., 2007; Welp et al.,
2008). With partially closed stomata, stomatal penetration of water has been shown to
only happen by gaseous diffusion due to the combination of stomata geometry and the
surface tension of water (Schonherr and Bukovac, 1972). The authors described stomatal
pores as a conical capillary with a small wall angle. Solutes having surface tension
greater than the leaf surface tension (i.e. water) cannot penetrate through stomata of such

physical structure. Other than direct infiltration, however, the presence of water at leaf
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surfaces would form thin water films (Burkhardt and Eiden, 1994). Water films that are
very thin (less than 100nm) and overlaying the entire leaf surface evenly on both the
abaxial and adaxial sides of the leaf are able to extend into stomata and to reach
thermodynamic equilibrium. The validity of the water film hypothesis has been tested

experimentally (Eichert and Burkhardt, 2001; Eichert et al., 1998).

1.5 Measurements of vapor isotope ratios at high time resolution
As the demand for isotopic analysis is increasing in various ecosystem water vapor and
carbon cycle studies, technical challenges are becoming more evident with the existing
methodologies and instrumentation (Bowling ef al., 2003b). The majority of the existing
methods rely on trapping air in a flask and then analyzing it using mass spectrometry in
the laboratory. However, collecting gaseous samples for isotopic analysis is labor
intensive, which results in low sampling frequency and becomes an obstacle in vapor
isotope investigation. Also, mass spectrometry analysis requires preparation (i.e.
equilibrating water samples over one day), making it impossible to obtain real time

measurements.

Continuous measurements of vapor isotope ratios provide unique insights into gas
exchanges processes between ecosystem surfaces and the atmosphere. Use of direct
measurements of evaporation over water surface makes it possible to investigate
evapotranspiration flux partitioning (Yakir and Wang, 1996), surface enrichment at the
evaporating surfaces (Welp et al., 2008) and kinetic discrimination of carbon and water

isotopologues at the canopy scale (Lee et al., 2009).
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In this dissertation, a tunable diode laser analyzer (TDL analyzer, TGA100, Campbell
Scientific, Inc., Logan, UT, USA) was extensively used to measure continuous vapor
isotope ratios. The TDL analyzer was originally designed for micrometeorological trace
gas fluxes measurements (Edwards et al., 2003). Recently, the TDL analyzer was adapted
to measure the isoflux of ?C'*00 and *CO, (Bowling et al., 2003a; Griffis et al., 2004;
Griffis et al., 2005; Pataki et al., 2006) and HDO and H,'*O (Lee et al., 2005; Welp et al.,

2008; Wen et al., 2008).

A detailed discussion about TDL analyzer can be found in Bowling et al. (2003b) and a
modified version of its technical and operational descriptions for the water vapor are
provided by Lee ef al. (2005). Briefly, the TDL analyzer technology builds on the fact
that each isotope has a specific absorptivity of infrared radiation at a certain wavelength
so that it is possible to measure the concentration of target isotopes of interest. The
wavelength of the laser, which is controlled simultaneously by both temperature and
current, is tuned to an absorption line of a particular molecule of interest (TGA manual,
Campbell Scientific, 2004). In the proposed experiment, absorption lines of H,'°O and
H,'®0 are chosen at 1500.546 cm™ and 1501.188 cm™, respectively (Lee et al., 2005).
Based on the flux gradient method, two air samples from different heights and calibration
zero gas (ultra purified nitrogen) for zero offset are pulled into the TDL analyzer. In the
described experiment, inlet and outlet air samples of a dynamic chamber were measured
by comparison with the known isotopic composition of the reference gas (see Section.

2.3.1. in the evaporation chamber experiment).
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1.6 Overview of study
This dissertation project has both laboratory and ecosystem levels of analysis and
attempts to integrate gas exchange theories of stable water isotopes into hydrologic
processes by measuring vapor isotope ratios continuously. The main goal of the project is
to improve the methodology used in isotopic-based studies of hydrological processes on
multiple scales, from the single leaves to ecosystems and to provide reliable
measurements of the water dynamic for terrestrial ecosystems. This study appears to be
the first of its kind in that isotopic measurement of evaporation was made continuously at
a high resolution in a controlled environment. To improve theoretical understanding of
the kinetic effects, these measurements of evaporation isotope ratios were used in order to
quantify surface enrichment of water at various types of evaporating conditions.
Furthermore, the isotopic mass balance approach was provided for the first time to
estimate stomatal conductance at wet foliage. To quantify the nocturnal stomatal
behaviors, fluxes of minor isotopologues were measured at saturation in a fumigation
plant chamber, when net fluxes of major isotopologues vanished. To investigate the
temporal dynamic of forest water uses, observation of whole-canopy evapotranspiration
isotope ratios was made at a high time resolution over a growing season in a mixed

forest, Ontario, Canada.

Detailed methodologies and further literature review can be found in Chapter 2 — 4 of this
dissertation. Chapter 2 and 3 are presented in the form of manuscripts published in or, at
the time of writing, under peer review by journals. Chapter 2 presents a laboratory study
regarding isotopic enrichment of surface water during evaporation. Chapter 3 describes

the effects of dew on isotopic equilibrium of leaf water with vapor and the estimation of

13



stomatal conductance using the fluxes of minor isotopologues at a wet surface. Chapter 4
presents the field observations of ecosystem water pools conducted in the Borden forest,
Ontario, Canada during the summer of 2009. Chapter 5 summarizes the main conclusions
and overall implications of this work. The appendices report two pilot studies: direct
measurements of predawn leaf water potential under dew formation and a comparison of

three water content measurements with spectral reflectance measurements.
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Abstract

The predictions of isotopic composition of evaporation (Jz) from a water body are often
made with the Craig-Gordon model on the assumption that the isotopic composition of
water surface undergoing evaporation (dz.) is the same as that of the bulk water ().
The validity of this well-mixed assumption is not known due to the lack of the dg
measurements. In this study, a tunable diode laser (TDL) analyzer was deployed to make
fine time-resolution measurements of H,'*O and HDO in vapor in a developed flux
chamber. The results show that the surface enrichment was substantial: on average, the
surface water was 7.5 — 8.9%o more enriched in '*O and 12.6 — 16.5%o in D than the bulk
water, the exact value depending on the choice of the kinetic fractionation factor for
evaporation. Also I reported greater uncertainties of D than that of '*O in the estimation
of surface enrichment; the measured '*O surface enrichment was statistically different
from zero but the D enrichment was not. The kinetic effect appeared stronger under
conditions of higher evaporation. In addition to leaf water, I suggest that the surface
enrichment should also exist in lakes and evaporation pans although it is likely lower than
the estimated enrichment values. The well-mixed assumption may have also affected

previous effects of determining the '*0/'°0 and D/H diffusivity ratios in air.

19



2.1 Introduction
Isotopic fractionation effects determine the isotopic compositions of both the evaporating
vapor and the residual water by discriminating heavier isotopes in the process of phase
changes of water. Understanding these fractionation effects is a necessary step in many
isotope studies. The isotope tracers provide us a means to understand the dynamics of
hydrologic processes (Gat et al., 1994). The meteoric water exerts an imprint on plant
source water, which can be used to reveal water relations (Dawson and Ehleringer, 1991).
The ecosystem-scale water flux can be partitioned into its component fluxes using the
isotope tracers (Lee ef al., 2007; Williams ef al., 2004). Furthermore, the oxygen isotope
of water is tightly associated with that of atmospheric CO,, offering an opportunity to
constrain the atmospheric carbon budget using the knowledge of discrimination processes
associated with plant photosynthesis and soil respiration (Ciais et al., 1995; Farquhar et

al., 1993).

The evaporative enrichment at the water surface is created by the accumulation of the
heavier isotopes, in part, due to the kinetic effect. This effect arises from the different
molecular diffusion rate between the heavier HDO and H,'*0 molecules and the lighter
H,'°0 molecules at the air-liquid interface. Craig and Gordon (1965; hereafter referred to
as the C-G model) first proposed an isotopic evaporation model for open water surfaces.
The model characterizes the isotopic kinetic fractionation effect as being controlled by
turbulent and laminar boundary layers above the isotopically equilibrated air-water
interface. Conceptually, in the laminar layer, isotopic fractionation is governed by
molecular diffusion, while no fractionation occurs under fully turbulent conditions in the

turbulent layer. Applying this principle to evaporation from a soil surface, Zimmermann
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et al. (1967) suggested that turbulent mixing is minimal and molecular diffusion
represents dominant process above the evaporating front in the soil pores. Allison ef al.
(1983) found this diffusion-controlled fractionation effect increases with the depth of the
evaporating front. In contrast to soil water, evaporation from a leaf surface is governed by
kinetic fractionation effects in both stomata and the boundary layer of the leaf (Farquhar
et al., 1989). Many studies have confirmed the necessity of accounting for the boundary
layer diffusion in determining the leaf isotopic exchange (Barbour et al., 2007; Cernusak

et al., 2002; Ogee et al., 2007).

Application of the C-G model to quantifying the evaporative enrichment is difficult due
to theoretical and technical limitations. During the phase change of water, the heavier
isotopes accumulated at the water surface diffuse downwards to the liquid reservoir and
the lighter isotopes move upwards by advection. The thickness of the advection-diffusion
layer at the liquid surface controls the degree of evaporative enrichment at the surface
(He and Smith, 1999). This thickness is, however, not amenable to direct observation. In
the studies of plant-atmosphere vapor isotope exchange, questions exist about the role of
turbulent transport in the kinetic fractionation. The exponent n in the kinetic factor ex
formula (section 2.2.2) can vary from zero in fully turbulent diffusion to 1 in fully
molecular diffusion. In spite of the expected turbulent diffusion in the canopy boundary
layer, global modeling studies deploy ex with an effective n value greater than 0.9
(Hoffmann et al., 2004), which is larger than the kinetic factor for open water
evaporation whose n value is typically around 0.5. In leaf-scale studies, &k is mostly
controlled by diffusive fractionation through the stomata. This &g gives good agreement

between the C-G model prediction and the measurement of leaf water enrichment only if
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humidity and vapor isotope contents are measured very close to the leaf boundary layer

(Xiao et al., 2010).

Recent advances in laser spectroscopy make it possible to obtain high temporal resolution
measurements of the isotopic compositions of atmospheric vapor (dy) and the evaporated
water (0g). These measurements provide new constraints on the kinetic effects and
surface enrichment during evaporation. Several laboratory experiments have been
conducted on isotopic evaporation (Cappa et al., 2003; Craig et al., 1963; Merlivat, 1978;
Rozanski and Chmura, 2006; Stewart, 1975) but none of them has used continuous
measurement of dz. The advantage of the continuous and simultaneous measurement of
Or and Oy is that it allows us to determine the evolution of evaporative enrichment of the
surface water as evaporation progresses, which in turn can be used to quantify the kinetic

fractionation effects experimentally.

The temperature at the evaporating surface controls both the equilibrium fractionation
factor (&) and relative humidity (%) (Gat and Bowser, 1991; Kumar and Nachiappan,
1999; Lloyd, 1966). Cappa et al. (2003) proposed that a significant degree of cooling
exists at the surface of the evaporating water, which can affect the accuracy of water
isotope predictions. They argued that it is the surface temperature, Ts, not that of the bulk
water temperature, Ty, that drives the isotopic exchange between the surface and the air
aloft. A similar argument can be made for the stratification of the isotopic composition in
the water: O is dependent upon the isotopic composition at the evaporating surface (J..),
not directly on that of the bulk water (d.5). Cappa ef al. (2003) made the implicit

assumption that d; 5 is identical to o .. But in reality, I expect these two parameters to be
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different although to our best knowledge no published studies have quantified the
difference between Or, and Oz.. Obviously ;. is the more appropriate parameter than
or,» for quantifying the isotopic exchange during evaporation. According to Welp et al.,

(2008), O, can be backed out of the C-G model from the observed .

In this study, a tunable diode laser (TDL) analyzer was deployed to make fine time-
resolution measurements of H,'*0 and HDO in vapor in a home-made flux chamber. Flux
chambers have been widely used for measuring gaseous emissions to the atmosphere at
various types of surfaces. Using continuous measurement of the isotopic composition of
evaporation (Jg), this study aims to improve our understanding of fractionation during

evaporation and to quantify the isotopic enrichment at the evaporating surface.

2.2 Theory
2.2.1. Predictions of evaporative enrichment

The isotopic composition of evaporation (Jg) is described by Craig and Gordon (1965) as

_ a;qléL,e -ho, - Epy = (1-h)eg

£ (1-h)+107(1-h)e, @.1)

where £ is the relative humidity calculated with the measured vapor pressure inside the
chamber in reference to the temperature of the evaporating surface (7s), oy and . are
the isotope ratios of the vapor in the air aloft and the liquid water at the surface
undergoing evaporation, respectively, &x is the kinetic fractionation factor in per mil, .,

(>1) is a temperature-dependent fractionation factor (Majoube, 1971), and
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&,y =(1—L)x1000

eq

(2.2)

The reader should be aware that §; . is generally heavier than J;,,, the isotope ratio of the
bulk water. The difference, d.. - d.5, @ measure of evaporative enrichment, is the focus

of the experimental investigation.

Eq. (2.1) is a simplified version of the original Craig-Gordon model. In the original
model, the surface isotope value is higher than the value of the bulk water by an
unspecified amount. Although modeling studies have been reported on the enrichment
process (He and Smith, 1999), I am not aware of experimental investigations that attempt

to quantify the enrichment.

If O is known, Eq. 2.1 can be solved for J; . as

S, =a, [(l—h)(cSE +107¢,6, + &, )+hc5,,] +10’ (agq 1) (2.3)

One difficulty in applying Eq. 2.3 stems from uncertainties in 7s and &k, two variables
that are not measured directly. The determination of ex requires the characterization of

the degree of molecular and turbulent diffusion. Cappa et al. (2003) and Lee et al. (2009)

show that it can be written in the general form of

£ = n(l—&) x10°
D 2.4)

where D is the molecular diffusivity in air, subscript i denotes the minor water isotopic
species (H,'*O or HDO) and 7 is an aerodynamic parameter that appears as the exponent

in the following relationship (Stewart, 1975),
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n_ (2)
r \D, (2.5)

In Eq. 2.5, r and r; are diffusion resistances to the major and minor isotope species,
respectively. The diffusivity ratios are 0.9691 (**0/'°0) and 0.9839 (D/H) (Cappa et al.,
2003). The evaporating dishes used in the present study are small objects immersed in air
slowly circulated by a fan inside a chamber (see below), so it is reasonable to assume a
laminar boundary layer value of » = 0.67 (Barnes and Allison, 1983; Mathieu and Bariac,

1996).

I used two methods to determine J; .. The first method, described in the next subsection,
is that of Cappa et al. (2003) that solves n and Ts from the measured changes in the
'%0/'°0 and D/H of the bulk water during the evaporation experiment. In the second

method, I assumed a value of 0.67 for n and approximate Ts by Ty.

2.2.2. Determination of 75 and n from the isotopic composition of
evaporating water
Cappa et al. (2003) pointed out that the water surface undergoing evaporation should be
cooler than the bulk water. They proposed an experimental method that allows
simultaneous determination of 75 and »n from the 80/'%0 and D/H ratios measured at the
beginning and the end of the evaporation experiment. A brief summary of their method is
provided here. Mass conservation requires that

dR,,

E
" ;(RM -R,) (2.6)
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where m is the mass of water, ¢ is time, and R = ¢; / ¢, is the molar ratio, ¢; and c are the
mixing ratio of the minor and major isotopologue, respectively. Subscripts L and E
denote bulk liquid and evaporation, respectively. The molar ratios can be converted to the
delta-notation, as 6 = (R./ Ryspow- 1) % 103, where Rysyow 1s the VSMOW standard for

water. Assuming J; = J;,. and combining with Eq. 2.1, I obtain the solution of Eq. 2.6 as

(a-1)
-
a-1 a-1/\ m, 2.7)

where subscript 0 denotes values at # = 0, and

a= ! =
a,,(1-h)(1+107¢,)

_ho, +10°(1-a) + (1- h)gg
(1-h)(1+107 &) (2.8)

In Eq. 2.7, 61, 019, m and my are taken from the measurement, and 75, which determines
ey (Majoube, 1971), and n, which determines ¢ in Eq. 2.4, are unknowns. Since Eq. 2.7
can be written for both 'O and D, I have a closed system in which the two unknowns are
constrained by two independent equations. The solution of 7s and n was achieved
numerically for every evaporation experiment. The reader is reminded that this procedure
does not require the measurement of dz. For the purpose of consistency with Cappa et al.

(2003), the diffusivity ratios of 0.9691 (**0/'°0) and 0.9839 (D/H) were used in Eq. 2.4.
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2.3 Experimental Methods
2.3.1. Evaporation chamber
The evaporation experiments were conducted with a dynamic chamber. A TDL analyzer
was used to measure the mixing ratios of the three isotopic species, HDO, H,'*O and
H,'°0 in water vapor at the inlet and outlet airstreams of the chamber (Figure 2.1). The
chamber was a glass cylinder dome placed, without airtight seal, on a high density
polyethylene (HDPE) plate. Glass and HDPE were chosen as the chamber materials in
order to minimize the problem of water vapor sticking to the chamber walls (Lee et al.,
2005). The water absorption of HDPE is 0.02-0.06% and no absorption or swelling of
glass is reported when it is exposed to water (Avallone and Baumeister, 1996; NACE
International, 2002). The sampling tubing was made of Synflex composite material
(Dekabon Type 1300, 1/4 in OD x 0.040 in wall, Dekoron, Aurora, Ohio, USA). A fan
was installed on the bottom plate and pointed upward to circulate air inside the chamber,
so the possibility of humidity buildup near the evaporation source should be minimal.
Because the chamber was not air-tight, the pressure inside was atmospheric. Once a
pump was turned on, room air bled into the chamber, at a flow rate of 15 L min™, all
around through the bottom edge of the glass dome in contact with the HDPE plate. The
resident time of chamber air was 2.3 min. Simultaneously air was drawn, through a tube
perforated with small holes and looped around the bottom of the dome, into the TDL
analyzer for analysis of the inlet moisture mixing ratio and isotope ratio. Air inside the
chamber (chamber outlet air) was drawn from a perforated tube standing vertically in the
chamber. The difference in humidity between the inlet and outlet was about 3% and 5%

of relative humidity, respectively, relative to 7 for the heated and unheated experiments
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shown in Table 2.1. A small evaporating container was placed in the middle of the
bottom plate. The temperatures of the water and air inside the chamber were measured
with two thermocouples. The inlet humidity was not actively controlled. The air handling
system of the laboratory was quite stable. The inlet water vapor molar mixing ratio varied
by less than 1 mmol/mol peak-to-peak or its relative humidity h varied by less than 0.04

peak-to-peak during each evaporation experiment.

Another important component of the experimental system was the TDL analyzer (TGA
100 Campbell scientific Inc., Logan, UT, USA). Details of the system have been
discussed elsewhere (Lee et al., 2007; Lee et al., 2005; Welp et al., 2008; Wen et al.,
2008). Briefly, the TGA manifold was operated with five intakes. The intake assignments
were span 1 (S1; intake 1), span 2 (S2; intake 2), chamber outlet (intake 3) and inlet
(intake 4), and dry air (intake 5). The chamber inlet and outlet air were brought into the
TGA manifold through a gradient interface system (GI) inside which two buffer volumes
served to dampen fluctuations in the humidity and isotope ratios. S1 and S2 were
calibration air generated by a homemade device (called dripper) that generated water
vapor of known isotopic composition. The calibration was made in every manifold
switching cycle which was three minute long. Dry air served as a reference zero gas.
Flow through the manifold inlets was controlled at 0.25 L min™ by heated critical

orifices.

The experiments were performed under heated and unheated setup using four types of
containers. In the heated experiments, heating was provided by two lamps of 250 and 120
W installed outside the chamber. The average evaporation rate of the heated experiments

was 73% higher than that of the unheated experiments (Table 2.1). The kinetic
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fractionation effects may be associated with surface roughness. Four types of containers
were used: a 10-ml beaker (area 4 cm?, depth 3.3 cm), a 30-ml beaker (area 8 cm?, depth
5.6 cm), a glass cup (area 13.2 cm?, depth 7.7 cm) and a petri-dish (area 20.6 cm?, depth
1.8 cm). The surface dimensions of these containers are similar to that of a typical broad
leaf of a plant. A specific experimental goal was to find out if the different geometry of
the evaporation containers may alter the surface boundary layer enough to cause

detectable differences in the kinetic factor.
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Figure 2.1. Schematic diagram of the evaporation chamber and the TDL system for water

vapor isotopes. The numbers represent the five intakes to the TDL manifold.

30



2.3.2. Determination of the evaporation flux and vapor and flux isotope
ratios
The evaporation flux (£) was determined from the measured water vapor mixing ratios of

the inlet (¢;) and outlet (c,) of the chamber air and the chamber flow rate (Q), as
E=0(Co-C)/S (2.9)
where S is the surface area of the evaporation container.

This flux was integrated with time over the duration of the experiment and was compared

with the total water loss measured with a precision balance.

The isotope ratio of water vapor at the inlet and outlet air was computed from the mixing
ratio measurements and calibrated against the two span values according to Lee et al.
(2005) and Wen et al. (2008). The molar '®0/'°O and D/H ratio of the chamber

evaporation flux (Rg) was given by

X, =X X, =X
2 1x3 4

X=X Xy X 2.10)

where R, is the molar ratio of the dripper calibration water (‘*0/'°O of -15.7%o and D/H
of -120.9%o), subscripts denote the TDL inlet assignments (Figure 2.1), and x and x’
denote uncalibrated volume mixing ratios of the major and minor species, respectively
(Lee et al., 2007). The molar ratio Rg was converted to the delta notation. The isotope

ratios in this study were reported relative to VSMOW.

One source of measurement error was related to the nonlinear response of the TDL

analyzer to ambient humidity. In a linear system whose gain factor of each of the
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isotopologues is linear with its mixing ratio, the measured molar ratio of the span vapor
should be a constant or independent of the mixing ratio. This turns out not to be case with
this analyzer. According to Wen et al. (2008), nonlinearity can be minimized via periodic
adjustment of a nonlinearity parameter of the instrument. In this study, the nonlinearity
error in O was corrected, a posteriori, on the basis of mass conservation. Let dp be the
error associated with the instrument nonlinearity, 6p be the measured isotopic
composition of evaporation, and d; be the isotopic composition of the liquid water. Mass

conservation requires

ds,
dt

E
=—|0, —(0. + 9
m[L (E+ 0)] @2.11)

where E is evaporation rate and m is mass of liquid water. This equation was integrated
over time to the end of the experiment. The correction dp was found by matching the
predicted o, with the measured value at the end of the experiment. The average correction
was 1.6 (£2.6)%o ('*0) and 38.1 (£13.6)%o (D). The data presented below have been

corrected.

Local snow water with low isotope ratios (‘*0/'°0 = -13.5%0 and D/H = -88.9%0) was
used for all the evaporation experiments. The weight of the initial water and the
remaining water at the end of the experiment were measured, and the remaining water
was sampled for the isotope analysis. Water isotopic analyses were carried out on a
Thermo Finnigan DeltaPlus XP with Gas Bench, Thermo Finnigan MAT 253 with a H-

device and a Thermo Finnigan DeltaPlus XP with TC/EA at the Yale Isotope Laboratory.
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2.3.3. Measurements of transpiration flux isotope ratios
The chamber performance was further examined by measuring '*0/'°0 and D/H of plant
transpiration (dr). A cotton seedling grown in hydroponic solution was first exposed to
full sunlight in the ambient environment for 5 h and then placed in the chamber for 40 hr.
The pot containing the root and the hydroponic solution was sealed so that only
transpired water was detected. The photosynthetically active photon flux density was
very low at 15 pmol m™s™ during the experiment, resulting in a low transpiration rate of
0.45 mmol m™ (leaf area) s”. The low transpiration rate was compensated by a total leaf
area (0.03 m”) much bigger than the surface area of the evaporation containers so that the
humidity difference between the chamber inlet and outlet was comparable to those found
in the evaporation experiments. The transpiration experiment provided an independent

evaluation of the accuracy and precision of the dz measurement.

2.4 Results
Recently, Sturm and Knohl (2009) pointed out a potential problem arising from the use of
Synflex tubing in the isotope measurements of water vapor. They observed that a long
retention time existed when their analyzer intake was switched after a step change from a
sample gas to a calibration gas. The delay is particularly noticeable in the D/H response.
Synflex tubing was also used in the present study. Figure 2.2 presents the measured vapor
0/'°0 and D/H ratio time series, averaged over 16 switching cycles, in response to
switching from the chamber inlet to the calibration span 1 during an unheated experiment
(Evapo 5). Both isotope ratios responded rapidly to the step change, attaining the target

values 2 s after the transition. The rapid response may have been a result of low pressure
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(150-500 mb) in the tube. The low pressure was generated by a critical orifice at the tube

inlet which regulated the flow through the tube and by the small orifices of the manifold.

Figure 2.3 compares the cumulative evaporation estimated with the TDL mixing ratios
(Eq. 2.9) against the total water loss during the experiment. The evaporation derived from
the chamber measurement was in excellent agreement with the measured water loss
except for Evapo 6. The reason is not clear as to why Eq. 2.9 underestimated the water
loss during Evapo 6. This experiment was excluded from the analysis of surface water
enrichment. Figure 2.3 indicates that the developed chamber system was in general

reliable.

The results of the plant transpiration measurement can be used to quantify the
performance of the chamber system for measuring Jg. Figure 2.4 presents the time
evolution of the measured '*0/'°O and D/H of the transpiration water (7). Also shown is
the isotope compositions of the plant source water (dx). The average transpiration rate
and the turnover time of leaf water were 0.45 mmol m™s™ (on the leaf area basis) and 6.1
h, respectively. The reader is reminded that because the plant had been exposed to full
sunlight, the isotopic contents of its leaf water must have been highly enriched over the
source water. The r measurement indicates that transpiration was not in steady-state for
the first 13 h of the experiment. The transition time was much longer than other
observations in which the isotopic steady state is achieved in less than 2 h under
controlled environment conditions (Flanagan et al., 1991; Yakir et al., 1994). The long
transition time was not surprising given the extremely low transpiration rate in the dark

conditions. After 13 h of the elapsed time, 67 became stabilized, with average values of
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1.8%o and 20.8%o lighter than '*0/'°O and D/H of the source water, respectively. This
bias occurred due to the nonlinearity of the TDL analyzer (Lee et al., 2005). The biases
fall in the ranges found with the mass balance approach described in Section 2.3.2.
Excluding the first 13 h of the observation, the standard deviation of the hourly Jr was
1.4 and 21.7%o for "*0/'°O and D/H, respectively. This can be viewed as the precision of
the op measurement. Relative to the precisions of the vapor isotope ratios, the precision
of the flux D/H ratio was much worse than the precision of the flux '*0/'°O ratio. The

precision of the '*0/'°O ratio was comparable to that reported by Lee et al. (2007).

Figure 2.5 presents an example of the time evolution of the hourly dg and dy in one of the
unheated experiments (Evapo 5). The O predictions (dots) were made with the C-G
model using the measured delta value of the bulk water (J; 5, crosses) at the beginning
and end of the experiment. Both the evaporation flux and the bulk water were steadily
enriched in '*0 and D with time during the experiment. The measured Jz disagreed with
the predicted dz. In general, the C-G predictions of '*O/'°0 of the evaporation flux
underestimated ¢ while the C-G predictions of D/H showed inconsistent tendency. The

discrepancy between the predictions and the observations appeared larger at the end than

at the beginning of the experiment.
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Figure 2.2. Response of the TDL to step changes from the inlet air sample (81 - 100 s) to
span 1 calibration (101 - 120 s) in 180 s measurement cycles. Dashed lines are the known

values of the span calibration, -15.7 and -120.9% for '*0/'°0 and D/H, respectively.
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Figure 2.3. Relationship between the measured water loss (m — my) and cumulative
evaporations estimated with the TDL mixing ratios according to Eq. 2.9. The line
represents a 1:1 relationship. The outlier represents Evapo 6 which was excluded from

further analyses.
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Figure 2.4. The isotopic compositions of transpiration. The source water '*0/'°O and D/H
represented by the crosses were 4.3 and -4.5%o at the beginning and 4.4 and -3.9%o at the
end of the experiment, respectively. Excluding the first 13 h under non-steady state, the
variations suggest an uncertainty (one standard deviation) of the hourly flux isotope ratio

measurement on the order of 1.8 and 21%o for '*0/'°0 and D/H, respectively.
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Figure 2.5. Hourly means of the evaporation isotope ratios (a) and vapor isotopic
compositions of chamber air (b) in the one of unheated experiments (Evapo 5). The C-G
model predictions of dg (dots) were made with the measured bulk water isotope ratios
(Or») and bulk water temperature (7) and the n value of 0.67. The uncertainty (one
standard deviation) of the hourly dy measurement was about 0.1%o for "*0/'°O and 1%
for D/H (Lee et al. 2005; Wen et al. 2008), and that of the hourly 6z was 1.8%0 for
0/'°0 and 21%o for D/H (Figure 2.4).

39



Table 2.1 summarizes the experimental conditions. In a total of 11 experiments, 4 were
performed with heating and the rest without heating. Heating produced a much higher
evaporation flux ranging from 0.01 to 0.0276 mol m™s™ than without heating (0.005 to
0.0081 mol m™s™). For comparison, Blanken et al. (2000) reported a typical midday
evaporation rate, ranging from 0.00167 to 0.0034 mol m™ s from a boreal lake in the
summer. The fraction of residual water at the end of experiment, m/m,, varied depending
on operation duration, heating setup, and container type. The relative humidity inside the
chamber in reference to 7s ranged between 0.40 and 0.59 depending on the experimental
conditions. A large difference in the aerodynamic parameter » occurred between the two
experimental settings. The same container was used for the first three heated experiments
(Evapo 2-4). No solution of n in the range 0-1 could be found for Evapo 2, 4 and 8. The
solutions found for Evapo 3 were used for analysis of Evapo 2 and 4 and those for Evapo
5 were used for Evapo 8 on the assumption that the same container would cause identical
influence of turbulence on the diffusion characteristics to generate the same 7s and n
values. In the heated set-up, the n values varied from 0.89 to 0.94. That the n value was
close to the molecular value suggests that molecular diffusion dominated isotopic
fractionation under conditions of high evaporation. I suggest that this was because
turbulence was suppressed in the stably stratified interfacial surface boundary layer above
the water surface. The strong evaporative cooling caused the surface temperature of the
water to be on the average 9.9°C lower than air temperature in the chamber in the heated
setup. In the unheated set-up, the mean n value was 0.55, indicating that turbulent
diffusion was stronger at the lower evaporation rates. The average surface temperature of

the unheated evaporation experiments was 0.8°C higher than the bulk water temperature
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and 1.2°C lower than air temperature in the chamber. The » variation among the unheated
experiments was quite small, implying that the boundary layer condition above the
evaporating surface was insensitive to the shape of the container. The n value was

uncorrelated with the evaporation rate.

The estimated evaporating surface temperature (7s) was similar between the heated and
unheated set-up even though the measured bulk water temperature (7%) was quite
different. The mean T value (standard deviation) was 21.3°C (% 2.2) for the heated setup
and 21.4°C (+ 1.4) for the unheated setup. With respect to evaporative cooling, the heated
setup had the surface that was consistently cooler than the bulk water with the maximum
temperature difference of 11.8°C during Evapo 4. No consistent pattern was observed in
the unheated setup. Evapo 9 and 10 produced slight cooling while during Evapo 1, 5, 7
and 8, some warming was observed. The physically unrealistic warming of the
evaporative surface could be related to measurement errors and errors arising from the

well-mixed assumption in the solution of » and T.

41



Table 2.1. Summary of experimental conditions. The aerodynamic parameter n and surface water temperature (7s) were
determined with the isotope mass balance method described in the text. Relative humidity (4, both outlet and inlet streams
were normalized to 7s) and evaporation flux were averages of the whole experiment. Bulk water temperature (7w) is the first

3 hour average of thermocouple measurements.

Tw Ts Evaporation flux
Container m/my n Outleth  Inlet h
(°C) (°C) (mol m?s™)
Heated
Evapo 2 10ml beaker 0.29 33.8 0.94 23.0 0.45 0.42 2.48 x 107
Evapo 3 10ml beaker 0.22 33.1 0.94 22.4 0.45 0.40 2.44 x 107
Evapo 4 10ml beaker 0.07 334 0.94 21.6 0.46 0.42 229 x 107
Evapo 11 Glass cup 0.59 26.7 0.89 18.0 0.59 0.52 1.02 x 107
Unheated
Evapo 1 10ml beaker 0.54 20.3 0.54 21.1 0.45 0.43 8.11 x107
Evapo 5 Petri-dish 0.26 19.5 0.49 22.7 0.42 0.38 522 x107
Evapo 6 Glass cup 0.23 20.3 0.52 20.3 0.48 0.45 3.97 x 107
Evapo 7 Glass cup 0.17 21.0 0.55 214 0.45 0.42 443 x 107
Evapo 8 Petri-dish 0.19 19.8 0.49 23.8 0.40 0.37 553 x107
Evapo 9 30ml beaker 0.58 21.7 0.51 20.1 0.49 0.46 6.77 x 107
Evapo 10 Glass cup 0.78 21.0 0.67 20.1 0.50 0.46 5.09 x 107
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Table 2.2 summarizes the '*0/'°0 and D/H values of the bulk (8, ) and the surface water
(OL.). Here 01, was determined with Eq. 2.3 using the n and 7 values listed in Table 2.1.
The initial 6;, was identical as water of the same isotope ratios was used in all the
experiments. At the beginning of these experiments, the mean surface enrichment (g .-
Or») values (standard deviation in parentheses) are 12.4 (5.3) and 31.1 (35.7)%o for the
heated and 4.0 (2.3) and -12.4 (37.9)%o for the unheated setup for '*0/'°O and D/H,
respectively. At the end of the experiments, the mean values are 8.7 (5.2) and 22.4
(30.0)%o for the heated and 8.7 (3.8) and 18.6 (33.1)%o for the unheated setup for '*0/'°O
and D/H, respectively. The average value of all the data (heated and unheated, beginning
and end) was 8.0%o (standard deviation 4.8%o) for '*0/'°O and 12.6%. (36.2) for D/H.
The mean '*0/'°0 enrichment was significantly different form zero (p < 0.001) but the
mean D/H enrichment was not (p = 0.14). Because of the large uncertainties found in

D/H, the analysis of surface enrichment for '*0/'°O should be more reliable than that of

D/H.

The more variable D/H enrichment estimates than the '*0/'°O values were related partly
to the fact that the precision for the D/H flux ratio measurement was much lower than for
the "*0/'°0 flux ratio (Figure 2.5). Other researchers have also reported uncertainties in
D/H previously in the case of leaf water enrichment (Cernusak et al., 2002; Roden and
Ehleringer, 1999). Roden et al. (2000) suggested in their sensitivity analysis of the C-G
leaf water model that errors in the model predictions can be magnified as the difference
in D/H between the vapor and the source water increases. The D/H difference between

the liquid and the vapor was on average 52.0%o0 at the beginning and became larger
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101.2%o) at the end of the experiments. This seems to explain why the D/H enrichment
p

estimates were more scattered at the end than at the beginning of the experiment.

To ensure that the enrichment results in Table 2.2 are not an artifact of the well-mixed
assumption (section 2.5.4), I did another set of calculations using the » value of 0.67 for
the kinetic factor (Eq. 2.3) and evaluating relative humidity (%) and the equilibrium factor
at the measured bulk water temperature. As stated previously, the n value of 0.67 is
frequently used for assessing the fractionation during diffusion through the laminar
boundary layer of a small object (Farquhar and Lloyd, 1993). When these values were
deployed in the C-G model, only small changes in the surface enrichment were detected
for either type of the experimental setups (Table 2.3). At the end of evaporation, the mean
surface enrichment in 'O changed to 12.1 and 9.1%o from 8.7 and 8.7%o and the
enrichment in D changed to 31.4 and 16.1%o from 22.4 and 18.6%o for the heated and
unheated setups, respectively. The average enrichment of all the data (heated and
unheated at the beginning and end of the experiments) was 8.9%o (standard deviation
4.1%o, significantly different from zero at p < 0.001) for '*0/'°0 and 13.1%o for D/H
(standard deviation 35.7%o, p = 0.12). The enrichment estimates are insensitive to the

choice of the Cappa method or the commonly accepted # value.
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Table 2.2. The isotopic compositions (%o) of the bulk water (d.5) and the evaporating
surface water at the beginning and the end of experiment. Here , 6, was estimated from
the hourly measurements of 0z using » and 75 shown in Table 2.1. Typical measurement
precision was 0.1 (**0) and 1%o (D) for &, and 0.9 (**0) and 11%o (D) for Jye.

*0/°0 Orb OLe
Initial End Initial End

Heated

Evapo 2 -13.5 5.5 -2.1 19.3

Evapo 3 9.1 2.6 19.9

Evapo 4 19.9 33 28.8

Evapo 11 -3.8 -8.2 -2.3
Unheated

Evapo 1 -13.5 -2.3 -7.5 9.5

Evapo 5 -0.7 -13.4 12.1

Evapo 6 4.8 n/a n/a

Evapo 7 6.5 -8.4 15.0

Evapo 8 2.0 -10.9 12.3

Evapo 9 -5.2 -7.8 -2.3

Evapo 10 -7.4 -9.1 -1.6
D/H oLb OLe

Initial End Initial End

Heated

Evapo 2 -88.9 -33.8 -30.0 -15.2

Evapo 3 -23 -44.0 39.5

Evapo 4 12.7 -46.8 2.6

Evapo 11 -63.6 -110.2 -45.0
Unheated
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Evapo 1
Evapo 5
Evapo 6
Evapo 7
Evapo 8
Evapo 9

Evapo 10

-88.9

-48.3
-42.3
-24.5
-19
-5.2
-63.9
-72.5

-119.2
-110.8
n/a
-57.9
-157.7
-60.2
-101.7

-51.4
10.8
n/a
27.0
10.6
-29.9
-106.9
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Table 2.3. The isotopic compositions (%o0) of water at the evaporating surface. The
measured bulk water temperature and the n value of 0.67 were used for the o,

estimations. The same data is also plotted in Figure 2.6b. Typical measurement precision
was 0.9 ("*0) and 11%o (D).

*0/"°0 D/H
Initial End Initial End
Heated
Evapo 2 -6.9 19.6 -30.8 -17.7
Evapo 3 -1.3 21.5 -53.0 56.5
Evapo 4 0.6 353 -59.6 5.7
Evapo 11 -5.0 2.6 -128.2 -26.5
Unheated
Evapo 1 -5.4 11.1 -115.0 -49.6
Evapo 5 -10.2 11.6 -101.3 1.1
Evapo 6 n/a n/a n/a n/a
Evapo 7 -6.4 16.6 -56.7 26.6
Evapo 8 -8.1 11.5 -139.6 3.3
Evapo 9 -4.8 1.2 -59.1 -25.1
Evapo 10 -12.3 -4.5 -105.7 -110.7
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The 6D-0"0 slope analysis in Figure 2.6 reveals that evaporation caused a fractionation
effect at the evaporating surface than in the bulk water. The slope of the SD-8'°0
relationship reflects the difference in kinetic fractionation between D and 'O of the
residual water after evaporation has occurred. A stronger kinetic effect shifts the slope
further from the slope of 8 in which is the GMWL slope resulting from the isotopic
equilibrium between the precipitation and the vapor (Gat, 1996). The dD-8'*0 slope for
O is 3.0 at the end of the experiments. The dD-8'°0 slope for .. at the end of
experiments was predicted in the range of between 1.5 and 3.8 (mean slope of 2.6 at the

95% confidence intervals) in Figure 2.6b.

Figure 2.7 shows the evolution of &g, measured during Evapo 5 (Figure 2.5), in the dD-
8'%0 plot. The best fit of the data gives a linear regression with a slope of 3.6, similar to

the slope shown in Figure 2.6a for the bulk water.
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Figure 2.6. 6D-8"°0 relationships for the evaporating water reservoirs:(a) isotope ratios
of the bulk water (J; ), and (b) at the evaporating sites (d..). O, was estimated with the
C-G model with the n value of 0.67 and the measured 7. Closed and open symbols
represent isotope ratios at the beginning and the end of the evaporation experiment,
respectively. Dashed lines are the best-fit of the open symbols, with the regression
equation of (a) 8D= 3.0 (+1.2) 6"°0 — 43 (+10) and (b) 6D = 2.6 (+ 2.4) 6"°0 — 47 (+40)
with parameter ranges given at the 95% confidence level. Dotted lines in (b) are the 95%

confidence intervals. Solid lines are GMWL. The same data is given in Table 2.3.
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Figure 2.7. Evolutions of isotopic composition of the evaporation flux (Jg) over the
course of Evapo 5. The diagonal solid line is the GMWL. The color bar shows the time
evolution of the experiment (hour). The dashed line is the linear regression of Jg. Also
shown are the C-G model calculation of the surface water isotope compositions (Jy.),
made with n = 0.67 the measured 7y, and the compositions of the bulk water. Additional

information on this experiment is given in Figure 2.5. See Figure 2.5 for §; symbols.
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2.5 Discussion

2.5.1. The role of molecular and turbulent diffusion

The overall kinetic effect on evaporation depends on the relative roles of molecular and
turbulent diffusion. Three limits of n value are known: non-fractionating, fully turbulent
diffusion (n = 0), diffusion through the laminar boundary layer of a small object (n =
0.67) and pure molecular diffusion (n = 1) (Craig and Gordon, 1965). In leaf scale
observations, n ranges from 0.48 to unity depending on leaf morphology (Buhay et al.,
1996). According to wind tunnel studies, » should be equal to 0.67 if the motion in the
leaf boundary layer is laminar and 0.50 if it is turbulent (Monteith and Unsworth, 1990).
In the process of soil evaporation, diffusion through the soil pore space is a molecular
process and n should be close to unity (Allison et al., 1983). At the ecosystem-scale, the
gaseous exchange pathway consists of both molecular diffusion through the stomatal
opening and turbulent diffusion through the canopy air space and the atmospheric surface
layer, and as a consequence the effective n value can be very small (Lee ef al., 2009). The
estimated n values were closer to the molecular limit at high rates of evaporation and the
limit of turbulent leaf boundary layer at low rates of evaporation. In comparison, Cappa
et al. (2003) reported the n values in the range of 0.32-0.39 at evaporation rates similar to
those in the unheated experiments. These exceptionally low n values may be an

indication that turbulent diffusion played a large role in their chamber experiment.
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2.5.2. Isotopic enrichment at the evaporating sites
The results show that the predictions of dg with the C-G model (Eq. 2.1) were lower than

the Op observations if the bulk water isotope ratios were used in the model calculations.
The disagreement can only be explained by the surface being more enriched in '*O and D
than the bulk water. The disagreement existed at the very beginning of the evaporation
experiment (Figure 2.5a), indicating the development of the vertical gradient in the water

%0 and D compositions was a nearly instant process.

The enrichment in '*0 and D during evaporation has been extensively studied through the
examination of leaf water. Numerous studies have used the C-G model to predict the
isotopic compositions of the water at the evaporating sites within the leaf at steady state
(Allison et al., 1985; Barnard et al., 2007; Flanagan and Ehleringer, 1991; Seibt et al.,
2006). The predicted values are generally higher than that of the bulk leaf water. A Péclet
effect model has been used to describe the isotopic mixing of the xylem water flow and
the back diffusion from the evaporation sites in the leaf (Farquhar and Cernusak, 2005;
Farquhar and Lloyd, 1993; Ripullone et al., 2008; Wang et al., 1998). This isotopic
gradient developed within the leaf bears some resemblance to this experimental
situations. Unlike leaf transpiration where the leaf water is continuously refilled by the
inflow of the xylem water, this system was a closed one in that there was no continuous
supply of water with constant isotopic compositions to the evaporating reservoir. In a
closed system, I expect a stronger back-diffusion than in an open system, imposing a
constraint on the magnitude of the isotopic gradient between the surface and the bulk

water.
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Even though the dimension of the evaporation source was small, the underlying processes
can shed some light on evaporation from water bodies such as rivers, lakes and
evaporation pans (Gibson et al., 1999) in natural conditions. Running the C-G model in
the inverse mode (Eq. 2.3), I estimated that the gradients between the surface and the
bulk water were 8.0 and 12.6%o for '*0/'°0O and D/H, respectively (Table 2.2). These
enrichment values are likely to represent the upper limit of natural water bodies
undergoing evaporation. In ocean waters, wave breaking, which occurs at scales greater
than the thickness of the interfacial layer undergoing evaporation, should act to smear the
isotopic gradient. It is also known that the diffusion process in river and lake waters is
more efficient than molecular diffusion (Csanady, 1963), further inhibiting the
development of the isotopic gradient at the surface. Indeed, recent isotopic studies of
marine vapor do not show evidence for such large enrichment of surface water (Uemura
et al., 2010; Uemura et al., 2008). Nevertheless, this research raises the possibility that
the calculations of the isotopic compositions of the water vapor at the source region may
have been biased low in previously published studies because the bulk water isotopic
content was used to drive the C-G model (Terwilliger and DeNiro, 1995; Yadav, 1997;
Yi et al., 2008). Horita et al. (2008) also pointed out in their review that the degree of
surface cooling suggested by Cappa et al. (2003) must also produce surface enrichment.
The advection-diffusion model of He and Smith (1999) shows that in the limit of high
evaporation rates, evaporation from a water body should approach a “batch” process
analogous to leaf transpiration. In this process, the evaporated water has an identical
isotopic composition as the bulk water and the water surface undergoing evaporation

must be enriched over the bulk water to sustain this isotopic steady state.
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2.5.3. Isotopic fractionation indicated by the 6D-6"°O slope
Numerous studies have examined the dD-8'°O slope of environmental water. In the
studies of atmospheric transport, the dD-8'*0 slope of precipitation provides insights into
the mixing of the vapor generated locally with the water transported from the remote
source region (Gat et al., 1994; Gat et al., 2003; Gibson, 2002). In the process of leaf
transpiration, the SD-8'°O slope is a measure of the mixture of the un-fractionated xylem
water with the fractionated leaf water at the evaporative sites (Allison et al., 1985;
Cernusak et al., 2002; Flanagan et al., 1991; Pendall et al., 2005; Roden and Ehleringer,
1999). The majority of the studies on the leaf water enrichment reported the slope value
in the range from 3 to 5. In dry soils, the slope of the soil water is less than 3 due to the

dominance of molecular diffusion through the soil layers (Allison et al., 1983; Tang and

Feng, 2001).

In the present study, the dD-0'°O slope for the bulk water, 8., (Figure 2.6a) was 3.0
(£1.2, 95% confidence interval) close to the low end of the values reported for the bulk
leaf water in the literature. The slope of for .. at the end of the experiments (Figure
2.6b) was 2.6 (£ 2.4, 95% confidence interval), falling in the ranges reported by
previous studies conducted on evaporating water bodies (Allison et al., 1985; Craig and
Gordon, 1965; Gat et al., 2007). In a model calculation with the assumption of no vertical
isotopic gradient, Gat (1971) reported a modeled slope value of 2.3 for an evaporating
reservoir. The estimated slope for the surface water was closer to those found for
extremely dry soil and for leaves of water-stressed plants. For example, a slope of 2 was
reported for soil water in Sahara (Dincer et al., 1974 in Gibson et al., 2008). Gat et al.

(2007) reported the slope of 2.1 to 2.8 for the leaf water of desert plants sampled in
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midday hours. Allison et al. (1985) reported a slope of 1.3 to 2.4 for water of pine
needles at various height collected in water-stressed and non-stressed seasons,
respectively, and a slope of 1.5 for annual pigweed and sunflower plants under controlled
greenhouse conditions. Presumably when the plants are in drought stress, the stomatal
resistance should be much higher than the aerodynamic resistance and as result the
kinetic fractionation is dominated by molecular diffusion (Lee et al., 2009). The small
slope for dD-0'°0 suggests that the kinetic fractionation of evaporation from isolated
water bodies may be stronger than previously thought, although the large range of the

slope parameter in Fig 6b prevents us from drawing a firm conclusion.

2.5.4. A closure problem
The application of the C-G model (Eq. 2.1) for predicting the isotopic composition of
evaporation requires three parameters that are not directly observable. They are the
temperature of the evaporating surface (7s), the aerodynamic parameter n, and the
isotopic composition of the water at the surface (d..). However, there are only two mass
conservation equations (Eq. 2.7), one for each of the two isotopic species (‘*O and D).
Mathematically, I have a closure problem because there are more unknowns than the
number of equations to constrain them. To solve for 75 and n, Cappa et al. (2003) made
the implicit assumption that 6., = 5. The same closure or well-mixed assumption was
tacitly adopted in this study. How this assumption affects the 7s and » estimates is not

known. The estimates of the surface enrichment (J.. - dz,») seem robust because they are
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not sensitive to the choice of n or the temperature at which the equilibrium fractionation

was evaluated (Tables 2.2 and 2.3).

The molecular diffusivity ratios determined by Merlivat (1978a; 0.9727 for '*0/'°0 and
0.9757 for D/H) have been widely used because they were obtained from carefully
conducted experiments (Horita et al., 2008). Cappa et al (2003) proposed the values of
0.9691 and 0.9839 for '*0/'°0 and D/H, respectively, based on a set of chamber
evaporation experiments similar to this expeirment and with the surface cooling
accounted for. Some of the differences between Cappa’s and Merlivat’s values may have
been caused by the well-mixed assumption noted above. In a more recent study, Luz et
al. (2009) stirred the water undergoing evaporation, creating a true well-mixed condition.
By doing so they arrived at estimates of these diffusivity ratios in close agreement with

Merlivat’s values.

2.5.5. Uncertainty in the determination of evaporative enrichment
Three sources of uncertainty can affect the enrichment calculations in this study. First,
the input variables on the right of Eq. 2.3 were influenced by measurement noises. Of
these Og carried the largest uncertainties (1.4%o for 80/'°0 and 21.7%o for D/H). The
errors in dz. caused by the dg uncertainties were reduced by half to 0.7%o for '*0/'°O and
11%0 for D/H because relative humidity # was about 0.5 (Table 2.1). The combined
uncertainties in 0, due to errors in 4 (0.02) and the vapor isotope ratios (0.1-0.2%o for
0/'°0 and 1%o for D/H) were less than 0.2%o for *0/'°0 and 1%o for D/H. The error

propagation accounted for about 20% of the observed variability in surface enrichment
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(Tables 2.2 and 2.3). The remaining variability in the observed enrichment values was

associated with changes in experimental conditions.

The second source of uncertainty is related to nonlinearity errors. Unlike the first source
of uncertainties which was random, these errors were systematic. The overall accuracy of
the Oy, calculations were improved by the nonlinearity corrections because they were
made to each experiment on the basis of mass balance principle. Without these
corrections to dg, the '®0 and D surface enrichments would be reduced by an average of

0.8%o and 19%o, respectively.

Third, uncertainties in the Craig-Gordon model parameters (water temperature and
aerodynamic parameter n) can affect the enrichment calculations. The Cappa method was
circular because the n and Ts values derived from the well-mixed assumption were used
to estimate a nonzero surface enrichment which violated the assumption. Fortunately,
calculations without this assumption yielded similar surface enrichment values (Table
2.3). If the Merlivat’s diffusivity ratios were used in Eq. 2.3, the calculated 6., — 0.5
would increase to 16.5%0 for D and decrease to 7.5%o for '°O, as compared to the
estimates shown in Table 2.2. In this sensitivity analysis, the aerodynamic parameter n
had taken the value of 0.67 and the equilibrium fractionation factor had been evaluated at
the bulk water temperature 7. The new '"O enrichment value was still significantly
different from zero (p <0.001). When the n value of 1 for pure molecular diffusion was
used (Luz et al. 2009), the mean enrichment values became 13.0 and 20.0%o for '*O (p
<0.001) and D (p < 0.05), respectively. Only by using an extremely low value of n of
0.25 did both enrichment values become insignificant (0.4%o for '*0, p > 0.5; 10.4%o, p >

0.2). Such a low n value may occur in highly turbulent conditions in the field (Horita et
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al. 2008; Lee et al. 2009) but was extremely unlikely in the low flow, smooth wall
situations of this experiment. Accordingly, the best estimates of the surface enrichment

were in the range 7.5 — 8.9%o for '*0 and 12.6 — 16.5%o for D.

2.6 Conclusions
The results show, not surprisingly, that the isotope ratios of evaporation (dg) and the
residual water (0.,) were progressively enriched with time during the evaporation
experiments. The C-G model was unable to predict g if d;, was used in the model. This
was because the heavier isotopes accumulated at the evaporating surface. Using the C-G
model in the inverse mode, I found that the surface enrichment was 7.5 — 8.9%0 more
enriched in '*O and 12.6 — 16.5% in D than the bulk water. The enrichment was
statistically different from zero for '*0/'°0 (p < 0.001) but not for D/H (p = 0.14). It is
not known how accurately these estimates represent the fractionation process in the real
world. The surface enrichment observed in the synthetic laboratory environment can be

considered a research hypothesis worth testing in future field experiments.

The slopes of dD-0"%0 relations for the surface and the bulk water were close to the
values reported for the leaf water of desert plants and water in dry soils. The small slope
for 0D-6'°0 suggests that the kinetic fractionation of evaporation from isolated water
bodies may be stronger than previously thought, although the large uncertainties in the

measurement of D/H of evaporation prevented us from drawing a firm conclusion.

The aerodynamic parameter (n) estimated with the Cappa method was in the range of

0.89 to 0.94 for the heated experiments, indicating that kinetic fractionation was
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dominated by molecular diffusion. In the unheated experiments, the n values were less
than that of the heated setup, falling in the range of 0.49 to 0.67, suggesting the existence

of turbulent diffusion.

A closure or well-mixed assumption, that §;. = 0., was made in the determination of n
and the surface temperature. However, the estimates of J., were insensitive to this
assumption, the choice of the molecular diffusivity ratios, or the consideration of surface
cooling. The same well-mixed assumption was made by Cappa et al (2003) their
determination of the '*0/'°0O and D/H molecular diffusivity ratios using an evaporation

apparatus similar to ours.
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Abstract

Dew formation, a common meteorological phenomenon, is expected to intensify in the
future. Dew can influence the H,'*0 and HDO isotopic compositions of leaf water (3;),
but the phenomenon has been neglected in many experimental and modeling studies. In
this study, the dew effect on J; was investigated with a dark plant chamber in which dew
formation was introduced. The H,'®O and HDO compositions of water vapor, dew water
and leaf water of five species (including C; and C4) were measured for up to 48 h of dew
exposure. This study shows that the exchanges of H,'*O and HDO in leaf water with the
air continued in the darkness when the net H,'°O flux was zero. Our estimates of the leaf
conductance using the isotopic mass balance method ranged from 0.035 to 0.087 mol m
*s!, in broad agreement of the nighttime stomatal conductance reported in the literature.
In this experiments, the conductance of the C, species was 0.04 = 0.01 mol m™s™ and that
of the C; plants was 0.10 + 0.04 mol m™s™'. At the end of 48 h dew exposure, 89 (+0.04)
and 100 (+0.05) % of the leaf water came from dew according to the '*O and D tracer,

respectively.
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3.1 Introduction
Dew formation is a common meteorological phenomenon in tropical and temperate
climatic zones. Dew water can be an important hydrological input in some ecosystems. In
a mid-latitude grassland ecosystem in the Netherlands, the amount of dew formation is
about 4.5% of the mean annual precipitation and the frequency of dew nights is 70%
(Jacobs et al., 2006). The frequency of dew occurrence is 84% over a growing season in
an agricultural field in the Midwest of US (Welp et al., 2008). The long duration of dew
presence, up to 14.5 h at the leaf surface of montane and subalpine plants in the central
Rocky Mountains (Brewer and Smith, 1997) and up to 22 h in the lower shaded canopy
in tropical montane forests of Indonesia (Dietz et al., 2007), have been reported. In arid
and semiarid regions, the role of dew formation in the regional water budget becomes
more significant than in humid climatic regions. Dew relieves water stress by restoring
72% of leaf water at night in Mediterranean evergreen shrubs under constant water stress
(Munne-Bosch et al., 1999). Water input by nighttime dew formation is equivalent to
11% of the annual precipitation in the desert valleys of the western US (Malek et al.,

1999).

Dew formation also has important implications for studies of gas exchanges between the
atmosphere and terrestrial ecosystems. The formation of dew is the result of radiation
energy exchange between the cold plant surface and the atmosphere (Pitacco et al., 1992).
Considering the dew flux in the energy balance budget provides a critical improvement to
eddy covariance measurements which tend to overestimate evaporation component
measurements made in the early morning hours (Sauer et al., 2007). Dew formation is

highly effective in coating the leaf surface with liquid water (Burkhardt and Eiden, 1994).
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The blockage of the stomata openings can alter the efficiency of diffusion of gases. The
initiation of transpiration can be delayed in the early morning immediately after heavy
dewfall (Pitacco et al., 1992). In the presence of dew water, the photosynthetic CO;
uptake is decreased (Brewer and Smith, 1997) due to 10,000 times slower CO, diffusion
in water than in air (Weast, 1977), except in cases of water-stressed plants where direct
dew absorption can possibly improve photosynthesis (Munne-Bosch and Alegre, 1999).
From the experimental perspective, in the presence of dew water, it is nearly impossible

to directly measure the leaf gas exchange of water vapor (Feild ef al., 1998).

Dew formation can alter the H,'*0 and HDO isotopic compositions of leaf water. In a
study conducted in a soybean field, Welp et al. (2008) found that in the early morning the
0/'°0 isotope ratio of leaf water in the upper canopy, which was covered with dew
water, is in approximate equilibrium with water vapor, while the leaf water in the lower
canopy, which remained dew-free, is more positive than the isotopic equilibrium value.
Their results suggest that the leaf stomata are not fully closed at night and may continue
to exchange the minor isotopologues with the atmosphere even though there is no net
water flux of the major isotope species. This process can be explained only by gaseous
diffusion, not by dew water penetration through the stomatal openings, because of the
strong capillary force created by the stomatal geometry as well as the surface tension of
liquid water (Schonher and Bukovac, 1972). There is growing evidence that plant stomata
remain partially open at night (Barbour and Buckley, 2007; Caird et al., 2007b; Easlon
and Richards, 2009; Ludwig et al., 2006; Snyder et al., 2003). A question of interest to us
is whether plants can take up a significant amount of atmospheric vapor via the stomatal

pathway in high humidity conditions.
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The occurrence of dew also impacts the leaf-air exchanges of the '*0-CO, isotope. The
oxygen isotope in CO, is exchanged with the '*O-H,O of leaf water by the enzyme
reaction of carbonic anhydrase in leaves (Francey and Tans, 1987). The dew alternation
of "*0-H,0 in leaf water, in turn, affects the '*O-CO,, which diffuses through open
stomata back to the atmosphere without being assimilated (Cernusak et al., 2002;
Farquhar and Lloyd, 1993; Farquhar et al., 1993). The retro-diffusion of '*0-CO, is often
assumed to be a half to two-thirds of CO, originally diffused into the leaf intercellular
spaces (Ciais et al., 1997; Francey and Tans, 1987), however, possible underestimation of
the retro-diffusion has been discussed (Cernusak et al., 2004; Seibt et al., 2007). There
may be time delayed effects in the morning hours, influencing the '*0-CO, that diffuses
out of the stomata during photosynthesis. The dew alternation should be taken into
account in predictions of global mean leaf water isotope ratios, which vary in a wide

range of 0.4 to 6.5%o (Ciais et al., 1997; Farquhar et al., 1993; West et al., 2008).

In this study, I performed laboratory dew simulation experiments in order to examine the
isotopic exchanges of leaf water with the vapor in the surrounding saturated air. I made
continuous measurements of vapor isotope ratios in a dark plant chamber where
saturation was maintained for up to 48 h by feeding with a vapor stream of known isotope
ratios. In these experiment, the plants source water (or xylem water, dy) was isotopically
much more enriched than the vapor feed, creating two unambiguous end members. This
is in contrast to field conditions where the two end members are often isotopically
indistinguishable (Welp et al., 2008; Wen et al., 2011 manuscript in review). The
artificially long dew exposure permitted the determination of the transient and steady-

state behaviors of J;.
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This study examines three hypotheses: (1) dew coating on the leaf surface enhances the
leaf-air isotopic exchange of water; (2) the exchange of the minor isotopologues between
the leaf and the surrounding air persists under the condition of no net flux of the major
species; (3) Cy4 species are less likely to exchange water isotopologues in the leaf with the

vapor even at very high humidity.

3.2 Materials and Methods

3.2.1. Dew simulation experiment
An opaque polyethylene container (diameter: 0.5 m; height: 0.7 m; volume: 121 L) was
used as the plant chamber. The chamber top was closed with a lid that did not form an
airtight seal so air could continuously flow out of the chamber (Figure 3.1). In this setup,
the air pressure inside the chamber was identical to the ambient atmospheric pressure. A
layer of foam insulation outside the chamber stabilized the temperature inside,
minimizing temperature fluctuations to less than 1°C during each dew experiment. Two

fans were installed inside the chamber to promote mixing.
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Figure 3.1. Schematic diagram of the dew simulation setup consisting of a bubbler, dew
simulation/plant chamber, and a tunable diode laser analyzer (TDL) for measuring water

vapor isotopes. Arrows indicate the direction of airflow.
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The chamber was fed with water vapor generated by a bubbler filled with water of known
isotope ratios at an airflow rate of 3.5 L min™'. As room air entered the bubbler reservoir,
bubbles rose from an aquarium air stone at the end of air inlet near the bottom of the
reservoir and produced a moist air stream. Because the moist air stream was saturated
with respect to the reservoir temperature, its isotopic compositions could be predicted
from the equilibrium fractionation factors, the reservoir temperature and its isotopic
compositions (Majoube, 1971). In the first dew experiment (Wheat 1), the predicted
values were -21.4 and -156.4% for '*0/'°O and D/H respectively. The vapor was
gradually enriched as the experiments continued so that the predicted values in the last
experiment (Sorghum 3) were -14.7 and -108.6%o for '*0/'°0 and D/H, respectively. The
bubbler vapor stream was split into two, 3.25 L min™' being sent to the plant chamber and
a small portion (0.25 L min") to a tunable diode laser (TDL) analyzer (TGA 100,
Campbell Scientific, Inc., Logan, UT, USA; Lee et al., 2005). The bubbler temperature
was always set higher than the chamber temperature, ensuring dew formation inside the
chamber. The vapor delivery tubing (Dekabon Type 1300, 4 in OD x0.040 in wall,

Dekoron, Aurora, Ohio, USA) was heated in order to prevent condensation inside.

The TDL analyzer monitored, in real-time, the isotopic compositions of the bubbler vapor
(chamber inlet; dp) and the vapor inside the chamber (chamber outlet; dy). The air from
the two intakes was mixed with dry air before entering the TDL sample cell to minimize
instrument nonlinearity (Lee et al., 2005). Because of this dilution, the mixing ratio
measured with the TDL does not represent the true mixing ratio of the inlet and outlet air;
instead, these mixing ratios were determined from the saturation vapor pressure at the

chamber and bubbler temperatures.
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The temperature and humidity of the chamber air were monitored by a thermocouple and
a humidity probe (HMP45C-L, Vaisala Inc., Woburn, MA) installed inside the chamber.
Five plant species were chosen for consideration of morphological and physiological
traits. Of these plants, three were monocots with parallel venation (corn, Zea mays;
sorghum, Sorghum bicolor (L.) Moench; and wheat, Triticum durum) and two were
dicots with netted venation (soybean, Glycine max; cotton, Gossypium hirsutum). They
also presented two types of photosynthetic system: C; (soybean, cotton and wheat) and
C4 (corn and sorghum) system. The plants were grown hydroponically in a greenhouse

prior to the dew experiments.

Twenty-four hours prior to each experiment, the hydroponic solution of the experimental
plants was replaced by solution made of enriched water (0.4 to 6.0%o for '*0/'°0 and -
24.3 to 6.6%0 for D/H). This way, the plant xylem would have been fully flushed with the
water of known isotope ratios by the time the experiment started. The experimental plants
were exposed to full sunlight in the ambient environment for 3 h to produce enriched leaf
water. After that, they were moved to the plant chamber which had been fed with the
bubbler moisture for 48 h. The plant root system with the hydroponic solution was
carefully sealed to avoid contamination of the chamber air from the evaporation of the
solution. The isotopic ratio of the solution was measured at the beginning and the end of

the experiment.

A total of ten sets of complete dew simulation experiments were performed. Each
experiment lasted 48 h and was repeated twice on every plant species. Such long dew
exposure does not occur in field conditions but it permitted more precise determination of

the transient and steady-state behaviors of §; than shorter exposures.
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Sampling of various water pools was conducted as the experiment progressed. Collection
of leaf samples took place immediately before the plants were placed inside the chamber,
and every 4 to 12 h afterwards until the end of the 48 h experimental period. Dew was
first removed prior to leaf sampling using clean paper towels. Except for wheat, the main
vein was removed before the leaf sample was archived for analysis because the vein
contained unfractionated xylem water. The dew water was collected at the end of the
experiment. Because of leaf sample collection, the leaf area inside the chamber was
reduced gradually over time over the dew simulation; this change was accounted for in

the isotopic mass balance calculations (Eq. 3.8).

The leaf water was extracted using the cryogenic vacuum extraction method. The water
isotopic analyses were carried out on a Thermo Finnigan DeltaPlus XP with Gas Bench

and Thermo Finnigan MAT 253 with H-device in Yale University.

3.2.2. Preliminary experiments
Prior to the dew simulation experiments described above, a pilot study was conducted
with soybean and corn. During the pilot study, no measurement of dy was available. Two
of the experiments were conducted in saturated conditions and another two under
subsaturation (mean relative humidity inside the chamber = 89%). These experiments
lasted 48 h. The goals of the pilot study were to test the experimental apparatus and

logistics and to compare the leaf water turnover in saturated and unsaturated conditions.
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3.2.3. Isotopic mass balance
The method I used to estimate stomatal conductance (gs) was based on isotopic mass
balance principles. First, I computed the net water flux of the chamber for the major and
minor isotopologues. Then I estimated the stomatal conductance of the plants inside the
chamber. The complication introduced to the system of equations by dew formation
inside the chamber was constrained by the measurement of dew water isotopic

compositions and by the well-established relations of equilibrium fractionation.

The net water vapor flux of the plant chamber (F, mol m™s™) consists of dew flux (F)

and leaf flux (F.) as

F=F,+F, (3.1)
The molar ratio of the minor to major isotope species of the flux can be expressed as

Rfjﬂ=ﬁ+ﬁ

F Fd +FL (32)

where superscript i denotes the minor isotope species (‘*O or D). At saturation and
because the leaf and air temperature were identical, the leaf flux /7 would vanish as there
was no gradient in the H,'°O vapor pressure between the sub-stomatal cavity and the
chamber air. However, F'; was not zero because of the non-zero vapor pressure gradient
of the minor isotopologue. Eq. 3.2 can be simplified as

_F,+F
Fy (3.3)

R

F

and can be converted into the delta notation, as
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8, =8, +(F//F))x R}, x10°
(3.4)

where Or and ¢, denote isotopic composition of chamber flux and dew condensation
inside the chamber in per mil, respectively, and Ryyq is the standard VSMOW '*0/'°O or

D/H molar ratio.

Eq. 3.4 was used to determine F'; from the measurement of all the other terms. The term
Or on the left side of Eq. 3.4 was determined from the vapor isotopic composition oy
(outlet) and 5 (inlet) and saturation vapor pressure of the outlet and inlet airstreams at

the chamber and the bubbler temperature, es(7,) and es(73), as

_ es(Ty) 8, —ey(T}) O

es(Ty) —e(T,) (3:2)

F

This equation is equivalent to the intercept of the linear relation between the vapor delta
and the reciprocal of the saturation vapor pressure. The term &, on the right side of Eq.

3.4 was given by

0,=9, +¢,(T) (3.6)
£, =(1-a )x10° (%o) (3.7)
where a,, (>1) is the temperature-dependent equilibrium fractionation factor (Majoube,
1971) and &, denotes the equilibrium fractionation factor in per mil. The equilibrium
prediction of §; was used instead of the d; measured at the end of the experiment from
the collected dew water because d; was variable during the 48 h experiment. The dew

flux, F,, the rate of dew formation inside the chamber, was computed from difference in

the saturation vapor density (ps) at the chamber (7,) and the bubbler temperature (73) as
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(Ta) _pS(TB)

P
F, =0 S (3.8)

where S is leaf area (m?) and Q is flow rate (m’ s™).

I note that F;' (mol m'zs'l), the leaf flux of the minor isotopes, is related to the stomatal
conductance as
8s = FLi xp
Soel(T)-e T (3.9)
where e, is the vapor pressure of the minor isotope inside the chamber and P, is

atmospheric pressure (101.3 kPa). Here e, was obtained from the TDL measurement of

Oy and the chamber air temperature,
i 5\/
e, =es(’1—;) Rstd W-i_l (310)

and eg', the saturation vapor pressure of the minor isotope species at leaf temperature (7},),

is given by

el =R (.11)

N
eq

where R; is the molar ratio of the minor to the major isotope in the leaf water.

The estimate of g5 using Eq. 3.9 includes both stomatal and cuticular conductance, the
latter is usually less than 0.02 mol m™s™ (Caird et al., 2007a). I also note that the g5 value
is for the minor isotopologue, which is slightly (3%) lower than the value for the major

isotopologue.
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3.2.4. Response of leaf water isotope ratio to step change

The stomatal conductance estimate was used to quantify the time evolution of the leaf
water isotope ratio (J;) under dew influence. The transient response of J; to the step
change in the external forcing, which occurred when the plants were moved from the
ambient condition to the plant chamber, is controlled by the turnover time of leaf water
(7). The isotopic composition of leaf water at a given time step is the mixture of
unfractionated xylem water (Jx) and the existing leaf water at the previous time step.
Dongmann et al. (1974) suggested that the response follows the time course of change as

—At
8, =(8,- 6L,SS)eXp(_) +0, g
T (3.12)

where At is the time elapsed since the step change, subscripts 0 and SS denote the time of
step change (¢ = 0) and steady state, respectively. In using Eq. 3.12 to predict &, I
assumed that the leaf water isotope ratios at the new steady-state () was equal to the
isotopic composition of dew water () given by Eq. 3.6. The 7 value was determined

from

= (3.13)

8sW;

where W represents leaf water content (mol m™) and w; is the mole fraction of water

vapor in the intercellular space (Farquhar and Cernusak, 2005).
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3.3 Results
Table 3.1 summarizes the results of the pilot study conducted on soybean and corn in the
sub-saturation and saturation conditions. The isotopic composition of the initial leaf water
(Or,0) was highly enriched over the xylem water immediately after the full sunlight
treatment (¢ = 0), decreased steadily in the plant chamber until a new steady state was
reached. For the saturation experiments, the leaf water isotopic composition at steady
state (J;,ss) was closer to the isotopic composition of dew water (J,) than to the xylem
delta (0x). Here the dew value was estimated from the equilibrium theory assuming that
the vapor in the chamber was in equilibrium with the liquid reservoir of the bubbler at the
bubbler temperature and that the dew water was in equilibrium with the water vapor at
the chamber temperature. The relative role of the dew water can be quantified as a

fractional contribution

f=(8,-6,)/(8,-8y) (3.14)

This end member fraction f is defined such that /= 1 indicates that all the leaf water
originates from dew and /= 0 from the xylem water. The f value at steady-state was 0.75
(soybean) and 0.81 (corn) according to the '*O tracer and 0.89 (soybean) and 0.94 (corn)

according to the D tracer.

For the sub-saturation experiments, the steady state value J; ss was 6.5%0 more enriched

in '®0 and 37.7%o in D than that obtained in the saturation experiments.
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Table 3.1. Summary of variables in the pilot study. Here ;9 and J;, 45 are the measured
leaf water isotope ratios at t = 0 and ¢ = 48 h, respectively. The steady state leaf water
isotopic composition d;,ss was obtained by fitting Eq. 3.12 to the observed J; using a
nonlinear least squares method. The end member fraction (f) at steady-state was
computed with Eq. 3.14. dyx is the xylem water isotopic composition and Jy is the isotopic
composition of the dew water estimated using the equilibrium theory for the liquid
bubbler reservoir (dp).

00 01,48 Ox (o} 01,58 S
(%0) (%0) (%0) (%0) (%0)
85,50
Saturation
Soybean 21.0 -7.2 2.6 -9.8 -7.3 0.75
Corn 24.9 -6.8 9.2 -10.4 -7.0 0.81
Sub-saturation
Soybean 10.2 -1.5 1.7 n/a -1.5 n/a
Corn 19.6 0.2 3.0 n/a 0.1 n/a
D/H
Saturation
Soybean 13.9 -64.8 -19.8 -69.6 -65.0 0.90
Corn 39.6 -66.4 15.1 -72.3 -67.6 0.93
Sub-saturation
Soybean 0.4 -32.1 -16.7 n/a -32.1 n/a
Corn 19.9 -24.7 -13.2 n/a -25.2 n/a
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Figure 3.2 shows the transition of &, to the newer steady-state during the pilot

experiments. For convenience of comparison, d; was normalized as

‘SAL = ((SL - 5L,48)/((5L,0 - (SL,48) (3'15)

and the normalized J; values of the two isotopologues were averaged in Figure 3.2.
Soybean showed faster transition to the steady state than corn in both saturation and
subsaturation conditions. For example, under saturation, the soybean &; reached 80% of
the full step change at 8 h, and at the same time, the corn &, approached about 60% of the

full step change.

Figure 3.3 compares the predicted and the measured dew water isotopic composition for
the ten dew simulation experiments. This comparison serves as a check of the system
consistency. The &, prediction was made using Eq. 3.6 with the chamber temperature and
the vapor isotopic composition inside the chamber measured over the last 2 h of each
experiment. The predictions of the dew water isotope ratios are in excellent agreement
with the measured values, with an average error of 0.29 and 3.0%. for 'O and D,
respectively. The good agreement indicates that the TDL measurement was unbiased

relative to the mass spectrometry results.
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Figure 3.2. Normalized ¢, as a funciton of elasped time during the pilot study for corn
(triangles) and soybean (circles): (a) left panel, saturation; (b) right panel, subsaturation.

The normalized §; values were the averages of the two isotopologues.
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Figure 3.3. Comparison of the measured dew water isotopic composition and the

equilbrium prediction according to Eq. 3.6. The solid lines represent a 1:1 relationship.
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Figure 3.4 shows one example of the predicted d,; and delta values of the measured water
pools in one dew simulation experiment with corn. Table 3.2 lists the measurements of
the water pools from all the 10 experiments reported as the average of two replicates for
each species. The 9, prediction (dashed line) was made using Eq. 3.6 with the Jy
measurement in reference to the chamber temperature. The predicted d, changed during
the experiment in response to the changes in dy and approached the J, of the actual dew
water collected at the end of the experiment (squares). This trend is seen in both '*0/'°O
and D/H. As in the pilot study, &, was highly enriched at # = 0 due to the full sunlight
treatment, and slowly approached the new steady state. The observed ¢, did not return to
isotopic composition of the plant source water at the new steady-state. The plant source
water changed very little over time (Table 3.2), indicating a negligible loss of the
reservoir water by evaporation. Also the bubbler maintained a supply of vapor stream

with relatively constant isotope ratios.
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Figure 3.4. Time variations of the isotopic compositions of various water pools during a
dew simulation experiment on a corn plant. The isotopic measurements of leaf water (J;,
circles), dew water (J,, squares) and xylem water (Jx, dots connected by dashed lines)
were made with mass spectrometry. The measurements of the vapor in the chamber (6y)
and the vapor generated by the bubbler (dz) were made with the TDL analyzer. The
predicted dew delta value (J;, dashed) was obtained with the equilbrium relationship (Eq.
3.6).
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Table 3.2. Isotopic compositions of leaf water (J; ), plant source water (dy) and dew water collected at the end of the experiments (J,).
The values are reported as the average of two replicates for each species.

(SL ' 6X 5d
( %0) ( %0) ( %0)
Elapsed time (h) 0 4 8 16 26 38 48 0 48 48
80,0
Corn 20.7 6.8 5.0 -1.6 -4.6 -6.7 -7.6 1.8 2.0 -8.9
Sorghum 17.5 6.5 1.0 -1.8 -4.0 -4.7 -5.6 5.4 5.4 -1.3
Wheat 14.1 2.1 2.3 -5.2 -7.7 -8.6 -9.0 3.2 3.3 -10.9
Soybean 20.7 3.2 -1.9 -5.7 -7.6 -8.4 -8.6 2.4 2.5 -10.1
Cotton 18.4 2.4 -2.5 -6.6 -8.3 -9.2 -9.9 3.4 3.4 -10.7
D/H
Corn 29.9 -15.3 -22.4 -45.9 -56.6 -67.2 -71.6 -16.1 -16.1 -71.5
Sorghum 25.3 -5.2 -27.4 -39.8 -48.0 -50.8 -53.5 4.6 4.1 -58.2
Wheat 13.7 -30.4 -49.0 -61.6 -72.5 -77.0 -80.1 -11.5 -10.7 -81.1
Soybean 26.0 -31.6 -49.5 -63.6 -72.8 -74.7 -78.5 -20.8 -20.9 -76.7
Cotton 18.5 -34.1 -51.4 -67.7 -78.0 -82.6 -87.2 -10.5 -10.0 -83.5
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The chamber vapor delta was variable, but in a predicable way, over time. The dy spiked
shortly after the experiment began and decreased continuously to a new steady-state.
Neither the bubbler nor the chamber temperature changes could have caused the initial
increase of dy. The bubbler temperature fluctuated within +0.2°C, which would produce a
negligible change of 0.03 and 0.3%o in the '*O and D compositions, respectively, of the
vapor entering the chamber. The chamber temperature immediately after the plants had
entered showed an increase of 0.78 + 0.28°C and then stabilized from 3.3 h onwards. This
initial increase was mainly caused by the heat released by the warm plants and the
hydroponic solution brought in from the sunlight treatment. These temperature
fluctuations produced a change of 0.06 and 0.75%o in the isotopic equilibrium values for
%0 and D, respectively, not enough to explain the observed changes in dy. Instead, the
change implies continued '*O and D fluxes out of the leaves even under full saturation
and the leaves being coated by dew water. This is because positive vapor pressure
gradients of the minor isotopologues were maintained, by the highly enriched leaf water,
between the substomatal cavity and the chamber air (es' - e,/ > 0 in Eq. 3.9). It is
interesting to note that the trend of Jy was almost identical to that of ;. In all the dew
experiments, the flux of the minor isotopologues elevated the Jy above the isotopic
composition of the vapor entering the chamber (dp) for about 3 h after the onset of the
experiment. Only towards the end of the experiments did éy become lower than dz. The
results indicate that the leaves maintained partially open stomata in the presence of dew

coating on their surface.

Figure 3.5 compares O ss to the dew water and xylem water isotope ratios, each data

point representing one dew simulation experiment. Here ;55 was determined by the
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regression fit of Eq. 3.12 to the observed d;. In the ;- &, 55 plane (top x-axis and left y-
axis, circles), & ss shows a strong linear relationship with §, that is parallel to the 1:1
line, indicating that §, played a significant role in determining J; ss regardless of species
or vein morphology. On the other hand, J.ss shows much weaker correlation with dy
(bottom x-axis and right y-axis, squares), indicating that the contribution of dx to Jrss

was minor.

Table 3.3 summarizes the results on the end member fraction f'(Eq. 3.14) at 16 h of dew
exposure using measured J; at # = 16 and sampled J, at # = 48. The 7 values in Table 3.3
are the means of the first 16 h measurements according to Eq. 3.13. The isotopic turnover
time varied with the isotopologue and the photosynthetic mode. In general, the Cs plants
and the D isotope showed more rapid changes than the C, plants and the '*O isotope. For
the Cs plants, the mean values of the turnover time for the first 16 h were 1.5 and 1.0 h
for '*0 and D, respectively. For the Cy4 plants, these values were 3.0 and 2.4 h for '*O and
D, respectively. The mean t values were significantly different between the Cs the Cy4
plants (p < 0.001). Because this experiments were conducted with a limited sample size,
further investigation would be needed to answer the question as to whether this difference

holds for other species.
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Figure 3.5. Comparisons of isotopic compositions of leaf water at steady state (I ss, left
y-axis) against that of the dew water collected at the end of each experiment (J, closed
circles; top x-axis) and J; ss (right y-axis) against that of the xylem water (dy, bottom x-
axis; open squares). The top panel is for '*0/'°O and bottom for D/H. The solid lines

represent a 1:1 relationship.
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Table 3.3 indicates that the stomatal pathway played a large role in the temporal
dynamics of J; in high humidity conditions at night. The average f value at 16 h indicates
that the dew contribution to the leaf water was 56% (+17%) and 69% (£11%) according
to the 'O and D tracer, respectively. Some dependence on plant species and
photosynthetic mode was suggested by the data in Table 3.3. For the Cs plants, the f value
ranged from 0.48 to 0.83 and from 0.62 to 0.86 according to the 'O and D tracer,
respectively. For the C,4 plants, the f values were smaller, ranging from 0.19 to 0.58 and

0.50 to 0.73 according to '*O and D, respectively.

The 16 h dew duration represents the average value reported (Brewer and Smith, 1997;
Dietz et al., 2007). In Figure 3.6, the fractional contributions are shown as functions of
exposure time. The leaf water had reached a new steady state by 48 h, at which time the
fractional contribution of dew water (f) was 0.89 £ 0.05 and 0.87 + 0.01 according to the
80 tracer and 1.02 + 0.04 and 0.96 + 0.05 according to the D tracer, for the C; and Cy4
species, respectively. The mean fvalue of all the species was 0.89 + 0.04 according to the
0 tracer and 1.00 + 0.05 according to the D tracer. Such long (48 h) dew events are not
possible in field conditions. Nevertheless, the high f value points to the important role
that the stomatal pathway played in the temporal dynamics of J; in the darkness and high

humidity conditions.
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Table 3.3. The end member fraction (f) at t = 16 and the leaf water turnover time (1)
using the '*0 and D tracers. Note that if /= 1, all the leaf water originates from the dew
water.

*0/°0 D/H
T f T f

(b (b
Corn 2.7 0.31 23 0.54
Sorghum 3.2 0.57 2.5 0.70
Wheat 1.2 0.58 0.9 0.71
Soybean 1.8 0.65 1.1 0.76
Cotton 1.4 0.69 1.0 0.77
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Figure 3.6. Fractional contribution of dew water to leaf water as a function of dew

exposure time according to Eq. 3.14. Error bars indicate + one standard deviation.
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Figure 3.7 presents the stomatal conductance (gs) estimated with the mass balance
method at hourly intervals. According to the '®O tracer, the estimated gs was slightly
lower than 0.02 mol m™s™, considered as a threshold cuticular conductance (Caird ef al.,
2007a), for soybean (Figure 3.7c) and sorghum (Figure 3.7¢) at t = 0. At other times, gs
was greater than this threshold, indicating that the stomata were partially open in
darkness. Use of the D tracer gave highly variable gs values; occasionally gs would be
negative, which is not an acceptable result. In comparison, the result obtained with the
0 tracer was much more robust. For all the species, the gs value estimated with the '*O
tracer had a minimum at the beginning and showed a slight increase with duration of dew
exposure. The mean gs of all the experiments was 0.036 mol m™s™ at 7= 0 and 0.087 mol
m™s™ at 16 h. The increasing trend could be a result of increasing leaf water content and
leaf water potential. In a separate experiment of corn plants growing in a well-watered
field but exposed to ambient conditions, I found that the predawn leaf water potential was
0.33 MPa higher in the presence of dew than plants in dew exclusion treatment. (Dew
exclusion was achieved by suspending a piece of plastic over the treatment plot at night

(Appendix II).

Some variation of g5 among the plant species was suggested by the data in Figure 3.8.
The estimated gs for the Cs plants (cotton, wheat and soybean) were greater than that of
the Cy4 plants (corn and sorghum). According to the '*O mass balance method, the mean
gs of the C; plants was 0.067 mol m™s™ and that of the C4 plants was 0.037 mol m™s™.
Among the C; species, wheat showed larger values (mean 0.087 mol m™s™, '*O tracer)

than cotton (0.072 mol m™s™) and soybean (0.042 mol m™s™). The mean g of the C4

plants was 0.040 mol m™s™ (corn) and 0.035 mol m™s™ (sorghum).
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Figure 3.7. Stomatal conductance (gs) determined with the '*0/'°O (circles) and D/H
(triangles) mass balance approach. Each data point represents average of two replicates
for each species: (a) cotton, (b) wheat, (c) soybean, (d) corn and (e) sorghum. For
reference, the threshold cuticular conductance is about 0.02 mol m™s™ (Caird et al.,

2007a).
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Figure 3.8. Comparison of the stomatal conductance determined with the '*0/'°0 (filled)

and D/H (open) tracer. Error bars are standard deviations of the hourly values.
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Figure 3.9 presents a comparison of the time variation of the measured &; with the
predicted o, according to Eq. 3.12 for the same experiment described in Figure 3.4. The
predicted J; shows excellent agreement with the measured §; during the first 4 h of the
experiment. After then, the predicted J; values were lower than the measurements for
both isotopologues. In the case of D, the J; prediction was made by excluding periods
when the estimate gg was unreasonable (negative or greater than 0.5 mol m™s™). Similar
disagreement was also obtained during other dew experiments. An implicit assumption of
Eq. 3.12 is that the §; asymptotic approach to a new steady state is caused by a step
change in the external forcing. This assumption was not satisfied in this experiments. A
sharp change to the driving variables of the plant gaseous exchange occurred when the
plant was moved from sunlight to the dark enclosed chamber. However, the continued
isotopic exchange through the partially open stomata modified the chamber vapor isotope

ratios (0y) inside the chamber (Figure 3.4).
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Figure 3.9. Comparison of the time variations in measured J; (gray dots) and predicted o

(black dotted lines, Eq. 3.12).
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3.4 Discussion

3.4.1. Nocturnal isotope exchange at high humidity
The measurements of dy in this study reveal that a considerable degree of nighttime
isotope exchange exists between the air and leaves even at extremely high humidity. In
Figure 3.4, 6y showed a steep increase immediately after the plant (corn) was placed in
the chamber from full sunlight. The §y value inside the chamber was higher than J5 for
30 h in the case of '*0/'°0 and 10 h in the case of D/H. For comparison, the turnover
time of the chamber air was about 0.6 h. That 6y — 8 was positive indicates a net flow of
the H,'*0O and HDO molecules from the leaf, whose water was enriched in '*O and D, to
the surrounding air whose vapor isotopic compositions were much lower. The positive
gradient occurred in spite of dew formation which would make the vapor inside the
chamber lighter than the vapor entering the chamber. It provides qualitative but direct
evidence that the plants maintained partially open stomata in darkness and with the

presence of dew water.

The complete absence of transpiration was observed at night in the presence of heavy fog
(Burgess and Dawson, 2004) and at zero vapor pressure deficit (Daley and Phillips, 2006;
Dawson et al., 2007). In the presence of dew water on the leaf surface, I also expect zero
vapor pressure deficit and absence of transpiration. The results indicate that under these
conditions the net flux of the minor isotopologues may not be zero. The theoretical
analysis of Farquhar and Cernusak (2005) also shows that incomplete stomatal closure
permits molecular diffusion exchange of the minor isotopes of the leaf water with

atmospheric vapor while the net flux of H,'°O can be zero.
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3.4.2. Implications of dew occurrence for leaf water delta
The data in this study show that the exchange of H,'*0 and HDO in the leaf water with
the vapor was not hampered by the dew presence on the leaf surface. Dew water is highly
effective in coating plant tissues (Brewer and Smith, 1997; Burkhardt and Eiden, 1994;
Washington et al., 1998). Because it spreads evenly on both the abaxial and adaxial sides
of the leaf, dew water may interfere with stomatal gaseous exchange of both
amphistomatous and hypostomatous plants. It is a common practice in leaf gas exchange
studies to ignore diffusion through the stoma of wet leaves on the assumption that surface
water films act as an impermeable barrier to gas diffusion (Wesely, 1989). The validity of
the assumption remains unknown because conventional methods cannot measure the
stomatal conductance of a wet leaf. The data show that the assumption is not valid for

¥0-H,0 and HDO diffusion.

The incomplete closure of stomata was observed for all the plant species investigated in
this study. The high f value suggests that the stomatal pathway played a large role in the
temporal dynamics of J; in the darkness and high humidity conditions. It is well
established that evaporation through fully open stomata drives the isotopic enrichment of
leaf water, resulting in maximum enrichment in the afternoon when transpiration is the
highest diurnally. At night, the enriched leaf water is supposedly diluted by the
unfractionated xylem water if leaves maintain complete closure of stomata. Because of
long duration of this experiments, mixing with the xylem water would have caused ¢, to
approach the xylem water isotope ratios. Instead, as a consequence of incomplete
stomatal closure, the diffusion exchange with atmospheric vapor brought ¢, closer to J,

or roughly the value in equilibrium with atmospheric vapor. Evidence of atmospheric
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control of J; has been documented for dew events in natural field conditions (Hartard et
al., 2009; Helliker and Griffiths, 2007; Reyes-Garcia et al., 2008; Welp et al., 2008; Wen

etal.2011).

In dew events, the §; temporal dynamics are unlikely a consequence of direct infiltration
of dew water into the partially open stomata. This is because of the high surface tension
of liquid water and the geometry of stoma (Schonher and Bukovac, 1972). Instead, I
suggest that the role of dew is that of an intermediary. Dew preserves the influence of
atmospheric vapor by maintaining an isotopic equilibrium state with the latter. Diffusion
of the H,'®O and HDO molecules takes place in the gaseous phase through the stomatal
opening that connects the dew water to the internal leaf water pool. Thus, although the
transpiration flux vanishes in leaves covered by dew, the flux of the minor isotopes is
potentially large. In fact, the isotopic flux has been shown to cause detectable changes in

the isotopic content of atmospheric vapor (Welp et al. 2008).

According to the '*O tracer, the fractional contribution of dew water to the leaf water did
not reach unity at steady state (Table 3.3, Figure 3.6), indicating some diffusive exchange
of the leaf water with the xylem water. As plants usually undergo water stress during the
daytime, sap flow at night exists in order to recharge water storage in leaves (Daley and
Phillips, 2006; Barbour et al., 2005; Caird et al., 2007b). In this experiments, the plants
did not have water stress even after high transpiration demands during the full sunlight
treatment because they were grown in the hydroponic system. The fractional contribution

of the xylem water varied from 0.06 to 0.20 among the experiments.
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The f value at 16 h was on average 16% lower for '*0/'°0 than that for D/H at steady-
state except corn (Tables 3.3, Figure 3.6). In other words, the fractional contribution of
the xylem water to the leaf water '*O pool was 16% higher than to the D pool. This was
largely a result of difference in the efficiency of molecular diffusion in liquid water as
diffusion should be a main driving factor to govern the movement of the minor
isotopologues because of the elimination of the flux of the major isotope species in this
experiment. In liquid water, HDO diffuses 14% more slowly than H,'*O at 25°C (Wang
et al., 1953). Although mixing of the leaf and xylem water existed, the large f value
shows that this mixing mechanism was not as efficient as the exchange with atmospheric

vapor.

3.4.3. Stomatal conductance of wet foliage
It is not possible to measure the stomatal conductance of wet foliage with conventional
leaf chambers due to the difficulty in measuring water vapor exchange in high humidity
conditions. In this research, I have demonstrated that the stable isotopes of water provide
a unique way to overcome this difficulty. This is possible because the exchange of the
minor isotopes continues to occur with wet foliage. In these experiments, I deliberately
used heavier water as the plant source water and lighter water to generate water vapor.
The large isotopic difference between these two water pools helped to break the net
isotopic flux into the two component fluxes, the downward exchange with dew water and
the upward xylem water flow. Exposure to sunlight, together with the heavy xylem water,
produced highly enriched leaf water relative to the vapor fed into the chamber at the

beginning of the experiment. The large vapor pressure gradient of the minor
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isotopologues between the leaf and the air (Eq. 3.9) produced measureable isotopic flux

signals, which then permitted the determination of the stomatal conductance.

In principle, the isotopic mass balance method can also be applied in field conditions,
regardless of the leaf wetness status. It is now feasible to measure the isotopic fluxes with
micrometeorological methods. The isotopic fluxes can be used with measurements of the
leaf, vapor and dew water isotopic compositions, to determine the canopy conductance,
in a similar manner to the laboratory setup in this study described in Section 3.2.1. One
challenge is that the measurements of evapotranspiration isotope flux tend to be noisier at
night than in the daytime (Griffis et al., 2010; Lee et al., 2007; Welp et al., 2008).
Furthermore, in field conditions, the xylem and dew water isotopic compositions are

often indistinguishable.

The results add to a growing amount of evidence suggesting that incomplete stomatal
closure is common in darkness for both C; and C,4 species (Barbour et al., 2005; Caird et
al., 2007b). Across the species, the estimated conductance values (0.035 to 0.15 mol m™s’
) fall in the range of the nighttime conductance values previously reported for
herbaceous annual species (Barbour et al., 2007; Caird et al., 2007a; Caird et al., 2007b;
Easlon and Richards, 2009; Snyder et al., 2003). The C4 plants (corn and sorghum) had
smaller conductance than the C; plants (cotton, wheat and soybean), implying that the C,4
plants may have developed a conservative stomatal behavior by minimizing the nighttime
stomatal opening even at saturation humidity (Figure 3.8). Among the C; species, wheat
showed the largest values of gs. It is not known whether the large g5 of wheat was related
to its parallel vein structure. According to the '*O tracer mass balance method, the C,

species had mean stomatal conductance values of 0.040 mol m™s™ (corn) and 0.035 mol

101



m?s” (sorghum). The occurrence of non-zero nighttime conductance of C4 plants is not
accepted widely, because the adaptation of the Cs photosynthetic pathway to the
environments with low water availability would mean the development of complete
stomatal closure to avoid unnecessary water loss. That corn and sorghum maintained
partially open stomata in darkness may have been a result of lack of water stress in this
experiment. Corn and sorghum are two widely cultivated C4 species for energy industry
and for food supply. In field conditions, dew formulation can also relieve the
physiological drought stress by increasing the leaf water potential (Appendix II), which

may induce stomata to open.

3.5 Conclusions
This dew simulation experiments showed that leaf water continued to exchange the '*O-
H,0 and HDO molecules with atmospheric vapor in saturation humidity conditions when
there was no net transpiration. The role of dew appeared to be one of an intermediary: It
preserved the influence of atmospheric vapor by maintaining an isotopic equilibrium state
with the latter. Diffusion of the H,'*O and HDO molecules took place in the gaseous
phase through the partially open stomata that connected the dew water to the internal leaf
water pool. In dew events, both dew water and xylem water contributed to the leaf water
in darkness. The fractional contribution (f) of dew water to the leaf water at steady state
was 0.89 £ 0.05 and 1.02 £ 0.04 for the C; plants and 0.87 £ 0.01 and 0.96 £ 0.05 for the
C4 plants, according to the '*0/'°O and D/H tracer, respectively. These high 1 values
indicate that the exchange with atmospheric vapor was the dominant process controlling

Op at saturation air humidity. These values likely represent an upper limit for natural
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ecosystems because natural dew events are much shorter than 48 h (Figure 3.6). The
lower f values for '®O than for D indicated a more efficient diffusive exchange of '*O
between the leaf water and the xylem water. The average isotopic turnover time fell in the

range of 0.9 to 1.8 h for the C; plants and 2.3 to 3.2 h for the C4 plants.

I used the mass balance approach to determine the stomatal conductance of the wet
foliage. According to the '®O isotopic mass balance method, the stomatal conductance
varied from 0.035 to 0.087 mol m™s™ among the five species; these values fell in the
range of the values of the nighttime stomatal conductance reported in the literature.
Prolonging the exposure to dew caused gs to increase slightly, suggesting that dew water
may have increased the leaf water potential. (The D isotopic mass balance method was
less reliable as the estimated gs was very noisy and occasionally negative). Of the species

used in this study, the C4 stomatal conductance was lower than the C; conductance.
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Chapter 4. Field observation of water isotopes in ecosystem water pools
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Abstract

This chapter presents the field observations of H,'O and HDO for both ambient vapor
and liquid waters conducted over a full growing season of 2009 in a mixed temperate
forest, Ontario, Canada. This study revealed dynamics of hydrologic processes in a forest.
Evapotranspiration flux above the overstory canopy did not reach isotopic steady state
with the plant source water. The seasonal variations of the xylem water for overstory
species were tightly coupled with the changes of the soil water measured at 50cm depth.
The vertical profile of soil water isotope ratios revealed that the processes of infiltration
and mixing of precipitation with existing soil water were governed by soil moisture.
Precipitation collected in the Borden site was not in equilibrium with vapor, indicating

that secondary evaporation occurred at falling raindrops.
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4.1 Introduction
Water isotopes are excellent tracers to investigate the hydrologic processes that are
controlled by abiotic and biotic factors simultaneously. For example, isotopic
fractionations through water cycles in a forest ecosystem provides insights into
identifying redistribution of precipitation, which is a major water input in terrestrial
ecosystems. Here isotopic fractionation occurs on different levels. Evaporation which
occurs at top layers of soil can be differentiated from deeper soil layers in the result of
mixing of newer precipitation with existing soil water (Allison et al., 1983). Variations in
Oy originate from different sources of water (Dawson and Ehleringer, 1991). Enrichment

of J; is determined by stomatal conductance among sampled species (Dongmann et al.,

1974; Farquhar and Lloyd, 1993).

In addition to liquid water pools, continuous measurements of vapor isotope ratios
provide a necessary constraint for gas exchanges of water between ecosystem surfaces
and the atmosphere. Continuous measurements of whole-canopy isotope fluxes made
over a full growing season reveal temporal variations in evapotranspiration sources in a
forest, partitioned into components fluxes (Lee et al., 2007). Measurements of both
relatively abundant isotopologues, H,'*O and HDO, in atmospheric vapor carry unique
information regarding dynamic of liquid-vapor phase changes, assuming that
precipitation is isotopically in equilibrium with vapor (Wen et al., 2010). The conjunction
of measurements of liquid water pools and continuous observations of vapor isotopes
offers an integration of has been available in recent years (Griffis et al., 2010; Lee et al.,

2007; Welp et al., 2008).
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The objectives of this chapter is (1) to investigate what abiotic and biotic factors
influence the temporal variation of whole-canopy evapotranspiration isotope ratios, (2) to
verify isotopic steady-state assumption at a whole-canopy scale and (3) to study the
temporal dynamics of forest water uses by integrating water dynamics at an individual
components of a forest into such as soil, into a forest over the growing season in the

processes of redistributing precipitation.

4.2 Experimental methods

4.2.1. Site
The experiment was conducted in a mixed hardwood and coniferous forest located at the
Environment Canada tower station on Canadian Forces Base Borden in southern Ontario
(44°19°N, 79°56°’W, 120m above sea level) from June to late August 2009. This site is a
long-term flux monitoring station and details of the site information are given by
Teklemariam et al. (2009). The dominant species were red maple (Acer rubrum L.,
52.2%), Eastern white pine (Pinus strobes L., 13.5%), Aspen (Populus grandidentata
Michx, 7.7%), and Ash (Fraxinus americana L., 7.1%). Mean canopy height was 22m
and mean leaf area index (LAI) was 4.6. Mean annual and growing season air
temperature (June-September) were 6.4 and 17.6°C, respectively. The average annual and
growing season soil temperatures were 7.9 and 16.0°C, respectively. Mean annual

precipitation was 858 mm.
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4.2.2. Measurements of water vapor and flux ratios
Atmospheric vapor isotope ratios were measured for '*0/'°0O and D/H by an in situ water
vapor isotope measurement system at two heights, above and under the overstory canopy.
The measurement heights were switched manually during the measurement period. The
in situ system consisted of a tunable diode laser analyzer (TDL, model TGA-100A,
Campbell Science Inc., Logan, Utah) and a dripper calibration system. Details of the
operational principle were given in the previous chapters (section 2.3.1 and 3.2.1).
During the field experiment of 2009, the dripper delivered calibration water of a known
isotope content (-16.4%0 for '*0/'°0O and -123.5%. for D/H) at a flow rate that was
determined depending upon ambient vapor concentrations in a given day. This dynamic
calibration system was deployed to minimize instrument nonlinearity. A more detailed
discussion of the system nonlinearity can be found in Section 2.3.2 (chamber
nonlinearity). Canopy flux isotope ratio measurements were made hourly and converted

to delta notation in reference to VSMOW (per mil).

4.2.3. Isotope analysis of ecosystem water pools
'%0/'°0 and D/H measurements of ecosystem water pools were made on a regular or
event basis. For the measurements of leaf and xylem water isotope ratios, adjacently
located three overstory trees: ash, aspen and red maple, were chosen within 15 m radius.
Deltas of leaf water and stem were measured simultaneously every 3 — 7 days depending
on the wetness of tree surfaces in between rain events. For leaf water isotope analysis, 4 —
7 leaves were collected in glass vials immediately after the center vein was removed. For

stem water, non-green twigs were collected at the mid-canopy. I also made weekly
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measurements of soil water at three depths: 5, 10, and 50 cm. In August, auxiliary
measurements of soybean leaf and stem water were made simultaneously with the tree
leaf sampling after removal of main veins at a soybean farm located near the research site
(44°19°N, 79°93°W). Plants and soil samples were sealed and were kept frozen until
cryogenic vacuum extraction at Yale University. Groundwater was collected twice.
Event-based precipitation sampling was made in a forest opening area near the flux
tower. Water isotopic analyses were carried out on a Thermo Finnigan DeltaPlus XP with
Gas Bench, Thermo Finnigan MAT 253 with a H-device and a Thermo Finnigan

DeltaPlus XP with TC/EA at the Yale Isotope Laboratory.

4.3 Results and Discussion
4.3.1. Water balance during the experimental period in the Borden
forest

Figure 4.1 shows the cumulative precipitation and evapotranspiration of the Borden forest
during the experiment in 2009. The rain gauge readings were integrated in order to
estimate the cumulative precipitation. The cumulative forest evapotranspiration was
estimated from the eddy covariance measurements. During the experimental period,
precipitation exceeded evapotranspiration from the beginning (since DOY 140; May 20)
and there was no evidence of water shortage found for the rest of the season. There were
severe rainstorm events multiple times especially at the end of the season. From DOY
204 to 207 (July 23 — 26) and 221 to 223 (August 9 — 11), there were two large storm
events with 62.8 and 48.8 mm of precipitation, respectively. The amount of precipitation

recorded during these two events was equivalent to 38% of total precipitation observed
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during the experiment. On DOY 240 (August 28), the cumulative evapotranspiration and
precipitation were 130.8 mm and 292.6 mm, respectively, that the forest
evapotranspiration accounted for only 45% of precipitation input during the experimental

period of 2009.

4.3.2. Seasonal variations in vapor isotope ratios
Figure 4.2 presents seasonal variability of the isotopic compositions of ambient vapor
(Or) above the overstory canopy. Discontinuities in dy (top and middle panels) were due
to the understory measurements mode. The daily mean oy varied by 15 and 133%o for
0/°0 and D/H, respectively, occasionally exceeding 10%o (‘*0/'°O) and 90%o (D/H)
over just a few days. These rapid changes in dy were also observed in previous studies
measured over a temperate forest of New England and a soybean field in Minnesota by
our research group (Lee et al., 2006; Welp et al., 2008). The seasonal trends of dy
appeared to be correlated with those of air temperature. This correlation became
especially stronger at the end of the experiment (after DOY 210; end of July). The
correlation coefficients between dy and the air temperature were 0.47 and 0.50 (n = 70)

for 0/'°0 and D/H, respectively, for the entire measurement period and they increased

by 0.67 and 0.76 (n = 18) from DOY 210 by the end of the season.
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Figure 4.1. Cumulative precipitation and evapotranspiration above the overstory canopies
in the Borden forest during the experimental period. The rain gauge was operated from
DOY 130 to 240 (May 10 — August 28, 2009) and the eddy covariance dataset was
available for a longer period from DOY 120 to 273 (April 30 — September 30, 2009).
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Figure 4.2. Hourly mean (gray dots) and daily mean ambient vapor measurements (black
lines) for '*0/'°0 (top) and D/H (middle). Daily mean air temperature (bottom, black line)
and humidity (bottom, gray line).
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4.3.3. Liquid water isotopic compositions
Figure 4.3 presents the seasonal precipitation (Jdp), 5-day weighted average of dp (dp-w),
xylem (dx), three depths soil waters (ds) and groundwater isotope ratios (dg) measured at
the Borden site during the experimental period in 2009. ép and JSp.y varied and large
variability was found on DOY 176 (June 25), 182 (July 1) and 208 (July 27). The
deviation from the mean Jp on these three days were +7.1 and +49.2%, for '*0/'°0O and
D/H, respectively. Except these three rain events, dp fell in the range between -12.2 and -
4.8%o for "*0/'°0 and -93.3 and -23.3%o for D/H prior to DOY 210 (July 29). In the later
season after DOY 210, dp increased, resulting in more enriched D- dp than the leaf water

isotope rations (Figure 4.7).

Groundwater isotope ratios did not change over the season. d¢ was collected twice on
DOY 196 (July 15) and 227 (August 15) from two walls drilled at the study site. The
average of o was -12.3 and -84.9%o and the standard deviation was 0.21 and 1.34%o for
0/°0 and D/H, respectively. For '*0/'°0, none of natural waters were more depleted
than &g except dp on DOY 182 (July 1) and 208 (July 27), at which weighted dp were less
depleted. For D/H, D- ds and D- dy approached to the value of d¢ at the end of the season

mainly after DOY 200.

Xylem waters had little variability and were tightly coupled with the values of deep soil
water at 50 cm. For both isotopologues, Jx usually fell in the ranges of values of Js
collected from three depths (5, 10, and 50 cm) except the end of the measurement

periods. After DOY 217 (August 5), the ds values of 5 and 10 cm depth differentiated

from ds at 50 cm, increasing by 3.6%o. The dy measurements, however, did not respond to
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the changes in ds at the top two layers and remained close to the range of ds at 50 cm.
There was species variability in the monthly means of Jy (Table 4.1). The seasonal
variability of the three species was 0.9 (maple), 1.2 (aspen) and 1.4%o (ash) for '*0/'°O
and 5.5 (maple), 6.6 (ash) and 7.9%o (aspen) for D/H. Of the three species, dx of maple

showed the smallest variability.

Local meteoric water lines (LMWL) at the Borden site were plotted in Figure 4.4 in
comparison to the regression of groundwater and global meteoric water line (GMWL).
The regression line of precipitation was D =7.65'°0 -1.3. The observed slope of 7.6 was
slightly less than a slope of GMWL of 8, implying that the Borden site presents non-
equilibrated meteoric conditions during the observation period. The regression line of
groundwater was deviated from LMWL a 6D = 596'"0-11.7. Assuming that
precipitation is the ultimate water source of groundwater at the Borden site, the lower
slope of the groundwater than the precipitation resulted from the secondary evaporation

of precipitation during the recharging processes of groundwater.
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Figure 4.3. Seasonal variations in ecosystem water pools for "*0/'°O (upper) and D/H
(lower) in the Borden forest during the experimental period of 2009. Two measurements
of groundwater (crosses, dashed lines), precipitation (black solid lines), 5-day weighted
precipitation (gray solid lines), soil waters from three depths (open squares), and xylem

waters (open circles).
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Table 4.1. Monthly mean 8'°0 and 8D of liquid waters in per mil.

*0/"°0 D/H
June July August June July August
Twig Ash -8.1 -9.4 9.1 -73.3 -78.9 -76.1
Aspen -7.9 -9.6 -9.7 -67.7 -78.0 -78.8
Maple -7.8 -8.6 -8.9 -68.3 -73.2 -77.0
Leaf Ash 8.2 34 4.8 -31.6 -53.6 -36.9
Aspen 8.4 2.4 3.1 -29.1 -51.2 -41.7
Maple 11.9 7.2 8.3 -26.7 -46.4 -35.8
Soil 5 -6.5 -9.6 -6.5 -57.5 -79.9 -57.5
10 -6.6 -8.6 -7.0 -58.8 -71.2 -57.7
50 -7.4 -8.2 -8.4 -65.3 -67.8 -68.1
Precipitation -6.9 -9.8 -3.4 -54.7 -76.5 -22.5
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Figure 4.4. Local meteoric water line for precipitation (dots and dashed line), the
regression of groundwater measurements (squares and gray solid line), and global

meteoric water line (pink soil line) given by 8D =83'°0 +10
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Near-continuous Jy observations provide us with a useful insight into the atmospheric
transport processes of water vapor during phase changes. Figure 4.5 presents measured op
with the dy equilibrium values at air temperature (top and middle) and daily precipitation
recorded in the rain gauge (bottom). According to Rayleigh’s law, precipitation is
assumed to be in equilibrium with vapor during condensation at a near-ground
temperature (Dansgaard, 1964). At the Borden site, the 6y measurements revealed that
precipitation was isotopically near in equilibrium with vapor except a few periods in
which the site was relatively dry in between rainstorms. As Wen et al. (2010) observed in
Beijing, the disequilibrium at the Borden site was noticeable during and at the end of the
dry periods. For example, large disequilibrium of measured dp with vapor was observed
on DOY 176 June 25) and 218 - 221 (August 6 — 9) when precipitation did not occur for
a while. It is noticeable that the measured Jp values were more enriched than the
equilibrium values at disequilibrium, indicating the kinetic effects at the failing rain
drops. On the contrary, ép on DOY 193 (July 12) was more depleted than equilibrium,
presumably implying a mechanism of rain produced by convective systems such as

strong downdrafts (Gat, 1996).
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Figure 4.5. Comparison of dp (circles) in equilibrium with dy at air temperature (gray dots)

for "*0/'°O (top) and D/H (middle). Daily precipitation recorded in the rain gauge
(bottom).
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The effect of precipitation amount on soil water mixing varied with soil moisture
conditions. Figure 4.6 shows the vertical profile of soil water isotope ratios. During the
experiment in summer 2009, I had multiple strong rainstorms occurring in a short-period
on DOY 170 (June 19; 28.6 mm), 179 — 183 (June 28 — July 2; 37.2 mm), 204 - 210 (July
23 —29;49.2 mm) and 220 (August 8; 49.2 mm). The maximum daily precipitation (31.2
mm) that was observed during these periods was equivalent to 17% of total rainfall
recorded during the measurement period of 2009. After the first heavy rainstorm on DOY
170 (June 19), the vertical gradient of s at three difference depths became small, less
than 1%o for '®0/'°0 and 7%o for D/H and this well mixing soil waters lasted until the
second rainstorm around DOY 180 (June 29). This was in result from the enhanced

rainfall infiltration into a deeper layer at a dry soil.

A wet soil condition often limits infiltration of rainwater into deeper soil. After the
second rainstorm, ds of top two layers (5 cm and 10 cm) were slightly more depleted than
ds at 50 cm due to the negative dp (-14.6%o for *0/'°0 and -115.2%o for D/H on DOY
182; July 1) because the mixing with a new rainfall occurred only at the top of the soil.
The decoupling of top two layers from ds -50cm implied that mixing of new rainfall with
existing soil water remained in the top layers. Poor mixing of soil water after large
rainstorm explicitly indicated the effect of precipitation amount on the infiltration of

rainfall into a deeper soil layer (Gazis and Feng, 2004).
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Figure 4.6. Vertical mixing of soil water for '*0/'°O (upper) and D/H (bottom) at the Borden site. The measurements were made at

three depths, 5, 10, and 50 cm.
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Table 4.2 compares Ox to the dy measurements after bark was peeled off that each
measurement performed independently at the same day. The removal of bark has been
recommended during twig sampling by previous studies (Barnard et al., 2007; Cernusak
et al., 2008; Keitel et al., 2006; Tang and Feng, 2001) because bark could be in
equilibrium with atmospheric vapor which tends to be isotopically depleted (Brunel ef al.,
1997). Practically, the bark removal, however, is intricate under field conditions and
often can be very difficult in some species. Difficulty removing all bark can cause bias in
Ox measurements because of evaporation at bark-removed surfaces by exposure to the
ambient air. The twig sampling in this study was conducted without the removal of bark

throughout the experiment.

The removal of bark caused negligible differences in the dy measurements of ash and
aspen but noticeable differences were found in red maple. dx was enriched when bark
was removed than when bark was present in general. Except ash, bark-removed Oy was
always heavier than Jdy with bark present. For aspen, the differences were negligibly
small, less than 0.4 ("*0/'°0) and 0.9%. (D/H). For red maple, the dy differences of with
and without bark increased that dy with bark present were 1 and 4%o heavier than Oy
without bark for '*0/'°0O and D/H, respectively. These values were close to the standard
deviation of the mean Jy of the three species, 0.8%o for '*0/'°O and 4.0%o for D/H. There
was confounding by two sampling methods because samples with bark present could be
depleted and samples with bark removal could be enriched. At this stage, it is not clear
which sampling method cause more bias. Nonetheless, minimizing unexpected
evaporation during sampling should be considered when designing field sampling in

order to reduce a measurement error.
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Table 4.2. Comparison of the effects of bark removal on the dy measurements.

*0/°0 D/H
Date Species Bark Bark removal Bark Bark removal
July 14 Ash -7.6 -7.9
July 17 Aspen -9.7 -9.3 -79.0 -78.1
July 20 Maple -9.3 -8.4 -76.6 -73.4
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The isotopic composition of leaf water (d;) varied with a similar trend observed in
precipitation isotope ratios. The measured &, values showed much larger seasonal
variability than xylem and soil waters, varying by 16%o in '°0/'°O and 34%o in D/H. The
changes in J; were observed approximately 1 to 6 days after the changes in dp. This time
lag tended to be longer in the later part of the experimental period. For example, J
changed a day after dp had changed between DOY 180 to 190 (June 29 — July 9), then an
increase of §; on DOY 228 (August 16) occurred 6 days after a sharp increase in dp on

DOY 222 (August 10).

The 6; measurements were more enriched than the J&y measurements over the
experimental period. Figure 4.7 exhibits the seasonal means and the standard deviations
of dx, -8.8 + 1.1%0 for '*0/'°O and -74.4 + 6.7% for D/H. The most extreme &
enrichments (Ad, = Or- Ox) were observed during the early part of the experiment,

approximately 30%o and 65%o above dy for '*0/'°0 and D/H, respectively.
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Figure 4.7. Seasonal variations in leaf water isotope ratios for three species, soybean leaf
and stem isotope ratios for *0/'°O (upper) and D/H (lower). For detailed information
about each species of J;, see the legend. For reference, precipitation (gray solid lines) and
mean xylem isotope ratios + standard deviations (dashed lines with shaded areas) were

presented.
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Leaf water enrichment is controlled by biotic and abiotic factors. Stomatal conductance is
a biotic determinant of §; enrichment. Contrary to Jy, large species variations were found
in the §; measurements caused by the differences of stomatal conductance. Of the three
species, the maximum stomatal conductance has been reported in red maple, ranged from
120 to 150 mol m™s™ (Auge et al., 2000; Daley and Phillips, 2006). The stomatal
conductance of ash and aspen was in the range from 80 to 100 mol m™s™” (Abdul-Hamid
and Mencuccini, 2009) and from 60 to 90 mol m™s™ (Ewers et al., 2005), respectively.
For '*0/'°0, maple-8, was the most enriched among three species throughout the
experimental period. The seasonal means of A§, were 17.4, 14.3, and 13.8%o for maple,
ash, and aspen, respectively. For D/H, a similar trend was found in the §; measurements,
in general. The seasonal means of AJ; were 35.6, 34.8, and 34.3%o for maple, ash, and

aspen, respectively.

Humidity acts as an abiotic constraint on leaf water enrichment. Figures 4.8 and 4.9 show
the correlations between 0, enrichment and atmospheric moisture conditions, relative
humidity and vapor pressure deficit (vpd). For the correlation analyses, relative humidity
and air temperature measured at the lower intake (33 m) during midday (12 - 3 pm) was
averaged. The J; enrichment was a linear function of atmospheric moisture conditions:
negatively correlated with relative humidity and positively with vpd, resulting from less
d, enrichment at a high moisture condition. The linear least squares fit equation for '*O-
Ad; and humidity remained a strong correlation, with a R’ value of 0.65 (p < 0.0001).

With the humidity from 0.4 to 0.7 during the growing season, leaf water was enriched 10
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to 20%o and 20 to 45%o above the xylem water for '*0/'°0 and D/H, respectively, in the

overstory species.

Auxiliary measurements made on soybean leaves and stems suggested the stronger
dependence of the source water of soybeans on precipitation than the overstory trees. The
additional eight measurements of soybean were made in the later part of the growing
season. The growth of soybean was delayed due to the unusually cold and wet summer in
the study areas, so that a pair measurement of soybean leaves and stem was available
after DOY 211 (July 30). Leaf sampling was made after the main vein was removed. The
soybean stem fell between values of the top soil and the precipitation prior to DOY 226
(August 14). The reader is reminded that the use of ds should be limited to analogy to soil
water isotope ratios of the soybean field only because the soybean field was located out

of the Borden forest.
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Figure 4.8. Correlations between leaf water enrichment (J; - dx) and relative humidity
measured at lower intake (33m) for '*0/'°0 (circles) and D/H (squares). Linear least
squares fit equations (solid lines) for '*0/'°0 and D/H are y = -30x + 31 (R* = 0.65) and y
=-71x + 73 (R’ = 0.38), respectively.
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Figure 4.9. Correlations between leaf water enrichment (J; - dx) and vapor pressure
deficit measured at the lower intake (33m) for '*0/'°0 (circles) and D/H (squares). Linear
least squares fit equations (solid lines) for '*0/'°0 and D/H are y = 5.2x + 8.3 (R’ = 0.31)
and y = 18x + 11 (R’ = 0.39), respectively.

4.3.4. Seasonal and diurnal variability of evapotranspiration flux
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isotope ratios
Figure 4.10 presents evapotranspiration flux (dgr) of overstory (upper) and understory
canopies (bottom) for '*0/'°0 and D/H, respectively, over the course of the experiment in
2009. The hourly means of dgr (dots) were very scattered so that the measurements had to
be filtered +£50%o for '*0/'°0 and +£500 %o for D/H in order for daily average estimates
(black solid lines). In comparison to the daily &y measurements (gray lines), large
variability was observed in the daily dgr values and there were no clear trends found over
the measurement period. The variability of daily dzr ranged from -35 to 50%. for '*0/'°O
and from -490 to 440%o for D/H. The variations in Ogr tended to decrease during

relatively dry periods (i.e. around DOY 190 and 230; July 9 — August 18).
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Figure 4.10. Seasonal variations in whole-canopy isotope fluxes for overstory (first and

third panels) and understory canopy (second and fourth panels).
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Figure 4.11 presents the diurnal composite of dgr measured at the overstory (gray lines)
and understory canopy (black lines). Dashed lines are the seasonal means of dy with
standard deviations presented in the shaded areas. The diurnal composite of dgr varied in
less than 20 and 200%o for '*0/'°0 and D/H, respectively. For '*0/'°0, understory dgr
reached at Oy rather than overstory Ogr in the midday. For the understory canopy, Ogr
showed the least variability from the late morning hours until midday (10-1 pm), which
reached to the steady state values. For the overstory canopy, Jgr stayed relatively stable
during the late afternoon hours (1-6 pm) with values that are 2.5 to 6%o heavier than the
steady-state values. The reader is reminded that the steady state value is the seasonal
mean of dy measured in three of major overstory species at the Borden site. For D/H, the
diurnal composites of dzr were much noisier than that of '*0/'°0. Neither the overstory
nor the understory canopy was at steady state. For the overstory canopy, Jgr stayed
relatively stable between 12 to 3pm, more than 35%o departure from the steady state
value of -74.4 £ 6.7%o. For the understory canopy, the values of dzr showed fluctuations,

which fell into the range between -150 and 31%o.
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Figure 4.11. Ensemble mean diurnal cycles of dgr for overstory (gray solid lines) and
understory canopy (black solid lines). Seasonal average of Ox of three species (gray

dashed lines) with +/- one standard deviation (shaded areas).
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4.3.5.5-day running average of overstory Ogr
Figure 4.12 compares the 5-day running averages of dgr (Ogrs) to Xylem and precipitation
isotope ratios. The use of OJgrs is useful to scale up the measurements of gy in
comparison to Jdy, which features slower turnover time of the pools. For the running

average calculation, overstory dzr were only considered and outliers (greater than 50 and
300%o and less than -50 and -300%o for '*0/'°0 and D/H, respectively) were removed

prior to the calculations.

Orrs indicated that isotopic steady state was not achieved generally in the Borden forest
except for three periods. On DOY 161 (June 10), 181 (June 30) and 196 (July 15), Sgrs
reached dy, however, the maximum duration of isotopic steady state was no more than
three days (DOY 181~184; June 30 — July 3). Except during these three periods, dgrs was
always more enriched than Jy, and the departure from steady state ranged from 7.2 to
17.7%o for 80/'°0 and from -20.0 to 130.3%o for D/H. This disagreement between Ogrs
and Oy at the Borden site is smaller than that observed in Lee et al. (2007) because the use

of dgrs dampened the fluctuations of dzrmeasurements.

The violation of steady state assumption under field conditions has been reported in
recent studies (Harwood et al., 1999; Lee et al., 2007; Welp et al., 2008). The steady-
state assumption (Craig and Gordon, 1965) has been criticized that 67 = dyx is likely to
happen only in the limited conditions of high transpiration usually at midday (Harwood et
al., 1999). When transpiration flux and climatic variables are highly variable, the isotopic

steady-state assumption was invalid and it led to the large disagreement between dr and
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Ox (Lee et al 2007). The 6r = Jy condition could be achieved in the case of integrating

longer time scale than hourly observations (Harwood et al., 1999).

4.4 Conclusions
Continuous measurements of isotope ratios of water vapor and the evapotranspiration
flux were made in a mixed temperate forest over a full growing season. Precipitation
exceeded evapotranspiration at the Borden site during the measurement of 2009. The
seasonal trends of dy appeared to be correlated with those of air temperature. This led to a
reasonable agreement between measured and predicted precipitation in equilibrium with

Oy at air temperature and a disagreement happened in dry periods.

Ox was closely coupled with ds at 50 cm depth and the species variations in the Oy
measurements were less than 1.1 and 6.7%o for '*0/'®0 and D/H, respectively. The dy
values after bark removal were slightly heavier than Oy values without removal,
indicating that bias could be caused during sampling procedures. The §; enrichment was
affected by transpiration with a decrease of humidity in the air. Stomatal conductance
was also a factor that maple with the highest stomatal conductance reported had the most
enriched J;. The vertical profiles of ds were a good indicator of dynamics of soil water
that infiltration of newer precipitation into a deep layer was enhanced at a dry condition.
The diurnal composite of dgr varied in less than 20 and 200%o for '*0/'°0 and D/H,
respectively. In general, the variability of diurnal dzr tended to decrease in the daytime.

The isotopic steady state assumption was invalid in the Borden site.
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Chapter 5. Summary
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This dissertation is concerned with experimental studies of stable water isotopes by
extensively measuring H,'®O and HDO vapor. At the laboratory scale, the isotopic
enrichment of surface water was investigated using an evaporation chamber. Emphasis
was placed on investigating kinetic effects in determination of surface enrichment during
evaporation. Fumigation experiments were carried out on five annual species of plants
utilizing either C; or C4 photosynthetic systems, with focus on dew effects on the
equilibrium of leaf water with vapor at saturation through partially open stomata. At the
ecosystem scale, field observations were made in a temperate mixed forest (Borden

Forest, southern Ontario, Canada) during the summer of 2009.

A primary goal of the study is to verify surface enrichment at the evaporating surface and
to investigate factors that influence kinetic effects. The concept of surface enrichment has
been developed mostly in a theoretical perspective because accumulation of heavier
isotopes at the evaporating surface is not amenable to direct observation. The most
prominent factor is aerodynamic conditions at the evaporating surface, ranging from fully
turbulent diffusion to fully molecular diffusion, which have not been verified by direct
observations. The surface enrichment was substantial: on average, the surface water was
7.5 — 8.9%o more enriched in 'O and 12.6 — 16.5%o in D than the bulk water, the exact
value depending on the choice of the kinetic fractionation factor for evaporation. The
aerodynamic conditions at the evaporating surface were dominated by molecular
diffusion at the higher evaporation rates. Surface cooling was not a critical factor in the

estimation of surface enrichment.

Another goal of this study was to investigate gas exchanges of water at leaf surfaces with

the focus on dew effects on leaf water isotope ratios and nocturnal stomatal behaviors,
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most importantly, estimating stomatal conductance at wet surfaces. Surface wetness has
been considered an impermeable barrier to gas diffusion at plant surfaces (Wesely, 1989),
but no such studies exist to validate the assumption of infinite resistance at wet foliage
because direct measurement of stomatal conductance is impossible using conventional
methods. Consequently, there is a limited understanding of how much and how dew
water contributes to plant-water relations, possibly as a direct water input into vegetation.
In this light, laboratory dew simulation experiment was conducted with development of a
fumigation plant chamber system, which generated a vapor stream of known isotopes. In
the experimental setup in which net water flux was zero, fluxes of minor isotopes
presented that stomatal conductance existed at wet foliage with a similar degree of
nocturnal conductance, ranged from 0.035 to 0.087 mol m™s™, reported elsewhere (Caird
et al., 2007). The result has a great implication for setting deposition velocity at wet

surfaces in air quality modeling studies.

The finding regarding incomplete stomatal closure has great implications in two ways:
vapor equilibrium with leaf water and nighttime stomatal conductance. Diffusion of
minor isotopologues took place in the gaseous phase through the partially open stomata.
As an intermediary, dew presence at leaf surface played a role in interconnecting vapor to
internal leaf water. By the end of the 48 h-long experiment, at least 90% of leaf water
cam from dew. Dew-modified leaf water may be a dominant component in the
measurements of evapotranspiration flux isotopes during early morning hours in field

experiments.

In the condition of no drought stress, C4 plants maintained partially open stomata in

darkness. Cultivation of some of such plants, namely corn and sorghum, has been
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intensified in recent year due to the increasing demands for biofuel production as well as
food supply (Worldwatch institute, 2006). In agricultural, crops often cultivated with
fully equipped irrigation systems. Partitioning components of evapotranspiration and
regional water budget may change significantly in agriculture landscapes with

maintenance of water loss by C4 crops at night.

During the summer of 2009, an intensive field experiment of water isotope
measurements, Chapter 4, was conducted to implement laboratory studies, Chapter 2 and
3, described in the previous paragraphs. Soil water mixing was affected by soil moisture
conditions presented at the time of precipitation. Leaf water enrichment was controlled
by both biotic and abiotic factors. Near-continuous measurements of evapotranspiration
flux revealed that isotopic steady state was invalid at the study site. Tracing oxygen
isotopes of water is of great interest in the global '*0-CO, budget due to the exchanges of
%0 between CO, and water. These findings noticeably contribute to understanding of the

dynamics of CO; in forest ecosystems.
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Appedix 1. Ground-based remote sensing in relation to leaf water status on

corn leaves
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Al.1. Introduction

Leaf water status is a good indicator of plant physiological functions. It directly affects
stomatal closure by releasing abscisic acid (ABA). By controlling stomatal closure, leaf
water status physiologically regulates transpiration (Jones, 1978) and stomatal
conductance (Saliendra et al., 1995). In terms of water isotope perspectives, the effects of
leaf water on stomatal opening and transpiration are associated with the isotopic
enrichment of leaf water. Determination of leaf water isotope ratios is sensitive to a
turnover time of leaf water, which is a function of water contents in leaves (Chapter 3).
Water stress in leaves causes an increase of leaf temperature that potentially affects the

isotopic enrichment of leaf water at which two waters reaches isotopic equilibrium.

Construction of water contents in leaves has been a challenging task in many ecological
studies. The changes in leaf water contents result from interplay between internal and
external factors including soil water and humidity surrounding leaves (Gallego et al.,
1994; Millar et al., 1971; Saranga et al., 1991; Smart and Barrs, 1973). Conventional
methods of leaf water content measurement require laborious and destructive processes
of a subject plant, which impede frequent data collection often with no less than a day
interval. Use of ground-based remote sensing is an alternative to the estimation of leaf
water status without damaging plants. Some studies have been reported using spectral
reflectance measurement that the results might be limited to species-specific and weak

correlations.

Three main purposes of this supportive study are (1) to explore the feasibility of
developing a non-destructive leaf water estimation method using spectral reflectance

measurements, (2) to provide supportive measurements for changes of leaf water for a
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short-term scale and (3) to conduct preliminary investigation of nighttime stomatal

conductance to support the dew experiment in Chapter 3.

Al.2. Experimental setup

Corn (Zea mays) was planted and grown in two plastic window boxes in the Greeley
laboratory greenhouse (370 Prospect St. New Haven, Connecticut) with a daily
temperature range of 18-42 °C and mean relative humidity of 20% (12-45% range in
May. The growth conditions including watering were controlled identically in the two
groups of corn plants throughout the growth period. A week before the experiment, a new
watering scheme was applied under which the two corn-planted pots were divided into
two treatments, drought and control. For the drought treatment pot, water was completely
withheld until the end of the experiment. Prior to the experiment, two pots were
transported to the rooftop of the Environmental Science Center (ESC, 21 Sachem St.,
New Haven). At the end of the experiment, soil samples at 5 cm depth were collected

from the two boxes and analyzed for water potential.

A1.3. Intensive measurements

For a period of 48 h from 18 to 20 September 2007, measurements of spectral
reflectance, variables of plant water status and physiological variables at the leaf level
were made every 4 h from potted corn plants at the rooftop of ESC. Spectral reflectance
at the adaxial side was measured using a UNIspec Spectral analysis System (PP Systems,

Haverhill, Massachusetts) over a full range of wavelength (310 — 1130 nm) with a 2.0
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mm diameter foreoptic and an internal 6.8-watt halogen lamp. Detail of the system setup
and standard control processes are provided elsewhere (Poulos et al., 2007; Richardson
and Berlyn, 2002). Spectral reflectance scanned at three different points were randomly
chosen at each experimental group and the three measurements of reflectance were
averaged. This reflectance scanning was repeated in all four experimental groups (2 leaf

segments x 2 drought treatments).

Three water band indices reported in previous studies and two indices modified based on
the infrared spectrum measurements were tested. The water band index has been
developed according to the different reflectance spectra of water absorption maxima
throughout the infrared spectrum measured on leaf segments (Palmer and Williams,
1974). Using the reflectance ratio based on the difference of absorption at multiple
wavelengths, water band index has been calculated (Penuelas et al., 1997), in reference to

reflectance at 970 nm (Ro7¢) as

=

900

Wi, 970 =

=

970

where R denotes reflectance (0 < R < 1) and the subscript denotes wavelength (nm), for

example, Ry is a reflectance at 970 nm. This simple ratio was modified by Riedell and

Blackmer (1999) as

Wi _ R900 + (R900 ~ R830 )
970+
Ryp
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Finally, Sims and Gamon (2003) suggested a water band index using reflectance ratio of
900 and 1180 nm. Because the maximum wavelength that could be measured using

UNIspec is 1130 nm, I modified Sims and Gamon (2003) as

Ry
R

WI1130 =

1130

In addition to three water band indices reported in previous studies, two modified indices
were also tested. These modification were made because of species-specific feature of
spectral reflectance properties (Sims and Gamon, 2003). In this study, the two
reflectance minima occurred near 480 and 670 nm and the variations of the reflectance
values in a given treatment were almost zero at 700 nm regardless of the measurements
time steps (Figure Al.l1). This trends were observed consistently throughout the
experiment period. Therefore, two water band indices, Wlo70 and Wly70. have been

modified as W7o and W15, in reference to wavelength at 700 nm (R;g9) as

R
Wiy, = %
700
and
WI700+ _ R@oo + (Reoo - Rgso)

R

700

All five indices were estimated based on the measurements of spectra made on the corn
plants during the experimental period and examined correlations with three leaf water

variables measured during the experiment period simultaneously.

151



0.5

0.4

reflectance

0.3

0.2

0.1

O 1 1 1 1 1
310 400 500 600 700 800 900 1000 1100
wavelength (nm)

Figure Al.1. An example of infrared spectrum measurements made on the leaf base
segment of corn plants using UNIspec at every 4 h during Sept 18 — 20, 2007. Each
individual line represents the spectrum measured at each collection time step. Two

measurements for drought and control treatments were averaged.
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Every 4 h, corn leaves were collected for the measurements of leaf water potential (LWP,
MPa), leaf water contents (LWC, g m™) and relative water contents (RWC, %). Leaves
were sampled after the removal of veins for the determination of LWP using a Dewpoint
PotentiaMeter (WP4, Decagon Devices, Inc., Pullman, Washington, USA). For the LWC
measurements, leaves were stored in an airtight zipbag immediately after collection.
After fresh weight (FW) was weighted, the collected leaf segments were photocopied for
the later measurement of leaf areas using a leaf area meter (Li-Cor 3100 Area Meter, Li-
Cor instruments, Lincoln, Nebraska, USA). The individual leaf segments were
reweighted after oven dry at 70 °C for several days and LWC was estimated as

FW -DW
leaf area

LWC =

For the RWC measurements, leaf discs were cut and immersed in the distilled water for
24 h for turgid weight measurements (TW) immediately after fresh weight was measured.
After TW was weighted, leaves were dried in a dry oven at 70 °C for dry weight

measurements (DW). Then, RWC was estimated as

FW -DW
=———X

RWC 100

In addition to the leaf water measurements, auxiliary measurements of leaf-level gas
exchange were conducted including photosynthesis (4,), transpiration (7) and stomatal
conductance (gs) using an open gas exchange system (LI-6400, Li-Cor, Lincoln, NE,
USA). A mature leaf was chosen from each treatment and the same leaf was used for the
repeated Licor measurements at each of the subsequent sampling intervals over the

experiment period.
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Al.4. Results

First, the effectiveness of the chosen factors in demonstrating plant water status in the
experiment was statistically examined using a three-way ANOVA [2 levels of water
stress: drought and control; by 6 levels of collection time: 12, 16, 20, 24, 4 8 am; by 2
levels of leaf segment: base and tip]. The analyses revealed that the drought treatment
were statistically insignificant to manipulate water stress in the experimental plants. The
measurements of soil water potential for the drought and watered treatment at the end of
the experiment (midday) were -2.06 and -0.01 MPa, respectively. Such results were not
expected on the basis of visually detected withered leaves in the drought plants observed
during the experiment. At night, variations between the two treatments were narrowed,
ranging from -0.71 to -1.07 MPa at 24 am, -0.83 to -1.06 MPa at 4 am on the second
experiment day. Then the ranges of LWP increased at 12 pm, ranging from -0.67 to -1.11
MPa. Because dew formation was observed in both nights, I hypothesized that additional
supply of dew water to leaf water relieved water stress at the leaf leave. Extra generalized
linear model (GLM) analyses were conducted without nighttime measurements (24, 4,
and 8 am), however, the filtering of nighttime measurements did not show statistically

significance for any of the three variables (p > 0.05).

The ANOVAs (Table Al.1) revealed that the selection of the leaf segments and
collection time were a significant factor in determining water status in leaves. However,
the interaction effects of leaf segments and collection time on leaf water was not

significant. Differences of the measured leaf water variables between the leaf segments

were significant for LWP at p < 0.05 -level and for LWC and RWC according to a GLM
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analysis (p < 0.0001). The analyses showed that the impact of intra-leaf variations of leaf
water diminished when it examined the interaction effects of leaf segment x collection
time. For examples, differences in the LWP measurements were significant with the leaf
segment and collection time individually at the p < 0.05-level and p < 0.0001,
respectively. However, differences in LWP did not show statistical significance with the
interaction of the two factors. For LWP, the collection time was also a significant factor
(» < 0.0001), however, other variables did not show significant differences in the
measurements with respect to the changes of collection time of a day. This may be a
result of the sensitivity of measuring LWP to diurnal plant water relations, indicating that
the use of LWP would be the most useful method if understanding diurnal variation of

leaf water is a subject of study.
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Table Al.1. P values for effects included in the analysis of variance (ANOVA) conducted on LWP and a generalized linear model
(GLM) analysis on LWC and RWC and Licor measurements (Photosynthesis and Conductance) on corn plants. Abbreviations: LWP =
leaf water potential, LWC = leaf water contents, RWC = relative water contents, 4, = photosynthesis, 7 = transpiration and gs =
stomatal conductance.

Fixed factor LWP LWC RWC A, T gs
Treatment 0.915 0.465 0.785 0.318 0.796 0.938
Leaf segment 0.037 0.000 0.002 0.285 0.153 0.023
Collection time 0.000 0.279 0.070 0.000 0.000 0.000
Leaf x time 0.541 0.980 0.758 0.697 0.469 0.138
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Figure Al.2 presents the measurements of leaf water variables made on two leaf
segments in the corn crops for the 48 h period. Due to the statistical insignificance of the
drought treatment (Table Al.1), the measurements of the two treatments were averaged
and the maximum and minimum values were presented in the error bars. In general, the
LWP measurements showed a diurnal pattern with a decrease of leaf water at midday and
a recovery during nighttime (Figure A1.2, top). In comparison to the other variables, the
diurnal pattern for LWP was the most obvious among three variables, with the minimum
values of -1.61 (base) and -1.65 MPa (tip) during the daytime (12 — 4 pm) and the
maximum values of -0.77 (base) and -0.98 MPa (tip) at night (24 — 4 am). In the
segmental analysis, the LWP measurements at the base were always higher than that at
the tip except the second measurements (16 pm, first day). The measurements from two
leaf segments tended to be diverted by 0.48 MPa at the maximum (night), while LWP in
the two segments was likely to be less varied at midday (12 - 4 pm) and during the

recovering period (16 — 20 pm).

The LWC measurements (Figure A1.2, middle) showed the least diurnal variation among
three variables, ranging from 0.014 to 0.019 g m™ (base) and from 0.0095 to 0.013 g m™
(tip), and a larger diurnal variation was found in the base (0.005 g m™) than in the tip
0.0035 g m™). In addition to the consistency over the 48 h period, the measurements
made on the tip segment showed very small variations between two treatment groups.
According to the definition of LWC, a measurement of LWC indicates the actual amount
of water containing in a given leaf area, while LWP and RWC are a indicator of leaf
water relative to saturation (LWP) or dry-full turgor weight. The very small changes of

LWC observed in the diurnal cycle, therefore, may imply that the change of actual
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amount of water in a short-term scale could be negligibly small in a single leaf of corn.
Very few plant physiological studies were reported regarding leaf water measurements
using the same LWC unit that I used at an hourly scale, so that it is unknown the impact
of 0.005 g m™ changes of leaf water occurred in a single leaf on plants. However, in
micrometeorological perspectives, the assumption that vegetation could be considered as
a consistent water pool and reach at steady state would be reasonable. This further
implies that the location of LWC measurement in a given leaf is more important than the
time of sampling. The use of a leaf disc with a known diameter is widely used in a field

study, so that extra care should be exercised in designing a field experiment.

The measurements of RWC during the experimental period were unable to provide
insight into a diurnal change of leaf water. The measured RWC tended to be consistent
over the 48 h period within the range of 0.9 - 1.0 for both the base and tip segments
except the last measurements made on the tip segment (0.87 MPa). In addition to the
other variables, RWC at the base had less water stress than that at the tip, however, the

mean difference was small (less than 5%).
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Figure Al.2. 48 h measurements of leaf water made on corn plants in three different
variables: leaf water potential (top), leaf water contents (middle) and relative water
contents (bottom). The measurements in the drought and control treatments were

averaged.
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Figure A1.3 presents the diurnal patterns of leaf gas exchange measurements for three
variables for the 48 h period. For photosynthesis, maximum activity was observed at
noon and no photosynthesis (negative values) was detected during the nighttime (20 — 4
am). The two measurements made on the tip and the base segments were very close,
supporting the statistical analysis in Table Al.1. The mean photosynthesis for daytime (8
— 16 pm) was 3.3 £ 0.94 (s.d.) pmol CO, m™s”. For conductance and transpiration,
differences between the tip and the base segment became larger when the gg/T values
increased. The values of g5 /T at the tip segment tended to be higher than that at the base
segment. In terms of diurnal patterns, the similar trend of diurnal cycle was observed in
gs and T, resulting in an increase of conductance and transpiration at daytime and a
decrease at nighttime. In addition to the differentiation of values at the two segments,
another difference from photosynthesis was that nighttime conductance and transpiration
was detected and these values were significantly different from zero (p < 0.0001). The
mean nighttime values (20 — 4am) were 0.023 + 0.016 mol H,O m™s™ and 0.25 + 0.17
mmol H,O m™s™ for stomatal conductance and transpiration, respectively. The mean
daytime values were 0.043 = 0.01 mol H,O m™s™ and 0.65 £ 0.09 mmol H,O m™s™ for

stomatal conductance and transpiration, respectively.

Impacts of five water band indices (WIs) on the prediction of water contents in leaves
were examined. Table A1.2 lists Pearson correlation coefficient (R) and p-values at 95%
confidence intervals for correlation between the leaf water measurements and WIs
corresponding to the leaf segments. For the base segment, LWC and LWP showed
statistical significance over some of WIs. The LWC measurements were negatively

correlated with Wlo7o+, Wlz90 and Wlygo+ at p < 0.05 and W1 ;30 at p < 0.01.
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Figure Al1.3. 48 h measurements of leaf-level gas exchanges made on corn plants:
photosynthesis (top), stomatal conductance (middle) and transpiration (bottom). The

measurements in the drought and control treatments were averaged.
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The correlation coefficients were close to negative unity, with R values in the range of -
0.69 to -0.77 in linear relationships. The R values for LWP were -0.61 and -0.62 for
Wls00+ and Wiz at p < 0.05 level, respectively. The analyses between WIs and RWC
were found no significant correlation. The variation of measured RWC was limited to a
narrow range from 0.9 to 0.98 for the base segment (Figure Al.2), resulting in no
statistically significant correlation. In contrast to the base segment, no correlation
coefficients between WIs and water contents were found statistically significant for the
tip segment, indicating that spectral reflectance analysis could be biased depending on the

choice of measurements portion in a single leaf.

The relative strength of correlations between WIs and different measurements of leaf
water contents were changed if the analyses conducted on integrating two leaf segments..
For LWP, Wiy, Wl700 and Wly0o+ were linearly associated but the correlations for
Wl and Wl;g0+, for example, were weaker than that for the base only analyses. For
LWC, the use of WI; ;30 only showed significant correlation among five indices with a
weaker R value of -0.51 than that of -0.77 in the base segment. In contrast to other
variables, adding measurements in the tip segment appeared to have effect on the
correlations between RWC and indices and showed the significant correlations with
Wly70: and WIy30. In general, however, the correlations tended to be weaker in the
analyses including both base and tip segments than in the base segment only presumably
due to a poor relationship between the indices and water contents variables. This implies
that reconstructing leaf water using remote sensing at a single-leaf level would be a

challenge in a field practice since sampling of leaves for water content measurement is
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Table A1.2. Pearson correlation coefficients (R) and P-values (95% CI) between the water index (Wlxxx) indices and leaf water
measurements. The means of drought and control treatment in the measurements of spectral reflectance and leaf water variables were
used. ( *p <0.05; ** p <0.01)

Base Tip
Wlo79 Wio70+ Wli130 Wl700 W70+ Wlo79 Wilo70+ Wli130 Wl700 Wl700+
LWP 0.034 -0.477 -0.350 -0.623* -0.606*
LWC -0.469 -0.700*  -0.771*%*  -0.690%* -0.685*
RWC -0.142 -0.417 -0.549 0.160 0.174
LWP -0.223 -0.593 -0.284 -0.305 -0.278
LWC -0.195 -0.591 -0.557 -0.241 -0.214
RWC -0.131 -0.579 -0.600 0.198 0.222
Base + Tip
Wlo7o Wilo70+ Wlii30 Wl700 Wl700+
LWP -0.125 -0.514* -0.352 -0.512* -0.493*
LWC -0.378 -0.348 -0.512* -0.242 -0.247
RWC -0.266 -0.458*  -0.610** 0.134 0.141
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usually conducted over a whole leaf to avoid bias due to uneven water distribution in a

leaf.

Al.S. Summary

The measurements of leaf water were made using three different methods. LWP showed
the most obvious diurnal changes of leaf water among the three variables. The LWC
measurements varied within 0.005 g m™ and the mean difference of RWC were less than
5% during the 48 h period. The leaf segmental analyses showed an uneven distribution of
leaf water so that the water contents at the base segment were always higher than that at
the tip segments regardless of the choice of the leaf water variables. The drought

treatment practiced in this study produced a statically insignificant effect.

Some of the water band indices were negatively correlated with leaf water variables
depending on the leaf segment. In the leaf base segment, Wly7: and W13 were a
negatively linear function of LWC. The empirically modified indices, Wls0o and Wlygo+
showed a correlation with both LWP and LWC measurements. In the tip segment, none
of the indices showed statistically significant correlations with leaf water measurements.
A combination of the indices and the leaf water variables that were statistically
significant appeared to have very little tendency to conclude, implying that prior research

is necessary in the use of spectral reflectance indices for estimating leaf water.
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Appedix II. Influences of dew on predawn leaf water potential in a corn

canopy
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A2.1. Introduction

The potential of dew presence on leaf surfaces as a hydrologic input was largely
unexplored. Dew water at leaf surface has significant implications in many ecosystem
studies as discussed in Chapter 3 was devoted to analysis of dew effects on leaf water for
determining the potential of dew water in the ecosystems. However, very few studies
have been conducted to report field observations of leaf water restoration under dew
conditions (Munne-Bosch and Alegre, 1999; Munne-Bosch et al., 1999). The purpose of
this field experiment was to provide the experimental evidence of the use of dew water
by leaves in the field conditions by comparing predawn leaf water potential from the dew

and dew-exclusion plots.

A2.2. Site description

The field sampling for predawn leaf water potential was made for three times on July 28,
August 14 and August 15, 2010 at a corn field on the Lockwood Farm of the Connecticut
Agricultural Experiment Station in Mount Carmel, Connecticut, United States (41°25° N,
72°55” W). More details of the site description can be found elsewhere (Aylor, 1993; He
et al., 2003). The corn-planting section was situated at an open space near the center of
the farm at which no structures were in close contact with corn crops to prevent
interception of wind or radiation from the sky. Corn was planted in late May and reached

maturity at the time of sampling collection.
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A2.3. Experimental setup

Six plots, each with 5 rows and 5 m long were set up in the corn field, consisting of two
types of treatments, dew and dew-exclusion plots. All six plots were adjacent to each
other and the arrangements of plots are shown in Figure A2.1. For additional
measurements of soil moisture, an access tube of a soil moisture probe (model PR1/2,
Dynamax, Inc., Houston, TX, USA) was installed into soils at the center of Dry plot 2 in
early July, so that soils around the tube could be stabilized. Due to the limited access to a

deeper soil layer, the sensor rings on the access tube were able to detect soil moisture at

the depths of 5, 15, and 25 cm (Figure A2.1).

A2.4. Field sampling and laboratory measurements

Prior to leaf sampling at sunrise, plastic films were covered over the dew-exclusion plots
immediately after sunset on the night of the experiment in order to prevent dew formation
at canopy surfaces (Photo A2.1). The plastic cover was carefully positioned right above
the canopy because dew could be formed both side of the plastic films. In order to
increase effectiveness of dew exclusion, thickness of a cover or types of cover material
should be concerned, for example, a plastic cover lined with a piece of aluminum foil

increased the effectiveness of dew exclusion (Photo A2.2 and see section A2.5).

The leaf sampling was conducted in the early morning between 6:30 and 7:15 am (Photo
A2.3). Three plants in one plot were chosen for leaf sampling randomly but near at the

center of each plot. Two leaves were sampled one at the top and another at the bottom of
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Figure A2.1. Sampling plot design in a corn field on the Lockwood Farm, Hamden, CT.

Plastic films were covered over the dry plots to prevent dew formation.
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a canopy in each plant. Multiple pieces of leaf samples were taken in the sampled leaf
from a tip to a base because water contents could be varied depending on a location
within a single leaf. For dew-wetted leaf sampling, dew was removed using paper towels.
In addition, soil samples were collected at 15 cm depth near the plant that leaves were
sampled. All leaf pieces and soils were stored and sealed in a plastic container and the
measurements of water potential were made using a Dewpoint PotentiaMeter (WP4,
Decagon Devices, Inc., Pullman, Washington, USA) in the ESC laboratory starting no
later than an hour after the field collections were made. Three times of instrument reading

were made and averaged.

A2. 4. Results

The measurements of leaf water potential (LWP) of top leaves showed clear dependence
on the dew-dew exclusion plot treatment. The measurements of dew contact leaves
showed higher values of water potential than that of dew-exclusion leaves. During the
three day measurements, the means of top-dew were -0.77 (0.06 s.d.; July 28), -0.78
(0.05; August 14) and -0.76 MPa (0.2; August 15). At the same time, the means of top-
dew-exclusion WP were -1.10 MPa (0.12 s.d.), -0.94 (0.17), and -1.34 MPa (0.2) (Table
A2.1 and Figure A2.2, A2.3, and A2.4). The mean differences of the WP between the
dew and the dew-exclusion plots were 0.33, 0.17 and 0.58 MPa, respectively, and these
mean values were significantly different from zero (p < 0.05). The variation in the soil

WP measurements between the two treatments was minor. The mean difference in the
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Photo A2.1. Plots with the installation of plastic covers in the early evening 12 - 13 hours

prior to leaf sampling.
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Photo A2.3. Leaf sampling during the experiment.
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three-day measurements of soil WP between the two treatments was 0.07 MPa (0.03, p <

0.001).

Variations in the LWP showed statistically insignificant changes in the bottom leaves
between the plot treatments during the measurements. The wetness on leaf surfaces
varied depending on the canopy height so that the bottom leaves were almost dry at the
moment of collection while the top leaves were heavily dampen. There were two reasons
on creating the vertical gradient of leaf wetness in the canopy: first, temperature gradient
between within and out of canopy and second, moisture filtering effects by top leaves.
Both reasons resulted in the vertical gradient of leaf surface wetness in corn plants. The
differences of the bottom LWP between two treatments for three measurements were

0.08, 0.07 and 0.14 MPa, respectively.

The vertical gradient of LWP in a plant was smaller in the dew-exclusion plots than in
the dew plots. The means of the vertical LWP gradient were 0.44 MPa (0.21) for the dew
plots and 0.17 MPa (0.12) for the dew-exclusion plots and the difference of the means
were statistically significant (p = 0.006). Because the changes of LWP in between the
treatments were smaller in the bottom leaves than that in the top leaves, the differences of
the vertical LWP gradient provided the evidence of the extra supply of dew water for leaf
water. Also, the smaller vertical gradient found in the dry plots indicates that the maturity
of leaves was not a strong factor in determining leaf water status in a fully-grown corn

plant.
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Table A2.1. Predawn leaf water potential (MPa) measured in corn plants in the summer
of 2010. All values listed in the table

ID Dew plots ID Dew exclusion plots
Top Bottom Soil Top Bottom Soil
July 28 1 -0.75 -1.31 -0.65 1 -1.10 -1.11 -0.52
2 -0.70 -1.18 -0.60 2 -1.20 -0.99 -0.59
3 -0.82 -1.04 -0.62 3 -0.94 -1.17 -0.59
August 14 1 -0.80 -1.25 -1.25 1 -0.75 -1.07 -1.44
2 -0.80 -0.84 -1.09 2 -1.05 -1.04 -1.05
3 -0.72 -1.09 -0.78 3 -1.06 -0.94 -0.74
August 15 1 -1.04 -1.78 -1.53 1 -1.10 -1.17 -1.59
2 -0.69 -1.14 -1.03 2 -1.45 -1.18 -0.90
3 -0.56 -1.19 -1.02 3 -1.50 -1.25 -1.28

174



— ‘~\\\\\§ .
-1.27 %éo?to—m_——— 1

—1.4} ]

Water potential (¥, MPa)
!
/
}

~1.6} ]

-1.8 ' '
Dew Dew exclusion

Figure A2.2. Water potential measurements of corn leaves and soil in the two treatment
plots on July 28, 2010. The data points are the mean of three plots in each treatment.

Each reading of water potential was made three times.
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Figure A2.3. Water potential measurements of corn leaves and soil on August 14, 2010.
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A2.5. Implications and field set-up improvement

The results of this field study present the importance of dew formation on leaf surface in
ecological studies. The finding in this study provides the evidence of utilizing dew water
at leaf surfaces, indicating that leaf water is determined by two end-members, xylem and

dew, during nighttime and early morning hours.

For isotopic approach, considering dew water would be crucial when modeling leaf water
isotopic enrichment. Furthermore, dew would play a significant role in the prediction of
evapotranspiration isotope ratios during growing season. Further investigation would be
needed to examine an sensitivity analysis of less enriched leaf water than prediction due

to depleted dew water in comparison to current model predictions.

In order to obtain better quality measurement data regarding dew formation, the field set-
up needs to be improved. First, the position of plastic canopy cover should be determined
carefully without contacting canopy. If the canopy cover is in touch with canopy, dew
cannot be controlled because dew could be formed on the both side of the canopy cover.
Here I report the first measurements made on July 16, 2010, which failed to show dew
effects on LWP due to the experimental fault (Figure A2.5). Also, the canopy cover
should not intervene air flow in and out of canopy. Second, a choice of the type of
material for a canopy cover could improve the control of dew in a dew-exclusion plot. A
material with low emissivity may have better performance. For this experiment, HDPE
film with emissivity is 0.91 was used. For better control of dew formation in the dew-
exclusion plots, the patch of aluminum foil was layered on the surface of the canopy
cover in the later experiment, which produced better dew control (Photo A2.2). The

emissivity of aluminum foil is 0.04.
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Figure A2.5. Water potential measurements made on July 16, 2010.
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Appedix II1. Photos of field and laboratory experiment set-up
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Photo A3.1. Laboratory set-up and measurements of evaporation isotope ratios (Chapter

2).

182



Photo A3.2. Laboratory set-up for the measurement of evaporation isotope ratios

(Chapter 2). Set-up for the heated experiment (upper) and evaporating water inside the

chamber with bulk water temperature measurements (bottom).
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Photo A3.3. Hydroponically grown cotton and corn in the Greeley greenhouse (upper)
and the full sunlight treatment at the rooftop of ESC prior to the 48 h-long fumigation

experiment in Chapter 3 (bottom).
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Photo A3.4. Plant source water was carefully sealed prior to the fumigation experiment

(Chapter 3) in order to prevent from contaminating fumigation vapor.
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Photo A3.5. Laboratory set-up for the fumigation experiment in Chapter 3. The bubbler
(upper) and the plant chamber (bottom).
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Photo A3.6. Field set-up at the Borden site, Ontario, Canada (Chapter 4). An intake of

ambient air installed at a flux tower.
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Photo A3.7. 48 h measurements of spectral reflectance in corn plants at the rooftop of
ESC (Appendix I). Corn with the drought and control treatment (upper) and photocopied

leaf segments for leaf water scanning (bottom).

188



Photo A3.8. Leaf sampling after the removal of main vein for leaf water isotope analysis.
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