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ABSTRACT
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THE EVALUATION OF THE PECLET EFFECT IN A STEADY STATE LEAF WATER MODEL

Mark C. Halliday
University of Guelph, 2011

Advisor:
Professor J. Warland

This thesis attempted to determine whether precipitation at CFB Borden, Ontario Canada is
derived from recycled or marine source water using δ18O and to explore the enrichment of leaf water
in three temperate forest trees. The d-excess values and rainfall intensity were used as indicators of
recycled water and were found to suggest that precipitation at Borden is not derived from recycled
water. The leaves of ash, aspen and maple showed significant enrichment in δ18O over xylem water.
Maple leaves were significantly more enriched over the leaves of ash and aspen (p-value = 0.0019),
despite source water not being significantly different (p-value = 0.1782). Modelling leaf water
demonstrated the need for the inclusion of the Peclet effect in the steady state model for ash and aspen
leaves, however for maple, the Peclet effect is insignificant. The non-steady state model used measured
values of δET, which were uncertain and lead to poor model predictions.
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CHAPTER 1: INTRODUCTION AND GENERAL LITERATURE REVIEW OF
STABLE ISOTOPES OF OXYGEN AND HYDROGEN IN THE HYDROLOGIC
CYCLE
1.1 Introduction
The use of stable isotopes in environmental studies has increased over the past decades allowing
for new methodologies to study the processes of the hydrologic cycle and answer questions previously
unexplored. The majority of research implementing stable isotopes in the environmental field, involve
the following elements; carbon (Harwood et al. 1998; Harwood et al. 1999; Xiao et al. 2010), oxygen
(Harwood et al. 1998; Welker 2000; Lai et al. 2006; Welp et al. 2008; Wingate et al. 2010), hydrogen
(Walker and Brunel 1990; Brunel et al. 1992; Yepez et al. 2003) and nitrogen (Nasholm 1998). This
research has lead to a clearer understanding of how the biosphere influences the processes involved in
the natural cycles of carbon, water and nitrogen (Harwood et al. 1998). The stable isotopes of oxygen
and hydrogen found in water molecules are significant for investigating the hydrologic cycle as they are
used as tracers for tracking water movement throughout the cycle.
Heavy isotopes in water molecules have proven to be useful in many areas including
reconstructing past climate conditions by measuring their content in ice cores, tree rings or other plant
material and sediments from lake and ocean beds (Friedman et al. 1964; White et al. 1997; Gat 1996).
Other researchers have used stable isotopes in studies of regional precipitation (Rozanski et al. 1982;
Gat 1994; Welker 2000) and global precipitation patterns (Dansgaard 1964; Rozanski et al. 1993), as
well these isotopes have been found useful in validating global circulation models (Koster et al. 1993;
Hoffman et al. 2000) and land surface models (Xiao et al. 2010). Another important application to stable
isotopes of water is their usefulness in tracking groundwater flow and recharge rates (Thorburn 1993;
Harvey 2001). Increasingly, these isotopes have been used in micrometeorological research, including
evapotranspiration studies (Walker and Brunel 1990; Brunel et al. 1992; Moreira et al. 1997; Yepez et
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al. 2003; Lai et al. 2006), assessing grain yield in agriculture crops (Barbour et al. 2000a) and overall
ecosystem productivity (Yakir and Sternberg 2000). Stable isotopes are valuable to these studies because
of the ability to follow them throughout the different stages in the cycle. Identifying where
discrimination between the light and heavy isotope changes the isotopic composition allows us to better
comprehend how that phase of the cycle influences water in a local ecosystem.
There are five stable isotopes of oxygen and hydrogen that naturally are present in the
hydrologic cycle; 16O, 17O, 18O, 1H and 2H, where 16O and 1H make up the most abundant form of
water molecules (1H216O). The 17O isotope is generally not measured because it occurs in relatively
small quantities, roughly one-tenth that of

18

O (Gat 1996) making it difficult to obtain accurate

measurements. The water molecules generally of interest in hydrologic studies are H218O and 2H1H16O
containing the 18O and deuterium (2H, or D) isotope respectively.
Stable isotopes are expressed in units per mil (‰) which is a part per thousand and expressed
from
‰

(1.1)

where R is the ratio of the heavy over light isotope in the sample or a standard, where the standard is VSMOW (Vienna Standard Mean Ocean Water), which is δD = 0.00015576 and δ18O = 0.0020052.
The notation δ (del) is used to represent this ratio; if values of δsample are negative the sample is depleted
relative to the standard, conversely if positive the sample is enriched over the standard. In 1961 a linear
relationship between δ2H (δD) and δ18O in rivers, lakes and precipitation was discovered by Harmon
Craig (1961) where this relationship is expressed as
(1.2)
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with a slope of 8 and intercept of 10 ‰.
The relationship (1.2) termed the Global Meteoric Water Line (GMWL) by Craig (1961), tells
us the isotope signature of globally averaged precipitation having not undergone any secondary
evaporation (Craig 1961; Jouzel et al. 1997). A linear relationship similar to the GMWL can be
produced for a local region, which is determined from the δD and δ18O signal of precipitation in that
location; these lines are referred to as Regional Meteoric Water Lines (RMWL) or sometimes Local
Meteoric Water Lines (LMWL) (Craig and Gordon 1965; Clark and Fritz 1997; Gat 2006). RMWL are
able to signify evaporation that has taken place since the original marine evaporation and potentially
provide an indication of the main source of precipitation, based on its comparison with the GMWL
(Clark and Fritz 1997; Welker 2000).
This chapter focuses on the use of stable isotopes in studies pertaining to the hydrologic cycle.
The first part will focus on the individual components of the cycle and how they influence the isotopic
composition of precipitation. The section outlines how the physical differences between the heavy and
light isotope allows for enrichment of the heavy isotope in a particular phase as the water undergoes
phase change. The second part focuses on one aspect of the hydrologic cycle where isotopic
discrimination is particularly visible, the accumulation of heavy isotopes in leaf water of transpiring
plants. It discusses concepts such as the assumption that a leaf attains an isotopic steady state so meaning
that the isotopic composition of water entering the leaf is the same as the water exiting. Furthermore
modelling the extent of enrichment at the sites of evaporation within the leaf is explored, both assuming
steady state and non-steady state conditions.

1.2 Physical Processes of the Hydrological Cycle
1.2.1 Introduction
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The hydrologic cycle transfers water from the ocean through the atmosphere over the
continents and eventually returns it to the ocean. The cycle consists of a number of stages where
different processes are occurring. It begins with evaporation from open water sources, largely the
oceans; this evaporated water vapour rises and cools undergoing condensation to return to liquid form.
As the amount of vapour condensing increases, it will reach a point where precipitation occurs. Once
the precipitated water reaches the surface it can follow a number of pathways; it can evaporate directly
from the surface water, soils or plant surfaces, it can move through the soil into groundwater
reservoirs, be taken up by plants and evaporate through the leaf stomata or run off through rivers and
into lakes. The water evaporated from the soil and that transpired by plants makes up a portion
returned to the atmosphere called evapotranspiration where it will re-condense only to precipitate out
again. This continues until water returns to the oceans. The following sections examine each of these
steps and how isotopic discrimination changes the heavy isotope content at each phase.
1.2.2 Isotope Theory

To begin the study of stable isotopes in the hydrologic cycle it is necessary to understand the
properties of the heavy isotopes making them a useful tool in hydrologic studies. The fundamental
difference between water molecules containing 16O or 18O is the strength of the chemical bond, where
the heavier molecule has a stronger bond (Gat 1996); therefore the energy required to break this bond
is greater. Heavy isotopes are characterized by a lower vapour pressure, which controls the energy
needed to break hydrogen bonds (Kirshenbaum 1951) and a lower molecular diffusivity (Jouzel et al.
1997) compared to their lighter counterparts. Therefore as water evaporates and condenses differences
in the ratio of the heavy to light isotope will arise and this is known as isotopic fractionation.
There are two main types of fractionation, the first, where both phases are at the same
temperature is termed equilibrium fractionation which results in the vapour phase being more depleted
in heavy isotopes than the liquid (Craig & Gordon 1965; Cappa et al. 2003). The second is kinetic
4

fractionation which controls the molecules’ ability to diffuse through air (Moreira et al. 1997; Cappa et
al. 2003).
The fractionation processes allow for the evolution of a new isotopic signature from its original
as water re-evaporates. The extent of the fractionation processes can be observed using the GMWL and
another important stable isotope monitoring tool, the deuterium excess (or d-excess) parameter. From
equation 1.2 it can be noted that the relationship between δ18O and δ2H is linear, with a slope of 8 and
intercept of 10, for globally averaged precipitation. During precipitation the isotope values that are not
on the line (equation 1.2) make up the d-excess parameter (Dansgaard 1964). The d-excess has been
defined by Dansgaard (1964) as
(1.3)
where d would be 10 if modelling the GMWL, however when different from 10 it signifies some
secondary processes occurring on that rainwater. This d-excess value can be used to signal diffusion
processes occurring during evaporation and give insight into the temperature and humidity during
evaporation (Cappa et al. 2003). When water evaporates from soils, the residual water becomes
enriched in heavy isotopes decreasing the d-excess (Gat 2006). However, the opposite happens to the
atmosphere, which is gaining water depleted in heavy isotopes and will increase its d-excess value (Gat
2006).
The d-excess values for precipitation directly from ocean water should be between 3-15 ‰,
with a global average around 10‰ (Dansgaard 1964; Harvey 2001; Cappa et al. 2003); therefore if
precipitation has been unaltered since original evaporation, it should have a d-excess value close to 10
‰. If values are over 15 ‰ it suggests that the air mass has been affected by secondary processes over
continents (Harvey 2001). Values less than 3 ‰ need to be taken with care because evaporation may
have occurred while the water was in the sampling collector, unless the source of precipitation can be
5

determined with confidence (Harvey 2001). The d-excess parameter has been shown by Gat et al.
(1994) to be a valuable tool when determining the effect evaporated/recycled water has on
precipitation downwind from the evaporating site.
1.2.3 Evaporation

The hydrologic cycle is driven by water evaporating from oceans and precipitating out only to
return to the oceans; evaporation is the initial step responsible for the stable isotope composition of
precipitated water (Cappa et al. 2003). The greatest amount of evaporation occurs from surface waters,
with the ocean contributing the majority (Gat 1996) followed by lakes and rivers. Other sources are soil
evaporation, evaporation from plant surfaces and evaporation from falling raindrops in contact with air.
The lower vapour pressure of the heavy isotope means that more energy is required for it to evaporate;
therefore the lighter isotope will transition into the vapour phase with greater ease. This preferential
evaporation of the lighter isotope leads to atmospheric water vapour depleted in heavy isotopes with
respect to the residual water. The degree of this depletion is driven by the fractionation factors,
equilibrium and kinetic (Gat 1996; Cappa et al. 2003).
Enrichment of residual waters has been observed to occur wherever evaporation is occurring
(Craig and Gordon 1965). Brunel et al. (1992) studying evaporation from a rice paddy found that early
in the growing season, when the rice paddy is completely flooded, high evaporation rates were
occurring resulting in a 70 ‰ enrichment in the δ2H content of the residual waters. A similar trend has
been found to occur in soils, where an evaporating front develops and at this location soil water has
been found to be enriched in δ18O (Barnes and Allison 1988; Walker et al. 1988). Heavy isotope
enrichment can also be applied to a leaf, where the leaf acts as an evaporating body of water as its
transpiring, resulting in the depleted water escaping through the stomata ahead of the heavier molecule
(Flanagan et al. 1991; Sheshshayee et al. 2005; Wang and Yakir 2005; Welp et al. 2008). The concept of
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leaf water enrichment along with its controlling factors and modelling principles will be further
discussed in section 1.4 of this chapter and in chapter three.
1.2.4 Condensation

Once the water is evaporated, it enters the atmosphere in a vapour state, where it rises, cools
and condenses into liquid. During condensation isotopic discrimination again occurs having the opposite
effect of evaporation in that the heavy isotope will preferentially enter the liquid phase prior to the
lighter isotope (Dansgaard 1964). This means as condensation continues the vapour will continually
become more depleted in the heavy isotope and consequently precipitation will become more depleted
the longer rainfall is occurring; this is referred to as a Rayleigh distillation process (Dansgaard 1964;
Matsuo and Friedman 1967; Gat 1994; Cappa et al. 2003). The rate of condensation is controlled by
temperature, where warmer temperatures slow down condensation decreasing the Rayleigh process
meaning heavy isotopes will take longer to precipitate out (Clark and Fritz 1997). The Rayleigh
distillation process controls the rate of fractionation between the vapour and liquid phase during
condensation, and leads to a higher kinetic fractionation rate (Dansgaard 1964). If the air mass becomes
progressively cooler, fractionation will increase leaving the water in the vapour phase more depleted in
heavy isotopes (Gat 2000).
1.2.5 Precipitation

The previous section explained that the first vapour to condense will be enriched in the heavy
isotope and therefore the first rain will also be enriched and further precipitation becomes more
depleted. Numerous studies have demonstrated this pattern. In Oman, for example, in the early stages
of a storm the δ18O rain water composition was -3 ‰ and by the storms end it was -6 ‰ (Clark and
Fritz 1997). Similarly during the passage of a cold front the first precipitation was relatively enriched,
but after the front had passed the rainwater became depleted with respect to the heavy isotope (Matsuo
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and Friedman 1967). The properties of precipitation has also been shown to affect its isotope
composition. For example, light summer rain showers allow for evaporation from the falling drops as it
passes through the air leaving the drop (precipitation) enriched (Friedman et al. 1962), conversely
during heavy rain events such as from thunderstorms the drops fall quickly and there is little time for
evaporation to occur and rainfall will not gain enrichment while falling (Gat 1996). The d-excess value
and GMWL are important in determining whether evaporation of this nature is occurring during
precipitation (Harvey 2001). Harvey (2001) suggest that if evaporation occurs during rainfall the dexcess value would be lower than the global precipitation average (less than 10 ‰). However
precipitation having undergone re-evaporation is more depleted in heavy isotopes and would experience
an increased d-value (Harvey 2001; Froehlich et al. 2010).
Craig and Gordon (1965) were able to determine a global average for δ18O and δ2H in
precipitation to be -4 ‰ and -22 ‰ respectively. However, whether rainfall in a location is above or
below this average largely depends upon the location’s latitude. Araguas-Araguas (2000) using global
precipitation data collected for the Global Network for Isotopes in Precipitation (GNIP) mapped the
δ18O content of precipitation globally. Their figure demonstrates that at higher latitudes precipitation
becomes more depleted in δ18O. It also shows a reasonable continental effect, where precipitation
becomes more depleted further inland than over the ocean at any specific latitude (Araguas-Araguas
2000).
As previously mentioned, both evaporation and condensation play a role in determining the
isotope composition of precipitation, however, Dansgaard (1964) outlined a number of factors
including altitude, latitude, distance from coast and amount of precipitation, all of which influence its
isotope composition. Both the altitude and latitude effects are derived from the decreasing temperature
as latitude and altitude increase, where the temperature influences the condensation rate (Dansgaard
1964; Gat 1996; Welker 2000; Gat 2006; de Oliveira and Lima 2010). The distance from coast, as
8

alluded to as the continental effect is caused by a Rayleigh rainout process occurring as a weather system
moves over land. In a study by de Oliveira and Lima (2010), in Portugal, a relationship between δ18O in
precipitation and its distance from the coast was found with an estimated depletion rate of 0.1 ‰ in
precipitated water for every 10 km inland. Welker (2000), on the Pacific Northwest coast of United
Sates found a δ18O depletion rate of 1.5 ‰ per 100 km inland. Also studying rainwater originating in
the Gulf of Mexico, precipitation was measured from Texas to Nebraska where δ18O values were found
to reduce from -3 ‰ to -8 ‰ (Welker 2000). The fourth effect noted by Dansgaard (1964), is the
amount effect where a negative correlation between the monthly amount of precipitation and its heavy
isotope composition has been observed. This suggests that when precipitation totals are low over a
monthly period, the heavy isotope composition would be higher compared to months of greater
precipitation totals.
1.2.6 Evapotranspiration

Evapotranspiration (ET) is responsible for returning a large portion of precipitated water back
to the atmosphere from the soil. There are two methods by which this occurs, evaporation directly
from the soil surface or when water is drawn up through plant roots and stems to be evaporated
through the stomata on the leaves. High levels of ET can influence a region’s relative humidity, notably
in high density agriculture areas with high transpiring crops (Dai 2006; Changnon et al. 2003). The ET
flux can be broken down into its individual components, evaporation and transpiration. How these
individual components affect evaporated water isotope content will be further discussed below.
1.2.6.1 Transpiration

Section 1.2.3 of this chapter explained how evaporation results in residual water becoming
enriched in heavy isotopes compared to the water entering the vapour phase. The basis of this is also
present in transpiration and lead to the water in leaf becoming enriched in heavy isotopes.
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Transpiration returns liquid water from the soil or groundwater (for mature plants with deep
root systems, or where a shallow water table exists) back to the atmosphere in vapour form and is very
important to the hydrologic cycle. Transpiration has been shown to dominate evaporation over a rice
crop, once the rice has become well established (Brunel et al. 1992). Others have shown that in tall
forested regions transpiration also dominates the ET flux (Lai et al. 2006) and in a rain forest during
both the wet and dry seasons similar results were presented (Moreira et al. 1997).
Dongmann et al. (1974) describe two ways in which water is transpired out of a leaf. In the
first, only a small portion of total plant transpiration (5 – 10 %) water exits out the epidermis of the leaf
(referred to as cuticular transpiration), and the second is the predominant process of stomatal
transpiration. The driving force of transpiration is the difference in vapour concentration between the
leaf and the surrounding air (Pallardy 2008) and the rate is controlled largely by two resistances, in
series, those of the stomata (as water vapour passes through the stomatal opening) and the boundary
layer (Barbour and Farquhar 2000). The boundary layer resistance is primarily affected by wind speed,
with greater wind speeds the boundary layer tends to be thinner and usually contains a lower
concentration of water vapour, therefore transpiration rates increase (Pallardy 2008).
As with any evaporation, the residual water becomes enriched in the heavy isotope. Since the
leaf is a much smaller water body compared to a lake or ocean, it can quickly reach a maximum
enrichment level. Once this is reached water being transpired out the stomata will be enriched
compared to water evaporated from a typical body of water or the soil. This can mean that the isotopic
content of water transpired out the leaf will be more enriched than soil evaporation, which makes stable
isotopes so valuable for ET partitioning studies (Moreira et al. 1997).
1.2.6.2 Evaporation
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The process of soil evaporation is similar to that of evaporation from an open water source so
little detail into the actual process will be given here. As with the residual water in an evaporating pond,
soil water becomes enriched in heavy isotopes at what is termed the evaporation front (Walker et al.
1988) and the isotope composition of soil water will decrease exponentially below that front (Barnes
and Allison 1988). The degree of soil enrichment is dependent upon the input of rainwater; if the soil is
continuously gaining water this evaporation front may never develop (Walker and Brunel 1990).
1.2.7 Summary

The use of stable isotopes in the hydrologic cycle is promising for studies tracing water
movement and understanding processes occurring within each phase of the cycle. It appears that there is
great potential for isotopes in studying ET and for partitioning ET into its components, evaporation and
transpiration. The key to using isotopes in hydrological studies is understanding where the isotope
discrimination occurs within the cycle and how the discrimination changes the isotope composition at
that point. Chapter two will explore the δ18O composition of waters in a temperate forest ecosystem. It
will identify where in the cycle this isotopic discrimination is occurring and which waters become
enriched or depleted in δ18O. The chapter will also look into the precipitation received in the region
and using some of the methods mentioned will attempt to identify whether rainfall is from a localized
source or water derived from the ocean. The following section will focus specifically on the enrichment
of the 18O atom in water molecules in the leaves of transpiring plants.

1.3 Stable Isotope of Oxygen in Leaf Water
1.3.1 Introduction

The δ18O content in leaf water can provide valuable knowledge about the cycles of H2O and
CO2 between the atmosphere and biosphere. As discussed earlier, the isotopic discrimination occurring
in the leaf leads to leaf water enrichment in δ18O at the evaporation sites. At these sites, exchange of
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oxygen atoms between H2O and atmospheric CO2 occurs prior to them being released back to the
atmosphere, which now contains the δ18O signal of the leaf water (Farquhar et al. 1993). To understand
this process in greater depth and be able to predict CO2 enrichment to be used for flux partitioning it is
crucial to have accurate estimates of the H218O content at the sites of evaporation in the leaf (Farquhar et
al. 1993; Xiao et al. 2010). It is not possible to measure the H218O content at this location in the leaf so
it is best completed using models, of which many variations have been developed.
Other practises where understanding leaf enrichment is important come from agriculture
studies where the δ18O within the leaf has been used as a predictor of grain yield in wheat plants
(Barbour et al. 2000a). Understanding the process leading to enrichment within the leaf is another area
of interest, the basis of this is isotopic fractionation; however, environmental variables influence the
fractionation. Strong links to enrichment have been shown with relative humidity (RH) (Welp et al.
2008, Xiao et al. 2010) and vapour pressure deficit (VPD) (Harwood et al. 1998). As well, species
specific properties also lead to enrichment; such as leaf thickness, water turnover rate and stomatal
conductance (Wang and Yakir 1995; Sheshshayee et al. 2005; 2010). These properties will be explored
in chapter three, where the leaf water of ash, aspen and maple trees will be investigated looking into the
differences in the level of enrichment between the three species and possible explanations for the
differences.
The next section will focus on the isotopic discrimination occurring in the leaf; it will begin
with a discussion of leaf water enrichment and describe the environmental factors responsible for
controlling enrichment. Further discussion will cover isotopic steady state within the leaf, and
modelling leaf water at the sites of evaporation along with the complications that arise from using both
steady state and non-steady state models and the challenges involved with validating the model results
with measurements.
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1.3.2 Leaf Water Enrichment

Leaves are supplied by water from either deep soil water or groundwater for mature trees with
large root systems, or shallow soil water for young trees and annual agriculture crops. Groundwater
and deep soil water will have an isotope signature that is equal to an average of the isotope signature of
precipitation for the region, whereas shallow soil water will closely shadow individual precipitation
events (Flanagan and Ehleringer 1991). Water is drawn up through the roots and xylem of the plant
into the leaf, where no isotopic fractionation occurs until the water reaches the evaporating sites of the
leaf found near the stomata (White et al. 1985). At these sites the discrimination between the heavy and
light isotope takes place during evaporation leaving the leaf enriched in the heavy isotopes (Craig and
Gordon 1965). Leaf water enrichment has been observed in a range of studies involving a wide variety
of species including; the common bean by Flanagan et al. (1991), in leaves of banana, mandarin, cotton,
pomelo, sunflower and tobacco by Wang and Yakir (1995), leaves of groundnut plants by Sheshshayee
et al. (2005) and in soybean leaves by Welp et al. (2008).
Dongmann et al. (1974) found that the composition of heavy isotopes in leaf water is dependent
on the VPD between the leaf and atmosphere. Harwood et al. (1998) show that evaporative site and
transpired water both have a low δ18O signal in the morning with lower VPD and increase throughout
the day. In the early afternoon when VPD becomes stable, evaporative site water reaches a maximum
δ18O value and then decreases following a decrease in VPD; however, δ18O of transpired water
continues to rise throughout the day (Harwood et al. 1998). This work by Harwood et al. (1998)
demonstrates a diurnal pattern of leaf water enrichment and the control atmospheric water vapour
(AWV) has on enrichment. Welp et al. (2008) noted the importance of RH on leaf water enrichment
and observed a negative relationship between δ18O in the leaf and ambient RH. Barbour and Farquhar
(2000) also discovered that plants grown under conditions of low RH were observed to have leaves
significantly enriched in δ18O over plants grown in high RH conditions. Flanagan et al. (1991) showed
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that enrichment expresses a strong dependence on AWV, and they demonstrated that when AWV was
relatively depleted in δ18O, the leaf water was also relatively depleted.
Other variables shown to control the δ18O enrichment of leaf water are stomatal conductance
and transpiration rate (Sheshshayee et al. 2005, 2010). Sheshshayee et al. (2005) showed a significant
positive relationship between transpiration rate and δ18O content of water in cowpea leaves. In the
same study a significant positive relationship was expressed with stomatal conductance and leaf δ18O.
1.3.3 Isotopic Steady State in Plant Leaves

It is generally assumed that at certain times of the day water being transpired will be essentially
un-fractionated and share the same isotopic composition as the source water. This is because the leaf
water will reach a maximum enrichment level allowing a steady state to develop; meaning water
entering the leaf will have the same isotopic composition as water transpired (Craig and Gordon 1965;
Flanagan et al. 1991). Throughout the morning water in the leaf changes phase allowing the residual
water to become increasingly enriched in the heavy isotope until a maximum enrichment is reached
around mid-day (Harwood et al. 1998). At this time the enrichment level beings to decrease and the
heavy isotope content of transpired water increases. The concept of the leaf in isotopic steady-state has
been challenged especially under field conditions where environmental variables are continually
changing (Wang and Yakir 1995; Harwood et al. 1998; Cernusak et al. 2002; Farquhar and Cernusak
2005; Welp et al. 2008). Steady state conditions can be obtained in a laboratory where environmental
parameters are held constant for long periods of time allowing the leaf to stabilize. For example, Wang
and Yakir (2005) from their glasshouse experiment suggest that conditions need to remain constant for
approximately 3 hours for the leaf to reach steady state. The process of reaching steady state occurs
through two steps; the first requires roughly 30 minutes and the second is an asymptotic approach
which can require up to 2 hours (Wang and Yakir 1995). Wang and Yakir (1995) suggest that one
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should not assume steady state conditions prior to designing an experiment under field conditions.
Others, namely Harwood et al. (1998), in Matico leaves were able to demonstrate steady state
conditions reached between 1300 and 1500 h as VPD became stable over this time. However,
throughout the diurnal cycle they observed δ18O of transpired water was more depleted than the source
water during morning hours, but after 1500 h it was more enriched than the water entering the leaf
(Harwood et al. 1998). Also Cernusak et al. (2002) found that steady state conditions were obtained
over midday in the leaf; however, again this did not hold true over the entire diurnal RH sequence.
These results show that the leaf may not be in isotopic steady state at any instantaneous time throughout
the day and it is necessary to use the assumption of the steady state principle with caution (Harwood et
al. 1999).
The concept of steady state is found to depend on the turnover time of water in the leaf (Lai et
al. 2006). The turnover time is based upon two factors; the volume of water in the leaf and the rate of
transpiration (Flanagan et al. 1991; Lai et al. 2006). Tall forest trees tend to have longer leaf water
turnover rates compared to agriculture plants and therefore the steady state condition may be less likely
to arise (Flanagan et al. 1993). In work conducted by Flanagan et al. (1991) they noticed that plants with
thin leaves having low water contents and high transpiration rates lead to a quick turnover rate,
compared to thick, wet leaves. This demonstrates that species specific characteristics can play a large
part in the leaf enrichment and in turn whether a specific leaf has the ability to reach a steady state,
which is extremely important for developing accurate models.
1.3.4 Modelling Leaf Water

Craig and Gordon (1965) developed a model based on isotopic fractionation processes involved
in evaporation, to predict the heavy isotope enrichment of residual water for lakes and oceans. This
model has since been applied to more complex bodies of water, such as those within a leaf (Dongmann
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et al. 1974; Flanagan et al. 1991; Roden and Ehleringer 1999; Cernusak et al. 2002; Farquhar and
Cernusak 2005; Welp et al. 1998; Wingate et al. 2010; Xiao et al. 2010). The model requires an
estimation of the equilibrium fractionation factor as it is assumed that within the leaf intercellular spaces
the liquid and vapour are in equilibrium (Flanagan et al. 1991). Equilibrium fractionation between the
liquid and vapour phase is expressed as
(1.4)
where αeq is the equilibrium fractionation factor, R is the ratio of the heavy to light isotope and
subscripts l and v indicate the isotopic ratio in the liquid and vapour phases respectively.
Once evaporated the vapour diffuses through the stomata, a process that is largely affected by
the stomatal conductance of the plant, where the ability of the stomata to conduct the heavy and light
isotope will differ and this is accounted for in the model by including a kinetic fractionation factor. An
estimate of the kinetic fractionation can be obtained from

(1.5)
where αk is the kinetic fractionation factor and g and g’ are the stomatal conductance to the light and
heavy isotope respectively. The kinetic fractionation factor in equation 1.5 only accounts for diffusion
through the stomata and not through the boundary layer surrounding the leaf. Flanagan et al. (1991)
addressed this issue by correcting αk to include boundary layer diffusion using Pohlhausen analysis
where αk is raised to the power of two-thirds.
The model developed by Craig and Gordon (1965) results in an estimation of the δ18O
composition at the sites of evaporation, which is typically more enriched than bulk leaf water. This
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comes from the heterogeneous properties of the leaf with respect to δ18O; the sites of evaporation
become enriched, whereas at the point of source water entry into the leaf it is relatively depleted
leaving bulk water, which can be measured, having an intermediate heavy isotope composition (Yakir et
al. 1989; Wang and Yakir 1995). Therefore, when comparing measured values of leaf water δ18O
against those obtained from the model, the model tends to over-predict the observations (Flanagan et al.
1991; Roden and Ehleringer 1999; Cernusak et al. 2005).
However, the importance of modelling leaf water at the site of evaporation is because it has
implications for the δ18O content of transpired water (Welp et al. 1008), but also is important for plantatmosphere isotopic exchange of oxygen atoms between H2O and CO2 (Farquhar et al. 1993; Xiao et al.
2010). These CO2 molecules that have exchanged oxygen atoms with H2O molecules in the leaf will
then have the same oxygen isotopic composition as leaf water at the sites of evaporation which is a
crucial parameter for partitioning total CO2 flux into its components (Farquhar et al. 1993; Yakir and
Wang 1996; Xiao et al. 2010). The δ18O content of water, at the site of evaporation controls the signal
of transpired water which is important for differentiating between soil evaporation and transpiration
during ET flux partitioning (Brunel et al. 1992; Yepez et al. 2003; Lai et al. 2006). Since water isotope
composition at the sites of evaporation is not a measureable quantity, the model is necessary. In order to
determine the accuracy of these models they must be validated against measurements of bulk leaf water;
therefore modelled values for the sites of evaporation need to be corrected to estimate bulk values. One
method suggested for this is to include the Peclet effect in the model (Farquhar and Lloyd 1993). This
will be explored in further detail in section 1.4.5.
There are two main types of models developed, each with many variations; these are modelling
the leaf assuming steady state conditions and conversely modelling where non-steady state is assumed.
1.3.4.1 Modelling Leaf Water Assuming Steady State Conditions
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As previously discussed, when VPD stabilizes at midday leaf water may approach steady state,
which implies transpired water has the same δ18O content as source water. Models predicting leaf water
isotope composition in the steady state make this assumption that the δ18O content of transpired water
is equal to source water. This assumption negates the need for obtaining difficult measurements of the
isotope composition of transpired water, especially in a forest canopy where accurate δET measurements
are difficult.
Other models, based on the Craig and Gordon (1965) model, have been used to predict δ18O
at the sites of evaporation that are then corrected for comparison to measured bulk water. Examples are
by Flanagan et al. (1991) in the leaves of the common bean, by Roden and Ehleringer (1999) in leaves of
water birch and cottonwood and by Welp et al. (2008) in soybean leaves. Farquhar and Cernusak
(2005) showed that the steady state Craig-Gordon model, including the Peclet effect (converting to
bulk water, discussed further on), fit their observations well during the day; however night-time
agreement was poor. Cernusak et al. (2002), using a model based on the Craig and Gordon (1965)
steady state approach, also observed poor estimates overnight, but found that it agreed well with late
morning and early afternoon leaf measurements.
Based on the work of Cernusak et al. (2002) and Farquhar and Cernusak (2005) the assumption
of the leaf being in steady state is not valid over the course of the typical diurnal VPD cycle. Therefore
models to predict leaf water enrichment without the presumption of a steady state have been
developed.
1.3.4.2 Modelling Leaf Water in the Non-Steady State

One of the early models to estimate leaf water in the non-steady state was implemented by
Dongmann et al. (1974), however, their model assumed isotopic homogeneity throughout the leaf not
accounting for the progressive enrichment from the xylem to sites of evaporation (White 1989; Yakir et
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al. 1989; Farquhar and Cernusak 2005). In the modelling study by Cernusak et al. (2002), the authors
showed close agreement with measurements using the steady state model over midday, however poor
agreement at night. When adding non-steady state properties into their model they were able to show
close agreement throughout the entire diurnal cycle.
With direct measurements of the isotopic signal of transpired water, it is possible to eliminate
the assumption of steady state and provide accurate predictions of water at the sites of evaporation
throughout the diurnal cycle. The model used by Welp et al. (2008), where the authors apply a value
for the isotopic composition of evapotranspiration (δET) (with a fully covered canopy ET can be assumed
equal to transpiration; therefore δET = δT) instead of the isotopic composition of xylem water, leaf
water was modelled correctly in the non-steady state. This allowed for more accurate model
estimations during the times suggested by Harwood et al. (1998) where source water has an isotopic
composition greater than or less than transpired water, specifically in early morning and late afternoon.
Farquhar and Cernusak (2005)’s model, applied to the leaf scale, for the non-steady state was
found to fit better than their own steady state model, the modified Craig-Gordon model and that by
Dongmann et al. (1974). Farquhar and Cernausak (2005)’s model is able to estimate the isotopic
composition of water transpired, the isotope composition both at the sites of evaporation and corrected
for comparison with measured bulk water. The improvement of the Dongmann et al. (1974) model by
Farquhar and Cernusak (2005) took into account the non-homogeneous properties of the leaf and they
resulted in enhanced model fit to the observations.
1.3.5 The Peclet Effect

The non-homogeneous properties within the leaf cause isotopic gradients between the point of
water entry to the leaf and the location where water exits the leaf, at the stomata. Water becomes
enriched at the sites of evaporation, then diffuses away and mixes with un-enriched bulk water and this
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diffusion is opposed by a convection of un-enriched xylem water entering the sites of evaporation; this
process is referred to as the Peclet effect (Farquhar and Lloyd 1993). The Peclet effect is included in
leaf water models via a dimensionless value, called the Peclet Number, determined from the
transpiration rate, molar concentration of water, the diffusivity of heavy isotope through water and an
effective leaf length (L). The L is a non-measureable value accounting for the distance within the leaf
over which the diffusion/convection occurs. The L is difficult to estimate, as water does not follow
straight pathways within the leaf making it impossible to identify a value for a specific leaf. A range of L
values from 4 to 166 mm has been estimated for 90 plant species by Wang et al. (1998), however for
most models L is optimized to provide the closest agreement between modelled and measured bulk
values (Cernsuak et al. 2005; Xiao et al. 2010). With the inclusion of the Peclet effect in the model, it
enables values for enrichment at the evaporating sites to be converted to bulk leaf water for the purpose
of validation against measurements.
Farquhar and Cernusak (2005) suggested inaccuracy arises from the exclusion of the Peclet
effect in the non-steady state model by Dongmann et al. (1974), as the authors assumed isotopic
homogeneity throughout the leaf . There is some disagreement whether the Peclet effect needs to be
considered, as some research has shown it plays an insignificant role (Xiao et al. 2010). Xiao et al.
(2010) in modelling water at the site of enrichment for a soybean canopy, show best model agreement
when their Peclet number is significantly small. However, contrary to this, there is much research
supporting the inclusion of the Peclet effect (Barbour et al. 2000b; Barbour et al. 2004). Farquhar and
Cernsuak (2005) demonstrated that a steady state model including a Peclet effect provides closer
agreement with measured values, better than that of Dongmann et al. (1974). It was also shown by
Farquhar and Cernsuak (2005) that the Peclet effect can be included in non-steady state models.
1.3.6 Summary
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Leaf water enrichment at the sites of evaporation is a critical value necessary for studies
focusing on H2O and CO2 cycles, particularly when trying to partition both these fluxes into their
individual components. The extent of enrichment within the leaf depends on a range of environmental
variables from relative humidity and atmospheric water vapour to leaf properties such as water turnover
rate, stomatal conductance and transpiration rate. A key to flux partitioning is differentiating the
isotopic signal of each component, which requires an estimation of the heavy isotope content at the sites
of evaporation in the leaf stomata. This value is only obtained through modelling and there are two
model possibilities, one assuming steady state and the other non-steady state. Both of these have shown
promise for certain times during the diurnal vapour pressure deficit cycle. Overall, the non-steady state
model has shown to provide a reasonable prediction throughout the complete cycle. The steady state
model predicts well only over midday as the leaf approaches its steady state.

1.4 Thesis Goals, Objectives and Format
Precipitation studies involving heavy isotopes provide insight into global precipitation processes
and studies have established that many factors are involved leading to the isotope composition of
precipitation since initial evaporation. This raises questions about whether the isotope signal of
precipitation can be used to signify the type of precipitation; meaning whether it is a localized event or
occurring on a more regional scale. This study will also test the value of using the d-excess parameter in
assessing localized versus large scale weather systems. Chapter two explores the use of isotopes and
isotopic variables in an attempt to differentiate between types of weather events and determine if
precipitation in the Great Lakes region is influenced by recycled water. The chapter will investigate the
isotopic composition of waters within a temperate forest ecosystem and identify the stages in the cycle
where isotopic discrimination is present and where in the cycle the water becomes enriched or depleted
with respect to δ18O.
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Water enrichment in the leaves of transpiring plants is important for ET and CO2 flux
partitioning studies. Furthermore, exploring the difference in enrichment between individual tree
species is an area for further study to establish what plant characteristics influence enrichment. This can
be done by examining the level of enrichment in leaves of different species, and if the source water is
known, these characteristics may be identifiable. Using known differences between species’
physiological properties it may be possible to grasp what allows one leaf to become more enriched over
a leaf from another species. These properties can be applied to models of leaf water enrichment for
specific species, allowing models to be more detailed and eliminate assumptions.
Models of the isotope composition of leaf water at the sites of evaporation are continuously
being adapted to provide more accurate estimations from the original steady state model of Craig and
Gordon (1965) to non-steady state models of Farquhar and Cernsuak (2005) and Wingate et al. (2010).
It is important that model development continues and that the current models we have are applied to a
greater variety of plant species both in the steady state and non-steady state. With varying results as to
whether it is necessary to include the Peclet effect in the model, there is a need to continually test this
theory and provide more results in support or disagreement of the theory.
Chapter three will provide an analysis of leaf water enrichment of three temperate forest tree
species; ash, aspen and maple. Models for the isotopic composition of leaf water at the sites of
evaporation using a model based on the Craig and Gordon (1965) steady state principle will be applied
and also using the non-steady state model from Welp et al. (2008). The inclusion of the Peclet effect
with the steady state model will be explored for the three tree species.
Chapter four will provide a summary of the overall conclusions obtained from this thesis and
outline recommendations for further research that can be built on these conclusions. This thesis is
written with the chapters in research paper format. This means that chapters two and three will have
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some overlap and with the general literature review presented here. Each of chapters two and three will
have a conclusion section specific to the research conducted in that chapter, with chapter four drawing
those conclusions together.
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CHAPTER 2 : USING STABLE ISOTOPES AND RAINFALL INTENSITY TO
DIFFERENTIATE BETWEEN ORIGINAL AND RECYCLED RAINWATER AND
OVERALL REVIEW OF ISOTOPES IN A TEMPERATE FOREST ECOSYSTEM
2.1 Introduction
The heavy stable isotopes of oxygen (18O and 17O, although the latter is rarely measured) and
hydrogen (2H, also referred to as deuterium or D) are valuable for examining the hydrologic cycle as
they act as natural tracers throughout all phases of the cycle. Stable isotopes have been used to explore
groundwater recharge by Harvey (2001), in evapotranspiration studies by Craig and Gordon (1965) and
Lai et al. (2006), in tracing water use in plants by White et al. (1985) and Barbour et al. (2000) and in
precipitation studies by Welker (2000) and de Oliveira and Lima (2010). Their importance is derived
from the ability they posses to be followed throughout the entire ecosystem, essentially natural tracers
in the hydrological cycle. This allows them to be a useful tool in helping us understand how an
ecosystem utilizes water, from precipitation entering the ecosystem to water exiting through
evapotranspiration or into the groundwater.
The stable isotope composition of water within the hydrologic cycle changes as water moves
between phases as a result of the physical difference between the light and heavy isotope. The driving
force of these changes is the lower vapour pressure and diffusivity of the heavy isotope with respect to
its lighter counterpart; therefore one will transition between liquid and gaseous state with less
resistance than the other. Specifically, the lighter isotope will evaporate preferentially to the heavier one
and conversely the heavier isotope will condense prior to the lighter version. Once the water has
transitioned into vapour form further isotope discrimination occurs as the vapour diffuses through the
boundary layer, allowing for increased depletion over the original liquid form.
Precipitated water is depleted in heavy isotopes compared to oceanic water because as water
evaporates it undergoes fractionation and enters the vapour phase depleted in the heavy isotope
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(Dansgaard 1964; Craig and Gordon 1965). As the water condenses, the heavy isotope preferentially
returns to the liquid phase over the lighter one, meaning the first rain from a system will be at the
Standard Mean Oceanic Water (SMOW) with respect to its isotopic content and continually become
depleted driven by the Rayleigh rainout principle (Dansgaard 1964). There are four main factors
controlling how the Rayleigh process influences precipitation including: the distance from coast,
latitude, altitude, and the amount of precipitation (Dansgaard 1964). The distance from coast, or more
commonly referred to as the continental effect, is caused by the Rayleigh rainout, which depletes
rainwater as the air mass travels from its source. Therefore, precipitation generally becomes more
depleted at locations further from the coastline (Dansgaard 1964; de Oliveira and Lima 2010).
The latitude and altitude effects have an influence on the isotopic composition of precipitation,
as mentioned above, and are derived from a relationship with temperature. Air temperature plays a
critical role in evaporation from ocean water as it is one of the environmental controls influencing the
kinetic effects on evaporation along with humidity (Araguas-Araguas 2000). Also, the temperature
during condensation is an important factor influencing the isotope content, where decreasing
temperature increases condensation allowing the heavy isotope to transition to the liquid phase and
subsequently rainout prior to the lighter one (Dansgard 1964; Rozanski et al. 1993; Araguas-Araguas
2000). Since both increasing latitude and altitude decrease temperature, a negative relationship has been
noted between the isotopic signature of precipitation and latitude and altitude (Rozanski et al. 1993;
Araguas-Araguas 2000; Guan et al. 2009; de Oliveira and Lima 2010). A temperature effect becomes
evident between the heavy isotope content of precipitation and the surface air temperature during
precipitation, at temperate latitudes (Dansgaard 1964; Koster et al. 1993; Welker 2000; Harvey 2001).
The relationship between temperature and δ18O begins to break down as surface temperatures increase
above 15°C (Koster et al. 1993). Therefore at lower latitudes this relationship is not observed (Onac et
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al. 2008), although a negative correlation between amount of precipitation and its heavy isotope
content becomes evident (Dansgaard 1964).
Globally averaged precipitation values for δ18O and δD have been found to yield a positive
linear relationship referred to as the Global Meteoric Water Line (GMWL) with a linear regression
equation of δD = 8δ18O + 10 ‰ (Craig 1961). Globally averaged marine evaporated precipitation falls
along this line and any deviations point to some environmental variables affecting the precipitation. A
deuterium excess parameter (d-excess value) was determined by Dansgaard (1964) and has been used to
signal re-evaporation of previously precipitated water that alters the precipitation’s isotopic content
(Welker 2000; Harvey 2001; Froehlich et al. 2008; Guan et al. 2009). The d-excess value is defined by
Dansgaard (1964) as
(2.1)
where the global average value is approximately 10 ‰ for water evaporated from a marine source and
rainwater that has been derived from recycled water will have a higher d-excess value (Dansgaard
1964). This results from the kinetic fractionation occurring as water evaporates from soils, or surface
waters leaving the vapour phase more depleted, increasing the d-excess value (Froehlich et al. 2008).
Therefore the d-excess becomes a method for determining precipitation that has originated from a
closed continental water source (Froehlich et al. 2008; de Oliveira and Lima 2010). However, when dexcess values are less than 10 ‰ the precipitation may have undergone some sub-cloud evaporation as
falling raindrops come in contact with air (Harvey 2001; Froehlich et al. 2008; de Oliveira and Lima
2010) or while the water is in the collector/storage prior to analysis (Welker 2000; Harvey 2001).
Therefore, these values need to be approached with caution (Harvey 2001; Froehlich et al. 2008).
Overall, precipitated water that is derived from a recycled source (anything that is non-ocean water)
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will have a lower δ18O value compared to water derived from an ocean source (Dansgaard 1964; Koster
et al. 1993), therefore its d-excess is higher.
Using the factors that affect water’s isotopic composition allows precipitated water to be
analyzed for its source and an understanding of the processes occurring between its current state and
initial evaporation from the ocean (Welker 2000). These effects on precipitation can also signify
differences between synoptic weather systems, which are typically derived from a marine source, and
localized weather systems, where precipitation largely consists of recycled water or water from a local
source, such as the Great Lakes for this study. A distinctive difference between the two weather systems
can be rainfall intensity. Small convective systems tend to be characterized by short heavy downbursts
of rainfall, compared to large frontal systems with greater duration and less intense rainfall but more
consistent.
The goal of this study is to explore the difference between synoptic and localized precipitation
events using the stable isotopes of oxygen and hydrogen. This will be accomplished by attempting to use
two features; the rainfall intensity and d-excess values of precipitation to signal if rainwater is derived
from recycled water. This study will further explore the relationship between precipitation and other
waters within the ecosystem in both liquid and vapour state, including: atmospheric water vapour, soil
water, groundwater and finally plant water (stem and leaf). Using δ18O as a tracer it will be possible to
track water entering the ecosystem by means of precipitation and follow it through the soil where it
either penetrates into groundwater stores or is evaporated (directly from the soil surface or through
plant transpiration). It is possible to follow the δ18O signal through these parts of the ecosystem with an
understanding of where in the water cycle isotopic discrimination is happening. The purpose of this
study is to explore stable isotopes of oxygen and hydrogen in the hydrological cycle in a temperate
forest ecosystem located in the Great Lakes basin.
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2.2 Methods
2.2.1 Site Description

Samples were collected at the Borden Forest Research Station (BFRS), located at CFB Borden
Ontario (44o 16’ N, 79o 54’ W), operated as a long term Environment Canada Atmospheric Research
Station, and from a soybean field northeast of the research station. Climate averages show the region
receives approximately 858 mm of precipitation yearly, with an average annual temperature of 6.4 oC;
June, July and August are the warmest months with a daily mean temperature approaching 20 oC
(Staebler et al. 2000). The BFRS soil is classified as loamy sand, where the sand content increases with
depth, based on soil core analysis (Santos 2011).
BFRS is located within the Great Lakes basin where precipitation and atmospheric water is
derived from four sources; the Gulf of Mexico, the Pacific and Atlantic oceans and northern Canada
(Gat et al. 1994). Rozanski et al. (1993) showed that for southern Ontario, Canada, the long-term
arithmetic mean δ18O content of precipitation is -10.3 ‰. These long-term measurements have been
observed from a station near Simcoe Ontario (42o 50’ N, 80o 18’ W).
The site is situated within a mixed forest with a tree canopy reaching 20 – 25 m in height and a
shorter understory canopy consisting of short ferns and other shrubs and tree saplings. The forest
consists of a mix of red maple (Acer rubrum L.), large-toothed aspen (Populus grandidentata Michx), white
ash (Fraxinus Americana L.) and eastern white pine (Pinus strobes L.). The soil in the forest is covered with
a layer of leaf litter.
2.2.2 Precipitation and Meteorological Measurements

Precipitation samples were collected at a clearing in the forest, where rainfall interception
from the forest canopy would not be a problem. The collector was a light coloured polyethylene bottle
with a funnel firmly attached using a rubber stopper to minimize evaporation from the container. Each
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morning at approximately 1000 h when rainfall had occurred, a sample was collected, from day of year
(DOY) 151 to 233 netting 33 samples in total. Each sample was sealed with parafilm in a small vial and
refrigerated until analysis for its δ18O and δ2H content using mass spectrometry (Delta Plus XL,
Thermo Finnigan, Bremen, Germany) at Yale University, New Haven USA.
At the location of precipitation sampling, total precipitation using a tipping bucket rain gage
(Beltfort, Baltimore, MD) and temperature (HMP45A, Vaisala, Vantaa, Finland) were measured at a
height of 1.5 m and recorded in half hour time vectors. To the west, within the forest, a 45 m
scaffolding tower housed instruments to measure temperature and relative humidity (HMP45A) at 33.4
m.
2.2.3 Supporting Isotopic Measurements

Weekly during the measurement campaign soil samples were collected from 5, 10 and 50 cm
depths from the forest site. These samples were placed in small vials, sealed with parafilm and their
liquid water was extracted using the cryogenic vacuum extraction technique (Ehleringer and Osmond,
1989). Using the CO2 equilibration method attached to a mass spectrometer their δ18O and δD
composition was determined at Yale University. Two groundwater sampling wells were drilled in close
proximity to the main tower. Groundwater samples were collected twice during the measurement
campaign on DOY 196 and 227, where isotopic composition of δ18O and δD obtained using mass
spectrometer at Yale University. Atmospheric water vapour (AWV) was analyzed for δ18O and δD
using a tunable diode laser (TDL) trace gas analyser (TGA100A, Campbell Scientific Inc, Logan,UT)
supplied by Yale University. The analyser sampled AWV using the gradient method above the canopy
with intakes at heights of 25.81 and 36.61m where measurements from both heights are averaged
together. These measurements were collected from DOY 148 to 232, 2009 and recorded in one hour
time vectors.
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Leaf and twig samples were collected on a semi-weekly basis from three tree species: white
ash, large-toothed aspen and red maple from DOY 140 to 231, 2009. The leaves were obtained from
mid-canopy height, approximately 18 m, where a sample consisted of 10 leaves from ash and aspen
trees with the main vein removed and 5 leaves from the maple tree with three main veins removed. The
main veins are excluded from the sample to prevent un-enriched xylem water from mixing with the
bulk leaf water. Twig samples, approximately 15 cm in length, from branches having green leaves on
them to insure they were actively transporting water were obtained from the same three trees.
Leaf and stem samples from soybean plants were collected at a nearby field from DOY 211 to
231, 2009 producing 7 measurements in total. Approximately 10 soybean leaves were collected, with
the main vein removed, per sample. Stem samples were collected from the plants at mid canopy height
and sealed in a small vial. Soybean samples were collected to provide a comparison of leaf water δ18O in
an agriculture crop. All supporting leaf, twig, soil and groundwater samples were analyzed using the
cryogenic vacuum extraction method and mass spectrometry at Yale University, following methods
outlined by Ehleringer and Osmond (1989).
2.2.4 Precipitation and Isotopic Characteristics Determined

Rainfall intensity was determined based on the total amount of rainfall received over the 24 h
period divided by the number of hours in which it was raining over that same 24 h period. Maximum
intensity rainfall was determined as the greatest amount of rain received over one hour. D-excess values
for each sample were calculated from equation 2.1 using the δ18O and δD from the precipitation
measurements. All isotope measurements were expressed in delta notation with the units of parts per
thousand or per mil (‰) relative to the Vienna Standard Mean Ocean Water (VSMOW).
2.2.5 Data Analysis
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Data analysis was completed in Matlab software (R2006a, The MathWorks, Inc.). The analysis
involved the generation of figures to explore the relationship between heavy isotope composition of
precipitation and rainfall intensity or other properties of the precipitation event in an attempt to
determine whether rainwater was recycled or oceanic derived. The relationships were explored using
linear regression techniques where the correlation between groups is expressed with correlation
coefficients (R) and significance is based upon p-values obtained from t-tests to determine whether
means between groups are different, with significance based on the 95 % confidence level.
Furthermore, the exploration of trends found in different waters in the ecosystem throughout the
summer was completed through time-series analysis. To determine if differences between isotopic
compositions in selected ecosystem waters were significant, one way analysis of variance (ANOVA) and
multiple comparison of means statistical procedures were performed, based on a 95 % confidence
interval.

2.3 Results
2.3.1 Precipitation δ18O Content

Throughout the summer months of 2009 at BFRS, precipitation exhibited δ18O values with a
mean of -7.8 ‰ having a maximum of -0.2 ‰ and minimum of -14.6 ‰. The precipitation δD signal
had a mean of -60.0 ‰ with a maximum of -9.8 ‰ and a minimum of -115.2 ‰. The time series of
both the δ18O and δD signals in precipitation is given by Figure 2.1. The figure shows no clear trend
throughout the summer; however the δ18O and δD signals follow each other closely. Figure 2.2
displays the linear relationship between δ18O and δD of precipitation over the measurement campaign,
with an R correlation of 0.98. The linear regression provides a Meteoric Water Line, hereafter referred
to as the Borden Meteoric Water Line (BMWL) of δD = 7.5δ18O -1.7, with a slope of 7.5 ‰ which is
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less than 8 ‰ associated with the GMWL defined by Craig (1961), however 8 is within the 95 %
confidence interval of the BMWL (7.5 ± 0.6 ‰).
The d-excess values determined ranged from a minimum of -20.4 ‰ to a maximum of 11.0 ‰
with a mean of 2.0 ‰, lower than the global average of 10. The relationship between the d-excess
value and δ18O is provided by Figure 2.3 where it is observed that no significant trend exists (p-value =
0.13). Figure 2.4 shows the relation of d-excess to T, RH and rainfall intensity. The figure exemplifies
that no correlation exists between d-excess and T or rainfall intensity, however a positive correlation (R
= 0.41) is presented with RH (p-value = 0.02).
Ambient temperature has been shown to produce a positive relationship with the δ18O content
of precipitation at temperate latitudes (Dansgarrd 1964). This was explored for the current data set and
the same result holds true. Figure 2.5 reveals the positive relationship between δ18O and the 24 hour
ambient temperature average for two heights: 1.7 m and 33 m with R values of 0.68 and 0.75,
respectively, and slopes significantly different than 0 at the 95 % confidence interval (p < 0.0001).
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Figure 2.1 – Time series for δ18O (dotted line) and δD (solid line) signal in precipitation at BFRS during
the summer months of 2009
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Figure 2.2 – BFRS Meteoric Water Line for precipitation during the summer of 2009. Slope for BMWL
is 7.5 ‰, less than 8 associated with the GMWL.
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Figure 2.3 – The relationship between d-excess values in precipitation during summer 2009 and the
precipitations δ18O content. No significant correlation is exhibited (p-value = 0.13).
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Figure 2.4 – D-excess values with temperature, relative humidity and rainfall intensity. Only d-excess
and RH show any correlation (R = 0.41; p-value = 0.02).
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and solid line).
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2.3.2 Relationship of δ18O with Rainfall Intensity

The correlation between maximum rainfall intensity and the δ18O signature of the sample is
displayed in Figure 2.6. Rainfall intensity produces a non-significant relationship with δ18O signal of
precipitation. The point of maximum intensity greater than 10 mm hr-1 was removed to determine if it
was significantly influencing the relationship, however the relationship remained insignificant.
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Figure 2.6 – The relationship between maximum rainfall intensity and the δ18O signature of
precipitation.

2.3.3 Exploring δ18O in the Ecosystem

All waters sampled at BFRS during the summer of 2009 were analyzed for their δ18O content
and these are explored in the following subsections and figures. The interaction between these
ecosystem waters and precipitation δ18O signal will be investigated in greater depth in the following
subsections.
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2.3.3.1 Precipitation and Soil Water

Figure 2.7 provides the time series of the δ18O signature in precipitation and in soil water at 5,
10 and 50 cm depths. The figure shows that soil water at shallower depths responds more rapidly to
changes in precipitation δ18O. This is noticeable from observing the 5 and 10 cm lines as they show
greater variability over the measurement period than at a depth of 50 cm. However, overall there is no
statistical difference between the δ18O content in the soil water at either depth (p-value = 0.51).
Figure 2.8 displays the δ18O – δD relationship in soil water at (a) 5, (b) 10 and (c) 50 cm
depths. The relationships are consistent between the three depths sampled, with MWLs of δD = 7x –
13 for 5 cm, δD = 7.3x – 8 for 10 cm and δD = 6.6x – 14 for 50 cm, all having slopes less than the
GMWL and BMWL for precipitation. All show positive relationships, with R correlation coefficients of
0.96, 0.98 and 0.92 for 5, 10 and 50 cm respectively, with slopes significantly different than zero (pvalues = 0.0001).
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Figure 2.7 – Time series of δ18O in precipitation and δ18O in soil water at three depths; 5, 10 and 50
cm depths during the summer of 2009 at BFRS.
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2.3.3.2 Isotopes in Groundwater

The groundwater δ18O and δD content sampled at the two locations provided little variability
between both location and sampling day. The isotopic compositions from each well and DOY are
presented in Table 2.1.
Table 2.1 – δ18O and δD compositions of groundwater samples measured from two wells at BFRS
during the 2009 summer.
DOY
196
196
227
227

Well Number
1
2
1
2

δ 18O (‰)
-12.2
-12.0
-12.2
-12.6

δD (‰)
-83.4
-83.1
-83.2
-85.9

2.3.3.3 Precipitation and Atmospheric Water Vapour

The time series of the δ18O signal of precipitation and δ18O of AWV (δAWV) is provided in
Figure 2.9. The figure shows the δAWV at three different averages: the 24 hours over which the sample
was collected, the 24 hours after sampling, and finally a 4 day average after precipitation occurred.
Based on ANOVA there is no statistical difference between any of the three δAWV averages (p-value =
0.18).
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Figure 2.9 – Time series of δ18O in precipitation (black line with crosses) and average values of
atmospheric water vapour; open square for 24 hours over which sample was collected (AWV #1), open
circle is average of 1 day after sampling (AWV#2) and open triangle is average of 4 days after sample
collected (AWV #3).
Figure 2.9
2.3.3.4 Precipitation and Plant Waters

The relationship between the δ18O signal of precipitation and tree twig and leaf waters is
examined through time series analysis and displayed in Figure 2.10. Over the course of the
measurement campaign twig water δ18O signal remained reasonably constant and was of the same
isotopic magnitude as the average incoming precipitation (-7.79 ‰) over the summer, however, it did
not show the same variability between measurements as observed among precipitation events.
Conversely, leaf water has a δ18O signature greater than both precipitation and twig water showed
enhanced δ18O variability between measurements. At times it appears to emulate the precipitation
signal and at other times it showed the reverse trend demonstrated in precipitation.
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The soybean stem water showed larger variability in comparison to the ash, aspen and maple
twig samples, with standard deviation of 1.7 ‰ for soybean stem, compared to standard deviations of
1.3, 1.3 and 0.9 ‰ for ash, aspen and maple leaf water. This is evident from Figure 2.11 where the
soybean stem water’s δ18O signal for a limited number of samples after day 205 was additionally
enriched over the tree twigs and closely paralleled the precipitation δ18O line. AVOVA and multiple
comparison of means statistical test proved that soybean stem water is statically more enriched (p-value
< 0.00001) than the twig water of ash, aspen and maple trees, with mean twig water values of -6.3, 8.9, -9.1 and -8.5 ‰ for soybean, ash, aspen and maple respectively. Figure 2.12 displays the time
series of the precipitation δ18O with the leaf water signal of ash, aspen, maple and soybean leaves. From
the figure, the four leaf samples follow a similar pattern with the soybean leaf exhibiting no difference
from the tree leaves. Nevertheless, the maple leaf appears to be more enriched in comparison with the
other measurements. From ANOVA and multiple comparison of means test, the maple leaf is
significantly more enriched (p-value = 0.0007) than the leaves of ash, aspen and soybean plants with
mean leaf water values of 2.7, 5.3, 4.5 and 8.8 ‰ for soybean, ash, aspen and maple leaves
respectively.
Figure 2.13 shows the time series of δ18O composition of soil water at three depths and twig
water samples from ash, aspen and maple trees along with the signal from the two groundwater wells
(Figure 2.13a) and soil water with soybean stem water (Figure 2.13b). Assuming that source water has
the same δ18O composition as the water being transported through the twig, from Figure 13a it can be
estimated that tree source water is more depleted than the three soil depths sampled, but has a greater
δ18O value than groundwater. There is no significant difference in the δ18O content of water between
the soybean stem and the soil at any of the three depths (p-value = 0.19).
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To determine differences between the δ18O compositions of soil water at the three depths and
the three tree species twig water, ANOVA was completed and yielded a p-value < 0.0001 suggesting
that at least one of the groups is different from the others. To conclude which groups are different, a
multiple comparison of means test was conducted and based on 95% confidence intervals ash and aspen
twig water was found to be different from soil water at 5 and 10 cm depths but not from the 50 cm
depth. The maple twig water δ18O did not exhibit differences when compared with δ18O of soil water
at any of the measured depths.
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Figure 2.10 – Time series of δ18O in precipitation (black line with crosses) and twig water for ash (open
triangle), aspen (open square) and maple (open circle) trees. Also the δ18O composition of leaf water
for ash (dotted line), aspen (dash\dot line) and maple (solid line) is presented.
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Figure 2.11 – Time series of δ18O content of precipitation (black line with crosses) and twig samples
from the three trees; ash (open triangles), aspen (open squares) and maple (open circles) along with
stem samples from soybean plants (open diamonds).
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Figure 2.12 – Time series of δ18O content of precipitation (black line with crosses) and leaf water
samples from the three trees; ash (dotted line), aspen (dash/dot line) and maple (dashed line) and
samples from the leaves of soybean plants (solid line).
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Figure 2.13 – Time series for (a) soil water at 5 cm (solid line), 10 cm (dotted line) and 50 cm
(dash/dot line) and twig water for ash (open triangle), aspen (open square) and maple (open circle)
trees along with groundwater wells #1 and #2). Plot (b) shows soil water at 5, 10 and 50 cm depths at
the forest site and the soybean twig water (open diamond).

2.4 Discussion
Exploring the δ18O signal in the waters of the BFRS forest ecosystem revealed trends expected
based on the literature. The δAWV composition follows reasonably well with the δ18O signal of
precipitation during a given rainfall event; however, when δAWV was averaged over longer time scales its
agreement with precipitation vanishes. There is a substantial difference between the precipitation signal
and the δAWV signal where the vapour phase is depleted by more than 10 ‰ on average in δ18O than any
of the liquid waters measured; this is caused by the isotopic discrimination occurring during
evaporation. It is evident that no isotopic discrimination occurs in the waters from precipitation through
soil and into the tree twig water. However, leaf water shows enrichment signifying that within the leaf,
evaporation allows the light isotope to escape, but the heavier isotope remains in the leaf. From the
observations of plant source water, the three trees illustrate no differences in the δ18O content between
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their xylem waters, however, the soybean seems to draw its water from a source that is more enhanced
than the trees, probably a result of having a shallower root system enabling it to access enriched
summer rainfall, which is available from the upper soil layers.
2.4.1 Relationship of BMWL to GMWL

The GMWL for global precipitation in δ-space (Craig 1961), with a linear regression slope of
8, can be used to assess regional precipitation and identify changes that may have occurred since original
marine evaporation. Onac et al. (2008) studying δ18O and δD in Florida, USA, found a δ18O-δD linear
relationship with a slope of 5.63, substantially lower than the GMWL’s slope of 8. The authors
attribute this to higher isotopic fractionation during evaporation, but are unsure whether the
evaporation is occurring during rainfall or as the air mass travelled over the continent. Differences
between regional meteoric water lines (RMWL) and the GMWL can be found in semi-arid to arid
climates and on a seasonal basis in regions where increased sub-cloud evaporation has been noted to
occur (Araguas-Araguas et al. 2000). This type of evaporative effect influencing precipitation leads to
raindrops enriched in δ18O generating a RMWL with a slope less than 8 (Araguas-Araguas et al. 2000).
de Oliveira and Lima (2010) present a RMWL with a slope smaller than 8 for precipitation in Iberia;
however, it is within the 95 % significance level of the GMWL, similar to what was found in this study.
Even though their slope is insignificantly different from 8 the authors do attribute the difference to
increased evaporation affecting the precipitation (de Oliveira and Lima 2010). The slope of the BMWL
for summer 2009 precipitation (7.5 ‰), displayed in Figure 2.2, is less than 8, however within the 95
% confidence interval of BMWL, and based on these previous studies this may suggest that evaporative
effects could be influencing the precipitation in BFRS. As previously mentioned evaporation from falling
drops is likely as the conditions during summer at BFRS favour this type of evaporation.
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Based on annual arithmetic means from 10 measurement stations within the Great Lakes region
a RMWL of δD = 7.1δ18O + 1.0 has been determined (Longstaffe et al.). The slope from this line is
within the 95 % confidence interval of the BMWL. Also summer precipitation samples from
Kalamazoo, Michigan produced a RMWL with a slope ranging from 7.5 – 7.75 (Machavaram and
Krishnamurthy 1995), which is consistent with the BMWL. From Machavaram and Krishnamurthy
(1995) it has been suggested that through the summer months AWV gains a significant portion of water
(9 – 16 %) from Lake Michigan. Gat et al. (1994) estimates that during the summer months AWV within
the Great Lakes region is composed of 4.6 – 15.7 % water derived from the lakes. It is well understood
that AWV is linked to precipitation (Gat 1980), therefore the δ18O signal for precipitation can be related
to the δAWV. For BFRS, one would expect this to be no different, and in fact the amount of AWV
derived from the Great Lakes could be even greater than for Kalamazoo, as BFRS is centred in the Great
Lakes meaning an air mass crosses more lake surface before reaching BFRS than Kalamazoo.
The Great Lakes water has been sampled for its isotopic composition, with lakes Huron, Erie
and Ontario revealing δ18O signatures of -7.4, -6.7 and -6.6 ‰ respectively (Longstaffe et al.). The
measured precipitation at Borden during the summer 2009 provided a mean δ18O signal of -7.8 ‰,
which is more depleted than the Longstaffe et al. measurements.
Within the soil, evaporation leaves the residual water enriched over the original precipitation
signal and this occurs at an evaporation front (Gat 1996). These evaporating lines become evident
through the δ18O-δD relationship for soil water (Gat and Airey 2006). Figure 2.8 shows the
evaporating lines for the Borden soil at 5, 10 and 50 cm depths and it becomes apparent that the MWL
slopes decrease from the upper layers (5 and 10 cm) to the 50 cm depth. All have slopes lower than the
BMWL for precipitation suggesting further evaporative enrichment of the rainwater once in the soil.
This trend was also observed by Gat and Airey (2006) where they show that the soil surface has an
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evaporating line with a slope slightly less than the RMWL of precipitation at their location and that the
slope is decreasing with soil depth.
During wet summers when precipitation is continually being added to the soil, these
evaporation fronts become less distinctive compared with dry soil as more evaporation has had time to
occur. Water extracted from the upper soil layers has been found to produce MWLs with slopes
ranging from 2 – 5 depending on the soil moisture content, with drier soils having decreased slopes
(Barnes and Allison 1988). The increased wetness from the frequent addition of precipitation in 2009
and protection of the soil evaporation by the litter layer may explain why the evaporation lines for BFRS
have larger slopes than previous work has demonstrated.
Another parameter for determining the amount of recycled water making up precipitation has
been shown to arise from the relationship between temperature and the δ18O signal of precipitation
(Koster et al. 1993). Koster et al. (1993) using a Global Circulation Model (GCM) observed that during
the summer month’s correlation coefficients between temperature and δ18O values in precipitation
averaged to 0.67. However when they included a parameter in the model to account for recycled water
making up a portion of precipitation that correlation coefficient jumped to 0.92, suggesting that during
the summer months the recycled water had an important role in the makeup of precipitation in the
northern hemisphere. From Figure 2.5 a positive relationship is evident at BFRS between temperature
and δ18O with a correlation coefficient of 0.68, close to that expressed by Koster et al. (1993). The
GCM model used by Koster et al. (1993) could be applied to the BFRS data set, to estimate the
importance of recycled water of precipitation at BFRS.
2.4.2 Deuterium Excess in Precipitated Water

Summer air masses entering the Great Lakes region bring precipitation carrying a d-excess
value lower than the global average of 10 ‰ and lower than d-excess values from precipitation
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measured within the basin (Gat et al. 1994). Specifically, at a precipitation collection station in
Atikokan, west of Lake Superior, an average d-excess value of 8.8 ‰ has been measured; however,
samples from within the Great Lakes region were shown to have d-excess values 3.6 ‰ higher than
Atikokan (Simcoe station at 12.4 ‰) (Gat et al. 1994). This indicates that precipitation within the Great
Lakes basin is being fuelled by recycled water, leaving the rainfall more depleted in heavy isotopes. For
summer precipitation measurements from Kalamazoo, the average d-value determined was 15.6 ‰;
similar to other measurement studies this was greater than upwind values (Machavaram and
Krishnamurthy 1995). D-excess values for the data set presented in this paper show the reverse trend,
where the summer 2009 average d-excess value obtained for BFRS was 2.0 ‰, lower than both the
global average and the average obtained for the Great Lakes region by Gat et al. (1994) and Machavaram
and Krishnamurthy (1995). However, in a technical note by Longstaffe et al. average summer d-excess
values reported for southern Ontario were observed to range from 1.3 – 9.6 ‰, which is similar to
those obtained from this study in BFRS. One possible explanation for this is that our samples were only
collected during June, July and August, characterized by enriched rainfall producing lower d-excess
values (Gat 1996). Conversely, Gat et al. (1994) averaged values from the summer and fall months and
Machavaram and Krishnamurthy (1995) for June to October. Further explanation for this possible
difference may be elucidated by increased sub-cloud evaporation during summer precipitation.
The global d-excess values for continental precipitation range between 0 and 20 ‰, with an
average of 10 ‰, and values below 0 ‰ suggest evaporation may be occurring while the water is in the
collector or in storage prior to analysis (Welker 2000; Harvey 2001). For this data set 22 % of the
samples provided a d-excess value less than 0 ‰. As previously noted, rainfall that has undergone subcloud evaporation will have a decreased d-excess value and conversely recycled water will have an
increased value (Froehlich et al. 2010). This makes d-excess values so valuable for determining the
source water for an individual precipitation event. However, problems arise when recycled continental
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water undergoes sub-cloud evaporation (Froehlich et al. 2010), which is especially common during the
summer season for climates such as BFRS. Without accounting for the effect of sub-cloud evaporation,
the accuracy of using d-excess values to differentiate between marine and recycled water decreases
(Froehlich et al. 2010). Methods for eliminating the sub-cloud evaporation effect on the d-excess value
have been developed; refer to Peng et al. (2005) and Froehlich et al. (2010) for methodology and their
results.
Sub-cloud evaporation caused by the interaction between falling raindrops and the air should
diminish during highly convective storm systems (Gat 1996). This is because these convective storm
systems generally are associated with high intensity rainfall where raindrops have little or no time to
interact with the air while falling, meaning no evaporative enrichment of raindrops. These convective
storm systems are generally coupled with recycled water, resulting in high d-excess values (Onac et al.
2008). Therefore a relationship between rainfall intensity and d-excess should be evident; however,
based on Figure 2.4, no significant correlation exists (p-value = 0.0792). This relationship has been
previously studied by Onac et al. (2008) where the authors also found no correlation.
2.4.3 Precipitation and its Relation to Ecosystem Waters

Tree twig water samples are shown to have a δ18O signal of similar magnitude to precipitation,
however, with less variability between individual rainfall events. This may be explained by trees
sourcing their water from deep within the soil or possibly groundwater stores. As evident from Figure
2.7, the deeper the soil water, the less variation in the δ18O signal where Table 1 shows groundwater
exhibits no change between the two measurements. It has been noted that groundwater and deeper soil
water have isotope signatures equal to a long term precipitation δ18O average for a particular region
(Flanagan and Ehleringer 1991), therefore no fluctuation in the groundwater’s δ18O content between
individual rainfall events exists.
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Little isotopic fractionation occurs in the water deep within the soil and groundwater until it
reaches the leaf (White et al. 1985). Leaf water δ18O compositions, shown in Figure 2.10, are greatly
enriched in δ18O compared to precipitation, soil and twig water samples. This results from isotopic
fractionation, which allows the light isotope to evaporate through the stomatal opening prior to the
heavy isotope (Craig and Gordon 1965; Cappa et al. 2003). Enrichment of δ18O in plant leaves has been
previously demonstrated in a variety of plant species with different physiological characteristics
(Flanagan et al. 1991; Wang and Yakir 1995; Barbour et al. 2004; Sheshshayee et al. 2005; Welp et al.
2008). The isotopic enrichment of leaf water has been shown to be largely influenced by transpiration
rate, where higher transpiration rates lead to increased enrichment (Sheshshayee et al. 2005; 2010),
enrichment has also shown dependence upon the isotopic composition of AWV (Flanagan et al. 1991)
and follows closely the diurnal VPD cycle (Harwood et al. 1998). The enrichment of the leaves from ash,
aspen and maple trees will be explored at length in chapter three, where each of the factors suggested to
influence enrichment will be compared with bulk leaf water δ18O measurements to see whether they
control leaf enrichment differently based on species.
These ambient environmental factors probably exert a greater influence on the δ18O signal of
leaf water than the composition of precipitation on an individual event basis, especially for large mature
trees with deep root systems. The leaves of shallower rooted plants, such as agriculture crops, may have
a δ18O signal further related to rainfall. This can be explored through the soybean plant measurements,
where stem water had a δ18O signal showing greater variability than ash, aspen and maple trees (Figure
2.11) and was much closer (approximately 1 – 5 ‰ more enriched than the leaf water of the three
trees) to precipitation. The soybean plant may be using water from shallower soil layers whose δ18O
content provides more variation between individual precipitation events than deep soil water that trees
draw from. However, when comparing soybean leaf water δ18O to that of ash, aspen and maple leaves
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(Figure 2.12), the only difference is with the maple tree, indicating that variations in source water has
little implication on the leaf water δ18O composition. Since the soybean samples were not collected
throughout the entire measurement campaign, only a small sample size is available for comparison with
tree leaf measurements.
Figure 2.13 demonstrates the difference in δ18O composition of source water between trees
and soybeans with respect to soil water. Figure 2.13a and associated statistical analysis demonstrates
that ash and aspen trees are using water with a different isotopic signal than the soil water measured at 5
and 10 cm depths; however it is not different from the 50 cm depth. On the other hand the maple tree
exhibited no difference from soil water at any of the three depths. This suggests that potentially ash and
aspen trees draw water from deeper depths whereas the maple is obtaining water from the top layers of
the soil profile. Conversely, Figure 2.13b shows that the soybean stem water appears to follow more
closely with the soil water at 5 and 10 cm, however appears more enriched than soil water at 50 cm. A
cautionary note should be mentioned about Figure 2.13b, as soil samples were not collected from the
soybean field; but were obtained from the forest site. The soil water from the field will more readily
evaporate than the forest soil, as the forest floor is covered with a layer of leaf litter. This increased
evaporation at the field site may leave the field soil water enriched over the forest soil water.
Based on the MWLs from the different soil depths, where the 50 cm MWL has a slope lower
than at 5 and 10 cm, one would expect water at 50 cm to be more depleted in δ18O, as the evaporation
would occur closer to the surface, allowing water at the upper layers to become more enriched. Based
on ANOVA there is no significant difference between the δ18O composition of soil water at the three
depths (p-value = 0.5124). As previously mentioned the wet summer may not be conducive for
enrichment of heavy isotopes within the soil layers, hence no differences existed between the three soil
layers measured.
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AWV is composed of many sources of water; a large component is water entering the region
with an air mass from upwind of the current location. In that specific region a portion of the water
making up the AWV is derived from evapotranspiration, water directly evaporating from the soil or
surface water and water released from plants. However, during precipitation the air is 100 % saturated
and over these times δAWV should resemble the precipitation δ18O content, only more depleted.
However from Figure 2.9 and ANOVA no difference is discernable between any of the δAWV averages.
It would have been expected that during the time of rainfall δAWV would be different from the average
of 4 days after rainfall, but this appears to not be the case. Many factors, as discussed, influence the
water’s δ18O content prior to re-entering the atmosphere, which more than likely are responsible for
the distortion between the δ18O signal of precipitation and that of AWV. During some of the 4 day
averages another weather system carrying a different δ18O signal would enter the region bringing more
precipitation which would then begin to evaporate creating a δAWV signal derived from a combination of
rainfall δ18O signals.

2.5 Conclusions
The relationship displayed between precipitation δ18O signal and rainfall intensity was
insignificant (p-value = 0.71) for this data set. Furthermore, using d-excess values and rainfall intensity
proved irrelevant, providing little evidence in support of using rainfall intensity and δ18O content to
differentiate between synoptic and localized weather events (characterized by recycled Great Lakes
basin water). The relationship between rainfall δ18O and temperature proved to follow a similar pattern
as found in Koster et al. (1993), where the authors followed this by including a parameter for recycled
rainfall.
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The d-excess values for this data set are quite low with 22 % of the values below 0 ‰,
suggesting that evaporation may have been occurring from the rain collector or storage prior to isotopic
analysis. This raises concerns regarding the accuracy of the sampling procedure and suggests that
adaptations to the methodology or storage conditions may need to be implemented for future
experiments so that these errors can be eliminated. Also the low d-excess values propose the need to
account for sub-cloud evaporation which may be forcing the d-excess to signify that rainwater is not
from recycled continental sources. The BMWL also provides evidence suggesting greater evaporative
effects are influencing the local precipitation than globally averaged marine water. This is supported by
the BMWL slope being less than 8 as specified by the GMWL.
This work shows that more rigorous measurements are required for proving a relationship
between δ18O in precipitation and rainfall intensity, to predict the type of weather event. This would
include: collecting precipitation collected on an event basis, before any evaporation can occur while
water is standing in the collector, recording precipitation intensity at a finer resolution to compare with
precipitation δ18O measurements and taking note of the type of weather event occurring.
To further explore the effect of precipitation on aspects of the BFRS forest ecosystem
including; soil water, groundwater, atmospheric water vapour and plant water, isotope measurements
from these sources would be needed for a greater length of time. This would allow for a long term
average of precipitation to be obtained for comparison against soil water and groundwater δ18O signals.
Summer 2009 can be described as a wet summer (Santos 2011) and it would be valuable to obtain
ecosystem measurements from a summer with average and below average precipitation totals for
comparison.
The brief exploration of waters in the BFRS temperate forest offered here, clearly shows where
the isotopic discrimination is occurring within the hydrologic cycle, with AWV being depleted and leaf
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water enriched in δ18O. The results show that the three trees use source water with similar δ18O
signals; however it is clear that enrichment within the leaf water differs between the three species.
Exploration of this observation will be the focus of the work presented in chapter three.
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CHAPTER 3 : ENRICHMENT OF δ18O IN LEAF WATER OF THREE
TEMPERATE MIXED FOREST TREES AND EVIDENCE IN SUPPORT OF THE
PECLET EFFECT USING A STEADY STATE LEAF WATER MODEL
3.1 Introduction
H218O accumulation in leaf water is an important tool for exploring transpiration and helping
to understand overall plant water use. A major component of this is investigating the physiological traits
of the leaf as well as ambient environmental conditions and how they influence plant transpiration.
Transpiration is an important part of the hydrological cycle and is influenced by physiological factors of
the leaf including the number of stomata on the leaf and its size and thickness (Wang and Yakir 1995).
Ambient conditions also have a role in affecting a plant’s transpiration rate; such as vapour pressure
deficit (Harwood et al. 1998) and atmospheric water vapour isotopic composition (Flanagan et al.
1991). These in turn have an impact on the isotope ratios of plant leaf water. Stable isotopes of oxygen
and hydrogen have shown to be valuable tracers for investigating these processes at work in the leaf; by
measuring the heavy isotope composition of water within the plant xylem and the leaf, we can then
observe the impacts that leaf physiological characteristics and environmental conditions have on leaf
water δ18O (Craig and Gordon 1965; Flanagan et al. 1991; Welp et al. 2008). One of the important leaf
processes occurring where δ18O has become valuable is in exploring the 18O exchange between water
vapour and carbon dioxide; a process which is dependent upon the enrichment of δ18O of leaf water
(Xiao et al. 2010). Having knowledge of the δ18O composition therefore becomes important for
partitioning both the evapotranspiration and carbon dioxide flux into their individual components
released from soils and trees (Xiao et al. 2010; Wingate et al. 2010).
Water enters the leaf carrying the δ18O signal of the source water, typically deep soil water or
groundwater for mature trees with deep roots, and upper soil layers for plants with shallow roots. Deep
soil water or groundwater has a δ18O signal that is composed of the average δ18O in yearly precipitation
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for that region, whereas shallower soil depths mimic the δ18O composition of individual precipitation
events (Flanagan and Ehleringer 1991). The δ18O signal remains constant through the roots and xylem
until it reaches the evaporating sites in the leaf where it becomes enriched in 18O with respect to the
source water (Craig and Gordon 1965; Roden and Ehleringer 1999). This results from 18O having a
lower vapour pressure and diffusivity compared to

16

O; therefore during evaporation

16

O will

preferentially vapourize and diffuse over 18O, leaving the residual water with an enhanced 18O content
(Craig and Gordon 1965). The degree of enrichment is controlled by two factors known as equilibrium
and kinetic fractionation factors, dependent on temperature and resistance, respectively (Craig and
Gordon 1965; Flanagan et al. 1991).
Many studies have observed δ18O enrichment of leaf water: Harwood et al. (1998) in matico
leaves, Roden and Ehleringer (1999) in the leaves of water birch and cottonwood, Cernusak et al.
(2002) in blue lupine and Sheshshayee et al. (2005; 2010) in rice and groundnut plants. Maximum
enrichment within the leaf occurs at the site of evaporation and is reached daily between 1300 and 1400
h, typically following the maximum vapour pressure deficit obtained during midday (Harwood et al.
1998). The degree of enrichment varies based on factors such as relative humidity (RH), stomatal
conductance (gs), vapour pressure deficit (VPD) and transpiration rate (λE) (Flanagan et al. 1991;
Harwood et al. 1998; Helliker and Ehleringer (2002a, 2002b); Sheshshayee et al. 2010). Atmospheric
water vapour δ18O content (δAWV) has shown to influence leaf water enrichment (Flanagan et al. 1991;
Roden and Ehleringer 1999). Roden and Ehleringer (1999) suggested that this results from a
bidirectional flow of vapour that exists between the leaf and atmosphere until δ18O equilibrium
between the two is accomplished. Leaf to air VPD is deemed to be a major controlling factor for
evaporative site enrichment (Flanagan et al. 1991; Harwood et al. 1998; Sheshshayee et al. 2010).
Harwood et al. (1998) show that evaporative site enrichment follows closely with the diurnal VPD
pattern, although the δ18O signal of transpired water (δT) was shown to increase throughout the day
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even as VPD becomes stable and decreases late in the day. This suggests other species specific variables
may be involved in enrichment; in particular leaf water turnover rate (Wang and Yakir 1995).
As leaf water becomes enriched some studies have shown that the leaf reaches a certain level of
enrichment in δ18O and then develops an isotopic steady state; meaning water entering the leaf will
have an identical isotopic composition to the water being transpired (Craig and Gordon 1965; Flanagan
et al. 1991; Yepez et al. 2003). Flanagan et al. (1991) demonstrated that after environmental conditions
were held constant for at least one hour, the δ18O content of stem water and water exiting the leaf was
equal, indicating a steady state had been reached. The experiments of Flanagan et al. (1991) were
conducted under greenhouse conditions where environmental conditions can be maintained stable for
long periods of time; however, in natural field conditions this is not the case. Consequently, whether or
not steady state can be obtained in leaves under field conditions is less certain (Wang and Yakir 1995).
The time scale on which steady state occurs after changing environmental conditions has been shown to
take between one and three hours (Flanagan et al. 1991; Wang and Yakir 1995). Therefore in a complex
natural environment when ambient conditions are constantly changing throughout the day the leaf may
not reach steady state (Wang and Yakir 1995). In the leaves of matico plants steady state has been
demonstrated to exist between 1300 and 1500 h as transpired water vapour had the same δ18O content
as xylem water (δx) (Harwood et al. 1998). Harwood et al. (1998) observed isotopic steady state over
midday when VPD reach its maximum and the leaves reach their maximum δ18O enrichment. In matico
leaves, δT was found to be less than δx during the morning hours as VPD increased but was more
enriched than δx in the afternoon as VPD began to decrease (Harwood et al. 1998). Wang and Yakir
(1995), with an assortment of plant species, conclude that reaching isotopic steady state under the
natural RH cycle should not be assumed. Instead it is more appropriate to assume non-steady state
conditions; however this increases the level of difficulty in obtaining quality measurements. For
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example Welp et al. (2008) for soybean leaves, developed a model to estimate leaf water enrichment
while assuming non-steady state which involved direct measurements of the δT water signal, as
compared to using δx, which can prove to be challenging for some measurement locations. Non-steady
state models allow for the exploration of a leaf’s departure from steady state throughout the entire RH
cycle. Cernusak et al. (2002) showed that the steady state model aligned closely during morning and
early afternoon with measured leaf water, however, over the entire diurnal cycle their non-steady state
model yielded better agreement.
Accurate δ18O models of leaf water allow us to know the isotope signal of water lost through
transpiration, which will differ from the isotopic signal of evaporated water, and therefore are
fundamental to evapotranspiration partitioning studies (Yepez et al. 2003; Xiao et al. 2010). δ18O
enrichment within the leaf is essential to studying the exchange of 18O between H2O molecules in the
leaf and atmospheric CO2 molecules (Xiao et al. 2010). Farquhar and Cernusak (2005) suggest that this
exchange occurs at the sites of evaporation where highly enriched water exists and not within the bulk
leaf water. Leaf water is non-homogenous with respect to δ18O concentration; water at the sites of
evaporation is enriched and at the point of source water entry it is depleted, leaving bulk water as a
mixture of highly enriched and un-enriched water (Yakir et al. 1989). This heterogeneous nature of the
leaf has been examined by Wang and Yakir (1995) where they found a continuous increase in δ18O from
the base of the leaf to its tip. In regards to the isotopic exchange between H2O and CO2 at the sites of
evaporation, it is crucial to know the δ18O composition at the location of exchange (sites of
evaporation). However, only bulk water is a measureable quality; therefore models are necessary to
provide estimations of evaporative site δ18O. Many models have been implemented to predict this, both
assuming steady state and non-steady state, including work by Craig and Gordon (1965), Dongmann et
al. (1974), Flanagan et al. (1991), Farquhar and Cernusak (2005), Welp et al. (2008) and Wingate et al.
(2010).
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This study involves measurements of δ18O in AWV using a tunable diode laser within and above
a mixed temperate forest, as well as stem and leaf δ18O measurements from three tree species. The
objectives are threefold; first to explore how the leaf water of the three trees is influenced by
environmental factors, furthermore to investigate if the degree to which leaf water becomes enriched in
δ18O is species specific. Secondly, this chapter will focus on modelling leaf water δ18O at the sites of
evaporation (discussed in section 3.2). It will attempt to demonstrate, assuming steady state conditions,
that modelled values of leaf water δ18O over-predict measured values; however, with the inclusion of a
Peclet effect in the model, estimates for δ18O of bulk leaf water can be acquired. Finally, using δ18O
measurements of evapotranspiration over the canopy an attempt to model δ18O leaf water for the forest
canopy in non-steady state will be attempted. The accuracy of the model estimations will be compared
to measured bulk leaf water values.

3.2 Leaf Water Model
The Craig and Gordon (1965) model for evaporating water bodies can be applied to a leaf,
where water within the leaf becomes the evaporating body of water. Welp et al. (2008) adapted the
steady state model of Farquhar and Lloyd (1993) that predicts leaf water δ18O composition at the site of
evaporation (δles). The model is
(3.1)
where δx and δAWV are the δ18O compositions of xylem water and atmospheric water vapour
respectively, RH is humidity (referenced to leaf temperature by using ambient vapour pressure and
intercellular vapour pressure of the leaf, ea/ei), εeq and εk are equilibrium and kinetic fractionation
factors, respectively and expressed in units per mil (‰). The temperature dependent equilibrium
fractionation factor can be determined following procedures from Majoube (1971), given by:
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(3.2)
where T is air temperature (K). The kinetic fractionation factor is determined on a canopy scale as per
Lee et al. (2009) and calculated as,
(3.3)
where ra rb and rc are estimates of aerodynamic, boundary layer and canopy resistances, respectively.
For validation purposes the model must be compared with measurements of leaf water δ18O.
However, since measurements of δles are impossible; bulk leaf water δ18O (δlb) values need to be
obtained from the model to compare with the measurements.
Modelled values for the site of evaporation tend to overestimate measurements of bulk leaf
water largely due to the non-homogeneous nature of the leaf water (Flanagan et al. 1991; Flanagan et al.
1993; Barbour et al. 2004). Therefore, Farquhar and Lloyd (1993) suggested that within the leaf, highly
enriched water from the evaporative sites diffuses back into the bulk leaf water where it mixes with unenriched water entering the leaf through the veins. This, referred to as the Peclet effect (Farquhar and
Lloyd 1993), can be included in the model by a dimensionless Peclet number, determined as
(3.4)
where λE is the transpiration rate (mol m-2s-1), L is the effective path length in the leaf (m), C is the
molar density of water (mol m-3) and D is the temperature dependent diffusivity of δ18O in water (m2 s1

). An estimate of bulk leaf water at steady state (δlbs) can then be obtained from
(3.5)

where δles is the steady state evaporative site enrichment value obtained from (3.1).
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Modelled δlbs has been demonstrated to provide close agreement with measurements,
compared to using simply δles (Barbour et al. 2004; Welp et al. 2008). Others have established that the
Peclet effect plays an insignificant role and that non-steady state properties of the leaf are more
important (Xiao et al. 2010). Welp et al. (2008) modified equation 3.1 to model water at the
evaporative sites without assuming steady state by replacing δx with δT, which is the measured isotopic
composition of evapotranspiration (see section 3.3.2.1), yielding
`

.

(3.6)

3.3 Methods
3.3.1 Site Description

All measurements were collected at Borden Forest Research Station (BFRS), at CFB Borden,
Ontario Canada (44o 16’ N, 79o 54’ W) from May to August. The site, situated at the north end of CFB
Borden, is operated as a long term Environment Canada Atmospheric Research Station, located in a 100
year old natural re-growth forest. The site contains a 45 m scaffolding tower used for canopy profile
measurements, a 2 m tower for understory measurements and a series of small trailers to house and
operate instrumentation. The prevailing wind is from a westerly direction, providing a footprint of
1300 m when conditions are stable and 150 m when non-stable, at a tower height of 33 m (Staebler et
al. 2000).
The forest is a mix of deciduous and coniferous species with a canopy height of approximately
20 – 25 m. To the south of the main tower, the forest consists predominantly of red maple (Acer rubrum
L.), large-toothed aspen (Populus grandidentata Michx) and white ash (Fraxinus Americana L.) and to the
north mainly eastern white pine (Pinus strobes L.). The understory vegetation is comprised of short
(approximately 1 m in height) ferns and shrubs along with saplings at various heights.
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3.3.2 Isotope Measurements
3.3.2.1 Isotope Ratios of Atmospheric Water Vapour and Flux Measurements

The δ18O value for Atmospheric water vapour, used in equation 3.1, was obtained from
measured H218O and H216O mixing ratios using a tunable diode laser (TDL) (TGA100A, Campbell
Scientific Inc, Logan, UT). The flux gradient method was used, measuring at two heights, on the main
tower at 25.81 and 36.61 m providing a difference in height of 10.8 m from day of year (DOY) 148 to
232, 2009. For the δ18O value of AWV measurements from both heights are averaged together into one
hour mean values. Polyethylene/aluminum tubing (0.43 I.D., Synflex 1300, aurora, OH, USA) was
used to transport the sample from the intake to the TDL and heating wire was wrapped around the tube
and insulated to prevent the vapour from condensing while in the tubing. These measurements were
expressed as
‰

(3.7)

where R represents the ratio of heavy to light isotope with the subscripts being for the measured sample
and standard with units per mil (‰). The VSMOW was used (D/H = 0.00015576 and 18O/16O =
0.0020052).
The δ18O signature of evapotranspiration (δET), assumed equal to δt used in equation 3.6, were
obtained from the TDL mixing ratio measurements. This involved calibration using a syringe pump and
evaporating flask (dripper water) to produce two calibration gases, s1 and s2. These calibration gases had
a water vapour mixing ratio 5 % higher and 5 % lower than the ambient water vapour mixing ratio (for
a full description of the calibration procedure refer to Wen et al. (2008)). The ratio of 18O/16O in the
evapotranspiration flux (RET) can be calculated as
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(3.8)
where Rd is the molar ratio of the heavy to light isotope in the dripper water, subscripts 1 and 2 denote
the span calibrations and 3 and 4 are the upper and lower air intakes, respectively. To express the molar
ratio in δ notation referenced to the VSMOW standard the following was used,

.

(3.9)

3.3.2.2 Isotopic Measurements of Liquid Waters

Leaf samples of ash, aspen and maple trees were collected on a semi-weekly basis between
1200 and 1400 h when leaf surfaces were completely dry, from DOY 140 to 231, 2009. The samples
were obtained from the main tower at mid-canopy height (18 m). For the aspen and ash trees,
approximately 10 leaves were collected with the main vein removed to prevent un-enriched xylem
water from mixing with the bulk leaf water; for the maple tree approximately five leaves were collected
with two main veins removed. Samples of twigs that were actively transporting water were collected
from the same three trees at the same time to obtain a measure of the δ18O of xylem water. All samples
were sealed with parafilm in a glass vial, frozen and shipped to Yale University for analysis of δ18O
composition. The liquid water was extracted using the cryogenic vacuum extraction method as
presented by Ehleringer and Osmond (1989) and using the CO2 equilibration method and a mass
spectrometer (Delta Plus XL, Thermo Finnigan, Germany) the δ18O of these waters was obtained
precise to within 0.1 ‰.
3.3.3 Meteorological Measurements

Relative humidity and temperature were measured at 33 m, using a HMP45A probe (Vaisala,
Vantaa, Finland), radiation components (LI 190SB, LiCor for photosynthetically active radiation and
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CNR1, Campbell Scientific for long wave radiation) along with windspeed and direction were measured
at 33 m. A sonic anemometer (SATI-Sx, ATI, Longmont, CO) to measure the three wind velocity
components was installed at 33.4 m as part of the research station’s long term eddy covariance
measurements. A closed-path infrared gas analyzer (Li-6262, Li-Cor, Lincon, NE) was used to measure
H2O mixing ratio at the 33.4 m height. Evaporation rate expressed in mmol m-2s-1 was calculated from
the latent heat flux measurements (obtained from the eddy covariance system) given in units of Wm-2,
using the latent heat of vapourization in J kg-1 and the molar mass of water.
Boundary layer and aerodynamic resistances, in equation 3.3, were obtained following
procedures outlined by Lee et al. (2009) and the canopy resistance was estimated based on a
physiological model following the methodology from Jacobs et al. (1996) and Calvet et al. (2004). This
involved pre-determined parameters given for woody plants along with variables measured, included air
temperature and relative humidity (Santos 2011). The canopy resistance in s m-1 was converted to m2s
mol-1 by dividing by the molar volume of air, 41.4 mol m-3, following Campbell and Norman (1998).
To convert to canopy conductance values the resistance was simply inverted.
Leaf temperature was calculated from the Stefan-Boltzmann equation using outgoing long-wave
radiation emitted from the leaf, measured above the canopy. This temperature was used to calculate the
saturation vapour pressure within the leaf using Tetens equation.
3.3.4 Data Analysis

All data was collected and placed into half hour average time vectors, except for leaf and twig
δ18O samples, which were sampled twice weekly. Analysis and plots of the data were completed using
Matlab software (R2006a, The MathWorks, Inc.). Plots were created to demonstrate the relationship in
leaf water enrichment with vapour pressure deficit (VPD), relative humidity (RH), canopy conductance
(gs), transpiration rate (λE ) and atmospheric water vapour δ18O (δAWV). Leaf sampling was completed
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close to 1300 h; therefore for each VPD, RH, gs, λE and δAWV, two averages were taken, one for the half
hour prior to 1300 h and the second an average from 1000 to 1300 h. Leaf water enrichment (δen) was
defined as
(3.10)
where subscripts en, lw and x represent enrichment, actual leaf water and xylem water δ18O
measurements, respectively. VPD was determined as the difference between the saturation and actual
vapour pressures, where the saturation vapour pressure was calculated using Tetens equation based on
the air temperature measured at 33 m and the actual vapour pressure is obtained from the RH
measurements.
All analysis was completed using linear regression techniques to determine correlation between
δen and the selected environmental variable throughR2 values using a sample size of n = 23. Also
regression slopes were tested to determine if statistically different than 0 at the 95% confidence level.
Analysis of variance (ANOVA) and multiple comparisons of means were conducted, again with a 95%
significance level were used to test whether source water for the three species is the same and whether
the δ18O of bulk leaf water between the three species is different.
3.3.5 Modelled vs. Measured Leaf Water

The δ18O content of leaf water at the evaporative sites in steady state was estimated, at the
times of leaf sampling using equation 3.1 and determination of necessary parameters from equations 3.2
– 3.3. Then the Peclet number was calculated for each sample using equation 3.4, where a water molar
density of 55.6x103 mol m-3 and diffusivity of H218O in water obtained from the methods presented in
Appendix B of Cuntz et al. (2007) were used and the measured evaporation rates using the EC system,
which were taken to be equal to transpiration rate. As the forest had a LAI of 3.6 – 3.9 (±0.15) m2 m-2
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(Santos 2011), the soil evaporation component of ET can be ignored (Xiao et al. 2010). Since the
effective path length (L) for water movement within the leaf is a non-measureable leaf anatomical
feature, a range of values from 0 to 50 mm was used to establish which L provided the best agreement
between measured and modelled values. This method is based on the approach of Welp et al. (2008)
where a range of L values from 10 to 100 mm was used to determine best model agreement. Xiao et al.
(2010) used similar methods of optimization in determining their L value. To obtain a modelled bulk
leaf water value for each species, the modelled value for the sites of evaporation in each leaf (equation
3.1) and the Peclet number (equation 3.4) were used in equation 3.5.
3.3.6 Error Analysis

To investigate the effectiveness of the model at predicting leaf water isotope composition, root
mean square difference (RMSD) and the index of agreement (I) values were calculated. The RMSD,
defined as:
(3.11)
where m and o are modelled and observed values, respectively and N is the number of observations,
provides an estimate of how well the model predicts the observations. The I, defined as:

(3.12)
where ō is the mean of the observed values, outputs a value between 0 and 1 to indicate how well the
model agrees with the measurements, where 1 is a perfect agreement. ANOVA and multiple
comparisons of means analysis was completed to test the significance of including the Peclet effect, also
based on a 95 % confidence interval.
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3.4 Results
3.4.1 Leaf Water Enrichment

The effect of VPD on δen for ash, aspen and maple leaves is presented in Figure 3.1 where plots
a and b represent half hour and three hour averages of VPD respectively. The half hour average shows a
positive relationship with R2 correlation values of 0.50, 0.32 and 0.46 for ash, aspen and maple,
respectively. For the three hour average, R2 values of 0.42, 0.32 and 0.32 are reported. The slopes of
the regression lines are fairly consistent between the half hour and three hour averages at 5.7, 4.2 and
5.8 ‰ kPa-1 for half hour and 6.0, 4.8 and 5.5 ‰ kPa-1 at the three hour average for ash, aspen and
maple, respectively; all significantly different from zero (p-values ≈ 0.0045; n = 23).
Figure 3.2 presents the results for (a) half hour and (b) three hour RH average values and δen.
For both averages, negative relationships are present. R2 values of 0.76, 0.63 and 0.81 were obtained
for the half hour average of ash, aspen and maple leaves, respectively and 0.72, 0.54 and 0.73 for the
three hour RH average. Slopes of the regression lines were acquired and are fairly consistent, with
values for the half hour average of -0.29, -0.24 and -0.31 ‰ %-1 for aspen, ash and maple and -0.33, 0.26 and -0.35 ‰ %-1 for three hour average. These slopes were all found to be significantly different
from zero (p-values ≈ 0.0001; n = 23).
The gc relationship to δen for both half hour and three hour gc averages prior to leaf sampling are
given by Figure 3.3a and b, respectively. A linear regression was fit for the half hour average with R2
values of 0.26, 0.06 and 0.36 for ash, aspen and maple, where ash and maple presented a negative
relationship with gc (p-values = 0.03 and 0.008 respectively) and the aspen leaves showed no
relationship to gc. For the three hour average only ash produced a negative relationship with gc ,with an
R2 correlation of 0.20 and p-value of 0.05.
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Figure 3.4, displays the relationship between λE and δen of leaf water of ash, aspen and maple
leaves using half hour and three hour averages of λE, in figures a and b respectively. The leaf water
δ18O enrichment in the three trees showed no relationship with λE.
For this data set the relationship between δAWV and δen is of no significance for the ash, aspen and
maple. This relationship is presented in Figure 3.5.
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Figure 3.1 – The measured leaf water enrichment in δ18O of ash, aspen and maple at 2 average values of
VPD prior to leaf sampling; (a) ½ hour and (b) 3 hour. The linear regression for each tree species shows
the positive relationship between δen and VPD
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Figure 3.2 – Leaf water enrichment in δ18O for 3 trees species; ash (open triangle), aspen (open square)
and maple (open circle) at 2 RH averages prior to sampling; (a) ½ hour and (b) 3 hour. Linear
regression lines show the negative relationship evident between δen and RH.
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Figure 3.3 – Enrichment of leaf water in δ18O for the leaves of ash (open triangle), aspen (open square)
and maple (open circle) trees and 2 averages of gc prior to sampling time; (a) ½ hour and (b) 3 hour.
The linear regression trend lines show the negative relationship modelled between δen and gc.
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Figure 3.4 – The relationship between δ18O leaf water enrichment in ash (open triangle), aspen (open
square) and maple (open circle) leaves and λE averaged over (a) ½ hour and (b) 3 hours prior to leaf
sampling. The linear regression lines all show a slight positive trend.
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Figure 3.5 – The relationship between δAWV averaged over (a) ½ hour and (b) 3 hours prior to leaf
sampling and δen of ash (open triangle), aspen (open square) and maple (open circle) leaves.

Means and standard errors for the δ18O of xylem and leaf water for ash, aspen and maple are
presented in Table 3.1. ANOVA was used to test whether there is a difference between δx of the three
species, to determine if the isotopic content of each tree’s source water is unique. ANOVA showed no
significant difference between any of the means (p-value = 0.1782). To investigate whether the level of
enrichment of leaf water is different for each species, ANOVA was completed to compare the mean
bulk leaf water of each species. The ANOVA demonstrated that a significant difference did exist
between at least one group of means (p-value = 0.0019). To distinguish which mean is different a
multiple comparison of means analysis was conducted and 95% confidence intervals were obtained; for
ash and aspen CI = [-2.1524, 3.8074 ‰], for ash and maple CI = [-6.4945, -0.5346 ‰] and aspen and
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maple CI = [-7.3421, -1.3621 ‰]. The confidence intervals for both ash and aspen with maple did not
include 0 therefore it can be concluded that the means of ash and aspen are both different from maple.
However, comparing the means of ash and aspen with each other, the confidence interval did include 0;
therefore they are not statistically different. From Table 1 and these multiple comparison tests it
appears that the maple leaf becomes more enriched in δ18O than both ash and aspen leaves, even though
no differences exist between the source water δ18O compositions for the three trees.
Table 3.1 - Means and Standard errors for source and leaf water δ18O for ash aspen and maple trees for
n = 24
Tree Species

Ash
Aspen
Maple

Xylem water δ18O
Mean (‰)
Standard error (‰)

Leaf water δ18O
Mean (‰)

-8.9300
-9.1239
-8.4523

5.2833
4.4558
8.7979

0.2815
0.2616
0.1886

Standard
(‰)
0.7813
0.8117
0.8713

error

3.4.2 Modelled Leaf Water Composition
3.4.2.1 Steady State Modelling

Modelled and observed leaf water compositions for ash, aspen and maple trees are presented in
Figure 3.6, where modelled values do not include the Peclet effect and therefore are strictly estimates
for water at the site of evaporation in the leaf. The R2 correlation values for ash, aspen and maple are
0.74, 0.54 and 0.73, respectively. The model shows agreement with measurements for the maple leaf,
with RMSD of 2.70 ‰ and an I of 0.90 and a linear regression slope of 1.1. For ash and aspen leaves, the
model was less agreeable than for maple when compared to observed values, having a RMSD and I of
4.37 ‰ and 0.77 for ash and 5.36 ‰ and 0.70 for aspen respectively. Modelled values for the ash and
aspen leaves over-predicted the δ18O composition of leaf water compared with the observed values.
This was expected as the modelled values are for the sites of evaporation in the leaf and to correct for
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this over-prediction the Peclet effect was included in the model to compare accurately with bulk leaf
water measurements.
The inclusion of the Peclet effect provided closer agreement between modelled and measured
leaf water δ18O composition for both ash and aspen leaves. Upon optimizing L values for each tree
species, it was found that for maple L is negligible and ANOVA showed that including the Peclet effect
with such a small L value made an insignificant difference in the model performance (p-value = 0.51).
However, using an L value of 3.45 mm the Peclet effect was included in the model and is compared
with measured values in Figure 3.7. Modelled and observed relationship produced an R2 correlation for
maple of 0.73 and the RMSD and I are better than without the Peclet effect (Figure 3.6) at 2.44 ‰ and
0.92, respectively with a linear regression slope of 1. Increasing L to 30 mm provided the best
agreement between modelled and observed δ18O ash leaf water, as demonstrated in Figure 3.8. The
relationship had an R2 for ash of 0.69 and RMSD of 2.02 ‰ and an I of 0.91, along with a linear
regression slope of 0.72. Furthermore increasing L to 35 mm provided the best agreement for modelled
and observed aspen leaf water which is displayed in Figure 3.9. For this L, the aspen leaf provided a R2
correlation of 0.45, RMSD of 2.86‰ and an I of 0.80 with a linear regression slope of 0.54.
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Figure 3.6 – Modelled vs. observed δ18O composition of leaf water at the sites of evaporation, assuming
steady state for ash (open triangle), aspen (open square) and maple (open circle). The line represents
the 1:1 relationship.
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Figure 3.7 – Modelled vs. observed δ18O composition of bulk leaf water for the maple tree, assuming
steady state including the Peclet effect with an effective leaf length of 3.45 mm. The line represents the
1:1 relationship.
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Figure 3.8 – Modelled vs. observed δ18O composition of bulk leaf water for the ash tree, assuming
steady state including the Peclet effect with an effective leaf length of 30 mm. The line represents the
1:1 relationship.
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Figure 3.9 – Modelled vs. observed δ18O composition of bulk leaf water for the aspen tree, assuming
steady state including the Peclet effect with an effective leaf length of 35 mm. The line represents the
1:1 relationship.

3.4.2.2 Non-Steady State Modelling

Figure 3.10 demonstrates the performance of the Welp et al. (2008) non-steady state
modelling approach (equation 3.6) without the inclusion of the Peclet effect. The R2 correlation values
for ash, aspen and maple are 0.26, 0.14 and 0.31, respectively. The RMSD and I are 6.39 ‰ and 0.58,
6.94 ‰ and 0.51 and 6.25 ‰ and 0.63 for ash, aspen and maple, respectively. The linear regression
analysis performed for each species found slopes of 1.2, 0.68 and 1.3 for ash, aspen and maple,
respectively.
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Figure 3.10 – Modelled vs. observed δ18O composition of leaf water in the non-steady state at the sites
of evaporation for three trees; ash (open triangle), aspen (open square) and maple (open circle) with the
1:1 line present.

3.5 Discussion
The results displayed between leaf water enrichment of δ18O and the environmental
parameters of VPD and RH showed relationships as expected based on the literature. The controls of
stomatal conductance and transpiration rate on δ18O enrichment are less clear; specifically the
relationship between gc and enrichment revealed an opposite trend than expected. The maple leaf
consistently appears to be more enriched than the leaves of ash and aspen, even as the three trees draw
their water from the same source. This suggests that some property of the maple leaf is allowing it to
become further enriched.
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Modelling leaf water assuming steady state provided agreement over midday for the three trees
measured; however, the model performed best for the maple leaf. Including the Peclet effect in the
model helped to improve its performance for ash and aspen leaves, but was of little consequence for the
maple leaf. This also indicates that something in the maple leaf is causing a more uniform enrichment
from the sites of evaporation back into the bulk water. Modelling using the non-steady state approach
did not improve agreement with the measured δ18O values.
3.5.1 Leaf Water Enrichment
3.5.1.1 Humidity Controls of Leaf Water

The importance of VPD as a controlling factor for the δ18O enrichment of leaf water is well
understood and the relationship produced for this data set, observed in Figure 3.1, is consistent with
previous research. Flanagan et al. (1991) studying leaves of the common bean (Phaseolus vulgaris) under
greenhouse conditions, varied VPD between treatments to observe its effects on the δ18O of leaf water
and found that higher VPD produced greater leaf water δ18O composition. Under field conditions the
δ18O signal of transpired and evaporating site water in leaves of matico plants was affected by VPD
(Harwood et al. 1998). Their observations demonstrate that both transpired and evaporative site water
had low δ18O compositions during early morning, associated with low VPD, but increased as the
morning progressed echoing the VPD increase. Evaporative site δ18O composition has been found to
decrease as VPD decreased during late day, however, transpired water δ18O continued to increase
(Harwood et al. 2008). In cowpea and groundnut species a positive linear relationship between leaf
water δ18O and VPD was also observed (Sheshshayee et al. 2010).
VPD provides insight into the interaction between the leaf and the atmosphere, mainly
transpiration. With increased VPD the vapour gradient between the leaf and air is greater, suggesting
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increased transpiration rate. The results show that VPD may be a controlling factor for δ18O enrichment
of leaf water.
Figure 3.2 shows that an increase in RH reduces the δ18O content of leaf water in ash, aspen
and maple leaves similar to observations found in the literature. Gan and co-workers (2002) found that
water at the evaporating sites had greater δ18O content under low RH conditions. At lower RH the
transpiration rate is assumed to be higher, therefore more evaporation meaning greater enrichment
(Gan et al. 2002). Higher transpiration rates increase the flow of water into the sites of enrichment,
whereas, if transpiration rates are low this flow is slower, and allows more water to back-diffuse from
the sites of evaporation, enriching bulk water (Flanagan et al. 1991). Farquhar et al. (2007) presented a
figure of leaf water δ18O enrichment and RH with data from Helliker and Ehleringer (2002a and
2002b), showing a linear decrease in δ18O enrichment as RH increases. The data were obtained from
five C3 and five C4 grasses grown under specific chamber conditions. Welp et al. (2008) stressed the
importance of accurate RH measurements for use in models of δlw and observed a significant negative
correlation between RH and δlw composition in soybean leaves; the same was found to occur in leaves of
sunflower (Wang and Yakir 1995) and cotton (Barbour and Farquhar 2000).
Therefore, RH may be used as a signal for transpiration rate, and it is well understood that
transpiration rate controls δ18O enrichment in leaf water, so RH may then indirectly indicate
enrichment. From Figure 3.2 when RH is low, enrichment is at its maximum, but at this time it can be
assumed that transpiration rates are high because of the low RH. The relationship between δ18O and RH
is similar to its relation to VPD. Both RH and VPD are a measure of the amount of water vapour in the
atmosphere and yield a comparable relationship, however RH provides a clearer trend than VPD.
When VPD is held constant, the leaf has been shown to respond to the isotopic composition of
AWV (Flanagan et al. 1991). When AWV is depleted in the heavy isotope the leaf would also be depleted
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and when AWV is enriched, leaf water has been found to be enriched (Flanagan et al. 1991). During a
high RH environment, especially when saturated conditions prevail (typically overnight), δAWV was
shown to approach isotopic equilibrium with water at the evaporating sites (Roden and Ehleringer
1999). Welp et al. (2008) found that isotopic equilibrium did not occur at night during their study, but
they did observe it over select days during their measurement campaign. If saturated conditions
continue for a prolonged period of time, the equilibrated water from the site of evaporation may backdiffuse into leaf bulk water, leaving it in isotopic equilibrium with δAWV (Welp et al. 2008). Figure 3.5a
and b clearly show that leaf water is not in isotopic equilibrium with δAWV. However, this is not
surprising as δlw measurements were taken at approximately 1300 h while non-saturated conditions
prevailed.
3.5.1.2 Stomatal Control of Leaf Water

Stomatal control of leaf water enrichment is one of the major factors leading to enrichment. As
the stomata open, increasing conductance, evaporation is allowed to increase and the remaining water
becomes enriched and reaches maximum enrichment at a faster rate. Figure 3.3 shows the effect gc has
on the leaf water for this data set; it provides an opposite relationship than expected. It would be
expected that as conductance increases the transpiration rate will follow leading to increased δ18O
enrichment in the leaf. However for ash and maple leaves the opposite trend is observed (figure 3.3)
where when the conductance is highest the enrichment is at its lowest. Sheshshayee et al. (2005) used
abscisic acid (ABA) to induce stomata closure of cowpea leaves and found that plants grown in the
highest ABA treatment had the lowest transpiration rates and lowest δlw content. From this they were
able to measure the conductance of specific cowpea leaves and their δlw content, and a significant
positive correlation was revealed. The results obtained here under field conditions and with estimates of
gc (Figure 3.3) do not support Sheshshayee et al. (2005)’s conclusion that increased conductance
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increases enrichment. However, these gc values are strictly estimates, whereas Sheshsayee et al. (2005)
provided actual stomatal conductance measurements.
Transpiration rate and δen, as shown in 3.4, have been widely demonstrated to produce a
positive correlation. Sheshshayee et al. (2005) found a positive relationship between cowpea leaf water
and transpiration rate, as well Sheshshayee et al. (2010) studying rice and groundnut plants observed a
similar pattern. In Wang and Yakir (1995), measurements of transpiration rate were obtained and the
authors observed that δlw increased following the increase in transpiration rate (Figure 3.4). For this data
set, with λE based on latent heat flux measurements, no relationship exists with δen. The results
mentioned from previous literature involve direct measurements of the transpiration rate from
individual leaves, this process was not used here; however, since leaf area index (LAI) was high, total
canopy evapotranspiration is assumed equal to transpiration rate. The canopy was dominated by maple
(approximately 50 %) and ash and aspen comprised only a small composition of the total canopy
(approximately 7 % each). This may influence the λE measurement as it may be favoured to maple
compared to ash and aspen. Given that RH and VPD are understood to be controlling factors for
transpiration rate and that transpiration rate controls δen (Sheshsayee et al. 2005), RH and VPD can then
be used as signals of isotopic enrichment.
3.5.1.3 Species Specific Controls of Leaf Water

In Figures 3.1 through 3.4 the maple leaf is consistently more enriched in δ18O than ash and
aspen and the comparison of means test indicates there is no difference in the isotopic composition of
water entering the leaf between species. This suggests that a process is occurring in the maple leaf
allowing it to become further enriched over ash and aspen. The maple leaf is characterized by having
rather thin and larger leaves possessing two main veins compared with ash and aspen. One of the
arguments for assuming isotopic steady state within the leaf suggests that the volume of leaf water is
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small in comparison to the transpiration flux, meaning water will pass through the leaf rapidly (Flanagan
et al. 1991; Wang and Yakir 1995). Since the maple leaf is thinner than the others studied here, it may
have a smaller water holding capacity and therefore reach a maximum enrichment level prior to leaves
of either ash or aspen trees.
It is difficult without direct stomatal conductance and transpiration rate measurements specific
to each species to know whether significant differences exist between the three trees. However, it has
been shown that aspen leaves have a high stomatal conductance (Blanken et al. 1997), which would
imply its leaves should have greater δ18O enrichment which is not the case. One possible explanation
for this may be patchy stomatal activity occurring during the time of sampling which would reduce the
transpiration rate, leaving areas with low amounts of δ18O, decreasing overall leaf enrichment. Wang
and Yakir (1995) found in banana leaves, areas that had particularly un-enriched water, they attribute
this to areas of low transpiration rates which the authors suggest could be caused by localized stomatal
activity.
Another possible explanation for the maple leaves’ increased enrichment is its relation to δAWV.
From Figure 3.5c the maple leaf appears more enriched (however the regression is not significant) when
δAWV is depleted and becomes less enriched as δAWV gains δ18O. This pattern is not expressed in ash or
aspen leaves, in fact they show the opposite trend. There may be some leaf characteristics of the maple
that are different from the ash and aspen which are allowing it to interact more with AWV.
3.5.2 Modelled vs. Observed Leaf Water
3.5.2.1 Steady State Model

The results from modelling leaf water δ18O assuming that the leaf is in isotopic steady state show
that the model holds well during midday. Transforming the modelled values from estimations of the
δ18O composition at the sites of evaporation to estimate of bulk leaf water, for validation purposes,
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yields good agreement and improved modelled values. Additionally for ash and aspen the inclusion of a
Peclet effect results in model prediction improvements. The maple leaf however, showed that the
Peclet effect was insignificant which is similar to results from Xiao et al. (2010) for soybean leaves
where an optimized L value of less than 0.01 mm provided the best closure to their model. Welp et al.
(2008) also working with soybeans found that an L of 50 mm worked well for both their steady state
and non-steady state models. Barbour and Farquhar (2003) conclude that for wheat leaves significant
gradients exist within the leaf, providing evidence in support of the Peclet effect and observed that L =
8 mm was the most optimal. Flanagan et al. (1994) working with the common bean found that using an
L of 8.5 mm fit best with their data. From the review of the literature it seems that this data set is
unique in modelling δ18O in the leaves of ash, aspen and maple trees. This leads to determination of L
values specific to the three tree species that are required in order to estimate the Peclet effect .
For ash and aspen leaves, the model requires that a Peclet effect with L values of 30 and 35 mm
respectively, be included to model bulk leaf water. Flanagan et al. (1991) observed that the discrepancy
between the δ18O predicted from their model and measured values increased following higher
transpiration rates for the common bean. Stomatal conductance, although not directly measured for
individual species in this study, was found by Blanken et al. (1997) to be relatively high for aspen leaves,
which would indicate a high transpiration rate. If this is true, the higher transpiration rate of aspen could
explain the discrepancy between modelled and observed values as more un-enriched water is required
to enter the leaf to counter that being lost (Flanagan et al. 1991). Also effective leaf length plays a role
in the difference between the modelled and measured values, with larger L values leading to a greater
discrepancy (Flanagan et al. 1991). These larger L values required for ash and aspen are similar to those
for soybean and other agriculture crops which typically have high transpiration rates (Barbour and
Farquhar 2003; Welp et al. 2008). As suggested by Gan et al. (2002), back-diffusion rates are higher
with lower humidity (with low RH implying higher transpiration rate), then it makes sense that a larger
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L was determined for aspen with its greater transpiration rate. The maple leaf may have a lower
transpiration rate leading to insignificant back-diffusion from sites of evaporation to bulk leaf water;
potentially suggesting that the maple leaf has some physiological characteristics leading to more isotopic
homogeneity than ash or aspen leaves. If the leaf has greater homogeneity overall it may show to be
more enriched than a heterogeneous leaf since the bulk water will be closer to the enrichment level of
the sites of evaporation. This may be related to the maple leaf being thinner than the other two leaves
measured. In circumference the maple leaf is larger than ash and aspen but being thinner requires water
to travel a shorter distance to reach the sites of evaporation from the bulk water. Therefore the backdiffusion process of the Peclet effect may occur over a shorter distance allowing bulk water to mix with
evaporative site water producing an isotopically homogenous leaf. It is clear from the model results,
that L in the leaves of the ash and aspen trees is greater than for maple and that there appears to be a
clear difference in δ18O content between water at the sites of evaporation (obtained from the model,
equation 3.1 and the measurement), indicating that the inclusion of the Peclet effect may depend on leaf
physiological characteristics.
3.5.2.2 Non-Steady State Model

Appling the non-steady state model of Welp et al. (2008), given here by equation 3.6,
presented some challenges in accurately estimating δle because of the requirement for δT measurements.
Our measurement of δET assumed equal to δT measured above the canopy by the TDL, provided noisy
results, because the small gradient used produced a value below the detection limit of the analyzer. This
generated estimates of δle that have a substantially poorer correlation than using the steady state model.
This demonstrates the difficulty in obtaining δET measurements from a forest canopy where high
turbulent conditions exist. Based on these results the model cannot be shown to provide a more
accurate estimate of leaf water, or a poor estimation, due to the inaccuracy of the δET measurement.
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However, it does suggest that this non-steady state model may not be valid for forests, but is still
promising for shorter agriculture crops.

3.6 Conclusions
Leaf water’s strong relationship with RH and VPD, both known controls of transpiration rate,
indirectly suggest that transpiration rate plays a dominant role in the increased enrichment of δ18O in
leaf water. Although the relationship between δen and transpiration rate was not significant, results here
do provide evidence to support that it is a controlling factor of enrichment. Literature suggests that
aspen leaves have high transpiration rates, closely related to high transpiring agriculture crops, therefore
it would be expected to see greater δen in the leaves of the aspen tree than ash or maple. The results
here do not support this, as maple leaves were significantly more enriched even as no difference was
observed in the source water between the three species. This provides evidence to support that leaf
physiological factors may be just as important as transpiration rate in controlling enrichment.
The results offer support for including the Peclet effect in the steady state model to transform
modelled evaporative site water to bulk water. For the ash and aspen leaves modelling δ18O at the sites
of evaporation clearly resulted in highly enriched values which did not correlate well with δ18O
measurements. The maple leaf water, however, demonstrated that the Peclet effect is unnecessary,
potentially suggesting that the maple leaf may have some physiological characteristics that differ from
the ash and aspen leaves. This may also explain why the maple was significantly more enriched in δ18O
than the ash and aspen. In order to fully grasp these differences between species, leaf specific
measurements are needed, such as stomatal conductance, transpiration rate, leaf water turnover rate
and possibly details of the isotopic spatial heterogeneity of δ18O within the leaf.
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When determining Peclet numbers the largest uncertainty is L, which must be estimated. Here
the estimation was based on the value which provided best closure between observed bulk water and
modelled bulk water. Determination of L for these species requires validation to increase accuracy when
assuming this length. This can be accomplished by comparing these L values with values obtained from
collecting more leaf samples from the same tree species and attempting to model their bulk water δ18O
content.
When applying a non-steady state model from Welp et al. (2008) it is essential that accurate
measurements of δET are made to ensure that the signal noise is minimal, and the results presented here
indicate that for forest canopy modelling this method may not be suitable. It is possible to estimate leaf
water based on models developed by Farquhar and Cernusak (2005) or Wingate et al. (2010) which
require measurements of leaf water content over typically intensive periods where leaf, twig and soil
samples are collected every few hours for 2 – 3 days to be able to follow the leaf over a 24 hour period.
These models require many more samples; however they eliminate the need for δT measurements.
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CHAPTER 4 : CONCLUSIONS AND AREAS FOR FUTURE RESEARCH
Stable isotopes found in water, largely δ18O, are useful in exploring the different phases of the
hydrological cycle. These isotopes show value in determining the source water for precipitation in a
given region and then the extension to waters found within the ecosystem where precipitation
occurred. The isotope characteristics allow them to provide valuable insight into how an ecosystem uses
water and to separate the evapotranspiration flux into its individual components of water lost from
plants and that from soil. The goal of this thesis was to explore the δ18O composition of waters within a
temperate forest ecosystem, specifically the input precipitation and the enrichment of δ18O in the leaf
water of different tree species.
The thesis began with an overview of stable isotopes and the physical differences which make
the heavy isotope valuable as a tracer over its lighter counterpart. It then provided a review of the
literature available on heavy isotopes in precipitation and the broader ecosystem including specifics of
modelling the heavy isotope composition in the leaves of transpiring plants. Chapter two focused on
precipitation at the research site in BFRS, Ontario and then explored the isotope composition and
relation between all the ecosystem waters including; groundwater, soil water, xylem and leaf water and
atmospheric water vapour. Chapter three was more specific and explored the concept of heavy isotope
enrichment in the leaves of transpiring plants. Specifically it attempted to differentiate the level of
enrichment between three tree species. This was followed with a modelling study of the isotope content
of water at the sites of evaporation using steady state and non-steady state models. The research
attempted to evaluate the need for the inclusion of a Peclet effect in the steady state model for
comparison with bulk leaf water measurements.
The main goal of chapter two was to identify the difference between precipitation from
synoptic and localized weather events based on the isotopic value of precipitation. The idea is that
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localized precipitation is derived largely from recycled continental water compared to synoptic weather
systems where its source generally is marine water. The main identifier used to differentiate between
these weather systems was rainfall intensity, where precipitation from localized weather systems tends
to have greater intensity. The d-excess parameter was also used to attempt to determine whether
precipitation is derived from recycled water.
The BFRS precipitation produced a Meteoric Water Line with a slope of 7.5, slightly less than
the slope associated with the Global Meteoric Water Line (which is 8) although within the 95 %
confidence interval of 7.5;, this suggests that there are some evaporative effects influencing the
precipitation. However, the d-excess values had a mean of 2.0 ‰, much lower than the global average
of 10 ‰, where values above the average tend to imply that precipitation is dominated by recycled
water, whereas, values below the average suggest evaporation has occurred before isotopic analysis. The
values from this study showed some differences with d-excess values measured in previous studies in the
Great Lakes region. Relating rainfall intensity to isotope composition proved insignificant both with the
δ18O composition of precipitation and its d-excess value. Conversely, relative humidity was shown to
relate positively to the d-excess values (p-value = 0.02) and the relationship between temperature and
δ18O followed well with the previous literature.
The second part of chapter two focused on the exploration of δ18O in the waters of soil,
groundwater, plant xylem and leaf and the atmospheric water vapour, and their relation to
precipitation. This exploration clearly identified the locations in the ecosystem water cycle where
discrimination occurs between the heavy and light isotope. The analysis showed that water in the soil
and plant xylem exhibited little to no difference in enrichment, however water measured in the plant
leaves was more enriched. This is caused by the isotopic fractionation at the sites of evaporation in the
leaf, which allows the lighter isotope to escape prior to the heavier isotope. Another point of obvious
isotopic discrimination can be seen in the atmospheric water vapour signal, where it is observed to be
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more depleted than any other measured waters in the ecosystem. Again this is expected as the lighter
isotope transitions into the vapour phase preferentially to the heavier isotope.
The effect of isotopic enrichment caused by evaporation in the soil water was not prevalent
between the 5, 10 and 50 cm depths measured at BFRS. This can possibly be explained by the thick
layer of leaf litter protecting the forest soil from evaporation, the high leaf area index decreasing the
amount of sunlight penetrating to the forest floor and the above average precipitation observed which
never allowed for evaporative enrichment to occur prior to the addition of more water.
Chapter three was an extension of chapter two focusing specifically on the enrichment of water
within the leaves of ash, aspen and maple trees at BFRS. The main goal of the first portion of chapter
three was to determine if differences in the δ18O enrichment level between species exist, assuming that
each tree has the same source water. It was observed that the maple leaves were consistently more
enriched than both ash and aspen (p-value = 0.0019). The δ18O enrichments of the three trees leaves
were plotted against factors known to control enrichment: vapour pressure deficit, relative humidity,
canopy conductance, transpiration rate and atmospheric water vapour. The relationship with VPD and
RH was consistent with the literature; however gc provided an opposite relationship than expected for
ash and maple leaves but provided no relationship with aspen leaf water. The other variables, λE and gc
provided no relationship with any of the three trees measured here. A possible explanation for the lack
of relationship with these variables is the result of them being estimated, and if measurements specific to
each tree species were conducted an improvement in their relationship may have been evident.
The second component of Chapter three explored modelling leaf water at the sites of
evaporation, in the three trees. The goal was to use a steady state model and determine the agreement
between measurements of leaf water δ18O made during midday. The δ18O measurements were for bulk
water and the model estimated δ18O at the sites of evaporation, which then needs to be corrected for
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validation purposes. One theory suggested to work well for this is the Peclet effect, so the goal was to
apply the Peclet effect to the evaporative site model and determine how well it predicts bulk water
δ18O composition compared to the measured values.
The results demonstrate that the Peclet effect is necessary to be included especially for
modelling ash and aspen leaves. For the maple however, the greater the effective leaf length included in
the model the less agreement between the modelled and observed values. The best model and observed
agreement occurred when L was either not included or a value of 3.45 mm was used for the maple. This
suggests that the maple leaf has a more isotopically homogeneous nature than the ash and aspen leaves.
However due to data restrictions it was not possible to model values during different times throughout
the diurnal cycle, and it is likely that this steady state model’s performance will diminish during other
times during the day.
The non-steady model estimated δ18O at the sites of evaporation leading to a poor correlation
with observed values. This is largely a consequence of the poor δ18O signal of evapotranspiration
obtained from the measurements. Due to the difficulty of obtaining these types of measurements in the
forest canopy other non-steady state models should be attempted to provide more accurate estimates
ever the entire diurnal cycle. The non-steady models of Xiao et al. (2010) and Wingate et al. (2010)
have shown to provide reasonable estimates of δ18O at the sites of evaporation and could be useful in
modelling the leaf water δ18O of ash, aspen and maple leaves. These models require accurate
measurements of the leaf water content at midday in order to accurately model in the non-steady state
(Xiao et al. 2010) and these measurements were not available for this data set.
Review of the literature provided no leaf water enrichment or modelling studies specific to
leaves of ash, aspen and maple trees. This data set appears to be the first to explore δ18O in the leaves of
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these trees and its relationship to VPD, RH, gc, λE and AWV along with applying the steady state leaf
water model to these species and correcting for over-prediction with the Peclet effect.
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