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ABSTRACT 

 
The Influence of Canopy Water Partitioning on the Isotopic Signature  

of Plant Water in a Mixed Northern Forest 

 

Jenna R. Snelgrove 

 
This study seeks to clarify the way in which the differing canopy characteristics 

among tree species influence the partitioning of precipitation, and therefore the source of 

water available for plant water uptake, in the Plastic Lake catchment near Dorset, ON. 

Three dominant tree species were compared: red oak (Quercus rubra), eastern white pine 

(Pinus strobus), and eastern hemlock (Tsuga canadensis). Above-canopy precipitation, 

throughfall, stemflow, and soil water content were monitored weekly from June 2016 

until October 2016 and the 
18

O and 
2
H isotopic signatures of each were analyzed. Plant 

water and bulk soil water samples were also collected from five trees of each species at 

five stages of the growing season to compare the isotopic signature of xylem water to that 

of their surrounding soils. Both plant water and bulk soil water displayed evidence of 

isotopic fractionation; however, plant water was more depleted in δ
2
H and δ

18
O than bulk 

soil water. Water interacting with the tree canopies as throughfall and stemflow did not 

display significant evidence of isotopic fractionation. This suggests that the vegetation 

could have accessed an isotopically distinct source of water stored within the soil or that 

an unknown isotopic fractionation process occurred throughout this study.  
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CHAPTER 1: INTRODUCTION 

1.1 The two water worlds hypothesis 

 
Proposed by McDonnell (2014), the “two water worlds” hypothesis is defined as 

‘vegetation and streams returning different pools of water to the hydrosphere’, thereby 

supporting the existence of two isotopically distinct sources of water within the 

environment. This hypothesis challenges the original concept of translatory flow, which 

assumes soil water is well mixed and that as precipitation reaches the soil, it displaces 

water previously held in the soil toward stream networks (Horton and Hawkins, 1965). 

Based on this assumption, which is deeply rooted in most ecohydrological models (Geris 

et al., 2015), soil water contributing to stream water and groundwater would have the 

same isotopic signature as xylem water since plant-water uptake generally does not alter 

the isotopic signature of water (Zimmermann et al., 1966; Ehleringer and Dawson, 1992). 

The term ‘ecohydrological separation’ (Evaristo et al., 2015) has also been used 

throughout recent studies that have found the existence of two separate water sources that 

are either mobile or tightly-bound within the soil (Brooks et al., 2010; Goldsmith et al., 

2012; Evaristo et al., 2015). Mobile water, or ‘blue water’, is said to contribute to stream 

water and groundwater, whereas tightly-bound water, or ‘green water’, is said to 

contribute to plant water uptake (Brooks et al., 2010; Evaristo et al., 2015). In particular, 

the two water worlds hypothesis has been supported during instances where the isotopic 

signature of xylem water and bulk soil water appeared to be isotopically distinct in 

comparison to the isotopic signature of streamflow and groundwater (Bertrand et al., 

2012; Goldsmith et al., 2012; Barbeta et al., 2014; Evaristo et al., 2015). Certain studies 

have also found instances where the isotopic signature of xylem water and bulk soil water 
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also appeared to be isotopically distinct from each other (Brooks et al., 2010; Geris et al., 

2015; White and Smith, 2015; Bowling et al., 2016), thereby indicating that the two flow 

paths outlined in the two water world hypothesis may not solely explain the results of 

these studies. The concept of two water worlds contributing to separate flow paths has 

been predominantly studied thus far in forested, Mediterranean climates, whereby 

seasonality is defined by a rainy and a dry season (Brooks et al. 2010; Barbeta et al., 

2014; Evaristo et al. 2015). In order to develop this theory further to determine if mobile 

and tightly-bound water may be distinguished from each other in global environments, 

more research is necessary within temperate climates (McDonnell 2014). Exploring the 

processes that contribute to the differing isotopic signatures found within a catchment is 

crucial in order to confirm or challenge this new concept. 

1.2 Water partitioning in forested environments 

 
The spatial and temporal input of precipitation in a forested environment is 

strongly influenced by the forest canopy (Levia et al., 2011; Allen et al., 2014). In 

forested catchments situated on the Precambrian Shield in Ontario, approximately ninety 

percent of the precipitation reaching the sub-canopy has interacted with the canopy, and 

thereby has undergone chemical modification (Neary and Gizyn 1993). When 

precipitation flows through a tree’s canopy, a large fraction of this water (10-50% of 

gross annual precipitation) is captured by the tree’s bark and leaves and subsequently 

undergoes evaporation (Carlyle-Moses and Gash, 2011; Hosseini Ghaleh Bahmani et al., 

2012; Allen et al., 2014). This obstruction of water is called interception (I, Carlyle-

Moses and Gash, 2011), and is usually measured as the difference between total 

precipitation and the water input reaching the soil (Dunkerley, 2010). The precipitation 
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that reaches the forest floor either flows through the tree’s leaves and branches 

heterogeneously as throughfall (TF), or flows down the tree’s branches and stems as 

stemflow (SF) (Herwitz, 1987; Bouten et al., 1992; Keim et al., 2005; Staelens et al., 

2006; Bialkowski and Buttle, 2015). Often SF comprises a much smaller component of 

the total water reaching the sub-canopy environment and also has a longer residence time 

within the canopy than TF, particularly in rough-barked species (Levia and Frost 2003). 

In order to better characterize partitioning differences of water resources in a forested 

environment, other characteristics, including the percentage of canopy cover, tree density, 

and climatic factors, should be considered as well (Hosseini Ghaleh Bahmani et al., 

2012). Perhaps the greatest influence on both TF and SF production in forested 

environments is the branch structure of individual tree species (Ahmed et al., 2015). 

Often deciduous trees species have branches that slope toward the bole, which direct 

more water toward the bole as well (Carlyle-Moses and Price, 2006; Alexander and 

Arthur, 2010; Sato et al., 2011; Bialkowski and Buttle, 2015). Conversely, mature 

coniferous trees often have downward sloping branches that focus water further away 

from the bole (Voigt, 1960; Johnson, 1990; Steinbuck, 2002; Bialkowski and Buttle, 

2015) and thus generate less SF.  

1.3 Isotopic fractionation 

 
Using stable water isotopes is a very useful method to trace the movement of 

water within a catchment (Kendall and McDonnell, 1998; Allen et al., 2015). For 

example, the isotopic signature of water samples extracted from plants and soils may be 

compared in order to identify their various pathways in the sub-canopy environment 

(West et al., 2007). Using the second most abundant naturally occurring stable isotopes 
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of hydrogen and oxygen, the source of isotopically distinct water samples can easily be 

identified to find linkages between physical hydrology and plant ecology in a given 

catchment (Yakir and Wang, 1996; Dawson, 1998). By analyzing the effects of non-

equilibrium phase changes (i.e. evaporation, condensation) that cause the fractionation of 

heavy water isotopes relative to light water isotopes, it is possible to differentiate between 

individual sources of water within a catchment (Clark and Fritz, 1997). Specifically, 

oxygen-18 (
18

O) and deuterium (
2
H ) are often used to study the mechanisms governing 

water uptake by trees, since it is expected that isotopic fractionation does not occur 

during water uptake by roots and sap transfer within xylem tissue (Zimmermann et al., 

1967; Bertrand et al., 2014). Alternatively, isotopic fractionation due to the evaporation 

of moisture, or ‘evaporative fractionation’, can be easily identified in a given water 

sample since this process leaves remaining water enriched in heavier isotopes, including 

18
O and 

2
H (Moreira et al., 1997; Twining et al., 2006; Sutanto et al., 2014). Given the 

role of the canopy in altering the flow patterns of above-canopy precipitation (ACP) 

within a forested environment, precipitation rarely reaches the sub-canopy environment 

in a forest without undergoing isotopic fractionation processes (Gat and Tzur, 1968).  

1.4 Study rationale 

 
Gaining a further understanding of the processes governing transpiration is 

necessary given that transpiration represents the greatest negative flux of water from 

Earth’s continents, comprising 80 to 90 percent of the total terrestrial evapotranspiration 

(ET) (Jasechko et al., 2013). Climatic changes are proposed to have a potentially critical 

impact on the water balance in forested environments, which ultimately may affect such 

ecological processes as productivity and species distributions (Keller et al., 2005; 
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Bertrand et al., 2012; Bertrand et al., 2014). Ultimately, spatial and temporal changes in a 

region’s hydrology are predicted to affect the plant species that it can support; however, 

these relationships still remain poorly understood (Drake and Franks, 2003). In addition, 

a decrease in the water availability specific to a region could lead to increased water 

stress and shifts in the water sources that certain plants are able to access (Dawson and 

Ehleringer, 1991; Dawson and Pate, 1996; Burgess et al., 2000; Snyder and Williams, 

2000; Zencich et al., 2002; Nippert et al., 2010; Singer et al., 2012; White and Smith, 

2015). Catchments in the Northern Hemisphere are predicted to undergo major 

hydrological shifts as a consequence of climate change, given that small changes in 

temperature control the timing of phenological processes, such as leaf-out and 

senescence, and hydrological processes such as snowfall and snowmelt (Carey et al., 

2010). Since most studies supporting the two water worlds hypothesis have been 

conducted in Mediterranean climates, McDonnell (2014) highlighted the need for more 

dual-isotope studies in varied climates that compare the isotopic signature of mobile and 

tightly-bound water sources at the catchment scale. By analyzing the two water worlds 

hypothesis in further depth, it remains evident that the role of the canopy has not been 

taken into account in the majority of previous studies. By ignoring this crucial component 

of hydrological processes in a forested ecosystem, it is difficult to interpret the volume, 

location, and isotopic signature of the source of water that vegetation accesses for plant-

water uptake and transpiration.  

1.5 Study objectives 

 
The purpose of this study is to examine the role of canopy water partitioning on 

the source of water taken up for transpiration by both deciduous and coniferous trees. By 
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doing so, the two water worlds hypothesis will be assessed by investigating the 

assumption that all vegetation accesses the same water source in the soil. This study 

ultimately aims to further our conceptualization of the flow path of water used for plant-

water uptake, particularly in a northern, temperate catchment. Due to the lack of 

knowledge concerning the separation of distinct water sources in the environment, as 

well as the applicability of the two water worlds concept in temperate climates, this study 

will present novel findings regarding these issues. The objective of this study is to 

investigate the effect of canopy water partitioning on the source of plant water used by 

different tree species in a mixed temperate forest, and the subsequent applicability of the 

two water worlds hypothesis, by analyzing five separate research hypotheses. The first 

hypothesis states that deciduous trees would produce more SF than coniferous trees 

throughout the sampling season, by virtue of their branching habits. The second 

hypothesis states that trees that generate more SF will have greater soil water content near 

the bole of the tree, rather than further from the bole. Next, in accordance with the two 

water worlds concept, the third research hypothesis states that the isotopic signature of 

plant water will correspond to the isotopic signature of soil water rather than that of ACP. 

If this hypothesis is confirmed, it may lead to the implication that vegetation is using an 

isotopically distinct water source in the soil. To investigate the role of canopy water 

partitioning in the isotopic difference between soil water and plant water, the isotopic 

signature of TF and SF will be analyzed as well. The fourth hypothesis is that the isotopic 

signature of SF will display more evidence of isotopic fractionation than TF. Finally, the 

fifth hypothesis states that trees that generate more SF will have plant water isotopic 

signatures that are more similar to the isotopic signature of SF. This could occur if trees 
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were to use SF for plant-water uptake. By testing these hypotheses, the influence of 

canopy structural differences between coniferous and deciduous trees on the isotopic 

signature of plant water may be determined. In addition, the two water worlds hypothesis 

will be studied in a snowmelt-dominated landscape in order to test its validity in a non-

Mediterranean climate.  
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CHAPTER 2: Canopy Water Partitioning and Soil Water Storage in a Northern Mixed 

Forest 

2.1 ABSTRACT 

 
 The forest canopy has a major role in partitioning the precipitation input to the 

sub-canopy environment (Levia et al., 2011; Allen et al., 2014). This chapter seeks to 

explore differences in the magnitude of precipitation inputs reaching the forest floor, and 

the subsequent soil water storage differences among individual sampling trees. 

Specifically, above-canopy precipitation (ACP), throughfall (TF), stemflow (SF), and the 

volumetric water content (VWC) in the soil were measured weekly for three similarly-

sized red oak, eastern white pine, and eastern hemlock trees in the PC1 sub-catchment, 

near Dorset, ON between June 2
nd

, 2016 and October 21
st
, 2016. The TF, SF, and 

interception (I) were found to vary based on the magnitude of the ACP input. In addition, 

larger ACP events generated less I relative to ACP when I was expressed as a fraction of 

ACP for individual events. Total TF depth throughout the sampling season was the 

highest for red oak and the lowest for eastern hemlock. Total SF depth throughout the 

sampling season was the highest for eastern hemlock, followed closely by red oak. In 

addition, the red oak sampling buckets experienced the most instances of overflow 

throughout the sampling season, whereby the SF volume was greater than 19 L. Soil 

water storage to a depth of 0.4 m was also higher 1 m from the bole of red oak and 

eastern hemlock, compared with 0.1 m from the bole. Both tree species and the date 

throughout the sampling season affected the soil water storage around sampling trees, 

whereby soil water storage was low during the peak of the growing season, yet fluctuated 

throughout the study period due to variations in the TF and SF input corresponding to 

trees of a given species. The mean daily evapotranspiration rates corresponding to each 
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tree species throughout the sampling season followed approximately the same pattern and 

did not vary greatly between sampling trees. Ultimately, this chapter highlighted that the 

differing branch and bark characteristics of each tree species largely impacted the 

partitioning of water resources in the sub-canopy environment. 

2.2 INTRODUCTION 

 
The partitioning of water resources and the soil water balance are greatly affected 

by the structure and species composition of forested environments (Jost et al., 2005). 

First, differences in the magnitude of water that passes through the forest canopy via 

various pathways impact the infiltration of water resources at the forest floor (Jost et al., 

2005). Specifically, the amount of ACP that the forest canopy partitions into TF, SF and I 

varies based on the characteristics of the forest canopy itself (Levia et al., 2011; Allen et 

al., 2014). These differences may be caused by such factors as tree size, canopy 

openness, tree density, dominant species, and tree age (Hosseini Ghaleh Bahmani et al., 

2012). For instance, I generally increases with projected canopy area, and therefore SF 

production increases as well (Ford and Deans, 1978). SF is also greatly influenced by 

bark roughness, whereby tree species with rougher bark produce less SF (Alexander and 

Arthur, 2010). In addition, coniferous tree species, such as eastern white pine and eastern 

hemlock, typically have branches that project away from the tree bole, whereas deciduous 

tree species, such as red oak, have branches that project in an upward direction from the 

tree bole (Voigt, 1960; Johnson, 1990; Steinbuck, 2002; Carlyle-Moses and Price, 2006; 

Alexander and Arthur, 2010; Sato et al., 2011; Bialkowski and Buttle, 2015). These 

upward sloping branches likely redirect and concentrate water more closely around the 

bole of deciduous tree species (Bialkowski and Buttle, 2015). The differing canopy 
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architectures of various tree species also control the amount of light a tree is able to 

capture, and therefore the productivity of its canopy growth (Poorter et al., 2003).  

Another source of variation in SW storage across the forest floor is the fact that 

ACP is not usually partitioned equally into TF, SF and I. For example, when water enters 

the sub-canopy environment as SF, this causes a more direct input of water around tree 

bases; therefore SWC is generally quite variable near the tree (Waidi et al., 1992). In 

addition, both TF volume and chemistry are heterogeneous in time and space, resulting in 

more variation in the magnitude of the input of water and solutes to the forest floor 

(Kostelnik et al., 1989; Robson et al., 1994). Typically, SF is considered to be the 

smallest fraction of input ACP per tree (Helvey and Patric, 1965; Levia and Frost, 2003; 

Buttle et al., 2014). However, given that SF concentrates water directly around the bole 

of the tree (Voigt, 1960; Ford and Deans, 1978; Durocher, 1990; Chang and Matzner, 

2000; Buttle et al., 2014), and therefore allows SF to follow flow paths directly along the 

roots of the tree (Johnson and Lehmann, 2006; Schwärzel et al., 2012; Buttle et al., 

2014), the role of this input on plant-water uptake should not be ignored.  

Bertrand et al. (2014) highlighted several factors that can influence the processes 

controlling plant-water uptake, such as season (Dawson and Pate, 1996), species 

(Dawson and Ehleringer, 1991), tree size (Field and Dawson, 1998; Meinzer et al., 1999), 

water availability, and rooting depths (Chimner and Cooper, 2004). Typically, larger 

trees are more likely to use deeper water sources; however, there are differences between 

species as well (Phillips and Ehleringer, 1995; Dawson, 1996; Goldsmith et al., 2012). 

For example, Pinus species generally have more variability in their rooting patterns, 

favouring both deep taproots and shallow roots in certain situations, whereas Quercus 
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species often tend to be deeply rooted, developing a deep taproot quite early in their 

development (Gaines et al., 2015). Ultimately, it is important to understand how water 

resources are partitioned in forest environments in order to better understand water 

transport pathways. In particular, by studying the magnitude and variation of TF, SF and 

I between different tree species and throughout a sampling season, this could lead to 

increased clarity regarding the role the canopy has in distributing water beneath it. This 

information is vital for gaining a better understanding of plant-water uptake patterns at 

the soil-root interface. The objective of this chapter is to explore water partitioning 

differences between tree species in a mixed northern forest, and thereby determine how 

this affects SW storage in the sub-canopy environment. The first research hypothesis 

states that the deciduous trees studied will produce more SF by directing water closer to 

the bole of the tree, whereas coniferous trees would direct water more heterogeneously 

beneath their canopies throughout the sampling season. Consequently, the second 

research hypothesis states that SW storage will be greater near the bole of deciduous trees 

compared with coniferous trees. 

2.3 METHODS 

 
2.3.1 Site description 

The study was conducted in a sub-catchment of the Plastic Lake catchment, near 

Dorset, Ontario, Canada (45°11’ N, 78°50’ W). This sub-catchment was selected for this 

study as this sampling site is included in the Vegetation effect on water flow and mixing 

in high-latitude ecosystems (VeWa) Project, which investigates vegetation-water linkages 

across six northern catchments throughout the United Kingdom, Canada, and Sweden. 

This sub-catchment, Plastic-1 (PC1), is a northern upland site located in the Muskoka-
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Haliburton area on the southern border of the Canadian Shield, and is approximately 23.3 

ha in area (Watmough et al., 2007). The sub-catchment is partially composed of surficial 

deposits of Pleistocene glacial till, overlying Precambrian metamorphic silicate bedrock 

(Wels et al. 1990) and orthic humo-ferric and ferro-humic podzols (Watmough et al., 

2007). Furthermore, the soil layer at PC1 is thin,with an average depth of approximately 

0.4 m to bedrock (Neary et al., 1987; Watmough et al., 2007). A conifer-Sphagnum 

swamp is in the center of the sub-catchment, whereby 79% of the area drains into it via 

ephemeral streams or subsurface flow (Wels et al. 1990). The main hydrological event 

here is spring runoff due to snowmelt, occurring in March and April (Wels et al. 1990). 

Forest cover is predominantly coniferous (Watmough and Dillon, 2003; Eimers et al., 

2008), and dominated by five tree species, four of which are located in the upland region. 

These are: red oak (Quercus rubra), eastern white pine (Pinus strobus), eastern hemlock 

(Tsuga canadensis), and white cedar (Thuja occidentalis). Black spruce (Picea mariana) 

is also a dominant species; however, it is confined to the lower swamp region. A 

meteorological station operated by the Dorset Environmental Science Centre (DESC) is 

located immediately outside the perimeter of the sub-catchment and provides temperature 

and precipitation data. The typical annual temperature range throughout the year, based 

on data recorded at the meteorological station between 1981 and 2010, is between -10° C 

and 18° C as a daily average. In addition, approximately 799 mm of rain and 275 cm of 

snow is accumulated at the meteorological station annually. The meteorological station, 

located at an elevation of approximately 323 m above sea level, and three sampling 

locations within the PC1 sub-catchment are displayed in Figure 2.1. The eastern white 

cedar sampling site was located adjacent to the swamp within the PC1 sub-catchment and 
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was not studied throughout Chapter 2: Canopy Water Partitioning and Soil Water 

Recharge in a Northern Mixed Forest due to its differing sampling location and soil 

characteristics. The red oak and eastern white pine and the eastern hemlock sampling 

sites were located west of the swamp, at the top of the slope. 
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Figure 2.1. A digital elevation model of PC1 displaying three sampling locations within 

the PC1 sub-catchment dominated by red oak and eastern white pine (Or/Pw), eastern 

hemlock (He), and eastern white cedar (Ce) and the location of the meteorological station 

(Met Station) used for sampling precipitation. 

 
2.3.2 Vegetation survey 

Vegetation surveys were conducted at three distinct sampling locations (Figure 

2.1). Red oak and eastern white pine were located at approximately 45°10.814’ N, 
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78°49.85’ W, eastern hemlock was located at approximately 45°10.813’ N, 78°49.912’ 

W, and eastern white cedar was located at approximately 45°10.812’ N, 78°49.656’ W. 

Site data are presented in the current chapter for eastern white cedar along with all other 

tree species included throughout this study, although eastern white cedar data were only 

analyzed in Chapter 3: Controls on the Isotopic Signature of Xylem Water in a Northern 

Mixed Forest, due to its differing site characteristics and sampling location (Figure 2.1). 

A center point was selected at each of the sites and the survey was conducted radially 

from this point. For both the red oak/eastern white pine site and the eastern hemlock site, 

the radius selected was 15 m. For eastern white cedar, a smaller radius of 7.5 m was used 

due to its proximity to the PC1 wetland and the confined size of this site. Every tree 

encountered within the defined area was identified and their height and diameter at breast 

height (DBH) were recorded. Species richness and stand density of each tree species in 

the three sites were calculated to provide an estimate of tree biodiversity and the canopy 

structure of the sampling area. The species composition and percent cover of the 

understory within each of the sampling sites was not assessed throughout this study 

2.3.3 Above-canopy precipitation sampling  

 ACP was measured weekly using a bulk collector at the meteorological station 

from June 2
nd

, 2016 to October 21
st
, 2016. This collector was designed to eliminate 

isotopic fractionation that could occur through air exchange with the external 

environment by reducing the water surface exposed to the atmosphere (Gröning et al., 

2012). A graduated cylinder was used to measure the volume of ACP in mL. Total 

volume of ACP recorded each week was converted to an equivalent depth. These depth 

data were compared to data from an OTTPluvio weighing rain gauge at the PC1 

meteorological station, monitored by DESC, which provided storm duration and intensity 
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data recorded for 10 minute intervals throughout the given sampling period. The 

precipitation intensity measurements were averaged per sampling period and the 

maximum observed precipitation intensity throughout the sampling period was also 

recorded. 

2.3.4 Throughfall sampling 

Three trees with similar diameter at breast height measurements for three of the 

dominant species (red oak, eastern white pine and eastern hemlock) were selected in the 

PC1 sub-catchment to instrument for TF collection. Specifically, the mean diameters at 

breast height of TF sampling trees were approximately 59 cm (± 7.9 cm), 59 cm (± 4.6 

cm), and 36 cm (± 3.8 cm) for red oak, eastern white pine and eastern hemlock, 

respectively. A trough sampler (length= 3 m) was built and installed extending away 

from the bole of each tree in a randomized direction to collect TF, while assuming that 

TF volume would not be influenced by direction from the bole (Johnson, 1990). These 

troughs generally did not extend beyond the edge of the canopy for each sampling tree. A 

funnel at the end of the trough was connected using large, clear plastic tubing to a 19 L, 

sealed bucket on the ground. This bucket was designed similar to the ACP bulk collector 

in order to prevent isotopic fractionation (Gröning et al., 2012). TF volume was measured 

weekly to the nearest tenth of a litre by converting the mass of TF recorded using a hand-

held field scale, and was then converted to equivalent depth by dividing by the horizontal 

surface area of the collection trough, calculated as trough length x [1- cosine (angle of 

trough from the horizontal (rads))].  

2.3.5 Stemflow sampling 

 SF was sampled on different trees than those used for TF monitoring. This was to 

ensure SF was not unnaturally diverted away from the soil surrounding those trees that 
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were also monitored for SWC. Therefore, three additional trees for three dominant tree 

species (red oak, eastern white pine, and eastern hemlock) with similar diameter at breast 

height measurements as the TF sampling trees were instrumented for SF collection. 

Specifically, the mean diameters at breast height of SF sampling trees were 

approximately 52 cm (± 3.5 cm), 54 cm (± 6.6 cm), and 34 cm (± 3.7 cm) for red oak, 

eastern white pine, and eastern hemlock, respectively. It was assumed that the SF input 

would be used to represent the SF input for the three trees monitored for TF and SWC. 

Clear plastic tubing was halved longitudinally and nailed in a downward, spiraling 

pattern around the circumference of the tree bole, starting at breast height. Weather-

resistant silicon caulking was then used to seal this tubing to the bole of the tree (e.g., 

Herwitz, 1986; Levia et al., 2010; Bialkowski and Buttle, 2015). This tubing was then 

connected to a 19 L bucket on the ground that mimicked the same design as the ACP bulk 

collector to prevent isotopic fractionation (Gröning et al., 2012). SF volumes were 

recorded weekly in L by converting the mass of SF recorded using a hand-held field scale 

to equivalent volumes. These volumes were then converted to depth measurements by 

dividing the total volume by the projected canopy area for the respective sampling tree. 

The projected canopy area was calculated by visually measuring the extent of a given 

tree’s canopy in all four cardinal directions from the base of the tree at ground-level to 

determine an average canopy radius. The average canopy radius was then used to find the 

projected canopy area as an equivalent circle. Mensuration data for all studied tree 

species are shown in Table 2.1. 
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Table 2.1. Mensuration data, including tree height (m), diameter at breast height (DBH) 

(cm), mean canopy radius (m), denoted with ‘+’ during instances when the mean canopy 

radius was less than the TF trough length, and projected crown area (PCA) (m
2
) for all 

red oak (Or), eastern white pine (Pw), and eastern hemlock (He) trees used for 

throughfall (TF) and stemflow (SF) sampling at PC1.  

Sampling Tree Height (m) DBH (cm) Mean Canopy Radius (m) PCA (m
2
) 

Or TF 22.3 50.6 2.6 + 21.4 

Or TF 20.5 59.5 3.8 44.8 

Or TF 17.8 66.5 5.9 107.5 

Or SF 18.2 48.7 4.3 57.4 

Or SF 17.3 55.7 5.3 86.6 

Or SF 18.7 51.6 5.9 109.4 

Pw TF 17.6 60.5 2.6 + 21.0 

Pw TF 30.1 62.4 2.0 + 12.7 

Pw TF 26.8 53.2 5.0 78.5 

Pw SF 24.4 58.9 6.5 131.7 

Pw SF 27.9 57.6 5.2 84.1 

Pw SF 24.2 46.8 4.5 63.6 

He TF 17.5 34.1 3.5 39.0 

He TF 13.5 40.4 5.3 87.4 

He TF 18.5 41.2 4.5 62.2 

He SF 16.1 37.9 4.2 54.1 

He SF 19.1 30.6 4.3 58.1 

He SF 21.6 32.8 5.2 84.1 

 

2.3.6 Interception estimation 

 Interception (I, mm) was calculated as: 

𝐼 = 𝐴𝐶𝑃 − 𝑇𝐹 − 𝑆𝐹            (2.1) 

where ACP, TF and SF are all expressed in mm.  

During sampling weeks that had large precipitation events, instances occurred whereby 

some sampling buckets corresponding to TF collection (DOY 230) and SF collection 

(DOY 182, 196, 230, 251, 258, 265, 295) overflowed. Linear regressions between ACP 

depth and TF or SF depth throughout the sampling season were used to estimate the mean 

TF (Table 2.2a) and SF (Table 2.2b) depths for each tree during these instances to 
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subsequently approximate I depth (Table 2.2c). The missing TF and SF depths were 

calculated as a mean per species using linear regression rather than for each individual 

sampling tree since combining all trees of a given species provided more data to develop 

a stronger relationship between ACP and TF and ACP and SF. These overflow values 

were most likely conservative estimates since these regressions were developed using 

data from smaller precipitation events, which demonstrated a linear relationship between 

precipitation depth and TF and/or SF depth. Therefore the I estimations for weeks when 

sampling buckets overflowed potentially represent higher depths of water than what was 

actually held and evaporated from the trees’ canopy.   

Table 2.2a. Linear regression relationships used to predict missing mean throughfall (TF) 

depth values (mm) per species using above-canopy precipitation (ACP) depth values 

(mm) at PC1 from June 2
nd

, 2016 to October 21
st
, 2016. 

Species Equation R
2
 p 

Or y = 0.7664x - 1.241 0.95 1.6 x 10
-13

*** 

Pw y = 0.704x - 1.5035 0.98 3.5 x 10
-16

*** 

He y = 0.5964x - 2.1368 0.94 9.1 x 10
-13

*** 

 

Table 2.2b Linear regression relationships used to predict missing mean stemflow (SF) 

depth values (mm) per species using above-canopy precipitation (ACP) depth values 

(mm) at PC1 from June 2
nd

, 2016 to October 21
st
, 2016. 

Species Equation R
2
 p 

Or y = 0.0024x - 0.0202 0.84 9.01 x 10
-9

*** 

Pw y = 0.0022x - 0.0155 0.80 6.7 x 10
-8

*** 

He y = 0.0033x - 0.0224 0.71 1.9 x 10
-6

*** 

 

Table 2.2c Linear regression relationships used to predict interception (I) depth values 

(mm) per species using above-canopy precipitation (ACP) depth values (mm) at PC1 

from June 2
nd

, 2016 to October 21
st
, 2016. 

Species Equation R
2
 p 

Or y = 0.233x + 1.242 0.91 3.5 x 10
-11

*** 

Pw y = 0.2955x + 1.495 0.96 1.6 x 10
-14

*** 

He y = 0.387x + 2.0246 0.96 1.1 x 10
-14

*** 
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2.3.7 Bark roughness 

 In order to assess any interspecific differences in SF volumes and depths, bark 

roughness was considered. Bark roughness was measured for each tree instrumented with 

SF equipment since bark roughness could influence the SF storage capacity of the bark 

and the volume of water flowing down the bole of the tree (Voigt, 1960; Herwitz, 1985; 

Alexander and Arthur, 2010). This was evaluated using a measuring tape wrapped around 

the circumference of the tree at breast height. Digital calipers were used to measure the 

distance between the measuring tape and the tree bole every centimeter for the entire 

circumference of the bole. The mean and standard deviation of these distances were used 

to obtain a relative estimate of bark roughness for each tree species, with greater values 

assumed to indicate greater bark roughness. 

2.3.8 Canopy characteristics 

 The canopy gap fraction (CGF) was estimated to evaluate the canopy structure for 

each sampling tree. The CGF is defined as the fraction of the view at a certain point that 

is unobstructed by the canopy in a particular direction (Welles and Cohen, 1996). This 

index was calculated by taking a series of hemispherical photographs at each of the trees 

instrumented for TF sampling following the methods of Zhang et al. (2005). CGFs were 

measured during overcast conditions at four stages of the growing season, including post-

leaf-out, peak-leaf-out, pre-senescence, and post-senescence. The estimates obtained 

during post-senescence were also used to represent the CGF during pre-leaf-out. These 

values were assumed to be equal since there would be no deciduous leaves in the canopy 

during either of these growing stages. A tripod was set-up at the mid-point of each TF 

trough, at a height 10 centimeters above the trough. A Pentax camera (model 50-200) 

instrumented with a 5.3 mm fish-eye lens was then pointed vertically upward. A series of 
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photographs was taken sequentially at shutter speeds ranging from 1/90 s to 1/1000 s with 

the aperture fixed at F5.3 while keeping the sensitivity of the image sensor (ISO) 

constant. These photos were then uploaded to the CAN-EYE V6.1 imaging software 

produced by L’institut national de la recherche agronomique (INRA) to compute an 

average measure of the true CGF for the range of images per tree (Demarez et al., 2008).  

2.3.9 Soil parameters 

 At each of the three sampling sites shown in Figure 2.1 (Or/Pw, He, and Ce), a 

soil pit was dug to the bedrock to determine the soil properties in the area. Soil samples 

were collected by hammering a hollow steel cylinder (volume = 103 cm
3
) at 5 cm depth 

intervals into a smooth side of the pit. Samples were stored in Ziploc bags at 4 C prior to 

further analysis. Volumetric water content (VWC) was measured by obtaining the change 

in mass relative to the core volume after oven-drying each sample at 105 C for 24 hours. 

Porosity (P) and bulk density (ρb) were then calculated for each soil sample to obtain 

vertical profiles of P and ρb for each sampling location. Organic matter content was 

determined using the loss-on-ignition method. This was achieved by placing the soil 

samples in individual porcelain crucibles into a muffle furnace for approximately 16 

hours at 400 C (Sutherland, 1998). Percentages of sand, silt, and clay were found using 

hydrometer analysis (Bouyoucos, 1962; Ashworth et al., 2001) for each sample to 

determine vertical profiles of soil texture at each soil pit using the Canadian System for 

Soil Classification soil textural triangle (Soil Classification Working Group, 1998). 

2.3.10 Soil water sampling 

Soil VWC was measured at two ATL-1 access tubes installed 0.1 m and 1 m away 

from the bole of the tree in a randomized direction for each of the three trees of three 

species chosen for TF sampling. A Delta T PR2/6 Soil Moisture Profile Probe
TM

 was 
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used to measure the VWC of the soil for these access tubes at 0.1 m, 0.2 m, 0.3 m, and 0.4 

m depths. Measurements at each depth were made three times per access tube and then 

averaged to find the mean VWC at each depth. VWCs were later converted to depth 

measurements by multiplying the thickness of the soil layer by the mean VWC for the 

corresponding soil layer. These values were then summed to determine the total water 

depth stored in the upper 0.5 m of the soil. 

2.3.11 Water balance calculations 

 The water balance equation was used to calculate both daily and period 

evapotranspiration (ET) rates from the soil profile for each sampling tree: 

ET = TF – ΔS              (2.2) 

where ∆S is the change in SW storage between sampling days. Each period represents the 

duration between weekly sampling dates for TF and SWC. TF depth was used to 

represent the water input to the soil surrounding each tree. SF depth was not included in 

the water balance calculations since it was assumed to represent a minor flux of the total 

water to the complete soil surface (Liang et al., 2009). The change in SW storage between 

sampling periods was recorded per access tube. These values were averaged between 

access tubes located 0.1 m and 1 m away from the tree bole to provide one value to 

represent the mean change in storage (ΔS) for each tree. This value was then subtracted 

from the TF depth measurement per period to derive ET per sampling period and then 

divided by the number of days between sampling periods to find the mean daily ET rate. 

This method to calculate the water balance throughout the sampling period assumes that 

TF represents the only significant positive flux of water to the soil, which does not 

include the SF input, and that the change in SW storage between sampling days is 
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dominated by evaporation from the soil, rather than runoff and infiltration to groundwater 

sources.    

2.3.12 Statistical analysis 

A Pearson’s correlation test was used to determine if ACP depth data recorded 

weekly using the bulk sampler produced similar results to the data recorded by the 

OTTPluvio gauge that was also on site in order to assess the accuracy of ACP results. 

Next, linear regressions were used, whereby ACP depth was the independent factor and 

TF or SF depth was the dependent factor, during instances when TF or SF collectors 

overflowed between sampling weeks and the magnitudes of these inputs were unknown. 

These linear regressions were used to derive an estimate of the TF and SF weekly input 

as a mean between all individual sampling trees of a given species. In order to test if there 

were any obvious partitioning differences between tree species, Kruskal Wallis rank sum 

tests were used to assess whether the SF volume was significantly different among tree 

species or within trees of the same species. A linear regression was used to assess if ACP 

depth could predict I depth, in order to determine if the precipitation characteristics 

throughout the sampling season affected the partitioning of water as well. Kruskal Wallis 

rank sum tests were used to determine whether or not significant differences occurred 

between SF volume means per tree species throughout the sampling season. Finally, 

Wilcoxon rank sum tests were used to evaluate whether the SW storage varied between 

the distances from the tree bole for each tree species to assess if the differing magnitudes 

of precipitation inputs between tree species affected the SW storage in the sub-canopy 

environment. An alpha level of 0.05 was used to determine the significance of results 

derived from each statistical test.   
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2.4 RESULTS 

 
2.4.1 Site characteristics 

 Results from the vegetation surveys at each of the three sampling locations at PC1 

are given in Table 2.3a,b,c. Species richness at the Or/Pw site was the highest of all 

sampling locations, with eight tree species present and a stand density of approximately 

0.057 trees/m
2
. Species richness at the He site was seven and the stand density was 

approximately 0.064 trees/m
2
. Finally, the Ce site had the lowest species richness with 

only four species recorded. The stand density was not recorded at the Ce site since it was 

not instrumented for TF or SF collection. Finally, each dominant tree species located at 

PC1 comprised the highest percent composition of tree species at the three sampling sites 

except at the He site, where eastern white pine dominated; however, eastern hemlock was 

the second most abundant species present. 

Table 2.3a. Number of trees present, percent species composition and mean tree 

mensuration data including diameter at breast height (DBH) and tree height for the Or/Pw 

site located at PC1. 

Tree Species # of Trees Percent Composition (%) Mean DBH (cm) Mean Height (m) 

Balsam fir 4 10 26.5 ± 13.3 9.2 ± 2.3 

Sugar maple 3 7.5 35.8 ± 43.7 9.1 ± 7.7 

Red maple 8 20 25.3 ± 18.8 12.8 ± 5.4 

Eastern white pine 8 20 83.8 ± 39.6 18.4 ± 9.8 

Ironwood 4 10 22.0 ± 4.5 11.0 ± 1.8 

Red oak 8 20 97.9 ± 58.4 17.5 ± 5.9 

Yellow birch 1 2.5 19.0 10.8 

Eastern hemlock 4 10 43.0 ± 13.2 10.6 ± 1.9 

Total 40 100 - - 
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Table 2.3b. Number of trees present, percent species composition and mean tree 

mensuration data including diameter at breast height (DBH) and tree height for the He 

site located at PC1. 

Tree Species # of Trees Percent Composition (%) Mean DBH (cm) Mean Height (m) 

Eastern hemlock 9 20.0 46.9 ± 12.7 13.1 ± 4.4 

Red maple 4 8.9 62.8 ± 28.7 12.5 ± 1.1 

Balsam fir 5 11.1 34.4 ± 7.1 9.3 ± 2.1 

Eastern white cedar 2 4.4 82.5 ± 30.4 12.1 ± 3.9 

Eastern white pine 16 35.6 125.3 ± 56.8 17.1 ± 6.2 

Red oak 7 15.6 63.8 ± 55.4 14.8 ± 4.3 

American beech 2 4.4 57.0 ± 48.0 11.4 ± 4.9 

Total 45 100 - - 

 

 

Table 2.3c Number of trees present, percent species composition and mean tree 

mensuration data including diameter at breast height (DBH) and tree height for the Ce 

site located at PC1. 

Tree Species # of Trees Percent Composition (%) Mean DBH (cm) Mean Height (m) 

Black spruce 4 21.1 30.8 ± 2.5 7.2 ± 1.6 

Eastern white cedar 13 68.4 49.9 ± 20.1 9.6 ± 2.1 

Yellow birch 1 5.3 58.0 10.2 

Red Maple 1 5.3 63.0 12.5 

Total 19 100 - - 

 

 Soil texture, assessed using hydrometer analyses, did not vary greatly by depth; 

however, there were textural differences between certain sampling sites (Table 2.4a,b,c). 

Both the Or/Pw site and the He site were composed of mostly loamy sand, whereas the 

Ce site was composed of mostly sandy loam due to its higher clay content (Table 

2.4a,b,c). Soil collected from the Ce soil pit was bulked for textural analysis between 0 

and 15 cm since the volume of soil per 5 cm increment was not large enough at these 

depths to perform separate hydrometer analyses (Table 2.4c). Ultimately, sand comprised 

the greatest percentage of soil for each sample collected at PC1 (Table 2.4a,b,c). ρb 

increased with depth and P decreased with depth at each sampling site (Table 2.4a,b,c). 

The Ce site had both the highest mean ρb and lowest mean P values (Table 2.4c). 
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Conversely, the He site had the lowest mean ρb and highest mean P values (Table 2.4b). It 

should be noted that the P values presented in Table 2.4a,b,c below are not within the 

range that have been previously reported for PC1 (approximately 0.4 to 0.7), and 

therefore may be a result of sampling error (Buttle and Turcotte, 1999). Organic matter 

content did not vary greatly with depth or between sampling sites (Table 2.4a,b,c). The 

soil profile included two horizons (Ah and Bf). The Ah horizon was approximated to be 

between 0-12 cm, 0-8 cm, and 0-7 cm for the Or/Pw, He, and Ce sites, respectively, upon 

removing the organic layer. The Bf horizon was between 12-42 cm, 8-28 cm, and 7-25 

cm for the Or/Pw, He, and Ce sites, respectively. The depth to the bedrock was within the 

range of 10 cm to 70 cm across all sampling sites; however, the maximum depth of the 

soil profile was estimated to be 70 cm, 60 cm, and 50 cm for the Or/Pw, He, and Ce sites, 

respectively, which was determined using a soil auger.  
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Table 2.4a Soil texture classifications at 5 cm increments, including estimates of bulk 

density (ρb ) (kg/m
3
), porosity (P), and percent organic matter for the entire depth profile 

of the Or/Pw soil pit at PC1. 

Depth 

(cm) 

Sand 

% 

Silt 

% 

Clay 

% 

Textural 

Class 

ρb 

(kg/m
3
) 

P 
Organic 

Matter % 

0-5 73.7 23.2 3.2 Loamy Sand 363.8 0.86 4.7 

5-10 78.9 17.4 3.8 Loamy Sand 336.8 0.87 6.6 

10-25 73.6 22.7 3.8 Loamy Sand 586.1 0.78 9.3 

15-20 82.3 15.0 2.7 Loamy Sand 375.2 0.86 6.8 

20-25 76.3 22.4 1.3 Loamy Sand 483.3 0.82 5.7 

25-30 76.3 22.4 1.3 Loamy Sand 587.7 0.78 6.3 

30-35 79.1 19.7 1.2 Loamy Sand 456.6 0.83 5.7 

35-40 71.0 27.8 1.3 Loamy Sand 1187.9 0.55 3.2 

Mean 76.4 21.3 2.3 Loamy Sand 547.2 0.79 6.0 

 

Table 2.4b. Soil texture classifications at 5 cm increments, including estimates of bulk 

density (ρb ) (kg/m
3
), porosity (P), and percent organic matter for the entire depth profile 

of the He soil pit at PC1. 

Depth 

(cm) 

Sand 

% 

Silt 

% 

Clay 

% 

Textural 

Class 

ρb 

(kg/m
3
) 

P 
Organic 

Matter % 

0-5 73.7 22.1 4.2 Loamy Sand 33.4 0.99 4.7 

5-10 76.4 19.8 3.8 Loamy Sand 444.0 0.83 3.1 

10-15 76.4 21.9 1.7 Loamy Sand 550.4 0.79 2.7 

15-20 71.0 27.3 1.7 Loamy Sand 896.8 0.66 1.8 

20-25 76.4 20.4 3.2 Loamy Sand 603.4 0.77 2.7 

Mean 74.8 22.3 2.9 Loamy Sand 505.6 0.81 3.0 
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Table 2.4c Soil texture classifications at 5 cm increments, including estimates of bulk 

density (ρb ) (kg/m
3
), porosity (P), and percent organic matter for the entire depth profile 

of the Ce soil pit at PC1. 

Depth 

(cm) 

Sand 

% 

Silt 

% 

Clay 

% 

Textural 

Class 

ρb 

(kg/m
3
) 

P 
Organic Matter 

% 

0-5 

62.9 34.0 3.2 Sandy Loam 

77.9 0.97 6.1 

5-10 36.7 0.99 5.4 

10-15 584.4 0.78 2.3 

15-20 49.8 45.5 4.7 Sandy Loam 1337.8 0.50 1.2 

20-25 50.3 42.5 7.2 Sandy Loam 1248.7 0.53 1.1 

Mean 50.0 44.0 5.9 
Sandy 

Loam 
657.1 0.75 2.8 

 

 Estimates of CGF were defined using the CAN-EYE V6.1 imaging software 

(Table 2.5). There were differences in the CGF estimates between sampling trees of the 

same species, although ultimately eastern hemlock consistently had the lowest CGF 

throughout the growing season (Table 2.5). The stage of the growing season also affected 

the CGF whereby estimates were lowest during peak-leaf-out and highest during pre-leaf-

out and post-senescence for red oak (Table 2.5). CGF estimates corresponding to the 

eastern white pine and eastern hemlock also were lowest during peak-leaf-out given that 

the canopy above sampling locations also included branches from adjacent deciduous 

trees (Table 2.5). 
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Table 2.5. Canopy gap fraction (CGF) estimates displayed for each throughfall (TF) 

sampling tree at PC1 during five stages of the growing season from April 2016 to 

November 2016. 

 

2.4.2 Bark roughness 

 Bark roughness estimates can be compared between SF sampling trees in Figure 

2.2 to discern textural differences between the bark of each tree species. The mean 

distance from the measuring tape to the bark surface was 4.6 mm (± 3.3 mm), 6.2 mm (± 

5.3 mm), and 4.5 mm (± 3.4 mm) for red oak, eastern white pine, and eastern hemlock, 

respectively. The coefficient of variation was 71%, 85%, and 76%for red oak, eastern 

white pine, and eastern hemlock, respectively; indicating that eastern white pine likely 

had more bark irregularities than red oak and eastern hemlock. Thus, the eastern white 

pine bark appeared to be relatively rougher than that of red oak or eastern hemlock; 

however, no major differences were noted between red oak and eastern hemlock.  

Pre-Leaf-Out Post-Leaf-Out Peak-Leaf-Out Pre-Senescence Post-Senescence

CGF (%) CGF (%) CGF (%) CGF (%) CGF (%)

Or-01 11.4 4.0 0.05 13.6 11.4

Or-02 25.8 10.6 0.1 14.5 25.8

Or-03 30.4 25.0 0.03 3.3 30.4

Pw-01 13.4 47.5 0.8 4.8 13.4

Pw-02 51.1 8.5 0.01 0.7 51.1

Pw-03 9.8 34.7 0.4 1.0 9.8

He-01 0.2 2.9 0.001 0.6 0.2

He-02 3.4 1.3 0.001 5.2 3.4

He-03 2.6 0.6 0.1 5.8 2.6

Tree
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Figure 2.2. Boxplots displaying the mean (point in box) and median distance (mm) (thick 

line in box) from the bark to measuring tape, 75
th

 percentile (upper box edge), 25
th

 

percentile (lower box edge), and outliers (points above the 95
th

 percentile) corresponding 

to stemflow (SF) sampling trees: eastern hemlock (He), red oak (Or), and eastern white 

pine (Pw). 
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2.4.3 Above-canopy precipitation
 

Total ACP during the sampling season was approximately 440 mm. Good 

agreement was found between ACP depth data recorded each week using the bulk 

sampler and the ACP depth recorded by the OTTPluvio gauge (slope= 0.99, r
2
= 0.99, p= 

2.2 x 10
-16

). There was a slight relationship between precipitation intensity and total 

precipitation depth (Figure 2.3), whereby as the precipitation depth increased, 

precipitation intensity also increased. This relationship was not uniform throughout the 

sampling season (Figure 2.4). The number of storms did not seem to have an impact on 

the total precipitation depth per week since the number of storms per week does not 

account for the size of the individual storms (Figure 2.4). Overall, events recorded prior 

to the August 17
th

 sampling day [day of year (DOY) 230] had the highest average 

precipitation intensity and total precipitation depth throughout the sampling season.  

 

Figure 2.3. The relationship between the average and maximum above-canopy 

precipitation (ACP) intensity (mm/h) recorded per precipitation event and above-canopy 

precipitation (ACP) depth (mm) at PC1 from June 2
nd

, 2016 to October 21
st
, 2016. 
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Figure 2.4. Average precipitation intensity (mm/h) (a), maximum precipitation intensity 

(mm/h) (b), and total precipitation (mm) denoted with the number of storms per week (c) 

from June 2
nd

, 2016 (DOY 154) to October 21
st
, 2016 (DOY 295) at PC1. 

2.4.4 Throughfall volume and depth 
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 The mean total TF volume per tree species throughout the sampling season was 

95 L (± 6.6 L), 84 L (± 6.0 L), and 67 L (± 5.2 L) for red oak, eastern white pine, and 

eastern hemlock, respectively. This corresponded to a mean total TF depth per tree 

species throughout the sampling season of  311 mm (± 21 mm), 278 mm (± 20 mm), and 

217 mm (± 17 mm) for red oak, eastern white pine, and eastern hemlock, respectively. 

The missing TF depths were calculated as a mean per species using linear regression 

rather than for each individual sampling tree since combining all trees of a given species 

provided more data to develop a stronger relationship between ACP and TF. While 

comparing ACP, TF and SF inputs as equivalent depths or volumes, it is easily confirmed 

that TF and SF inputs responded to variation in the ACP input per week and no obvious 

differences occurred among species (Figure 2.5, 2.6). Finally, by analyzing each separate 

sampling week, the minimum depth of ACP required to produce TF was approximately 

0.5 mm for each tree species. When ACP was lower than this threshold, no TF was 

observed. A positive relationship between ACP depth and TF volume was observed 

throughout the sampling season (Figure 2.7a). TF sampling buckets overflowed on 

October 17
th

, 2016 [day of year (DOY) 230]; therefore linear regressions comparing ACP 

depth to TF depth were used to approximate the mean TF depth per species for that 

sampling date (Table 2.2a).  
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Figure 2.5. Mean volumes (± 1 SD) of throughfall (TF), stemflow (SF) and above-

canopy precipitation (ACP) corresponding to red oak (a), eastern white pine (b), and 

eastern hemlock (c) from June 2
nd

, 2016 to Oct. 21
st
, 2016 at PC1. 
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Figure 2.6. Mean depths (± 1 SD) of throughfall (TF), stemflow (SF) and above-canopy 

precipitation (ACP) corresponding to red oak (a), eastern white pine (b), and eastern 

hemlock (c) from June 2
nd

, 2016 to Oct. 21
st
, 2016 at PC1. 
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Figure 2.7. The relationship between throughfall (TF) (a) and stemflow (SF) (b) mean 

volume per species versus above-canopy precipitation (ACP) depth (mm) at PC1 between 

June 2
nd

, 2016 and October 21
st
, 2016. 
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2.4.5 Stemflow volume and depth 

 The mean total SF volume per tree species throughout the sampling season was 

110 L (± 7.4 L), 72 L (± 6.7 L), and 94 L (± 7.6 L) for red oak, eastern white pine, and 

eastern hemlock, respectively. Mean total SF depth throughout the sampling season was 

1.4 mm (± 0.1 mm), 0.8 mm (± 0.08 mm), and 1.5 mm (± 0.1 mm) for red oak, eastern 

white pine, and eastern hemlock, respectively. During certain sampling weeks (DOY 182, 

196, 230, 251, 258, 265, 295) SF sampling buckets overflowed. Therefore linear 

regressions of SF depth vs. ACP depth were used to approximate the mean SF depth per 

species (Table 2.2b). These relationships provided conservative estimates of SF depths 

for the overflow events, since the SF volume for such events was set at the 19 L capacity 

of the collecting bucket. Therefore the mean SF total per species is a conservative 

estimate of total SF throughout the sampling season. When comparing SF and TF 

volumes, it appears that SF comprises a large component of the overall input of water 

collected beneath the canopy (Figure 2.5); however, this flux appears to be minor while 

comparing water inputs as depths (Figure 2.6). For instance the total TF volume collected 

at PC1 throughout the sampling season was approximately 89 percent of the SF volume, 

whereas the total SF depth was approximately 1.3 percent of the total TF depth. This is 

due to the fact that SF is localized around the bole of the tree whereas TF has a larger 

contributing area. By comparing the volume of SF accumulated each week throughout 

the sampling season, there was a positive relationship between ACP depth and SF volume 

(Figure 2.7b). Using Kruskal Wallis rank sum tests, it was determined that no significant 

difference occurred between SF volume means per tree species throughout the sampling 

season (χ
2
= 4.5, df= 2, p= 0.10). This finding seemingly contradicts the observed number 

of overflowed samples per tree species throughout the sampling season. Red oak and 
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eastern hemlock SF collectors overflowed 15 and 11 times, respectively, whereas eastern 

white pine SF collectors only overflowed 6 times throughout the sampling season. In 

addition, separate Kruskal Wallis rank sum tests confirmed that no significant differences 

occurred between red oak (χ
2
= 1.4, df= 2, p= 0.49), eastern white pine (χ

2
= 1.2, df= 2, p= 

0.54), or eastern hemlock (χ
2
= 0.55, df= 2, p= 0.76) sampling trees throughout the 

sampling season. Finally, by analyzing each separate sampling week, the minimum depth 

of ACP required to produce SF was approximately 0.5 mm for each individual sampling 

tree of each species. When ACP depths were smaller than this threshold, no SF was 

produced.  

2.4.6 Interception depth  

Mean total I depth throughout the sampling season was 128 mm (± 7 mm), 161 

mm (± 8 mm), and 221 mm (± 12 mm) for red oak, eastern white pine, and eastern 

hemlock, respectively. Therefore, the mean I depth values as a fraction of the total ACP 

depth throughout the season were 0.29 (± 0.12), 0.37 (± 0.16), and 0.5 (± 0.09) for red 

oak, eastern white pine, and eastern hemlock, respectively. Linear regressions were used 

to assess the relationship between ACP depth and I depth throughout the sampling season 

(Table 2.2c). A positive, linear relationship was observed between the ACP depth and I 

depth for each of the three tree species (Figure 2.8). The slope of these relationships was 

the steepest for eastern hemlock and the shallowest for red oak. This may be related to 

the fact that eastern hemlock trees likely had the densest canopies since they had the 

smallest mean CGF estimates throughout the sampling season. In addition, mean I depth 

as a fraction of ACP depth for each species decreased, as expressed in a power 

relationship, with ACP depth (Figure 2.9). Therefore, small precipitation events had a 
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greater fraction of ACP lost as I than large precipitation events. The I depth as a fraction 

of ACP depth for eastern hemlock did not seem to be affected by the DOY (Figure 2.10) 

Contrastingly, the I depth as a fraction of ACP depth appeared low for Or and Pw 

between DOY 154 and 196, likely reflecting the higher CGF values during the beginning 

of the growing season for these trees.  

 
Figure 2.8. Mean interception (I) depth (± 1 SD, mm) vs. above-canopy precipitation 

(ACP) depth (mm) for red oak (Or), eastern white pine (Pw), and eastern hemlock (He) 

from June 2nd, 2016 to October 21st, 2016 at PC1. Equations of best-fit regression lines 

are given in Table 2.5c. 
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Figure 2.9. Mean interception (I) depth (mm) as a fraction of above-canopy precipitation 

(ACP) depth (mm) vs. ACP depth (mm) for red oak (Or), eastern white pine (Pw), and 

eastern hemlock (He) from June 2nd, 2016 to October 21st, 2016 at PC1. Equations of 

best-fit regression lines are given in Table 2.6. 

 

 
Figure 2.10. Mean interception (I) depth (mm) as a fraction of above-canopy 

precipitation (ACP) depth (mm) denoted with standard deviations for red oak (Or), 

eastern white pine (Pw), and eastern hemlock (He) from June 2nd, 2016 to October 21st, 

2016. 
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2.4.7 Soil water content 

While comparing the vertical and temporal profiles of VWC at 0.1 and 1 m from 

the tree boles, it is clear that the soil surrounding some trees was much wetter than for 

others throughout the sampling season. In general, all trees displayed an increase in VWC 

with depth (Figures 2.11-2.13). Trees that did not follow this relationship were Or-03 

(Figure 2.11) and Pw-01 (Figure 2.12). The former consistently had dry soil at mid-depth 

1 m away from the bole whereas the latter had dry soil at the deepest depth 0.1 m away 

from the bole. These irregularities may be due to the presence of roots or rocks in the 

vicinity of the Profile Probe access tube at these depths that would have resulted in 

reduced VWC values from the Profile Probe. All sampling trees displayed a pronounced 

drying period between approximately DOY 210 and 220 at both distances from the bole, 

corresponding to low ACP recorded during this period (Figures 2.11-2.13). All sampling 

trees also displayed a peak in VWC following a large storm event of approximately 122 

mm on the DOY 230 (Figures 2.11-2.13). While there were clear differences in the 

changes in VWC with depth and time for trees of same species, there were no clear 

differences in those changes between tree species. Nor were there any obvious 

differences between VWC values at the same depth both 0.1 m and 1 m from the bole of 

any tree species.  
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Figure 2.11. The mean VWC vs. depth of soil located 0.1 m and 1.0 m away from the bole of three red oak trees, including Or-01, Or-

02, and Or-03 from June 2
nd

, 2016 to October 21
st
, 2016 at PC1. 
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Figure 2.12. The mean VWC vs. depth of soil located 0.1 m and 1.0 m away from the bole of three red oak trees, including Pw-01, 

Pw-02, and Pw-03 from June 2
nd

, 2016 to October 21
st
, 2016 at PC1. 
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Figure 2.13. The mean VWC vs. depth of soil located 0.1 m and 1.0 m away from the bole of three red oak trees, including He-01, He-

02, and He-03 from June 2
nd

, 2016 to October 21
st
, 2016 at PC1. 
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 The mean water depth held in the upper 0.5 m of soil for each of the sampling 

trees followed a similar trend throughout the sampling season among tree species 

(Figures 2.14-2.16). The mean SW depth both 0.1 m and 1 m from the bole was 

significantly different between each tree species (p < 0.05). This was also observed 

visually, whereby the mean SW depth 1 m from the bole appeared to be greater than the 

mean SW depth 0.1 m from the bole for each tree species (Figures 2.14-2.16). A drying 

period occurred within the soil between DOY 200 and 230, followed by replenishment on 

DOY 230 due to a large storm event, when ACP was approximately 122 mm (Figures 

2.14-2.16). Also, the amount of water stored in the profile appeared to vary slightly with 

distance from the bole of each tree (Figures 2.14-2.16). While comparing each species, it 

is evident that red oak had the most variability around the mean SW storage, whereas 

eastern hemlock had the least variability around the mean (Figures 2.14-2.16). Also, not 

all sampling trees of the same species behaved in the same way throughout the season, 

whereby certain trees always displayed higher or lower SW storage than other replicates 

(Figures 2.14-2.16). It should also be noted that the red oak and eastern white pine 

sampling trees that had the smallest SW storage values throughout the season were Or-03 

and Pw-01 (Figures 2.14, 2.15). These trees also had the greatest PCA measurements of 

approximately 108 m
2
 and 79 m

2 
for Or-03 and Pw-03, respectively (Table 2.1). In 

contrast, the SW storage surrounding eastern hemlock sampling trees throughout the 

season were all fairly similar (Figure 2.16). However, these trees also all had similar 

canopy radii estimates, varying only between 4 and 5 m (Table 2.1). Therefore, the PCA 

and the canopy radius may have affected the amount of water reaching the sub-canopy 

environment, whereby larger PCA and canopy radius measurements may have resulted in 
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greater interception and less SW storage. Next, the mean SW storage 1 m away from the 

bole was consistently greater than the mean SW storage 0.1 m away from the bole for red 

oak and eastern hemlock (Figure 2.17). The mean SW storage for eastern white pine 

throughout the season was fairly similar between both access tubes (Figure 2.17). It was 

also clear that the number of days since the previous rainfall did not seem to affect the 

relationship between SW storage 0.1 and 1.0 m from the bole (Figure 2.17).  
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Figure 2.14. The total and mean water storage (mm) corresponding to 3 red oak (Or) 

trees both 0.1 m away from the bole (a) and 1 m away from the bole (b) from June 2
nd

, 

2016 to October 21
st
, 2016 at PC1. 
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Figure 2.15. The total and mean water storage (mm) corresponding to 3 eastern white 

pine (Pw) trees both 0.1 m away from the bole (a) and 1 m away from the bole (b) from 

June 2
nd

, 2016 to October 21
st
, 2016 at PC1. 
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Figure 2.16. The total and mean water storage (mm) corresponding to 3 eastern hemlock 

(He) trees both 0.1 m away from the bole (a) and 1 m away from the bole (b) from June 

2
nd

, 2016 to October 21
st
, 2016 at PC1. 
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Figure 2.17. Comparing mean SW depths 0.1 m from the bole and 1 m from the bole to a 

1:1 relationship line for red oak (a), eastern white pine (b), and eastern hemlock (c), 

denoted with the days since the last rainfall event recorded from June 2
nd

, 2016 to 

October 21
st
, 2016 at PC1.  
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 The SW storage corresponding to each sampling tree was also compared to the 

total precipitation inputs, including TF and SF volumes 0.1 m from the bole, and TF 

volumes 1 m from the bole (Figures 2.18-2.20). The SW storage was positively affected 

by the precipitation inputs at both sampling locations for all tree species (Figures 2.18-

2.20). Thus, SW storage depths at both 0.1 m and 1 m sampling locations increased 

greatly with larger precipitation inputs (Figures 2.18-2.20). The mean SW storage 

appeared to be greater at 1 m from the bole for both red oak and eastern hemlock than for 

0.1 m from the bole (Figures 2.18, 2.20). These differences between the mean SW storage 

at 0.1 m and 1 m sampling locations were significant for both red oak (W= 144, p= 

0.045) and eastern hemlock (W= 91, p= 0.00081) using separate Wilcoxon rank sum tests 

(p < 0.05). No significant difference was found for eastern white pine (W= 235, p= 0.73). 

Conversely, the total water input as a volume was larger 0.1 m from the bole than at 1 m 

from the bole due to the inclusion of TF and SF for all tree species (Figure 2.18-2.20). In 

addition, the change in SW storage between sampling weeks became more positive as the 

TF depth increased for each tree of each species, both 0.1 m and 1.0 m from the bole 

(Figures 2.21, 2.22). Positive changes in SW storage occurred when TF depth was 

approximately 14 mm (± 7 mm), 8 mm (± 0.4 mm) and 12 mm (± 6 mm) for red oak, 

eastern hemlock, and eastern white pine, respectively. These threshold estimates were 

found by deriving the mean TF depth whereby the smallest TF depth for each sampling 

tree throughout the sampling season was able to generate a positive change in SW 

storage.  
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Figure 2.18. Mean SW storage and weekly precipitation inputs, including TF volumes 

(mL) and mean SF volumes (mL) 0.1 m from the bole (a) and TF volumes (mL) 1 m 

from the bole (b) corresponding to three red oak (Or) trees from June 2
nd

, 2016 to 

October 21
st
, 2016 at PC1. 
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Figure 2.19. Mean SW storage and weekly precipitation inputs, including TF volumes 

(mL) and mean SF volumes (mL) 0.1 m from the bole (a) and TF volumes (mL) 1 m 

from the bole (b) corresponding to three eastern white pine (Pw) trees from June 2
nd

, 

2016 to October 21
st
, 2016 at PC1. 
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Figure 2.20. Mean SW storage and weekly precipitation inputs, including TF volumes 

(mL) and mean SF volumes (mL) 0.1 m from the bole (a) and TF volumes (mL) 1 m 

from the bole (b) corresponding to three eastern hemlock (He) trees from June 2
nd

, 2016 

to October 21
st
, 2016 at PC1. 
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Figure 2.21. Mean change in soil water storage (ΔSo) (mm) 0.1 m from the bole per 

sampling week as a function of throughfall (TF) depth (mm) for three red oak (Or) (a), 

eastern white pine (Pw) (b), and eastern hemlock (He) (c) trees from June 2
nd

, 2016 to 

October 21
st
, 2016 at PC1. 
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Figure 2.22. Mean change in soil water storage (ΔSo) (mm) 1.0 m from the bole per 

sampling week as a function of throughfall (TF) depth (mm) for three red oak (Or) (a), 

eastern white pine (Pw) (b), and eastern hemlock (He) (c) trees from June 2
nd

, 2016 to 

October 21
st
, 2016 at PC1. 
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2.4.8 Transpiration and soil evaporation 

 Mean daily ET rates (mm/d) from the soil profile were calculated for each 

sampling tree. Red oak, eastern white pine, and eastern hemlock all followed 

approximately the same pattern throughout the sampling season (Figure 2.23). No major 

differences were observed amongst trees of the same species throughout the sampling 

season (Figure 2.23). Some outliers are evident corresponding to certain trees, namely 

Pw-03; nevertheless, this may be expected given that only three trees of each species 

were sampled (Figure 2.23b). Negative daily ET values occurred during instances when 

the positive change in storage depth between sampling weeks was greater than the TF 

depth input since it was assumed that the input of SF to the soil profile was negligible and 

the respective magnitudes of infiltration and runoff were not included in these estimates. 

Therefore, the recorded mean and standard deviation values were calculated solely using 

positive daily ET values, given that negative ET is physically unrealistic. The mean daily 

ET rate per species was 2.3 mm/d (± 1.4 mm/d) for red oak, 2.4 mm/d (± 2.0 mm/d) for 

eastern white pine, and 1.6 mm/d (± 0.8 mm/d) for eastern hemlock, respectively. 

Therefore, the mean daily ET for eastern hemlock trees was lower than for both red oak 

and eastern white pine trees; potentially reflecting the lower CGF estimates 

corresponding to eastern hemlock trees. Lower CGF estimates indicate more shading of 

the ground by the canopy and therefore would likely cause less direct evaporation from 

the soil surface. By comparing the mean daily ET rates to Penman-Monteith ET rates 

(PET) computed during the same time period at PC1 in a separate study, it is evident that 

these data follow different patterns (Figures 2.23, 2.24). The PET mean daily rates were 

relatively high during the mid-point of the growing season (between DOY 230 and 290), 

and then decreased toward the end of the growing season. This difference in ET rates 
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may be present due to the fact that the PET rates also include ET from the canopy, 

whereas the ET rates calculated throughout this study only focused on ET losses from the 

soil profile as a combination of transpiration uptake and direct evaporation from the soil. 
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Figure 2.23. Mean daily evapotranspiration (ET) rates (mm/d) for red oak (a), eastern 

white pine (b), and eastern hemlock (c) from June 2
nd

 2016 to October 21
st
, 2016 at PC1. 
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Figure 2.24. Mean daily Penman-Monteith evapotranspiration (PET) rates (mm/d) from 

June 2
nd

 2016 to October 21
st
, 2016 at PC1.  

 

2.5 DISCUSSION   
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In addition, the mean total TF, SF, and I depths for all tree species were approximately 

269 mm, 0.5 mm, and 170 mm, respectively. Therefore, the mean total TF, SF, and I 
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1984 at the Plastic Lake catchment found that total TF, SF, and I were approximately 42, 

1, and 57 % of the total water input, respectively (Neary and Gizyn, 1994). In addition, 

Johnson (1990) found that in a coniferous stand dominated by Sitka spruce in Highland 

Scotland, the mean total TF, SF, and I were 69, 3, and 28% of the total ACP, respectively. 
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Therefore, TF and I components of the total water input were within the same order of 

magnitude as previous studies; however, SF was an order of magnitude smaller. This 

difference may be due to sampling error in the estimated SF depths when sampling 

equipment overflowed since these estimates were likely conservative. Also, potential 

inaccuracy in the projected canopy area measurements could cause smaller mean total SF 

estimates per species if these measurements were too large. Similar results to those found 

at PC1 were also collected from an oak, maple, and beech dominated stand in 

Mississauga, Ontario, where TF, SF and I were 76, 4.3, and 19% of the total water input, 

respectively (Carlyle-Moses and Price, 1999). Also, TF at PC1 comprised 71, 63, and 

49% of the total ACP for red oak, eastern white pine, and eastern hemlock trees, 

respectively. In comparison, Neary and Gizyn (1994) found that TF comprised 74 and 

84% of the total water input at coniferous and deciduous-dominated sites, respectively. 

Therefore, the deciduous tree species studied at PC1 also had the largest TF component 

of the total water input. Also, similar to the other study cited above, TF comprised the 

largest component of the total water input and SF comprised the least. 

2.5.2 Variation in above-canopy precipitation and its effect on throughfall, stemflow, and 

interception 

The magnitude of ACP varied throughout the sampling season, which is to be 

expected given the typical natural variation in storm size, frequency, intensity and 

duration that accompanies rainfall (Crockford and Richardson, 2000). This variation also 

controlled the amount of TF and SF recorded each sampling week since the increase in 

precipitation input above the forest canopy intuitively would result in greater water fluxes 

reaching the sub-canopy environment as TF and SF. The production of sub-canopy 

precipitation inputs has been shown to increase with the size of a precipitation event in 
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many previous studies (Kuraji et al., 1997; Kuraji et al., 2001). A strong relationship was 

also noted between ACP and I; however, the ratio of I to ACP was highest when less ACP 

was recorded. This indicates that greater ACP generally results in less I as a portion of the 

total precipitation reaching the top of the canopy, which was also found by Wani and 

Manhas (2012), Singh (1987), and Ford and Deans (1978). Although the relationship 

between ACP depth and precipitation intensity was unclear, it could be possible that high 

intensity storms would also result in less I as a fraction of ACP. For instance, it has 

previously been noted that smaller, low-intensity precipitation events resulted in more I 

relative to ACP (Crockford and Richardson, 2000). Herwitz (1987) found that SF 

production relative to rainfall amount increased during small, low-intensity storms. 

Although it was not measured in this study, the timing of precipitation events could also 

influence the proportion of TF, SF, and I relative to ACP since I tends to decrease during 

later event stages once the canopy has reached its storage capacity (Xiao et al., 2000). 

2.5.3 The influence of canopy characteristics on throughfall 

Since red oak was the only deciduous tree species included in this study, it was 

predicted that the relative magnitudes of SF and TF production corresponding to these 

sampling trees would differ from the other coniferous tree species due to their differing 

branch sloping patterns. This was observed since red oak trees produced the greatest 

amounts of TF compared with eastern white pine and eastern hemlock trees at PC1. It 

should also be noted that though previous studies have found TF to be highly variable in 

both time and space (Johnson, 1990), these depth estimates were likely quite accurate 

given that the troughs used to capture TF would overcome much of the heterogeneity of 

this input, whereas single gauges may be less effective (Buttle et al., 2014). Park and 

Cameron (2008) concluded that differences in the relationship between TF and ACP 
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between trees in a multi-species tropical forest in the Republic of Panama were mostly 

driven by species canopy traits, including crown length, CGF, leaf shape and orientation, 

branch angles, and bark roughness. Indeed, Wani and Manhas (2012) found that TF 

relative to ACP was negatively correlated with downward facing branch patterns; 

meaning TF should be higher for deciduous tree species. Branch architecture is only one 

consideration when comparing TF inputs between species, and the stand density and CGF 

should also be considered. Since red oak and eastern white pine sampling trees were 

selected and sampled within the same stand, these data may only be compared to eastern 

hemlock. The stand density corresponding to red oak and eastern white pine exceeded 

that for the eastern hemlock stand; however, eastern hemlock generated the least amount 

of total TF throughout the season and often during individual sampling weeks. These 

findings are counterintuitive since thinner forest canopies generally result in greater TF 

inputs (Stogsdill Jr. et al., 1989). While considering the CGF as a potential factor 

affecting the TF magnitude corresponding to each sampling tree, it was predicted that 

denser canopies would result in lower TF since the canopy would capture more 

precipitation and either cause water to evaporate as I or be re-directed as SF (Staelens et 

al., 2006). Although the estimates of CGF were highly variable within and between tree 

species and between the stages of the growing season, the absence of leaves from 

deciduous trees, like red oak, during portions of the study period may have resulted in 

greater TF estimates on sampling weeks during pre-leaf-out and post-senescence. In 

addition, eastern hemlock trees had the lowest CGF estimates and therefore this could 

have been a reason for the lower TF magnitudes corresponding to this tree species 

throughout the sampling season. 
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2.5.4 The influence of canopy characteristics and bark roughness on stemflow 

SF volumes recorded in forest ecosystems have been suggested to vary based on 

tree species, tree size, and meteorological conditions (Levia et al., 2010). Perhaps most 

importantly, a study by Ahmed et al. (2015) found that both the canopy architecture and 

direction of branches had an effect on the SF yield while comparing white mulberry 

(Morus alba) and bhimal (Gewia optiva) trees. At PC1 it was assumed that red oak trees 

would generate the most SF throughout the sampling season due to their upward sloping 

branch architecture. The distinction in the differing branching patterns of deciduous and 

coniferous trees was noted by Buttle et al. (2014), who observed that SF fluxes 

corresponding to deciduous trees in the Ganaraska Forest, ON, were greater than fluxes 

for coniferous trees. In contrast, eastern hemlock at PC1 generated the most SF, observed 

as a total depth throughout the season, followed closely by red oak. However, given that 

red oak SF sampling collectors experienced the most overflows throughout the sampling 

season, it is possible that red oak actually produced the greatest SF depth. Potential 

explanations for why greater SF occurred for eastern hemlock could be due to the 

differing bark textures and CGF estimates for each sampling species. Bark roughness can 

greatly impact SF volumes per tree, whereby smooth-barked trees generally have been 

documented to produce more SF than rough-barked trees (Voigt, 1960; Aboal et al., 

1999; Levia and Frost, 2003; Levia and Herwitz, 2005; Carlyle-Moses and Price, 2006; 

Levia et al., 2010). Given that eastern hemlock trees had the smallest mean distance 

recorded between the bark and measuring tape and corresponding standard deviation, this 

would indicate that eastern hemlock trees had smoother bark than either red oak or 

eastern white pine. In addition, eastern hemlock had the smallest CGF estimates recorded 

out of all sampling species. In this way, the denser canopies corresponding to eastern 



 

 
69 

hemlock may have captured more ACP, which was subsequently redirected as SF. 

Therefore, both the branching patterns and bark roughness may have affected the 

magnitude of SF each tree species produced throughout the sampling season; however 

bark roughness was an especially important factor for eastern hemlock.   

2.5.5 Interception variation between season and species  

Eastern hemlock trees had the greatest I values whereas red oak trees had the 

lowest I values throughout the sampling season. Although the magnitude of I relative to 

ACP varied throughout the season, each tree species followed a similar trend throughout 

the sampling period after the pre-leaf-out stage of the growing season. Therefore this 

variation was most likely in response to precipitation characteristics rather than 

seasonality. Since the I measurements recorded in this study were dependent on the 

volume of TF and SF also recorded, it is logical that eastern hemlock would have the 

largest I values, whereas red oak would have the smallest I values. Even though eastern 

hemlock produced the greatest amount of SF throughout the sampling season, SF 

measurements were essentially negligible when determining I values for the different 

species since they were approximately two orders of magnitude smaller than TF 

measurements. Since the TF measurements corresponding to eastern hemlock were the 

smallest and those corresponding to red oak were the highest, it follows that the I 

measurements were the greatest for eastern hemlock and the smallest for red oak. Buttle 

and Farnsworth (2012) found that differences in canopy cover, LAI and stand density did 

not account for differences in the ratio between I and ACP in various red pine plantation 

stands. In addition, Johnson (1990) highlighted that although the ratio of TF to SF may be 

influenced by the tree age, I was typically unaffected. It can be assumed that the findings 

presented by Buttle and Farnsworth (2012) and Johnson (1990) do not apply to the 
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present study since I was calculated based on TF and SF measurements for each specific 

sampling tree at PC1 rather than for a complete forest stand, and TF and SF for each tree 

were influenced by canopy characteristics. It can therefore be assumed that the ratio 

between I and ACP may also have been influenced by differing canopy characteristics 

between red oak, eastern white pine and eastern hemlock tree species.  

2.5.6 Soil water content variation by season, species and distance from bole 

A study by Jackson et al. (1999) found that in general the VWC at a given depth 

surrounding each studied tree species was shown to increase with increased depth. This 

relationship between VWC and depth was observed at PC-1 and would be expected given 

the natural downward movement of mobile water in the soil profile combined with 

evaporation from the soil surface. Also at PC-1, variation in total SWC in the soil profile 

throughout the season responded to variations in ACP magnitude and the change in SW 

storage per sampling week was positively related to TF depth for each sampling tree. 

Although soil characteristics, mainly soil texture, can also greatly impact SWC (Saxton et 

al., 1986), the soil characteristics corresponding to the red oak, eastern white pine and 

eastern hemlock measurements were all very similar. Therefore, the sampling site soil 

characteristics were not considered as a major factor affecting the variation in SWC 

values between species. However, it should be noted that the distribution of rocks and 

roots was not analyzed throughout this study and may also impact the SWC. Given that 

the SW depth below-canopy was different between each species despite similar soil 

characteristics, these differences were likely a result of the differing magnitudes of water 

inputs reaching the sub-canopy environment surrounding each tree species. Buttle et al. 

(2014) found that soil water recharge deeper than 1 m below the soil surface was in 

general greater surrounding the bole of the tree, rather than 1.5 m away from the bole. It 
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was concluded that the deep VWC values near the tree bole were likely a result of the SF 

input (Buttle et al., 2014). In contrast, at PC1 the mean SW storage 1 m from the bole was 

typically greater than at 0.1 m from the bole for red oak and eastern hemlock trees, which 

were the tree species that generated the greatest amounts of SF. Therefore, the TF input 

appeared to have a greater impact than SF on the SWC when analyzing the total SWC in 

the profile. Bialkowski and Buttle (2015) found that TF increased with distance from the 

bole, which could also account for the greater SW storage 1 m from the bole. Conversely, 

the total water input was likely largest 0.1 m from the bole due to SF reaching the soil 

surface here. SW storage may have been smaller 0.1 m from the bole, despite the 

additional SF input if water was able to flow more quickly through the mineral soil along 

preferential pathways created by the trees’ root systems to contribute to groundwater 

recharge. Perhaps to confirm the influence of SF on SWC fully, sampling immediately 

following precipitation events would have been necessary. Finally, these differences 

between the input of water reaching each sampling location and SWC may also suggest 

that red oak and eastern hemlock trees could be preferentially using the water stored in 

soil near the bole for plant-water uptake. 

2.5.7 Transpiration and soil evaporation differences between species 

 Given that the soils surrounding each tree species seemed to follow the same 

trend in ET throughout the sampling season, it is clear that the rate of ET was primarily 

controlled by meteorological factors. The mean daily ET rate from the soil profile was 

the highest for eastern white pine, followed closely by red oak, and was the lowest for 

eastern hemlock trees. This is intuitive since TF depths of eastern white pine and red oak 

were relatively high compared to eastern hemlock throughout the sampling season and 

TF was used as the sole input to calculate ET rates from the soil profile. Therefore, the 
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ET estimates are highly dependent on the TF inputs. However, Bouten et al. (1992) found 

that when the amount of TF was low, the water held in the soil was used almost entirely 

for transpiration. Therefore, greater TF resulted in higher ET rates at PC1; however, 

perhaps when TF is low, transpiration uptake may be higher than direct soil evaporation 

rates. The differing canopy characteristics could also be a factor in determining the mean 

daily ET rate. In particular, the CGF would provide an estimate of the level of light 

penetration through the canopy, which could help drive soil water evaporation. Eastern 

hemlock trees consistently had the lowest CGF throughout the season and therefore this 

would limit the magnitude of evaporation from the soil in the sub-canopy environment 

beneath these trees. It should also be noted that the methods used in this study to evaluate 

the rate of ET were highly simplified given that only TF and the change in SW storage 

were included in the water balance equation. Previous studies may have more accurately 

measured transpiration by tracing the rate of tritiated water use in vegetation (Kline et al., 

1976) or by using models to estimate evaporation from both the soil and leaf surfaces 

(Gash et al., 1995). Due to the approximate nature of the ET estimates in this study, it 

was assumed that the negative values of mean daily ET were incorrect and were 

subsequently ignored when making comparisons between species. Due to the 

heterogeneity of the TF input and the associated uncertainty of the SWC values 

surrounding the sampling trees, these negative values could simply be the result of 

sampling error. For instance, Bialkowski and Buttle (2015) found that the estimated error 

of the total annual soil water recharge beneath sugar maple and eastern white pine trees 

was approximately 35 to 53 mm. More than likely, however, these negative mean daily 

ET rates would occur in instances when the TF input was unable to be accurately 
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estimated (DOY: 230) and so a linear regression was relied upon to calculate TF depths. 

If these regressions produced estimates of TF depths that were too conservative, then the 

mean daily ET rate estimates would also be under-estimated, and thus be potentially 

negative. 

2.6 CONCLUSION 

 
The objective of this chapter was to explore water partitioning differences 

between tree species in a mixed northern forest, and thereby determine how this affected 

SW storage in the sub-canopy environment. The first research hypothesis stated that the 

deciduous trees studied would produce more SF by directing water closer to the bole of 

the tree, whereas coniferous trees would direct water more heterogeneously beneath their 

canopies throughout the sampling season. Consequently, the second research hypothesis 

stated that SW storage would be greater near the bole of deciduous trees compared to 

coniferous trees. Red oak was the only studied deciduous tree species that was dominant 

throughout the PC1 sub-catchment, and therefore according to the first hypothesis it was 

assumed that these sampling trees would direct the largest amount of precipitation near 

individual tree boles as SF. Also, this re-direction of water inputs to near the bole was 

predicted to result in SW storage being greater closer to the bole of red oak trees. The first 

hypothesis was not supported throughout the duration of the sampling season. Red oak 

trees did generate the most TF and the second most SF in total throughout the sampling 

season, most likely due to the upward sloping branches corresponding to this deciduous 

tree species. However, total SF throughout the sampling season was highest for eastern 

hemlock trees. This could have potentially been a function of bark roughness, since 

eastern hemlock trees had the smoothest bark compared to red oak and eastern white 
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pine, or the fact that eastern hemlock trees also had the smallest CGF estimates. In 

addition, red oak and eastern hemlock SF sampling buckets overflowed the most 

throughout the sampling season due to greater SF production relative to eastern white 

pine. Consequently, I also varied between tree species based on both precipitation and 

canopy characteristics. Eastern hemlock had the highest I throughout the season, whereas 

red oak had the least. The second hypothesis was that the SW storage would be greater 

near the bole, rather than further from the bole due to SF inputs to the soil near the bole 

for red oak sampling trees. This, again, was not observed throughout the sampling 

season. Instead, SW storage was generally found to be greater 1 m away from the tree 

bole for red oak and eastern hemlock, rather than 0.1 m away, even though the SF input 

for these trees exceeded that for eastern white pine. This suggests that the SW storage was 

more dependent on the TF input corresponding to these trees, or that SF inputs more 

readily flowed along root pathways directly at the base of the tree to either contribute to 

groundwater or plant-water uptake. It should also be considered that the time between 

precipitation events and SWC measurements could have been too long and did not 

account for water moving quickly through the soil profile near the bole of the tree.  

Ultimately, this study aimed to clarify the role of the canopy in altering 

precipitation partitioning in forested environments. This is particularly relevant due to the 

increased hydrological changes predicted to occur in northern environments as a result of 

climate change (Carey et al., 2010). It is therefore becoming increasingly more important 

to understand not only how different tree species alter water movement in forests, but 

also how these species would respond to any potential future hydrological changes 

(Keller et al., 2005; Bertrand et al., 2012; Bertrand et al., 2014). This study reinforces the 
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notion that both the different branch and bark characteristics of various tree species have 

a large impact on the amount and preferred pathway of water resources in the sub-canopy 

environment. Since eastern hemlock trees produced the greatest amount of SF, it is 

evident that only accounting for branching angles by simply categorizing a forest stand as 

coniferous or deciduous does not account for critical factors such as how the bark 

roughness and CGF may affect water moving through the canopy. As such, future 

research studying the movement of water in forested environments should consider the 

tree species to be a vital factor affecting observed flow patterns. 
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CHAPTER 3: Controls on the Isotopic Signature of Xylem Water in a Northern Mixed 

Forest 

3.1 ABSTRACT 

 
 This chapter analyzes the isotopic signature of water from all potential sources in 

a mixed temperate forest in order to see if ecohydrological separation occurs and assess 

its possible cause. It focuses on the role of the canopy in isotopically fractionating input 

water sources entering the sub-canopy environment. Xylem water and bulk soil water 

samples were obtained from five red oak, eastern white pine, eastern hemlock and eastern 

white cedar trees at all stages of the growing season from October 2015 to October 2016. 

In addition, three red oak, eastern white pine and eastern hemlock trees were 

instrumented to measure the isotopic signature of throughfall and stemflow between June 

2
nd

, 2016 and October 21
st
, 2016. The δ

2
H and δ

18
O signatures of above-canopy 

precipitation, snowmelt and suction lysimeter soil water samples were also compared. 

Throughfall, stemflow, snowmelt and suction lysimeter samples did not deviate 

significantly from the global and local meteoric water lines. In contrast, both xylem water 

and bulk soil water displayed evidence of isotopic fractionation. Xylem water samples 

were significantly more depleted in δ
2
H and δ

18
O relative to bulk soil water samples. In 

addition, xylem water samples corresponding to coniferous trees became more enriched 

in δ
2
H and δ

18
O throughout the season, whereas red oak became more depleted. Xylem 

water for all trees had an isotopic signature that was different from all other water 

sources; therefore, the two water worlds hypothesis was not supported given that no 

distinct water source was found in the soil that only contributes to plant-water uptake. In 

addition, the difference in isotopic composition between xylem water and soil water that 

was evident could not be attributed to potential isotopic fractionation of precipitation due 
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to interaction with the canopy. Possible explanations for the observed difference in 

isotopic composition include: sampling error whereby water sources, such as deep water 

pools, were not sampled; an unknown isotopic fractionation process within the sampling 

trees themselves; or an error in the isotopic signature of xylem water due to cryogenic 

extraction. 

3.2 INTRODUCTION 

 
Recent work in the field of ecohydrology has questioned the widely accepted 

concept that water within the soil exists as a well-mixed reservoir (Brooks et al., 2010; 

Goldsmith et al., 2012; McDonnell, 2014; Evaristo et al., 2015). It was previously 

acknowledged that as water reaches the sub-canopy environment within forests, it would 

saturate the soil until it reached its saturation capacity (Horton and Hawkins, 1965). 

When the soil reached this point, it was claimed that subsequent water inputs would then 

runoff the surface of the soil horizontally as overland flow (Horton and Hawkins, 1965) 

and water held within the soil would infiltrate deeper into the soil profile (Horton, 1941). 

Contrary to this principle, recent studies have suggested that two distinct water flow 

pathways exist within the soil, resulting in an ecohydrological separation of water 

resources in the environment (Brooks et al., 2010; Goldsmith et al., 2012; Evaristo et al., 

2015; Bowling et al., 2016). McDonnell (2014) coined this phenomenon the “two water 

worlds hypothesis” after analyzing work using stable water isotopes, namely 
2
H and 

18
O, 

whereby the isotopic signatures of plant water samples displayed evidence of more 

isotopic fractionation compared to water in the surrounding soils (McDonnell, 2014). It 

was suggested that “blue water,” which is mobile within the soil, percolates through the 

soil pores and contributes to groundwater and streamflow generation (McDonnell, 2014; 
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Evaristo et al. 2015). Secondly, “green water,” which is tightly bound within the soil, was 

thought to be used by vegetation and subsequently contribute to transpiration 

(McDonnell, 2014; Evaristo et al. 2015). However, by comparing the water held in the 

xylem material of trees to all potential water sources in a forest catchment, it should be 

assumed that the isotopic signature of xylem water should be representative of one or 

more sources of water used by a particular tree (Wershaw et al., 1966; White et al., 1985; 

Brunel et al., 1991; Dawson and Ehleringer, 1991; Thorburn et al., 1993; White and 

Smith, 2015).  

Given that differences in the forest canopy can lead to partitioning differences in 

the input of water reaching the sub-canopy environment (Levia et al., 2011; Allen et al., 

2014), it could be assumed that this could also affect the isotopic signature of input water 

(Gat and Tzur, 1968). For instance, evaporation due to interception (I) loss or the 

residence time of throughfall (TF) and stemflow (SF) within the canopy may alter the 

isotopic composition of above-canopy precipitation (ACP) (Levia et al., 2011). TF and 

SF are typically isotopically heavier than corresponding ACP from partial evaporation in 

the canopy; however, the isotopic signatures of ACP, TF and SF are variable within and 

among precipitation events (Saxena, 1986; Ikawa et al., 2011; Kato et al., 2013). Also, 

given that SF has the longest residence time in the canopy, SF typically undergoes the 

most isotopic fractionation (Ikawa et al., 2005). Similarly, shallower soil water is 

typically isotopically heavier than deeper soil water or groundwater due to the increased 

opportunity for evaporation to occur (Berry et al., 2014). It is also essential to monitor the 

plant-water uptake strategies of various tree species throughout the duration of the 

growing season since different tree species may have different water demands and water 
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stress could occur during periods of low water availability (Phillips and Ehleringer, 1995; 

Snyder and Williams, 2007; White and Smith, 2015). This could therefore alter both the 

quantity and source of water use by trees in a forested catchment. The residence time of 

water in tree canopies may cause isotopic fractionation. Therefore this should also be 

studied in relation to the two water worlds hypothesis. In particular, the notion that water 

that may have undergone isotopic fractionation in the canopy and could be the source of 

plant-water uptake has yet to be analyzed.  

This chapter seeks to compare the isotopic signature of all sources of potential 

water uptake by trees for transpiration, including ACP, TF, SF, mobile soil water and 

bulk soil water samples, which would include all water held within the soil, and xylem 

water within the sub-canopy environment in a mixed northern forest. In addition, data 

from snowmelt samples collected from the Paint Snowmelt Collector (PTSM) between 

November 23
rd

 2015 and April 18
th

, 2016, were compared to the previously mentioned 

data. The purpose was to determine the most likely source of water for plant-water uptake 

for both deciduous and coniferous trees throughout the sampling season. In accordance 

with the two water worlds hypothesis, the first hypothesis of this chapter states that the 

isotopic signature of plant water will reflect that of bulk soil water, rather than ACP. The 

second hypothesis states that the isotopic signature of SF will display more evidence of 

isotopic fractionation than TF. This hypothesis is based on the assumption that SF has a 

longer residence time in the canopy, and therefore has a greater potential to undergo 

evaporative fractionation. Finally, the third hypothesis states that trees that generate more 

SF will have xylem water that has an isotopic signature similar to that of SF. This 

hypothesis assumes that trees would use SF for plant-water uptake being input directly 
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around the bole of the tree. Results corresponding to the depth of ACP, TF, SF, SWC and 

the daily rate of ET from the soil profile from the previous chapter, titled Chapter 2: 

Canopy Water Partitioning and Soil Water Recharge in a Northern Mixed Forest, will be 

used to test these hypotheses.  

3.3 METHODS 

 
3.3.1 Xylem water sampling 

 Four dominant tree species in the PC1 sub-catchment were selected to conduct 

xylem water sampling: red oak, eastern white pine, eastern hemlock and eastern white 

cedar. Five mature trees with similar diameter at breast heights (DBH) were chosen for 

each of the four species (Table 3.1). Xylem water was sampled following methods 

standardized throughout all sampling sites included in the Vegetation effect on water flow 

and mixing in high-latitude ecosystems (VeWa) Project. In particular, xylem water was 

sampled six times between October 2015 to November 2016, including post-senescence 

2015 (October 26, 2015 to November 3, 2015), pre-leaf-out 2016 (April 26, 2016 to April 

29, 2016), post-leaf-out 2016 (June 20, 2016 to June 22, 2016), peak-leaf-out 2016 

(August 8, 2016 to August 10, 2016), pre-senescence 2016 (September 23, 2016 to 

September 24, 2016), and post-senescence 2016 (November 2, 2016 to November 4, 

2016). During each sampling period, an increment borer (3-thread, 5.15 mm core) was 

used to obtain a core at breast height from each tree. The core was taken at a tangent to 

obtain xylem plant material rather than the heartwood within the tree bole. Bark material 

was removed and the core was then broken into pieces while wearing rubber nitrile 

gloves and stored in 200-mL glass scintillation vials with zero headspace. These vials 
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were taped, sealed with Parafilm, and stored in a freezer to prevent any exchange with the 

atmosphere. 

Table 3.1. Mensuration data, including tree height (m), diameter at breast height (DBH) 

(cm) and projected crown area (PCA) (m
2
) for all red oak (Or), eastern white pine (Pw), 

eastern hemlock (He) and eastern white cedar (Ce) trees used for xylem water and bulk 

soil water sampling at PC1. 

Sampling Tree Height (m) DBH (cm) PCA (m
2
) 

Or-01 22.3 50.6 21.4 

Or-02 20.5 59.5 44.8 

Or-03 17.8 66.5 107.5 

Or-04 13.6 50.8 75.4 

Or-05 19.4 57.9 111.2 

Pw-01 17.6 60.5 21.0 

Pw-02 30.1 62.4 12.7 

Pw-03 26.8 53.2 78.5 

Pw-04 31.2 51.2 52.2 

Pw-05 20.3 47.4 25.1 

He-01 17.5 34.1 39.0 

He-02 13.5 40.4 87.4 

He-03 18.5 41.2 62.2 

He-04 17.8 35.2 63.6 

He-05 16.9 39.5 70.9 

Ce-01 11.2 22.6 9.1 

Ce-02 10.9 25.5 9.1 

Ce-03 11.5 25.1 10.5 

Ce-04 8.5 21.3 7.8 

Ce-05 11.1 26.6 8.6 

 

 

3.3.2 Bulk soil water sampling 

 Bulk soil samples were obtained for each of the five trees of the four dominant 

species sampled for xylem water concurrent with xylem water sampling. Bulk soil water 

was also obtained using methods standardized across sampling sites included in the 

Vegetation effect on water flow and mixing in high-latitude ecosystems (VeWa) Project, 

and represents all water stored within the soil, which could include both mobile and/or 
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tightly-bound water. Bulk soil water was sampled six times between October 2015 to 

November 2016, including post-senescence 2015, pre-leaf-out 2016, post-leaf-out 2016, 

peak-leaf-out 2016, pre-senescence 2016, and post-senescence 2016. Samples were 

obtained 1 m from the tree bole in a randomized direction. Upon removing the litter 

layer, soil was collected using an auger at 5 cm depth increments until bedrock was 

reached. A minimum of 40 g of soil was collected to analyze the water content within the 

sample. Samples were then double-bagged in Ziploc bags, while minimizing any stored 

air, and stored at 4°C prior to analysis. 

3.3.3 Suction lysimeter soil water sampling 

 Suction lysimeters were installed in the field at the base of each sampling tree 

instrumented for TF collection described in Chapter 2: Canopy Water Partitioning and 

Soil Water Recharge in a Northern Mixed Forest. Four suction lysimeters were installed 

at each tree at 0.1 m and 0.4 m depths at locations 0.1 m and 1.0 m away from the tree 

bole in a randomized direction. All suction lysimeters were sampled for available soil 

water and re-set weekly between June 2
nd

, 2016 and October 21
st
, 2016 to a minimum 

negative air pressure of 60 kPa using a hand pump. Any water samples obtained were 

stored in sealed, glass vials with zero headspace at 4°C prior to isotopic analysis. 

3.3.4 Precipitation sampling 

 Canopy water fluxes (ACP, TF and SF) were measured following methods 

described in Chapter 2: Canopy Water Partitioning and Soil Water Recharge in a 

Northern Mixed Forest. A plastic pipette was used to obtain samples from the collectors, 

which were rinsed with deionized water in the field following sampling. Samples were 

stored in one-dram glass vials at 4°C and taped to prevent atmospheric exchange prior to 

analysis.  
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3.3.5 Laboratory analysis 

Two different laboratories performed the isotopic analyses to determine the 

isotopic signatures of deuterium (
2
H) and oxygen-18 (

18
O) in the samples. These isotopic 

signatures were expressed using delta (δ) notation as per mille/parts per thousand (‰) 

deviations from Vienna Standard Mean Ocean Water- Standard Light Antarctic 

Precipitation (VSMOW-SLAP) using: 

δ(‰) = (Rsample/RVSMOW-SLAP-1) * 1000‰                                                         (3.1) 

whereby R denotes the 
18

O/
16

O or 
2
H/

1
H ratios (Coplen et al., 2002). Tree core samples 

representing the xylem water were analyzed at the Boise State University Stable Isotope 

Laboratory. Cryogenic extraction, first performed by Dalton (1989), was used to extract 

the xylem water from the cores, followed by mass spectrometry to analyze the water’s 

isotopic signature using a Thermo Delta V Isotope Ratio Mass Spectrometer (IRMS) 

coupled with Thermo TC/EA configured for water injection analyses (Koeniger et al., 

2011). The precision of this sampling was ±1.0 ‰ for 
2
H and ±0.1 ‰ for 

18
O. The 

Global Institute for Water Security at the University of Saskatchewan analyzed the bulk 

soil samples using vapour extraction of the water in an equilibrium state from the sealed 

Ziploc bags, followed by mass spectrometry. The University of Saskatchewan also 

performed all isotopic analysis of ACP, TF, SF and suction lysimeter samples. All mass 

spectrometry of samples performed by the University of Saskatchewan was done using 

Los Gatos Research Liquid Water Off-Axis Integrated-Cavity Output Spectroscopy (Off-

Axis ICOS) with a precision of ≤ ±1.0 ‰ for 
2
H and ±0.2 ‰ for 

18
O. 

3.3.6 Local meteoric water line and line-conditioned excess calculations 

The isotopic signatures of all samples were compared with the global meteoric 

water line (GMWL) and the local meteoric water line (LMWL) for PC1 during the 
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sampling season. The equation used to determine the GMWL is δ
2
H = 8.0 * δ

18
O + 10‰ 

(Craig, 1961; Klaus et al., 2015). The LMWL was determined by comparing δ
2
H and 

δ
18

O in a dual-isotope plot for all ACP values from June 2
nd

, 2016 to October 21
st
, 2016 

(Klaus et al., 2015). The LMWL for PC1 was derived from the best-fit regression 

relationship between δ
2
H and δ

18
O. In addition, the line-conditioned excess (lc-excess) 

was calculated for all samples in order to compare their isotopic signatures. This 

parameter defines the degree of deviation from the LMWL using the equation: 

lc-excess=δ
2
H -a*δ

18
O-b                                                                                              (3.2) 

where a is the slope and b is the intercept of the LMWL (Landwehr and Coplen, 2006). 

Negative lc-excess values indicate that a given sample has undergone evaporative 

enrichment in δ
2
H and δ

18
O relative to the LMWL (Landwehr and Coplen, 2006). 

3.3.7 Statistical analysis 

 Linear regression was used to derive the LMWL using the isotopic signature of 

ACP samples collected between June 2
nd

, 2016 and October 21
st
, 2016 at the PC1 

meteorological station. A Kruskal-Wallis rank sum nonparametric test was performed to 

analyze the mean lc-excess of all forest precipitation types. Specifically, the lc-excess 

values of ACP, TF and SF were compared in order to analyze the role of the canopy in 

isotopically fractionating input precipitation in the sub-canopy environment. A Wilcoxon 

rank sum test was also used to compare the mean lc-excess of all xylem water and soil 

water samples collected throughout the sampling period in order to assess whether 

ecohydrological separation at PC1 had occurred. A two-way ANOVA was used to test if 

the stage of the growing season and the tree species had an effect on the lc-excess of 

xylem water samples. One-way ANOVAs were later used to evaluate the effect of season 

and tree species individually on the lc-excess of xylem water samples to control for the 



 

 
91 

interaction effect observed using a two-way ANOVA. Finally, Kruskal-Wallis rank sum 

nonparametric tests were performed to determine if the season and/or the trees species 

affected the lc-excess of soil water samples. These ANOVAs and Kruskal-Wallis rank 

sum tests were used in order to determine if any isotopic fractionation occurred for 

specific tree species at any stage of the growing season. An alpha level of 0.05 was used 

to determine the significance of results derived from each statistical test.   

3.4 RESULTS 

 
3.4.1 Local meteoric water line and above-canopy precipitation isotopic signature 

 The LMWL (δ
2
H= aδ

18
O + b) was derived using a linear regression of the δ

2
H 

and δ
18

O values for all ACP values collected at PC1 from June 2
nd

, 2016 to October 21
st
, 

2016 (F= 220.8, df= 18, p= 1.5 x 10
-11

). There was only a slight difference noted between 

the GMWL and the LMWL (Figure 3.1). In addition, the isotopic signatures of ACP 

samples collected throughout the season were compared to ACP depth, rainfall intensity, 

and throughout the season (Figure 3.2). No clear relationships existed between ACP 

depth, intensity, sampling day and the isotopic signature of ACP (Figure 3.2). 
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Figure 3.1. A dual-isotope plot displaying a linear regression of δ
2
H vs. δ

18
O for ACP to 

compare the global meteoric water line (GMWL) to the derived local meteoric water line 

(LMWL) (y= 7.2118x + 4.2997) from June 2
nd

 2016 to October 21
st
, 2016 at PC1. 
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Figure 3.2. The deuterium (δ
2
H) and oxygen-18 (δ

18
O) (‰) signatures of above-canopy 

precipitation (ACP) as a function of depth (mm) (a,b), average rainfall intensity (mm/h) 

(c,d), maximum rainfall intensity (mm/h) (e,f), and sampling Day of Year from June 2
nd

, 

2016 to October 21
st
, 2016 at PC1. 

 
3.4.2 Isotopic comparison between precipitation inputs 

 There were no significant differences between the mean lc-excess of forest 

precipitation inputs, including ACP, TF and SF (χ
2
= 3.6, df= 2, p= 0.17). This is also 
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visually evident given that TF and SF samples do not deviate greatly from the LMWL or 

the GMWL (Figure 3.3). In addition, snowmelt samples also plot approximately along 

the same trend as the LMWL and the GMWL and are the most depleted of any measured 

water samples in δ
2
H and δ

18
O (Figure 3.3). While comparing the lc-excess values of 

both TF and SF samples throughout the year, it is clear that each tree species seemed to 

follow a relatively similar pattern (Figure 3.4). Negative lc-excess values corresponding 

to TF and SF occurred during the mid-point of the sampling season (Figure 3.4). This 

indicates that the greatest isotopic fractionation occurred between these sampling weeks, 

most likely due to the increased evapotransporative demand and low ACP during summer 

months. The lc-excess values of TF and SF samples were also displayed as a function of 

ACP depth (Figure 3.5), TF volume (Figure 3.6a) and SF volume (Figure 3.6b). No clear 

relationships were observed for all tree species. The variation in the δ
18

O signatures of TF 

and SF relative to the δ
18

O signature of ACP was also examined as a function of ACP 

depth (Figure 3.7). The difference in the δ
18

O signatures of TF and SF and the δ
18

O 

signature of ACP did not display a clear relationship with ACP depth (Figure 3.7).  
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Figure 3.3. A dual-isotope plot comparing the isotopic signatures of throughfall (TF), 

stemflow (SF) and snowmelt (SM) samples for red oak (Or), eastern white pine (Pw) and 

eastern hemlock (He) at PC1.  
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Figure 3.4. Line-conditioned excess (lc-excess) (‰) values (mean ± 1 SD) of throughfall 

(TF) (a) and stemflow (SF) (b) from June 2
nd

, 2016 to October 21
st
, 2016 corresponding 

to red oak (Or), eastern white pine (Pw) and eastern hemlock (He) sampling trees at PC1. 
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Figure 3.5. Line-conditioned excess (lc-excess) (‰) values (mean ± 1 SD) of throughfall 

(TF) (a) and stemflow (SF) (b) as a function of above-canopy precipitation (ACP) depth 

(mm) corresponding to red oak (Or), eastern white pine (Pw) and eastern hemlock (He) 

sampling trees at PC1. 
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Figure 3.6. Line-conditioned excess (lc-excess) (‰) values (mean ± 1 SD) of throughfall 

(TF) (a) and stemflow (SF) (b) as a function of throughfall TF and SF volume (mL) 

corresponding to red oak (Or), eastern white pine (Pw) and eastern hemlock (He) 

sampling trees at PC1. 
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Figure 3.7. The oxygen-18 (δ
18

O) (‰) signatures of throughfall (TF) (a) and stemflow 

(SF) (b) relative to the oxygen-18 (δ
18

O) signature of above-canopy precipitation (ACP) 

as a function of ACP depth (mm) at PC1. 
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samples, dual-isotope plots were used (Figure 3.8, 3.9). However, visually, no major 

differences were distinguished between the isotopic signatures of each tree species 

(Figure 3.8). The bulk soil water samples from each tree species were enriched in heavy 

isotopes and deviated from both the LMWL and the GMWL, likely due to evaporative 

fractionation (Figure 3.8). It was confirmed that the eastern white pine bulk soil water 

samples displayed the most isotopic fractionation throughout the season, whereas red oak 

displayed the least. The stage of the growing season had a pronounced effect on the 

isotopic signature of bulk soil water samples (Figure 3.9). Bulk soil water samples 

collected during pre-leaf-out and post-leaf-out were less isotopically enriched and plotted 

roughly along the GMWL and the LMWL for all tree species (Figure 3.9). Alternatively, 

the bulk soil water samples collected during peak-leaf-out, pre-senescence, and post-

senescence were more isotopically enriched for all tree species (Figure 3.9). Samples that 

displayed the greatest deviation from the GMWL and the LMWL were collected during 

peak-leaf-out (Figure 3.9). The effect of sampling depth on the lc-excess of bulk soil 

water samples was also analyzed for each tree species and at each stage of the growing 

season (Figure 3.10). A weak positive relationship between lc-excess and sampling depth 

was observed during peak-leaf-out for each tree species, whereby the shallowest bulk soil 

water samples displayed the greatest evaporative fractionation (Figure 3.10). This 

relationship did not exist during all other stages of the growing season for each tree 

species since there was a large amount of variability in these data (Figure 3.10).  
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Figure 3.8. A dual-isotope plot comparing the isotopic signatures of bulk soil water 

samples 1 m away from red oak (Or), eastern white pine (Pw), eastern hemlock (He) and 

eastern white cedar (Ce) trees at PC1 throughout the sampling season. 
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Figure 3.9. A dual-isotope plot comparing the isotopic signatures of bulk soil water 

samples 1 m away from red oak (a), eastern white pine (b), eastern hemlock (c) and 

eastern white cedar (d) at all depths and all stages of the growing season at PC1. 
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Figure 3.10. Mean lc-excess (‰) values corresponding to bulk soil water samples 

collected 1 m away from red oak (a), eastern white pine (b), eastern hemlock (c) and 

eastern white cedar (d) at 5 stages of the growing season between November 2015 and 

October 2016 at PC1. 



 

 
104 

 
 The soil water samples collected using suction lysimeters were also plotted using 

a dual-isotope plot (Figure 3.11). The isotopic signatures corresponding to samples 

collected from each tree species at both 0.1 m and 0.4 m depths plotted directly along the 

GMWL and the LMWL (Figure 3.11). No evident differences were observed between 

tree species or depths (Figure 3.11). In addition, no evident differences were observed 

between lysimeter samples collected 0.1 m and 1.0 m away from the bole of the tree 

(Figure 3.12). The seasonal effect on the lc-excess of suction lysimeter samples may be 

observed in Figure 3.13. No clear trends were observed between the day of year or the 

depth of samples corresponding to any tree species; however it can be noted that the lc-

excess values were mostly positive values. In addition, the lc-excess values of lysimeter 

samples relative to the lc-excess values of TF samples collected on the same day were 

compared throughout the sampling season (Figure 3.14). It was observed that the 

difference between the lc-excess of lysimeter and TF samples was the most positive at the 

mid-point of the sampling season (Figure 3.14). A greater positive difference could 

indicate that the lc-excess of mobile soil water was more positive than the lc-excess of 

TF. Given that the lc-excess values corresponding to lysimeter samples were mostly 

positive and fairly constant throughout the sampling season (Figure 3.13), whereas the TF 

lc-excess was more negative at the mid-point of the sampling season and more positive at 

the beginning and end of the sampling season (Figure 3.4), the more positive difference 

observed at the mid-point of the sampling season could have been a result of greater 

isotopic fractionation of TF at this time. Consequently, the more positive difference 

between the lc-excess values of mobile soil water and TF samples was likely due to the 

more negative lc-excess value of TF samples being subtracted from the lc-excess of 
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mobile soil water. As such, the relative isotopic fractionation of mobile soil water 

compared to TF was likely affected by the sampling day throughout the season. 

Specifically, the greatest isotopic fractionation of lysimeter soil water relative to TF 

occurred during the mid-point of the growing season. 

 

Figure 3.11. A dual-isotope plot comparing the isotopic signatures of lysimeter water 

samples corresponding to red oak (Or), eastern white pine (Pw) and eastern hemlock (He) 

trees at 0.1 m and 0.4 m depths at PC1 throughout the sampling season. 
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Figure 3.12. A dual-isotope plot comparing the isotopic signatures of lysimeter water 

samples 0.1 m and 1 m away from red oak (Or), eastern white pine (Pw) and eastern 

hemlock (He) trees at PC1 throughout the sampling season. 
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Figure 3.13. Line-conditioned excess (lc-excess) (‰) values of lysimeter water samples 

at both 0.1 and 0.4 m depths, corresponding to red oak (Or), eastern white pine (Pw) and 

eastern hemlock (He) trees at PC1 between June 2
nd

, 2016 and October 21
st
, 2016. 
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Figure 3.14. Line-conditioned excess (lc-excess) (‰) of mobile soil water (MSW) 

lysimeter samples relative to the lc-excess of TF samples collected on the same day for 

red oak (Or) (a), eastern white pine (Pw) (b) and eastern hemlock (He) (c) trees at PC1 

between June 2
nd

, 2016 and October 21
st
, 2016. 
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3.4.4 Isotopic comparison between soil water and suction lysimeter soil water 

 A linear regression line was used to compare the slope of the bulk soil water 

samples to the slope of the LMWL in order to display the difference in the degree of 

isotopic fractionation between bulk soil water and suction lysimeter water samples 

(Figure 3.15). The shallower slope corresponding to the bulk soil water samples indicates 

a greater degree of evaporative enrichment of δ
2
H and δ

18
O compared to the suction 

lysimeter water samples. 

  

Figure 3.15. A dual-isotope plot comparing the isotopic signatures of soil water samples 

collected 1 m from the bole of all sampling trees and all suction lysimeter soil water 

samples at PC1 with a line of best fit (y = 4.98x - 17.33) plotted for the bulk soil water 

samples. 

 

3.4.5 Isotopic signatures of xylem water samples 

The stage of the growing season (F= 11.8, df= 4, p= 2.9 x 10
-8

) and the tree 

species (F= 19.2, df= 3, p < 2.2 x 10
-16

) had a significant effect on the lc-excess of xylem 

y = 4.98x - 17.33
R² = 0.88

-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

-20.0 -18.0 -16.0 -14.0 -12.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0

δ
2
H

 (
‰

 )

d18O (‰ )

Bulk Soil Water 
Samples

Suction Lysimeter Soil 
Water Samples

GMWL

LMWL

Linear (Bulk Soil Water 
Samples)



 

 
110 

water samples. There was also a significant interaction effect between the season and the 

tree species (F= 4.8, sf= 12, p= 3.7 x 10
-5

). In order to better understand the impact of tree 

species and the stage of the growing season on these results, dual-isotope plots were used 

(Figures 3.16, 3.17). All samples from each tree species deviated from the GMWL and 

LMWL, thereby displaying isotopic fractionation, especially in comparison to the TF and 

SF samples collected at PC1 (Figure 3.16). In order from greatest to least, xylem water 

samples corresponding to eastern white cedar, eastern white pine, eastern hemlock and 

red oak all displayed isotopic fractionation; however, the nature of deviation from the 

GMWL and the LMWL was not uniform between tree species (Figure 3.16). Red oak 

xylem water samples appeared to be the most depleted in terms of δ
18

O, whereas eastern 

white cedar roughly appeared to be the most depleted in terms of δ
2
H (Figure 3.16). In 

addition, xylem water samples corresponding to eastern white pine, eastern hemlock and 

eastern white cedar appeared to be less enriched in δ
2
H and δ

18
O at the beginning of the 

growing season and more enriched toward the end of the growing season (Figure 3.17 b, 

c, d). In contrast, xylem water samples corresponding to red oak appeared to become 

more depleted in δ
2
H and δ

18
O during the later stages of the growing season (Figure 3.17 

a). Therefore, the change in the isotopic signature of δ
2
H and δ

18
O throughout the 

sampling season differed between the coniferous tree species and red oak (Figure 3.19). 

To confirm the differences in the magnitude of isotopic fractionation between tree species 

and the lack of differences between the stages of the growing season, boxplots comparing 

the lc-excess of xylem water samples were used (Figure 3.20). Again, eastern white cedar 

displayed the most negative lc-excess values, and therefore greatest isotopic 

fractionation, whereas red oak displayed the opposite (Figure 3.20). However, the median 
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lc-excess values of xylem water samples for each tree species appeared to vary only 

slightly throughout the growing season (Figure 3.20), which is in contrast to the trends 

displayed in Figure 3.18 and Figure 3.19.  

 

Figure 3.16. A dual-isotope plot comparing the isotopic signatures of xylem water 

samples for red oak (Or), eastern white pine (Pw), eastern hemlock (He) and eastern 

white cedar (Ce) trees to TF and SF samples collected at PC1 throughout the sampling 

season. 
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Figure 3.17. A dual-isotope plot comparing the isotopic signatures of xylem water 

samples at all stages of the growing season at PC1 for red oak (a), eastern white pine (b), 

eastern hemlock (c) and eastern white cedar (d). 

 

-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

-20.0 -15.0 -10.0 -5.0 0.0

δ
2
H

  
(‰

 )

δ18O  (‰ )

a.

Post-Senescence 
2015
Pre-Leaf-Out 2016

Post-Leaf-Out 2016

Peak-Leaf-Out 2016

Pre-Senescence 2016

Post-Senescence 
2016
GMWL

LMWL

-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

-20.0 -15.0 -10.0 -5.0 0.0

δ
2
H

  
(‰

 )

δ18O  (‰ )

b.

Post-Senescence 
2015
Pre-Leaf-Out 2016

Post-Leaf-Out 2016

Peak-Leaf-Out 2016

Pre-Senescence 2016

Post-Senescence 
2016
GMWL

LMWL

-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

-20.0 -15.0 -10.0 -5.0 0.0

δ
2
H

  
(‰

 )

δ18O  (‰ )

c.

Post-Senescence 
2015
Pre-Leaf-Out 2016

Post-Leaf-Out 2016

Peak-Leaf-Out 2016

Pre-Senescence 2016

Post-Senescence 
2016
GMWL

LMWL

-140.0

-120.0

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

-20.0 -15.0 -10.0 -5.0 0.0

δ
2
H

  
(‰

 )

δ18O  (‰ )

d.

Post-Senescence 
2015
Pre-Leaf-Out 2016

Post-Leaf-Out 2016

Peak-Leaf-Out 2016

Pre-Senescence 2016

Post-Senescence 
2016
GMWL

LMWL



 

 
113 

 

Figure 3.18. The change in the deuterium signature (δ
2
H) (‰) of xylem water samples 

for red oak (Or), eastern white pine (Pw), eastern hemlock (He) and eastern white cedar 

(Ce) from June 2nd to October 21st, 2016 at PC1. 

 

 

Figure 3.19. The change in the oxygen-18 signature (
18

O) (‰) of xylem water samples 

for red oak (Or), eastern white pine (Pw), eastern hemlock (He) and eastern white cedar 

(Ce) from June 2nd to October 21st, 2016 at PC1. 
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Figure 3.20. Boxplots displaying the median (thick line in box) lc-excess (‰) of xylem 

water samples, 75
th

 percentile (upper box edge), 25
th

 percentile (lower box edge) and 

outliers (points above the 95
th

 percentile or below the 5
th

 percentile) corresponding to all 

stages of the growing season, including post-senescence 2015 (A), pre-leaf-out 2016 (B), 

post-leaf-out 2016 (C), peak-leaf-out 2016 (D), pre-senescence 2016 (E), and post-

senescence 2016 (F) for red oak (a), eastern white pine (b), eastern hemlock (c) and 

eastern white cedar (d) sampling trees. 
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3.4.6 Comparing the isotopic signatures of xylem water and soil water samples 

There is a difference between the isotopic signatures of xylem water and bulk soil 

water amongst all tree species and sampling stages throughout the growing season 

(Figure 3.21). This difference was also visualized by plotting the lc-excess values 

corresponding to each species’ bulk soil water and xylem water samples at each stage of 

the growing season (Figure 3.22). Xylem water displayed much more isotopic 

fractionation than the bulk soil water samples; however, this varied with tree species and 

the stage of the growing season (Figure 3.22). Xylem water samples were less enriched in 

δ
2
H and δ

18
O, whereas bulk soil water samples were more enriched in these heavy water 

isotopes. Using a Wilcoxon rank sum test, a significant difference between the mean lc-

excess values of xylem water and soil water samples was confirmed (W= 785, p < 2.2 x 

10
-16

). 
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Figure 3.21. A dual-isotope plot comparing the isotopic signatures of xylem water and 

soil water samples for red oak (Or), eastern white pine (Pw), eastern hemlock (He) and 

eastern white cedar (Ce) at all stages of the growing season at PC1. 
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Figure 3.22. Mean line-conditioned excess (lc-excess) values, denoted with standard 

deviation bars, corresponding to red oak (Or), eastern white pine (Pw), eastern hemlock 

(He) and eastern white cedar (Ce) xylem water samples (a) and bulk soil water samples 

(b) at all stages of the growing season, including post-senescence 2015 (A), pre-leaf-out 

2016 (B), post-leaf-out 2016 (C), peak-leaf-out 2016 (D), pre-senescence 2016 (E), and 

post-senescence 2016 (F) at PC1. 
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3.5 DISCUSSION 

 
3.5.1 The influence of the canopy on the isotopic signature of input water 

The isotopic signatures of both TF and SF were not significantly different from 

ACP for any tree species throughout the sampling season. This indicates that only 

minimal isotopic fractionation could have occurred as a result of partial evaporation of 

precipitation flowing through the trees’ canopies. This finding contradicts some previous 

studies that observed that the mean isotopic signature of TF was enriched in δ
2
H and δ

18
O 

compared with ACP (Saxena, 1986; DeWalle and Swistock, 1994; Brodersen et al., 2000; 

Liu et al., 2008; Ikawa et al., 2011; Kato et al., 2013; Allen et al., 2015). This may have 

been due to the design of the TF and SF sampling collectors themselves, which were 

constructed to minimize atmospheric exchange, and thus avoid isotopic fractionation that 

may have occurred while water was held in the sampling collectors. Also, the isotopic 

signatures of TF and SF did not vary greatly from each other, as noted visually in Figure 

3.3, in contrast to the findings by Ikawa et al. (2005) that suggested that the isotopic 

signature of SF differed from TF because of the greater possibility of evaporative 

fractionation due to the residence time of SF on the trees’ branches and trunks. There 

were only slight differences in the lc-excess of water inputs corresponding to each tree 

species throughout the year, whereby isotopic fractionation of both TF and SF was 

slightly greater at the mid-point of the sampling season. This may represent natural 

variability in the data or correspond to the increased ambient air temperatures that would 

result in an increase in the ET demand, which may have caused greater evaporative 

enrichment of water held in the canopy at that time. Variation in the isotopic signature of 

TF and SF throughout the year could also be due to the potential for residual canopy 

moisture held between separate precipitation events to alter the isotopic signature of 
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ACP, as suggested by Allen et al. (2014). This would be especially true for tree species 

that have a greater canopy and bark storage capacity (Allen et al., 2014). Finally, 

variation in the precipitation characteristics themselves could also account for differences 

in the isotopic composition of input water. For instance, lighter precipitation events are 

typically more enriched in δ
2
H and δ

18
O than heavier events (Beyer et al., 2016). 

However, this could not entirely be supported in this study due to the large variability of 

the lc-excess of both TF and SF for each tree species for smaller precipitation events 

throughout the season.  

3.5.2 Mobile and tightly-bound soil water sources 

 There was a clear distinction between the isotopic signatures of suction lysimeter 

water and bulk soil water, which also would encompass tightly-bound soil water 

collected at PC1 throughout the sampling season. Mobile soil water sources, or those that 

did not vary significantly from the GMWL or the LMWL, consisted of both snowmelt 

and water collected using suction lysimeters. Similar findings were also reported by 

Sprenger et al. (2018), whereby the isotopic signature of bulk soil water samples 

displayed evidence of isotopic fractionation; however, the isotopic signature of mobile 

soil water plotted along the LMWL. In general, it has been found that suction lysimeters 

are typically only able to access water held in larger soil pores (Leaney et al., 1993) and 

the isotopic signature of these water samples usually plot along the LMWL (Muñoz-

Villers and McDonnell, 2012; Klaus and McDonnell, 2013). Figueroa-Johnson et al. 

(2007) also confirmed that suction lysimeters might simply be unable to sample water 

that is tightly-bound and held in small soil pores. In contrast, the bulk soil water samples 

collected using soil cores were able to collect tightly-bound water within the soil as well, 

such that these samples deviate from the GMWL and the LMWL. This distinction 
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between mobile and tightly-bound water was also highlighted in a study by Landon et al. 

(1999) that found that suction lysimeter samples contained approximately 15 to 95 

percent mobile water, whereas core water samples contained approximately 5 to 80 

percent mobile water at the same depths. This theory is also supported by Zhao et al. 

(2013), who found that bulk soil water samples and suction lysimeter samples collected 

in upper soil layers had significantly different isotopic signatures. Klaus et al. (2015) 

developed an approach to compare the slopes of precipitation samples on dual-isotope 

plots against the LMWL to observe potential evaporative enrichment. When this 

technique was performed on the bulk soil water samples collected from PC1, it was clear 

that there was a large deviation between the slope corresponding to these samples and the 

GMWL and the LMWL. While solely analyzing the bulk soil water samples, isotopic 

differences were noted throughout the season, whereby greater deviation from the 

GMWL and the LMWL occurred during periods of higher evapotranspiration demand. 

The depth of these samples also had a slight role in altering the degree of isotopic 

fractionation observed in bulk soil water, whereby the lc-excess of bulk soil water 

became more positive at deeper depths. This was especially evident during peak-leaf out. 

Brooks et al. (2010) discovered that in a seasonally dry catchment in the Cascade 

Mountains of Oregon, USA, soil water became more depleted in δ
2
H and δ

18
O with soil 

depth. Since there was also a seasonal trend observed at PC1, whereby isotopically-

enriched late summer rainfall replaced more isotopically-depleted snowmelt water 

throughout the season, it may be possible that deeper water sources retained the isotopic 

signature of snowmelt. However, further research should be performed to evaluate 

whether these deeper water sources reflect residual snowmelt inputs. 
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3.5.3 Isotopic difference between xylem water and soil water 

While comparing the isotopic signatures of xylem water and bulk soil water 

samples, it was evident that these samples did not originate from the same water source, 

thus potentially supporting the theory of ecohydrological separation. Previous studies 

have already noted a difference in the isotopic signature of the water that contributes to 

stream water and groundwater and the water that contributes to plant-water uptake 

(Brooks et al., 2010; Goldsmith et al., 2012; Evaristo et al., 2015; Bowling et al., 2016; 

Evaristo et al., 2016). Evaristo et al. (2015) found that the precipitation source that 

supplied stream water and groundwater was different from the water supplying soil water 

recharge at 80 percent of a total of 47 globally-distributed sites. The current study found 

that both xylem water and bulk soil water samples displayed evidence of isotopic 

fractionation; however, the xylem water samples were more depleted in both δ
2
H and 

δ
18

O than the bulk soil water samples. Like the bulk soil water samples, xylem water 

samples corresponding to coniferous trees appeared to be slightly more depleted in δ
2
H 

and δ
18

O at the beginning of the growing season (Figure 3.21). In contrast, red oak xylem 

water became more depleted in δ
2
H and δ

18
O throughout the growing season. Given that 

the corresponding bulk soil water surrounding red oak displayed the opposite trend 

throughout the season, this could support the notion that red oak use a different water 

source than coniferous trees toward the end of the growing season. Furthermore, red oak 

xylem water samples also differed from the coniferous tree species in that these samples 

displayed less evidence of isotopic fractionation and plotted closer to the GMWL and the 

LMWL. This may have occurred if the source of red oak’s xylem water was comprised of 

a greater percentage of recent TF and SF, given that sub-canopy precipitation also plotted 

close to the GMWL and the LMWL. Some xylem water samples, particularly those 
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corresponding to eastern white cedar or eastern white pine trees, had much more negative 

lc-excess values than any bulk soil water samples. This suggests that these xylem water 

samples underwent a greater degree of isotopic fractionation than the bulk soil water 

present. Hervé-Fernández et al. (2016) found that all precipitation and soil water samples 

plotted along the LMWL, whereas xylem water samples plotted well below the LMWL 

during the dry season but not the wet season at a site near Valdivia, Chile. Therefore, 

ecohydrological separation was only present when there was the potential for trees to 

experience water stress during periods of greater evapotranspiration demand in the dry 

season (Hervé-Fernández et al., 2016). Although that study is not entirely comparable to 

PC1, which is located in a temperate environment, the difference in the isotopic signature 

of xylem water and bulk soil water at PC1 persisted throughout the duration of the 

growing season, not simply during periods of low water availability. This indicates that 

there must be another mechanism driving the difference in the isotopic composition of 

xylem water and soil water in this sub-catchment other than the demand on water 

resources. These findings are not atypical, as there have also been several other studies 

that have found that the isotopic signatures of xylem water and bulk soil water did not 

overlap (Brooks et al., 2010; Geris et al., 2015; White and Smith, 2015; Bowling et al., 

2016). Ultimately, the two water worlds hypothesis was not supported throughout this 

study since the isotopic signature of xylem water did not reflect that of bulk soil water or 

any other water source sampled. Therefore, perhaps more than simply two water worlds 

contribute to the various water transport pathways in the soil. 

3.5.4 Potential causes of observed isotopic difference 

Given that the xylem water samples collected from PC1 appeared to be 

isotopically distinct in comparison to any other samples collected, either from 
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precipitation inputs or soil water, this would indicate that the sampling trees either had to 

access a water source that was not able to be sampled using the methods of this study or 

that there was an isotopic fractionation process that occurred throughout the tree water 

transport system or during laboratory analysis. The idea that the canopy would have a 

role in the isotopic fractionation of water reaching the sub-canopy environment does not 

seem to be supported by the data collected at PC1. There may be a source of water 

present at PC1 that trees were able to access for plant-water uptake that was not properly 

sampled. In a similar study by White and Smith (2015), the isotopic signatures of all 

sources of water along a riparian corridor in the southern Appalachian foothills, USA, 

including stream samples, groundwater, precipitation and both shallow and deep soil 

water samples, were compared to the isotopic signature of xylem water. The isotopic 

signature of xylem water did not compare to any of the sampled sources of water (White 

and Smith, 2015). This may have been due to a sampling error, which may also be the 

case in this study. Potential sources of water that were unable to be sampled in this study 

are deep water pools occurring within or below fractured bedrock that only tree roots 

would be able to access. Buttle and McDonald (2002) noted the presence of fractures in 

the bedrock at PC1 and found that preferential flow in the soil likely contributed to the 

filling of bedrock depressions following precipitation events. In addition, Buttle et al. 

(2004) highlighted the role of storage in bedrock depressions at PC1 during runoff, 

indicating that runoff was produced consistently once storage in these depressions was 

satisfied. Although it may have provided useful information for this study, attempting to 

measure root activity, especially using non-invasive techniques, is perhaps one of the 

most difficult dilemmas facing plant ecology and ecohydrology (Casper et al., 2003; 
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Schenk, 2008; Kulmatiski et al., 2010; Beyer et al., 2016). Although these deep water 

pools may represent a source of water that was unable to be sampled in this study, Gaines 

et al. (2015) were able to analyze both the rooting depths and isotopic sources of water 

for Quercus, Carya, Pinus and Acer species in the Shale Hills, Pennsylvania, USA. Root 

length density was the highest in the upper 10 cm of the soil and displayed a negative 

relationship with depth (Gaines et al., 2015). In accordance with the present study, the 

bulk soil water samples collected from the upper 10 cm of soil were the most isotopically 

fractionated, most likely due to evaporative enrichment (Gaines et al., 2015); however, 

this still would not account for the degree of the observed isotopic difference and was 

mostly observed solely during peak-leaf-out. The use of shallow soil water that has 

undergone evaporative enrichment for transpiration is supported in a study by Geris et al. 

(2015), which found that xylem water samples in the Bruntland Burn catchment in 

Northern Scotland, UK reflected the same isotopic signatures as water held in the upper 

10 cm of the soil, where fine roots were the most dense. Certain sampling trees may have 

the ability to access deep water pools within or below fractured bedrock; however, these 

may not be the most likely contributor of plant-water uptake. Gaines et al. (2015) 

mentioned that it could be possible during periods of water stress that the use of these 

deep water pools could increase as less water is able to be held in upper soil layers. This 

was found by Yang et al. (2015), who evaluated the impact of seasonal drought on plant 

water use changes in China. All studied tree species were shown to switch from primarily 

using shallow soil water sources during the non-drought period to using deep soil water 

sources during the drought period (Yang et al., 2015). Therefore, the observed difference 

in xylem water samples compared with other samples potentially could be a result of 
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trees solely accessing water held in upper soil layers or in deep water pools during 

periods of water stress; however, further study would be required to support this theory. 

In particular, the rooting characteristics of each tree species should be considered in order 

to assess the depth of water that likely provides a source for plant-water uptake for a 

given tree species. For instance, Canadell et al. (1996) found the maximum rooting depth 

for temperate deciduous forests to be approximately 2.9 m, whereas the maximum 

rooting depth for temperate coniferous forest was approximately 3.9 m. Although the soil 

profile at PC1 is quite thin, this could suggest that coniferous trees are more able to 

access deeper water sources. Next, an additional explanation of the observed difference in 

the isotopic composition of xylem water and soil water could be the potential for isotopic 

fractionation to occur as a result of certain processes within plants during water uptake 

(Berry et al., 2017). It was previously assumed that isotopic fractionation does not occur 

at the soil-root interface or within and between plants’ vascular tissue, and that water 

movement in plants is unidirectional. These ideas have recently been challenged and 

require further research to clarify (Berry et al., 2017). For instance, Eller et al. (2013) 

found that fog water diffused directly through leaf cuticles of a flowering plant, Drimys 

brasiliensis, and was subsequently transported through xylem material and reached 

belowground pools in the soil. While studying isotopic fractionation in 16 woody plants, 

Ellsworth and Williams (2007) found that 12 species demonstrated hydrogen isotope 

fractionation at the soil-root interface. Finally, another potential reason to explain the 

observed differences in isotopic composition between xylem water and available soil 

water could be a result of the laboratory methodology. Orlowski et al. (2016) highlighted 

the necessity for more work analyzing the effect of cryogenic extraction on the isotopic 
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signature of water samples. Cryogenic extraction has been questioned for its ability to 

provide a realistic substitute of the water potential gradient in an undisturbed root-xylem 

system (McDonnell, 2014). This method has also been criticized recently since various 

soil characteristics, namely the soil type, clay and/or the carbonate content, have been 

shown to potentially increase the isotopic fractionation effect (Meißner et al., 2014). In 

addition, the extraction time also may influence the resulting isotopic signature of 

extracted soil water since typically more tightly-bound water is obtained toward the end 

of the extraction process (Barnes and Turner, 1998). However, cryogenic extraction was 

not used to extract water from bulk soil samples obtained at PC1 and was solely used to 

extract water from the xylem samples; therefore the criticism associated with this method 

does not apply within the current study. It should also be noted that several studies that 

have shown an overlap between the isotopic signatures of xylem water and bulk soil 

water also conducted cryogenic extraction methods; therefore, there is no consistent 

evidence that cryogenic extraction would alter the isotopic signature of the water held in 

xylem tissue or soil (Rossatto et al., 2012; Barbeta et al., 2015; Grossiord et al., 2016). 

Given that the isotopic signature of xylem water varied from all other samples, and also 

varied temporally and among species, this difference is likely not solely attributable to a 

methodological issue. Ultimately, the exact cause of the isotopically distinct source of 

xylem water in comparison to all other water samples collected from PC1 remains 

unclear. Further research is necessary in the field of ecohydrology to provide a sound 

explanation for the observed results. 

3.6 CONCLUSION 
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The purpose of this chapter was to test the two water worlds hypothesis by 

determining the most likely source of water contributing to plant-water uptake for 

coniferous and deciduous trees through the analysis of the isotopic signature of all water 

inputs and water stored in the PC1 sub-catchment. The first hypothesis was that the 

isotopic signature of plant water would reflect that of soil water, rather than ACP. It was 

observed that the isotopic signature of xylem water collected from all tree species 

throughout the growing season was significantly different from bulk soil water samples 

collected at the base of these sampling trees; therefore the first hypothesis was rejected. 

Xylem water samples, especially those collected from eastern white pine and eastern 

white cedar, displayed a high degree of isotopic fractionation, and these samples also 

were more depleted in δ
2
H and δ

18
O than bulk soil water samples. It was therefore 

confirmed that the two water worlds hypothesis did not apply to this study since the 

isotopic signature of xylem water and bulk soil water did not overlap. Nevertheless, both 

xylem water and bulk soil water became more enriched in δ
2
H and δ

18
O during the peak 

stages of the growing season corresponding to coniferous trees. In contrast, the xylem 

water of red oak became more depleted in δ
2
H and δ

18
O throughout the season, whereas 

the bulk soil water surrounding red oak became more enriched. It was also hypothesized 

that the forest canopy would isotopically fractionate water entering the sub-canopy 

environment as SF to a greater degree than water entering the sub-canopy environment as 

TF. However, the isotopic signatures of TF and SF samples were not significantly more 

enriched than ACP; therefore this hypothesis was also rejected. Although TF and SF 

appeared to be slightly more enriched relative to ACP during the mid-point of the 

sampling season, this was not consistently observed throughout the study. Interaction of 
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precipitation with the canopy could not provide the sole explanation for why xylem water 

possessed a distinct isotopic signature. In addition, snowmelt and suction lysimeter water 

samples also plotted mostly along the LMWL and the GMWL and therefore also could 

not directly account for the isotopic signature of xylem water unless snowmelt held in the 

soil became more isotopically fractionated after sampling. Therefore, the source of water 

contributing to plant-water uptake remained unknown. While bulk soil water samples 

were more isotopically fractionated at shallower depths during peak-leaf-out, even the 

most fractionated samples did not overlap with some xylem water samples. This trend 

also could not account for the observed isotopic difference. Potential reasons to explain 

why xylem water samples displayed a distinct isotopic signature include: (1) sampling 

error whereby water sources, such as deep water pools, were not sampled; (2) an 

unknown isotopic fractionation process within the sampling trees themselves; or (3) an 

error due to cryogenic extraction (Berry et al., 2017). Although further research is 

necessary to confirm the results of this study, the role of the canopy in isotopically 

fractionating input water can be eliminated as the main reason causing plant water to 

appear to be isotopically distinct at PC1. Ultimately, while the source of each tree 

species’ xylem water uptake was not clear, this chapter highlighted key differences 

between red oak, the deciduous tree species, and the coniferous tree species in terms of 

the degree of isotopic fractionation and the trend throughout the season for the isotopic 

signature of xylem water relative to that for ACP, TF, SF and soil water. 

3.7 REFERENCES 

 
Allen ST, Brooks JR, Keim RF, Bond BJ, McDonnell JJ. 2014. The role of pre-event 

canopy storage in throughfall and stemflow by using isotopic tracers. Ecohydrology 7: 

858-868. 

 



 

 
129 

Barbeta A, Mejia-Chang M, Ogaya R, Voltas J, Dawsom TE, Penuelas J. 2015. The 

combined effects of a long-term experimental drought and an extreme drought on the use 

of plant-water sources in a Mediterranean forest. Global Change Biology 21: 1213-1225. 

 

Barnes CJ, Turner JV. 1998. Isotopic exchange in soil water. In Isotope Tracers in 

Catchment Hydrology, Kendall C, McDonnell JJ, (eds). Elsevier: Amsterdam, 

Netherlands, 137-163.  

 

Berry ZC, Evaristo J, Moore G, Poca M, Steppe K, Verrot L, Asbjornsen H, Borma LS, 

Bretfeld M, Hervé-Fernández P, Seyfried M, Schwendenmann L, Sinacore K, De 

Wisperlaere L, McDonnell J. 2017. The two water worlds hypothesis: Addressing 

multiple working hypotheses and proposing a way forward. Ecohydrology 

doi:10.1002/eco.1843. 

 

Beyer M, Koeniger O, Gaj M, Hamutoko JT, Wanke H, Himmelsbach T. 2016. A 

deuterium-based labeling technique for the investigation of rooting depths, water uptake 

dynamics and unsaturated zone water transport in semiarid environments. Journal of 

Hydrology 533: 627-643. 

 

Bowling DR, Schulze ES, Hall SJ. 2016. Revisiting streamside trees that do not use 

stream water: Can the two water worlds hypothesis and snowpack isotopic effects explain 

a missing water source? Ecohydrology doi:10.1002/eco.1771. 

 

Brodersen C, Pohl S, Lindenlaub M, Leibundgut C, Wilpert Kv. 2000. Influence of 

vegetation structure on isotope content of throughfall and soil water. Hydrological 

Processes 14: 1439-1448. 

 

Brooks JR, Barnard HR, Coulombe R, McDonnell JJ. 2010. Ecohydrological separation 

of water between trees and streams in a Mediterranean climate. Nature Geoscience 3: 

100-104. 

 

Brunel JP, Walker GR, Walker CD, Dighton JC, Kennett-Smith A. 1991. Using stable 

isotopes of water to trace plant water uptake. In Proceedings of the international 

symposium on stable isotopes in plant nutrition, soil fertility and environmental studies, 

Vienna, Austria. pp. 543-551. 

 

Buttle JM, Dillon PJ, Eerkes GR. 2004. Hydrologic coupling of slopes, riparian zones 

and streams: an example from the Canadian Shield. Journal of Hydrology 287: 161-177. 

 

Buttle JM, McDonald DJ. 2002. Coupled vertical and lateral preferential flow on a 

forested landscape. Water Resources Research 38(5): 1060-1076. 

 

Canadell J, Jackson RB, Ehleringer JR, Mooney HA, Sala OE, Schulze E-D. 1996. 

Maximum rooting depth of vegetation types at the global scale. Oecologia 108: 583-595. 

 



 

 
130 

Casper BB, Schenk HJ, Jackson RB. 2003. Defining a plant’s belowground zone of 

influence. Ecology 84: 2313-2321. 

 

Coplen TB, Hopple JA, Bohlke JK, Peiser HS, Rieder SE, Krouse HR, Rosman KJR, 

Ding T, Voche RD, Revesz K, Lamberty A, Taylor P, De Bievre P. 2002. Compilation of 

minimum and maximum isotope ratios of selected elements in naturally occurring 

terrestrial materials and reagents. In Water-Resources Investigations Report 01-4222. 

U.S. Geological Survey, Reston, Virginia. 

 

Craig H. 1961. Isotopic variations in meteoric waters. Science, New Series 133(3465): 

1702-1703. 

 

Dalton FN. 1989. Plant root water extraction studies using stable isotopes. In Structural 

and Functional Aspects of Transport in Roots, Loughamn BC, Gašparíková O, and Kolek 

J (eds). Springer: Netherlands, 151-155. 

 

Dawson TE, Ehleringer JR. 1991. Streamside trees that do not use streamwater. Nature 

350: 335-372. 

 

DeWalle DR, Swistock BR, 1994. Differences in oxygen-18 content of throughfall and 

rainfall in hardwood and coniferous forests. Hydrological Processes 8: 75-82. 

 

Eller CB, Lima AL, Oliveira RS. 2013. Folia uptake of fog water and transport 

belowground alleviates drought effects in the cloud forest trees species, Drimys 

brasiliensis (Winteraceae). New Phytologist 199(1): 151-162. 

 

Ellsworth PZ, Williams DG. 2007. Hydrogen isotope fractionation during water uptake 

by woody xerophytes. Plant Soil 291: 93-107. 

 

Evaristo J, Jasechko S, McDonnell JJ. 2015. Global separation of plant transpiration from 

groundwater and streamflow. Nature 525: 91-96. 

 

Figueroa-Johnson MA, Tindall JA, Friedel M. 2007. A comparison of 
18

Oδ composition 

of water extracted from suction lysimeters, centrifugation, and azeotropic distillation. 

Water, Air & Soil Pollution 184: 63-75. 

 

Gaines KP, Stanley JW, Meinzer FC, McCulloh KA, Woodruff DR, Chen W, Adams TS, 

Lin H, Eissenstat DM. 2015. Reliance on shallow soil water in a mixed-hardwood forest 

in central Pennsylvania. Tree Physiology 36: 444-458. 

 

Geris J, Tetzlaff D, McDonnell J, Anderson J, Paton G, Soulsby C. 2015. 

Ecohydrological separation in wet, low energy northern environments? A preliminary 

assessment using different soil water extraction techniques. Hydrological Processes 

29(25): 5139-5152.  

 



 

 
131 

Goldsmith GR, Muñoz-Villers LE, Holwerda F, McDonnell JJ, Asbjornsen H, Dawson 

TE. 2012. Stable isotopes reveal linkages among ecohydrological processes in a 

seasonally dry tropical montane cloud forest. Ecohydrology 5: 779-790. 

 

Grossiord C, Sevanto S, Dawson TE, Adams HD, Collins AD, Dickman LT, Newman 

BD, Stockton EA, McDowell NG. 2017. Warming combined with more extreme 

precipitation regimes modifies the water source used by trees. New Phytologist 213: 584-

596. 

 

Hervé-Fernández P, Oyarzún C, Brumbt C, Huygens D, Bodé S, Verhoest NEC, Boeckx 

P. 2016. Assessing the ‘two water worlds’ hypothesis and water sources for native and 

exotic evergreen species in south-central Chile. Hydrological Processes 30: 4227-4241. 

 

Horton RE. 1940. An approach toward a physical interpretation of infiltration-capacity. 

Soil Science Society Proceedings 5: 399-417. 

 

Horton JH, Hawkins RH. 1965. Flow path of rain from soil surface to water table. Soil 

Science 100: 377-383. 

 

Ikawa R, Shimada J, Shimizu T. 2005. The evaluation of the infiltration through 

stemflow in a warm-humid forested catchment. Headwater 2005. Proceedings of 

International conference on Headwater Control VI: Hydrology, Ecology and Water 

Resources in Headwaters, Bergen, Norway. 

 

Ikawa R, Yamamoto T, Shimada J, Shimizu T. 2011. Temporal variation of isotopic 

compositions in gross rainfall, throughfall, and stemflow under a Japanese cedar forest 

during a typhoon event. Hydrological Research Letters 5: 32-36.  
 

Kato H, Onda Y, Nanko K, Gomi T, Yamanaka T, Kawaguchi S. 2013. Effect of canopy 

interception on spatial variability and isotopic composition of throughfall in Japanese 

cypress plantations. Journal of Hydrology 504: 1-11. 

 

Klaus J, McDonnell JJ. 2013. Hydrograph separation using stable isotopes: Review and 

evaluation. Journal of Hydrology 505: 47-64. 

 

Klaus J, McDonnell JJ, Jackson CR, Du E, Griffiths NA. 2015. Where does streamwater 

come from in low-relief forested watersheds? A dual-isotope approach. Hydrology and 

Earth System Sciences 19: 125-135. 

 

Koeniger P, Marshall JD, Link T, Mulch A. 2011. An inexpensive, fast, and reliable 

method for vacuum extraction of soil and plant water for stable isotope analyses by mass 

spectrometry. Rapid Communications in Mass Spectrometry 25: 3041-3048. 

 

Kulmatiski A, Beard KH, Verweij RJT, February EC. 2010. A depth-controlled tracer 

technique measures vertical, horizontal and temporal patterns of water use by trees and 

grasses in a subtropical savanna. New Phytology 188: 199-209. 



 

 
132 

 

Landon MK, Delin GN, Komor SC, Regan CP. 1999. Comparison of the stable-isotopic 

composition of soil water collected from suction lysimeters, wick samplers, and cores in 

a sandy unsaturated zone. Journal of Hydrology 224: 45-54. 

 

Landwehr JM, Coplen TB. 2006. Line-conditioned excess: a new method for 

characterizing stable hydrogen and oxygen isotope ratios in hydrologic systems. 

International Conference on Isotopes in Environmental Studies, Aquatic Forum 2004, 

IAEA–CSP–26. International Atomic Energy Agency: Vienna; 132-135. 

 

Leaney FW, Smettem KRJ, Chittleborough DJ. 1993. Estimating the contribution of 

preferential flow to subsurface runoff from a hillslope using deuterium and chloride. 

Journal of Hydrology 147(1–4): 83-103. 

 

Levia DF, Keim RF, Carlyle-Moses DE, Frost EE. 2011. Throughfall and stemflow in 

wooded ecosystems. In Forest Hydrology and Biogeochemistry: Synthesis of Past 

Research and Future Directions, Levia DF, Carlyle-Moses DE, Tanaka T (eds). Springer-

Verlag: Heidelberg, Germany. 

 

Liu WJ, Liu WY, Li JT, Wu ZW, Li HM. 2008. Isotope variations of throughfall, 

stemflow and soil water in a tropical rain forest and a rubber plantation in 

Xishuangbanna, SW China. Hydrology Research 39: 437.  

 

McDonnell JJ. 2014. The two water worlds hypothesis: ecohydrological separation of 

water between streams and trees? Wiley Interdisciplinary Reviews: Water 1(4): 323-329. 

 

Meißner M, Köhler M, Schwendenmann L, Hölscher D, Dyckmans J. 2014. Soil water 

uptake by trees using water stable isotopes (δ
2
H and δ

18
O) – a method test regarding soil 

moisture, texture and carbonate. Plant and Soil 376(1–2): 327-335.  

 

Muñoz-Villers LE, McDonnell JJ. 2012. Runoff generation in a steep, tropical montane 

cloud forest catchment on permeable volcanic substrate. Water Resources Research 48 

(9): W09528. 

 

Orlowski N, Breuer L, McDonnell JJ. 2016. Critical issues with cryogenic extraction of 

soil water for stable isotope analysis. Ecohydrology 9: 3-10. 

 

Phillips SL, Ehleringer JR. 1995. Limited uptake of summer precipitation by bigtooth 

maple (Acer grandidentatum Nutt) and Gambel’s oak (Quereus gambelii Nutt). Trees 

9(4): 214-219. 

 

Rossatto DR, de Carvalho Ramos Silva L, Villalobos-Vega R, da Silveira Lobo Sternberg 

L, Franco AC. 2012. Depth of water uptake in woody plants related to groundwater level 

and vegetation structure along a topographic gradient in a neotropical savanna. 

Environmental and Experimental Botany 77: 259-266. 

 



 

 
133 

Saxena RK. 1986. Estimation of canopy reservoir capacity and Oxygen-18 fractionation 

in throughfall in a pine forest. In Nordic Hydrology. Presented at the Nordic 

Hydrological Conference, Reykjavik (Iceland), August 1986. 

 

Schenk HJ. 2008. Soil depth, plant rooting strategies and species’ niches. New Phytology 

178: 223-225. 

 

Snyder KA, Williams DG. 2000. Water sources used by riparian trees varies among 

stream types on the San Pedro River, Arizona. Agricultural and Forest Meteorology 

105(1-3): 227-240. 

 

Sprenger M, Tetzlaff D, Buttle J, Laudon H, Leistert H, Mitchell CPJ, Snelgrove J, 

Weiler M, Soulsby C. 2018. Measuring and modeling stable isotopes of mobile and bulk 

soil water. Vadose Zone Journal 17. doi:10.2136/vzj2017.08.0149 

 

Thorburn PJ, Walker GR. 1993. The source of water transpired by Eucalyptus 

camaldulensis: soil, groundwater, or streams? In Stable Isotopes and Plant Carbon–Water 

Relations. eds. Ehleringer JR, Hall AE, Farquhar GD. Academic Press Inc., San Diego, 

California. pp. 511-527.  

 

Wershaw RL, Friedman I, Heller SJ, Frank PA. 1966. Hydrogen isotopic fractionation of 

water passing through trees. Advanced Organic Chemistry 32: 55-67.  

 

White JWC, Cook ER, Lawrence JR, Wallace S. 1985. The D/H ratios of sap in trees: 

Implications for water sources and tree ring D/H ratios. Geochimica et Cosmochimica 

Acta 49(1): 237-246. 

 

White JC, Smith WK. 2015. Seasonal variation in water sources of the riparian tree 

species Acer negundo and Betula nigra, southern Appalachian foothills, USA. Botany 93: 

519-528. 

 

Yang B, Wen X, Sun X. 2015. Seasonal variations in depth of water uptake for a 

subtropical coniferous plantation subjected to drought in an East Asian monsoon region. 

Agricultural and Forest Meteorology 201: 218-228. 

 

Zhoa P, Tang X, Zhao P, Wang C, Tang J. 2013. Identifying the water source for 

subsurface flow with deuterium and oxygen-18 isotopes of soil water collected from 

tension lysimeters and cores. Journal of Hydrology 503: 1-10. 

  



 

 
134 

CHAPTER 4: CONCLUSIONS 

4.1 Summary and general conclusions 

 
 This study focused on canopy water partitioning differences between coniferous 

and deciduous trees in the PC1 sub-catchment, near Dorset, ON. The effect of these 

partitioning differences on the isotopic signature of water reaching the sub-canopy 

environment was also analyzed in order to compare all water sources available for plant-

water uptake to the water used throughout the sampling season by each tree species. 

Ultimately, this study design allowed testing of whether or not ecohydrological 

separation, as highlighted by Brooks et al. (2010), Goldsmith et al. (2012), and Evaristo 

et al. (2015) was evident at this site, and whether it supported the two water worlds 

hypothesis proposed by McDonnell (2014). The first hypothesis stated that the deciduous 

trees, namely red oak, would produce more SF than coniferous trees. This hypothesis was 

rejected given that the eastern hemlock trees produced the most SF throughout the 

sampling season, although red oak trees produced a very similar amount. Second, it was 

hypothesized that the SW storage would be greater near the bole for red oak rather than 

the coniferous trees. This hypothesis was rejected since SW storage was generally found 

to be greater 1 m away from the tree bole for red oak, rather than 0.1 m away. The third 

hypothesis of this study stated that in accordance with the two water worlds hypothesis, 

the isotopic signature of plant water and soil water would be more similar to each other 

than to ACP. This was rejected for all trees and at all stages of the growing season, since 

the isotopic signatures of xylem water and bulk soil water samples did not overlap. Next 

it was hypothesized that SF would display greater evidence of isotopic fractionation than 

TF for all sampling trees. It was originally thought that since SF often has the longest 

residence time interacting with branches and stems in a tree’s canopy, it would undergo 
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more isotopic fractionation than TF and ACP (Ikawa et al., 2005). Given that the isotopic 

signatures of TF and SF were not consistently significantly different from that of ACP, 

this hypothesis was also rejected. Finally, it was hypothesized that trees that generated 

more SF would have xylem water isotopic signatures more similar to the isotopic 

signature of SF compared to the signature of the surrounding soil water. Following this 

assumption, if certain tree species, namely the deciduous red oak trees, were to uptake a 

greater proportion of SF than other tree species, this could result in a greater association 

between plant water and soil water near the bole of the tree. Red oak xylem water 

samples displayed the least amount of isotopic fractionation and reflected a more similar 

isotopic signature to that of bulk soil water ~ 1 m from the bole compared to the other 

tree species. However, no overlap occurred between any xylem water or bulk soil water 

samples. Therefore this hypothesis was also rejected, and it was determined that the role 

of the canopy in partitioning and subsequently isotopically fractionating water entering 

the sub-canopy environment was not the major factor driving the difference in the 

isotopic composition of xylem water and soil water. To summarize, bulk soil water and 

xylem water displayed differing isotopic signatures and therefore the two water worlds 

hypothesis could not be supported given that more than two water pathways may exist in 

the soil. In addition, water partitioning in the canopy could not solely explain these 

results. Possible explanations include: (1) plant water originating from a source not 

sampled throughout this study, such as deep water pools; (2) unknown isotopic 

fractionation processes occurring within the trees themselves; and (3) errors associated 

with the methodology used throughout this study, such as cryogenic extraction. Further 

research is necessary to define the exact cause of the isotopic difference between plant 
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and soil water, in order to be able to confidently identify the source of water used by 

plants for transpiration. 

4.2 Research contributions 

 
 This study contributes to the evaluation of the theory of ecohydrological 

separation, whereby the isotopic signature of plant water did not match available water in 

the surrounding environment. However, the explanation for why plant water appeared to 

be isotopically distinct remains unknown. This study highlights the need for more 

research in forested catchments to identify both how trees use water and the source from 

where this water originates. Given the lack of association between the partitioning of 

water resources in the sub-canopy environment and the lack of overlap between the 

isotopic signature of xylem water and any other sample, this study eliminates canopy 

water partitioning as the likely reason driving the difference between the isotopic 

signature of plant water and soil water. By comparing different tree species, both 

coniferous and deciduous, this study also highlights differences in the magnitude of water 

reaching the sub-canopy environment, either as TF or SF. In addition, the differing 

behaviour of red oak xylem water throughout the season compared to the coniferous tree 

species may suggest that the varying branch architectures, and potentially the rooting 

characteristics of different tree species, may have a large effect on the isotopic signature 

of corresponding xylem water. This information may be valuable while comparing the 

water available to various tree species during climatic change. If future water availability 

in northern catchments is altered in response to climate change as predicted by several 

studies, this research may provide insights into how certain tree species could adapt to 

such changes in climate (Carey et al., 2010). However, the main contribution of this 
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study is ultimately the clarification of the role of the canopy in altering the quantity and 

isotopic signature of water available for plant-water uptake. 
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