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ABSTRACT 

 

My dissertation sought to answer some of the fundamental questions on how subsurface water 

may be partitioned between root water uptake and streamflow. I explored a phenomenon called 

ecohydrological separation – plants using water of a character different from the mobile water 

found in soils, groundwater and streams. The generality of ecohydrological separation, however, 

remained wanting; and, possible controls in both space and time was elusive. I began with testing 

the generality of ecohydrological separation, first at two sites in the tropics with contrasting 

moisture conditions, and then at the global scale. Using a global database of water stable 

isotopes, I then quantified the degree of groundwater use by vegetation. Finally, I unscrambled 

the possible process controls behind the partitioning of subsurface water between root water 

uptake, groundwater recharge, and streamflow generation by conducting controlled drought-

rewetting experiments in a tropical mesocosm. Key results of these research efforts were: (1) 

ecohydrological separation was widespread across biomes of the world, providing clues to 

fundamental controls; (2) groundwater use by vegetation globally was not as widespread as 

increasingly assumed in the literature; and, (3) transpiration flux was older than groundwater 

recharge flux, supporting a perceptual model whereby transpiration and groundwater recharge 

fluxes were sourced from separate storage volumes and sampled at markedly different average 

sampling flux.  Because determining the ages and sources of water that supply transpiration and 

groundwater recharge was a major challenge in ecohydrology, these findings are ground-

breaking. Indeed, I was the first to measure and quantify what was referred heretofore as the 

“missing exit age” of transpiration. The mechanisms underlying the phenomenological 

manifestations of ecohydrological separation, as explored and uncovered in my dissertation, have 

direct implications for how we measure and model the transport of water, nutrients, and 

pollutants at various scales in space and time. 
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CHAPTER 1 

INTRODUCTION 

 

Water uptake by vegetation (i.e. transpiration) returns almost half of terrestrial precipitation to 

the global water cycle (Schlesinger and Jasechko, 2014). The partitioning of terrestrial 

precipitation between transpiration, interception, soil water evaporation, soil and groundwater 

recharge and streamflow generation under different physiographic characteristics, however, is 

poorly understood (Vivoni et al., 2008; Gouet-Kaplan et al., 2012).  Environmental tracers, 

particularly water stable isotopes (δ18O and δ2H or δD), are powerful tools for partitioning the 

different components of the ecohydrological cycle (Ehleringer and Dawson, 1992).  The utility 

of water stable isotopes in ecohydrological investigations is built on the assumption that root 

water uptake is generally considered a non-fractionating process (Dawson and Ehleringer, 1991). 

That is, the isotopic composition of xylem (i.e. stem or sap) water represents an integrated signal 

of its sources in the subsurface. 

 

Investigations in humid continental and arid/semi-arid environments have demonstrated the 

variable temporal and spatial responses of trees to antecedent climate histories. White et al. 

(1985) reported that depending on the recent history of precipitation events, eastern white pine 

(Pinus strobus) switches water extraction between deep and surface soil layers, as well as 

between groundwater and heartwood water. In a semi-arid setting, however, Dawson and 

Ehleringer (1991) showed that mature trees growing in or near a perennial stream used little or 

none of that stream’s water, while small streamside individuals and small non-streamside 

individuals used stream water and recent precipitation, respectively, as their primary water 

sources. The authors explained that this behavior by mature riparian trees allowed the species to 

avoid interspecies competition with more shallow-rooted shrub and herb species within the same 

site, particularly in periods when availability of moisture in upper soil layers was limited. These 

findings were supported by investigations in other riparian ecosystems along the Colorado River 
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in the western United States (Busch et al., 1992) and along the floodplains of River Murray in 

Australia (Thorburn et al., 1993). 

 

To examine more closely how vegetation responds to summer precipitation in climates where 

both winter, spring and summer precipitation are received, Flanagan & Ehleringer (1991) 

surveyed the water uptake patterns of two dominant tree species (rabbitbrush and Utah juniper) 

and two dominant shrub species (pinyon  pine and sagebrush) in a pinyon-juniper ecosystem site 

in southern Utah. They found that rabbitbrush and Utah juniper did not utilize summer 

precipitation during the year of study; xylem sap remained close to that of the groundwater, 

indicating winter recharge precipitation. In contrast, pinyon pine and sagebrush utilized summer 

precipitation. The apparent differential species response was also demonstrated by Valentini et 

al. (1992) in a study of a Mediterranean macchia ecosystem. Moreover, Ehleringer and Dawson 

(1992) argued that while a general physiological response is evident in environments where 

summer-winter bimodality is strong, and where precipitation input, or the lack of it, is 

predictable. Some plants can develop a dimorphic root system to hedge against the risks of a 

variable moisture input in some environments. This was illustrated by Pate and Dawson (1999) 

in an investigation of phraetophytic plants of dimorphic root morphology in Australia. They 

reported that during the dry season, plants derived the majority of their water from deeper 

sources while in the wet season, most of the water they used was derived from shallower sources 

supplied by lateral roots in the upper soil layers. These results pointed to a process called 

“hydraulic lift” (Richards and Caldwell, 1987), which refers to the nocturnal movement of water 

from deep, hydric soil layers through roots to upper, more xeric soil layers (Dawson 1993). The 

occurrence of hydraulic lift has been shown in arid and semi-arid environments (Caldwell and 

Richards 1989) as well as in more mesic regions (Dawson 1993), with the latter investigator 

illustrating how plants that were situated close to trees that conducted hydraulic lift could use a 

significant proportion of this water. 

 

In the tropics, one of the most important drivers of soil-plant hydrology research has been in the 

context of forest harvesting and replanting with exotics. The introduction of fast-growing exotic 

tree species has caused some concerns among academics and resource managers alike (Pohjonen 
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and Pukkala 1990; McJannet et al. 2000). For example, Fritzsche et al. (2006) reported that the 

growth of an exotic species, Eucalyptus globulus Labill., in south Ethiopia was largely 

independent of topsoil water content, giving it the potential to cause substantial dry-season 

groundwater depletion. Lachniet and Patterson (2002), on the other hand, examined the spatial 

variation in δ18O and δD of surface waters and precipitation in Costa Rica. They postulated that 

recycled moisture in certain regions of the country was an important component of the water 

budget. Although results, among others, showed weak relationships between the δ18O of surface 

waters and latitude, longitude, elevation, and distance from the Caribbean Sea, they found some 

distinct geographic trends such as the inverse relationship of δ18O and δD values in the leeward 

side of the mountain ranges in relation to the altitude that the air masses traversed. These local, 

aspect-scale variations in δ18O and δD values may have some practical implications for water 

budgets, particularly in temporal and spatial upscaling of these results from catchment to 

continental scales (Bowen and Wilkinson, 2002). 

 

A majority of investigations using water stable isotopes in tropical ecohydrology, however, has 

centered on soil-water partitioning objectives. Soil-water partitioning patterns have been  

explored and linked to their relationships to leaf phenology, differences in rooting patterns, and 

root activity (Meinzer et al. 1999) among others (Jackson et al. 1995; Stratton, Goldstein, & 

Meinzer 2000; Andrade et al. 2005; Lambs, Muller, & Fromard 2008; Gutierrez-Soto and Ewel 

2008). In a study during a four-month dry season of several diverse canopy species in a lowland 

tropical forest in Panama, Meinzer et al. (1999) reported a species independent behavior and a 

strong positive relationship between tree size (diameter at breast height, DBH) and xylem water 

δD. That is, smaller trees tapped deeper sources of soil water (more negative δD) than larger 

trees. The seasonal variation of this trend, moreover, was demonstrated to have a strong 

association with leaf phenology. The influence of species-specific attributes like leaf phenology 

to water use was supported by Gutierrez-Soto and Ewel (2008) who, in a study of soil water use 

patterns of four model plant associations in Costa Rica, reported that temporal factors were 

important in determining the competition and complementary relations among plant associations. 

They illustrated that species-specific attributes, such as biomass allocation to fine roots, 

phenology, and canopy structure, determined the water use in the plant associations investigated. 
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While the use of water stable isotopes in ecohydrological studies has improved our 

understanding of the role of vegetation in modifying seasonal macroclimates (Troch et al., 2009; 

Lee et al., 2005; Bonan, 2002) and local microclimates (Green et al., 2015; Simonin et al., 

2013), the prevailing assumption is that vegetation draws water from the same subsurface stocks 

that eventually reach the stream (i.e. green vs. blue water flows in D’Odorico et al., 2010). If that 

were universally the case and knowing that root water uptake is generally a non-fractionating 

process, then subsurface water pools contributing to groundwater recharge and streamflow 

should have similar stable water isotope ratios as some of the subsurface water stocks that are 

available for root water uptake. However, work by Brooks et al. (2010) and Goldsmith et al. 

(2012) in Mediterranean and seasonally dry tropical settings, respectively, has suggested that 

there may be ecohydrological separation..Ecohydrological separation (also known colloquially 

as the two water worlds hypothesis; McDonnell, 2014) posits that the water used by vegetation is 

different from the “more mobile” water in soils, groundwater and streams. A similar 

phenomenon was also recently reported using nitrate isotopes (two nitrate worlds) (Hall et al., 

2016), thereby supporting the idea that water/nutrient uptake by vegetation and groundwater 

recharge/nutrient export to streams are separated. Indeed, if ecohydrological separation is real, 

then the implications, among others, for quantifying transit times in streams using current 

approaches that assumed a well-mixed subsurface are profound, since ecohydrological separation 

is synonymous with an acutely non-well mixed subsurface. 

  

Recent satellite-based global isotope mass balance work (Good et al. 2015) shows that 

ecohydrological separation is more likely the rule than the exception, and that water contributing 

to groundwater recharge is often (but not always) isolated from water used in plant transpiration 

(Jasechko and Taylor, 2015; Jasechko et al., 2014). Nevertheless, the need to test for 

ecohydrological separation under different physiographic settings persists; its implications for 

the role of groundwater (saturated zone or phreatic water) in sustaining vegetation at the global 

scale are yet to be established; and, the possible controls underlying these phenomenological 

observations have yet to be unraveled. 

 



5 
 

1.1 Objectives and Hypotheses 

The overarching objective of my PhD research work was to understand some of the outstanding 

fundamental questions on how subsurface water might be partitioned between root water uptake 

and groundwater recharge or streamflow. In particular and at the center of this objective was the 

phenomenological observation called ecohydrological separation which, heretofore, remained 

poorly understood. In achieving the overarching objective, I systematically organized my 

research work into chapters that independently addressed the following outstanding questions 

surrounding ecohydrological separation: 

1. Is ecohydrological separation a phenomenon unique to highly seasonal settings where 

hydrologic input is temporally “out of phase” with primary productivity? 

2. Is ecohydrological separation widespread? 

3. What is the degree of groundwater use by vegetation at the scale of the globe? 

4. What are the possible mechanisms that control ecohydrological separation? 

I began with testing the generality of ecohydrological separation (Chapters 2 and 3). Although 

not mutually exclusive, ecohydrological separation has implications for the role of groundwater 

in sustaining vegetation. A synthesis of groundwater-vegetation work, however, remained 

wanting. It was against this backdrop that I embarked on a meta-analysis to be able to quantify 

the degree of groundwater use by vegetation at the global scale (Chapter 4). Having established 

the generality of ecohydrological separation and quantified the magnitude of dependence of 

groundwater use by vegetation, I conducted a controlled drought and rewetting experiment to be 

able to unscramble the possible process controls behind ecohydrological separation, that is, the 

partitioning of subsurface water between root water uptake, groundwater recharge, and 

streamflow generation (Chapter 5). 

 

Specifically, in Chapter 2, my main objective was to test for ecohydrological separation in less 

seasonal semi-arid and humid tropics. Following the original work on ecohydrological separation 

by Brooks et al. (2010), it was suggested that ecohydrological separation may be explained by a 

site’s wetness-dependent interconnectivity. Phillips (2010) described wetness-dependent 

interconnectivity as a precondition for ecohydrological separation whereby the timing of 
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vegetation activity (e.g. primary productivity) is “out of phase” with hydrological activity (e.g. 

precipitation input) – the boundary conditions that broadly described the study system of Brooks 

et al. (2010) in Oregon, USA. At the ecosystem scale, such a precondition for ecohydrological 

separation might pertain to sites with high seasonality as the case was in Goldsmith et al. (2012) 

in the seasonally dry tropical climate in Veracruz, Mexico. At the scale of flow systems in the 

soil, such a precondition supports a mechanistic interpretation whereby the exchange between 

soil-matrix water (contributing to transpiration) and preferential flow path water (contributing to 

groundwater recharge and streamflow) is negligible; thus, supporting an observation consistent 

with ecohydrological separation. If wetness-dependent interconnectivity is indeed a precondition 

for ecohydrological separation then the latter should not be evident in settings where wetness-

dependent interconnectivity is high, that is, in less seasonal systems. To this end, I posed this as a 

null hypothesis to test in two less seasonal semi-arid and humid sites in Puerto Rico. My null 

hypothesis was that ecohydrological separation is an observation that is specific to 

Mediterranean and seasonally dry tropical climates, and therefore absent in settings where 

hydrologic input is temporally in-phase with primary productivity. To demonstrate temporal 

phasing between hydrologic input and primary productivity, I performed a time-series analysis 

on 8.5-yr rainfall amount, rainfall isotope (δ18O), and gross primary productivity (GPP) data. I 

then tested for ecohydrological separation using xylem (stem) water of mahogany (Swietenia 

spp.), soil water, groundwater, and stream water isotopes collected during two contrasting 

moisture periods. Finally, I explored the utility of a simple linear mixing model, implemented in 

a Bayesian inference framework, to quantify source water contributions at both sites and 

moisture periods. This study was submitted for peer review in July 2014 and was accepted for 

publication in March 2016 [Citation: Evaristo, J., J. J. McDonnell, M. A. Scholl, L. A. 

Bruijnzeel, and K. P. Chun (2016), “Insights into plant water uptake from xylem-water isotope 

measurements in two tropical catchments with contrasting moisture conditions”, Hydrol. 

Process., 30, 3210-3227]. 

 

In Chapter 3, my main objective was to test the generality of ecohydrological separation at the 

scale of the globe. Following the site-level studies that provided evidence consistent with 

ecohydrological separation (Brooks et al., 2010; Goldsmith et al., 2012; Evaristo et al., 2016), I 
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embarked on a meta-analysis of published literature for water stable isotopes in ecology and 

hydrology. To this end, my null hypothesis was that ecohydrological separation is an observation 

that is specific to a few sites, and therefore not generalizable across biomes and diverse 

physiographic settings of the world. Because prior work on ecohydrological separation was 

based on the "offset" of a water sample (xylem water, soil water, groundwater, stream water) 

from the local meteoric water line, I included only dual-isotope studies and excluded papers that 

used only δ2H or δ18O alone. I extracted groundwater isotope data either from compiled papers or 

from a comprehensive groundwater database. I then conducted a sensitivity analysis to support 

the use of groundwater data within an optimal radius around each study site. Appropriate 

statistical techniques were used to demonstrate ecohydrological separation between xylem/soil 

water and groundwater/stream water, from site- to biome-level. This study was submitted for 

peer review in September 2014 and was accepted for publication in July 2015 [Citation: 

Evaristo, J., S. Jasechko, and J. J. McDonnell (2015), “Global separation of plant transpiration 

from groundwater and streamflow”, Nature, 525, 91-94.]. 

 

In Chapter 4, my main objective was to quantify the degree of groundwater (saturated zone or 

phreatic water) use by vegetation at the global scale. One corollary implication of 

ecohydrological separation is the supposition that groundwater use by vegetation may not be as 

widespread as increasingly being suggested in the literature (e.g. Fan, 2015). That root water 

uptake does not result in isotopic fractionation underlies the utility of stable isotopes in plant 

water uptake investigations. While many site-based studies have now been completed, a global 

synthesis of these data has not yet been made. To this end, I developed two testable hypotheses: 

(1) groundwater use by vegetation is significant, that is, greater than 50% of the world's 

vegetation; (2) groundwater use by vegetation is not significant, that is, less than 50% of the 

world's vegetation. I searched the published literature for water stable isotope papers in ecology 

and hydrology. Where single isotope (δ2H or δ18O) was used in a source paper, I compiled 

percent groundwater use by vegetation either from direct interpolation method or from reported 

mixing model results. Where dual isotopes were used in a source paper, I used the line-

conditioned excess parameter (Landwehr and Coplen, 2006) to calculate the “offset” (to quantify 

xylem-groundwater connectivity) of a xylem water value from the groundwater line. The 
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groundwater line was calculated from measurements of δ18O and δ2H of groundwater at a site. I 

then defined upper and lower bounds of groundwater use if a xylem-groundwater connectivity 

value fell within the 10th and 90th percentiles and within the 25th and 75th percentiles of 

groundwater nonparametric data density space, respectively. I employed species-level 

accounting for establishing groundwater use by vegetation. This approach enabled me to test for 

effects not only at a site level but also at other categories of interest (e.g. species, genus, biome, 

etc.). This study was submitted for peer review in March 2016 and is presently in revision 

[Citation: Evaristo, J., and J. J. McDonnell (In Revision), “Groundwater use by plants not 

widespread globally". Nature (Scientific Reports)]. 

 

In Chapter 5, my main objective was to identify the possible mechanisms that control 

ecohydrological separation – the partitioning of subsurface water between root water uptake, and 

groundwater recharge – during and after an extended period of drought. One outstanding 

research question surrounding ecohydrological separation is whether or not the latter is a 

separation between transpiration and mobile soil water in time or a separation in space (Bowen, 

2015). Earlier research on ecohydrological separation carried the implicit suggestion that 

transpiration flux is older than the more mobile water pool. This runs counter to most catchment 

modeling studies that suggest that evapotranspiration fluxes are younger (Hrachowitz et al., 

2013, 2015; Harman, 2015). This time aspect involves quantifying the mean transit time (MTT) 

and corresponding transit time distribution (TTD) of soil water and transpiration. MTT is the 

ratio between storage volume (L3) and average water flux (L3 T-1). Catchment transit time is the 

time that a water parcel spends from input as rainfall to output as streamflow or transpiration 

water (also known as “exit age”). 

  

Nonetheless, no studies have yet quantified the transit time of transpired water or the transit time 

of the low mobility water. Beyond time, the space aspect of ecohydrological separation entails 

quantifying the source proportions of the isotopic signal that is integrated in the xylem (i.e. plant 

stem) water. Evaluating and quantifying these time- and space-based components of 

ecohydrological separation, however, are difficult when boundary conditions in natural 

catchments are unknown and largely unknowable. Experiments that allow for high degree of 
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control over environmental variables at useful space and time scales are ideal but rare. In 

general, the degree of control over experiments spans extremes in spatial scales: growth chamber 

experiments allow for high degree of control but scalability is an issue; field experiments satisfy 

scale requirements (i.e. being the natural system) but control over experimental variables is 

nearly impossible. In Chapter 4 I took advantage of the 27 m tall, 1936 m2 mesocosm Biosphere 

2-Tropical Rainforest (B2-TRF) biome with a total volume of 35000 m3. The B2-TRF biome 

represents the ideal scale at which to address fundamental aspects of ecohydrological separation, 

enabling controlled experiments to be designed and implemented at the biome scale, but with 

complete boundary controls. 

  

I conducted a 10-week experiment whereby water stress was induced (drought) in four tree 

species (n=8). After the drought, I then added deuterated water as a label in rainfall distributed 

over four precipitation events. Followed by 13 rainfall events without a label spaced every 2-3 

days, I tracked the evolution of the label over the course of this 6 months. I tested the null 

hypothesis that the ecohydrological system is tightly connected in that water forming 

groundwater recharge and plant transpiration is from a common pool. Alternatively, if labelled 

water is taken up by vegetation via roots is the same as the water that contributes to groundwater 

recharge (and eventual routing to streams), then their “ages” (i.e. mean transit times) and by 

extension sources in the subsurface, should be the same. Results of this study form Chapter 4 and 

will be submitted for peer review in Water Resources Research [Evaristo, J., J.J. McDonnell, M. 

Kim, J. van Haren, L. Pangle, C. Harman, P. Troch, “Source apportionment in the critical zone: 

Characterizing the fluxes and age distribution of soil water, plant water and deep percolation”]. 
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CHAPTER 2 

INSIGHTS INTO PLANT WATER UPTAKE FROM XYLEM-WATER ISOTOPE 

MEASUREMENTS IN TWO TROPICAL CATCHMENTS WITH CONTRASTING 

MOISTURE CONDITIONS 

 

Status: Published 

Citation: Evaristo, J., J. J. McDonnell, M. A. Scholl, L. A. Bruijnzeel, and K. P. Chun (2016), 

Insights into plant water uptake from xylem-water isotope measurements in two tropical 

catchments with contrasting moisture conditions, Hydrol. Process., 30, 3210-3227. 

 

2.1 Abstract 

Water transpired by trees has long been assumed to be sourced from the same subsurface water 

stocks that contribute to groundwater recharge and streamflow. However, recent investigations 

using dual water stable isotopes have shown an apparent ecohydrological separation between 

tree-transpired water and stream water. Here we present evidence for such ecohydrological 

separation in two tropical environments in Puerto Rico where precipitation seasonality is 

relatively low and where precipitation is positively correlated with primary productivity. We 

determined the stable isotope signature of xylem water of 30 mahogany (Swietenia spp.) trees 

sampled during two periods with contrasting moisture status. Our results suggest that the 

separation between transpiration water and groundwater recharge/streamflow water might be 

related less to the temporal phasing of hydrologic inputs and primary productivity, and more to 

the fundamental processes that drive evaporative isotopic enrichment of residual soil water 

within the soil matrix. The lack of an evaporative signature of both groundwater and streams in 

the study area suggests that these water balance components have a water source that is 

transported quickly to deeper subsurface storage compared to waters that trees use. A Bayesian 

mixing model used to partition source water proportions of xylem water showed that 

groundwater contribution was greater for valley-bottom, riparian trees than for ridge-top trees. 
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Groundwater contribution was also greater at the xeric site than at the mesic-hydric site. These 

model results (1) underline the utility of a simple linear mixing model, implemented in a 

Bayesian inference framework, in quantifying source water contributions at sites with contrasting 

physiographic characteristics, and (2) highlight the informed judgment that should be made in 

interpreting mixing model results, of import particularly in surveying groundwater use patterns 

by vegetation from regional to global scales. 

 

2.2 Introduction 

The partitioning of infiltrating water between plant transpiration, soil water evaporation, 

groundwater recharge and streamflow generation under different physiographic characteristics is 

poorly understood (Vivoni et al., 2008; Gouet-Kaplan et al., 2012).  While advances in terrestrial 

ecohydrology have improved our appreciation of the role of vegetation in modifying seasonal 

macroclimates (Troch et al., 2009; Lee et al., 2005; Bonan, 2002) and local microclimates 

(Green et al., 2015; Simonin et al., 2013), the prevailing assumption is that vegetation draws 

water from the same subsurface stocks that eventually reach the stream, i.e. green water flows 

and blue water flows (D’Odorico et al., 2010) originate from the same homogeneous source. If 

that were universally the case (knowing plant-water uptake is generally a non-fractionating 

process; Zimmermann et al., 1966; Ehleringer and Dawson, 1992), then subsurface water pools 

contributing to groundwater recharge and streamflow should have similar stable water isotope 

ratios to plant xylem water. However, work by Brooks et al. (2010) and Goldsmith et al. (2012) 

in Mediterranean and seasonally tropical settings, respectively, has suggested that there may be 

ecohydrological separation of the water sources for streams and trees, in that plants typically use 

matrix soil water not contributing to streamflow, while the water contributing to streamflow is 

not accessed by the plants (McDonnell, 2014).  More recently, global-in-scale investigations 

(Good et al. 2015; Evaristo et al. 2015) have shown that a poorly-mixed (i.e. ecohydrological 

separation) conceptualization of soil water pools is more likely the rule than the exception, and 

that water contributing to groundwater recharge is often (but not always) isolated from water 

used in plant transpiration (Jasechko and Taylor, 2015; Jasechko et al., 2014).  
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Evaristo et al. (2015) showed that ecohydrological separation was greatest in tropical and 

Mediterranean biomes. Most of the tropical studies in the meta-analysis of Evaristo et al. (2015), 

however, were in highly seasonal climates.  Climates with less seasonality, where temporal 

contrasts in water availability and primary productivity (i.e. soil water uptake) are not as marked 

as in highly seasonal tropical settings, are particularly in need of study. The exchange between 

soil-matrix and preferential flow path waters may be more frequent at low-seasonality sites [i.e., 

they show greater wetness interconnectivity; Phillips, 2010]. Therefore, we hypothesize that the 

degree of ecohydrological separation would be less for ecosystems where rates of precipitation 

input and primary productivity are more in-phase.      

 

Here we test for evidence of ecohydrological separation using similar species of mahogany trees 

(Swietenia spp.) at two low-seasonality but contrasting sites in northeastern and southwestern 

Puerto Rico, having significant differences in rainfall amount as well as atmospheric evaporative 

demand (i.e. potential evapotranspiration, PET). The site in the northeastern part of the island 

(Luquillo, hereafter LUQ) is a mesic-hydric ecosystem with ample rainfall throughout the year; 

the site in the southwest (Susua, hereafter SUS) represents a xeric ecosystem with about a fifth of 

the rainfall amount received in LUQ. Despite these contrasts in overall moisture regime, each 

site has little seasonal variation in terms of temperature and day length so that within-site 

hydrologic (e.g. precipitation, soil moisture) and primary productivity variability are in-phase. 

The mesic-hydric and xeric sites remain relatively wet and dry, respectively, on intra- and inter-

annual timescales (see Figure 2.1). Thus, the sites provide an opportunity to test for the 

ecohydrological separation hypothesis under conditions where hydrology and primary 

productivity are in-phase, and where there is a significant contrast in rainfall amount and PET 

between sites. We anticipated the results would also provide information on the degree of 

wetness interconnectivity (exchange between matrix water and preferential flow water) at the 

sites.  

  

We also explore the partitioning of water sources as an integrated signal in the xylem. 

Heretofore, much of the work in stable isotope tropical ecohydrology has centered on source 

water partitioning approaches that examine relationships between leaf phenology, differences in 
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rooting patterns, and root activity (Meinzer et al. 1999) among other plant and environmental 

variables (Jackson et al. 1995; Stratton et al. 2000; Andrade et al. 2005; Gutierrez-Soto et al. 

2008; Rosatto et al. 2012; Bertrand et al. 2014). Stable isotope methods used in partitioning 

source contributions to xylem water fall under two main categories: process-based mixing 

(PBM) models and simple linear mixing (SLM) models (see Ogle et al. 2014). PBM models (e.g. 

RAPID by Ogle et al. 2004; Ogle et al. 2014) integrate stable isotope data and a biophysical 

model (e.g. root water uptake) into a Bayesian framework. PBM models are useful if the goals 

are to arrive at greater predictive ability of how changes in space and time affect root water 

uptake and an improved mechanistic understanding of ecosystem behavior. Traditional SLM 

models are useful in estimating two or three water sources (e.g. Thorburn and Walker 1993; 

Brunel et al. 1995). Relatively recent SLM models can deal with multiple sources via an iterative 

mass balance approach (e.g. IsoSource by Phillips and Gregg 2003) or when used in a Bayesian 

inverse modeling framework (e.g. MixSIR by Moore and Semmens 2008; SIAR by Parnell et al. 

2010). There have been few plant source water partitioning studies using SLM models in a 

Bayesian framework, however, (e.g. Leng et al. 2013; Barbeta et al. 2015), and in this paper we 

examine the usefulness of this approach.      

 

Specifically, we address the following questions: 

 

1. Do analyses of stable isotopes in stream water, groundwater, bulk soil water, and plant xylem 

water for the contrasting wet- and dry-climate sites show evidence of ecohydrological 

separation? 

2. What can we learn from a simple linear mixing model, implemented in a Bayesian inference 

framework, regarding the sources of water for the sampled mahogany trees? 

 

We utilized the natural abundances of hydrogen (2H or deuterium, D) and oxygen (18O) stable 

isotopes in plant xylem water, and derived line-conditioned excess (lc-excess*) (Landwehr and 

Coplen 2006) to test the ecohydrological separation at the two sites. The lc-excess* can help to 
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differentiate water samples that have undergone evaporation under non-equilibrium conditions 

(Dansgaard 1964) from those that have maintained the isotopic characteristics of regional 

precipitation. By using the lc-excess* to differentiate between evaporated (shallow soil water, 

standing water) and non-evaporated (precipitation, stream and groundwater) sources, we can test 

the ecohydrological separation. Finally, we compare estimates of the potential sources of xylem 

water by exploring the utility of a simple linear mixing model, implemented within a Bayesian 

framework (SIAR, Parnell et al. 2010). 

 

2.3 Materials and Methods 

2.3.1 Study area 

The Luquillo Mountains in northeastern Puerto Rico rise steeply from the coast to over 1000 m 

in elevation over a distance of 15 to 20 km. They are characterized by steep slopes, rugged 

peaks, and highly dissected valleys (Pike et al., 2010). The rapid increase in elevation 

corresponds to major changes in climate, soil type, as well as structure and species composition 

of the vegetation (Scatena and Lugo, 1995). The site in the Luquillo Mountains (LUQ) chosen 

for this study was Rio Chiquito near Sabana (18°19'N, 65°43'W) at an elevation of 

approximately 160 to 207 m above sea level (Table 2.1). The site is underlain by volcaniclastic 

rocks (tuffaceous sandstones and indurated siltstones) that have weathered into a predominantly 

clayey substrate. Soils at this site are Typic Haplohumults of the Humatas Series with a solum 

thickness between 56 and 130 cm (USDA NRCS, 2002) that is underlain by saprolite down to 

20–60 m depth (Buss et al., 2013). The uppermost 20 cm of the soil is highly permeable but the 

soil below is rather poorly drained. As a result, most stormflow travels laterally through 

macropores in the topsoil (Schellekens et al., 2004). The LUQ site is part of the Tabonuco 

(Dacryodes excelsa) forest type (Wadsworth, 1951), a forest community found at elevations 

<600 m, with an average canopy height of 20–25 m. While no definitive survey on rooting depth 

exists for Swietenia spp. in Puerto Rico, Lugo et al. (2003) reported that mahogany trees at LUQ 

are less resistant to wind stress, possibly due to their relatively shallow rooting pattern. A soil 

survey by the USDA NRCS (2002) reported medium-sized and fine roots (tree species not 

identified) down to a depth of almost 1 m at our site in LUQ. Most roots, however, were reported 

to be in the top 0.24-0.40 m (Lenart et al. 2010). The semi-deciduous hardwood species 
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Swietenia macrophylla x S. mahagoni – a hybrid between small- and big-leaf mahoganies – was 

introduced in Luquillo more than 50 years ago (Lugo, 1992) and remains abundant in some parts 

of the Tabonuco forest including the present study site. The climate is maritime tropical (type 

A2m in the Köppen classification) with a mean annual rainfall (1988–2002) of ca. 3700 mm 

(Heartsill-Scalley et al., 2007) distributed over 267 rain days (Schellekens et al., 2000) while air 

temperatures vary seasonally between 22 and 25⁰C. The site is exposed to the NE trade winds 

and receives relatively higher rainfall in the months of May, June, and October (> 300 mm each) 

than at other times of the year while January through April typically have relatively low rainfall 

(< 200 mm month-1) (Heartsill-Scalley et al., 2007). Potential evapotranspiration (PET) 

according to the method of Hargreaves & Allen (2003) is ca. 1450 mm y-1 (Beck et al., 2013).  

 

Situated in the southwestern part of the island and on the leeward side of the Cordillera Central, 

Susua (SUS) has a much drier climate than Luquillo. The study site is located on the southern 

extreme of the Susua Forest Reserve, along the banks and upper slopes of the Rio Loco 

(18°04'N, 66°54'W) at an elevation of 132–172 m (Table 2.1). Mean annual rainfall is estimated 

to be 1200 mm (Medina et al., 1994) and air temperature varies seasonally between 25 and 29⁰C. 

Like LUQ, January through April typically have lower rainfall than the rest of the year. Annual 

PET according to the Hargreaves method is estimated at ca. 1650 mm. The landscape is 

underlain by serpentinite that has weathered into the clayey, ferruginous, shallow Typic 

Hapludox of the Rosario Series – well-drained, moderate to rapidly permeable soils on side 

slopes and stable ridges with no aquic conditions for most of the year (USDA NRCS, 2002). The 

plantation species Swietenia mahagoni (small-leaf mahogany) was introduced in SUS more than 

50 years ago (Lugo, 1992) and remains abundant in the area. Like the hybrid mahogany at LUQ, 

small-leaf mahogany in SUS is facultatively deciduous – leaf shedding may be deferred or 

reduced to a rapid leaf replacement when sufficient soil moisture persists during the drier months 

(Burton, 2007). Unlike the hybrid mahogany at LUQ, small-leaf mahogany trees at SUS show 

more resistance to wind stress, possibly due to a deeper rooting pattern (Lugo et al. 2003). 

 

2.3.2 Ecohydrological seasonality 
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A prime motivation for our study was testing the ecohydrological separation hypothesis in a 

setting where plant ecology (i.e. primary productivity) and site hydrology (i.e. moisture input) 

are in-phase, and where hydrological seasonality (in terms of precipitation inputs and streamflow 

outputs) is lower than at previously studied sites. To demonstrate that our Puerto Rico sites meet 

these conditions we performed a time-series analysis of rainfall (as a metric of hydrological 

conditions) and gross primary productivity GPP (as a metric of ecosystem performance) for the 

period January 2005 to June 2013. 

  

We calculated GPP by first estimating the above-ground net primary productivity (ANPP) using 

the empirical relationship between ANPP and evapotranspiration of Webb et al. (1978). Since 

direct measures of below-ground net primary productivity (BNPP) are mostly lacking for tropical 

forests, we used the lower and upper bound estimates of Clark et al. (2001) [BNPP = 0.2-

1.2(ANPP)] to calculate BNPP, and therefore obtain a first estimate of total NPP (i.e. ANPP + 

BNPP). We tested the validity of this approach by comparing our calculated total NPP to 

reported values in the literature for our study sites: Wang et al. (2003) for LUQ and Murphy et 

al. (1995) for SUS. We then calculated GPP (GPP = total NPP + respiration) by using reported 

values in the literature for the relationship between respiration and total NPP (Wang et al. 2003). 

Comparing our calculated GPP to simulated and observed values at our sites enabled us to test 

for the robustness of this approach.          

 

To support our interpretation of the rainfall and GPP time-series analysis, we employed an 

additional approach whereby we estimated the actual evapotranspiration as a function of a site’s 

aridity index (i.e. PET/P sensu Budyko, 1974). PET was calculated based on temperature and 

day-length (Hamon 1963), and setting the fraction of day that is day-time to 0.5. Actual 

evapotranspiration (AET) was calculated as the difference between annual precipitation and 

streamflow (Jones et al. 2012). Streamflow data from Rio Mameyes (USGS ID 50065500) and 

Rio Cerrillos (USGS 50114000) were used for LUQ and SUS, respectively. Budyko (1974) and 

many others since (e.g.  Potter et al., 2005; Gerrits et al., 2009) have shown that catchments 

where monthly potential evaporation (including transpiration) and precipitation rates are in-phase 

plot closer to or above the Budyko curve than sites that are out of phase. The Budyko curve 
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approach, therefore, was applied to test whether the LUQ and SUS sites are indeed “in phase” or 

“out of phase”. 

 

2.3.3 Environmental waters and plant water uptake 

Rainfall amounts in LUQ were measured at the nearby (482 m) Bisley watershed meteorological 

station, situated ~ 275 m above the soil- and vegetation sampling sites. Rainfall and stream water 

samples were collected in the Mameyes watershed as part of the long-term stable isotope 

monitoring program by the United States Geological Survey (USGS) following the collection 

methodology outlined by Scholl et al. (2009). Groundwater stable isotope data from a network of 

wells (depths 70-100 cm) (see McDowell et al. 1992) sampled at stream bank and upslope 

positions in the nearby Bisley watershed in LUQ were also used. At the SUS site, rainfall data 

from the closest weather station (30 km) in the municipality of Ponce were used, while 

groundwater isotope estimates for this site were derived from the simulations of Jasechko et al. 

(2014).     

 

Local meteoric water lines (LMWLs) for the LUQ site were plotted to compare with the stable 

isotopic distributions in rainfall, xylem water, soil water, stream water and groundwater in a dual 

isotope space. At SUS, the LMWL was derived from near-monthly rainfall isotopic values in the 

Guanica Dry Forest (Govender et al., 2013), 14 km from the sampling site.    

 

Samples of precipitation, from January 2008 to March 2013 were analyzed for δD and δ18O in 

the USGS Reston Stable Isotope Laboratory in Virginia, USA using either isotope ratio mass 

spectrometry (IRMS) or cavity ring-down spectroscopy (CRDS) (data in Scholl et al. 2014). 

Samples of xylem water, bulk soil water, and stream water were analyzed for δD and δ18O at the 

Stable Isotope Ratio Facility for Environmental Research (SIRFER) at the University of Utah, 

USA, using cryogenic vacuum distillation and isotope ratio infrared spectroscopy (IRIS) on a 

Picarro CRDS. No spectral interference was observed when using the IRIS technique. To address 

any concerns about potential errors when using the IRIS technique instead of the traditional 
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IRMS technique (West et al. 2010), we randomly selected samples for comparison of the two 

methods. The randomly selected samples were compared to a CO2 equilibration method on the 

IRMS. Results of the comparison showed that the values generated from both techniques were 

not significantly different (values ranged from 0.2–0.6‰ δ18O) for both plant xylem water and 

bulk soil water samples, with an inter-technique correspondence close to unity. 

 

We use conventional notation for isotope composition (Coplen 2011) where δ18O or δ2H = 

[(Rsample/RSMOW)-1], with R as the ratio of 18O/16O  or 2H/1H  in the sample or in Standard Mean 

Ocean Water: SMOW. Laboratory precision (1SD) for the Picarro CRDS at SIRFER was no 

greater than 1.1 and 0.2‰ for δD and δ18O, respectively, and no greater than 1 and 0.1‰ at the 

USGS Reston Stable Isotope Laboratory. 

 

To understand the depth of soil water-uptake patterns, xylem water in mahogany trees and bulk 

soil water were collected during a relatively “wet” (9–13 July 2012) and a relatively “dry” (11–

15 February 2013) sampling period. Samples of stream water were also taken at this time to 

examine to what extent it differed isotopically from bulk soil water and xylem water. Xylem 

water samples were taken from the part of twigs with mature bark that were closest to the main 

branch (following Dawson, 1993) to minimize the effect of evaporative enrichment by water loss 

through unsuberized stems. Xylem water was analyzed for δ18O and δ2H.  We calculated the 

classic deuterium-excess (d-excess) parameter values (Dansgaard, 1964) and report these for 

soils, for the comparison to previous evaporation studies (e.g. Simonin et al., 2013):   

 

d-excess = δ2H – 8 (δ18O)      (2.1) 

 

In addition, to test for ecohydrological separation, we calculated the line-conditioned excess (lc-

excess*) of soil water, xylem water, and groundwater (Landwehr and Coplen, 2006):  
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lc-excess* = [δ2H - a δ18O – b] / S     (2.2) 

 

where a and b are the slope and y-intercept, respectively, of the LMWL, and S is one standard 

deviation measurement uncertainty for both δ18O and δ2H. Equation (2.2) was used to quantify 

the degree of “offset” of environmental waters from rainfall. That is, a negative offset that is 

greater than the standard deviation of the LMWL suggests that water has undergone some 

evaporative isotopic enrichment.   

     

Soil cores were extracted at a distance of approximately twice the average diameter at breast 

height (DBH) from each tree [0.62±0.32 m at LUQ vs. 0.41±0.29 m at SUS (mean±1SD)]. Cores 

were taken down to depths of 30 and 60 cm during the July 2012 (wet conditions) and February 

2013 (dry conditions) sampling campaigns, respectively. Cores were subdivided into 10-cm 

depth intervals for subsequent water stable isotope analysis. d-excess values at each depth in the 

soil profile were then calculated for both sampling periods. For LUQ we calculated the so-called 

characteristic length LC for Stage 1 evaporation (i.e. the “constant rate period”, Or et al., 2013) to 

see how the patterns of d-excess values with soil depth compared with LC. LC was calculated 

over a range of apparent soil water evaporation rates e0 of sites considered representative of 

conditions prevailing in the forest at LUQ (0.14-0.19 mm d-1, Roche 1982; Jordan and 

Heuveldop 1981): 

 

𝐿𝐿𝐶𝐶 = 𝐿𝐿𝐺𝐺
1+ 𝑒𝑒0

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

        (2.3) 

where Keff (mm d-1) is effective soil hydraulic conductivity and LG (mm d-1) is the gravity 

characteristic length (following Or et al., 2013): 

 

𝐿𝐿𝐺𝐺 = 1
𝛼𝛼(𝑛𝑛−1) �

2𝑛𝑛−1
𝑛𝑛
�
�2𝑛𝑛−1𝑛𝑛 �

�𝑛𝑛−1
𝑛𝑛
�
1−𝑛𝑛
𝑛𝑛      (2.4) 
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where α and n are the van Genuchten model parameters for the silty clay soils in LUQ. We state 

a caveat that the e0 estimates used here are based on micro-lysimeters (Jordan and Heuveldop 

1981) and evaporation pans placed beneath the rain forest canopy (Roche 1982) , and therefore 

driven by atmospheric parameters, notably temperature, wind speed, relative humidity, and solar 

radiation. In contrast, the derivation of Equation (2.3) is driven not by atmospheric parameters 

but by porous media properties (Lehmann et al. 2008). Calculating LC, therefore, was done to 

serve as a learning tool and to derive potential insights on soil water evaporation as indicated by 

the obtained patterns of d-excess values with soil depth.  

 

Finally, to determine the sources of water uptake by the mahogany trees at different landscape 

positions, we employed an SLM Bayesian model approach. Ridge-top trees in LUQ were 

situated 95 m away from the stream valley on a slope of 12%; while ridge-top trees in SUS were 

situated 243 m away from the stream valley on a slope of 16%. We used the SIAR (stable-

isotope analysis in R) Bayesian mixing model statistical package (Parnell et al. 2010) to explore 

the structure (and plausible meaning) of the data in probability space (i.e. in p-space). SIAR is 

widely used in food web and animal foraging studies, and was used here to determine the relative 

importance of various sources of water that may contribute to xylem water using Markov Chain 

Monte Carlo (MCMC) methods. We classified four potential sources of xylem water when 

running the Bayesian model: (1) soil water at 0-10 cm (“shallow soil water”); (2) soil water at 

≥20 cm (“deep soil water”); (3) “rain”; and (4) “groundwater”. We recognize that the 

distinguished depths are not strictly “shallow” and “deep” per se, but the terms are used here 

only to designate the two soil water end-members that can be resolved by SIAR vis-à-vis our 

sampled soil depths. The trophic enrichment factor (TEF) and concentration dependence of the 

original model were set to 0. The model was run with 500,000 iterations (discarding the first 

50,000) and a source water’s most likely contribution (i.e. the mean of the posterior distribution 

of the MCMC simulation) to xylem water was obtained for all trees at a site. 

 

2.4 Results 

2.4.1 Ecohydrologic phasing: in-phase vs. out-of-phase 
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Figures 2.1a and 2.1b show rainfall amount (mm), estimated GPP (g m-2 y-1), and rainfall δ18O 

(where available) for the LUQ and SUS sites, respectively. At LUQ, our calculated total annual 

GPP ranged from a minimum of 5400 g m-2 y-1 in 2011 to a maximum of 5600 g m-2 y-1 in 2012. 

Between 2005 and 2012, the mean (±SD) calculated annual GPP was 5500 (± 44) g m-2 y-1, well 

within the range of simulated (Wang et al. 2003) and observed (LTER-LUQ) GPP estimates at 

5000 and 6000 g m-2 y-1, respectively. Over the same period, rainfall amount and rainfall δ18O 

(median, interquartile range) at LUQ were 3696 (1369) mm and -1.83 (1.8) ‰, respectively. 

Volume-weighted average rainfall δ18O and δ2H were -2.5 and -8.6 ‰, respectively. At SUS, our 

calculated total annual GPP ranged from a minimum of 3000 g m-2 y-1 in 2008 to a maximum of 

3100 g m-2 y-1 in 2010. Between 2005 and 2012, calculated mean annual GPP was 3105 (± 7) g 

m-2 y-1. The absence of information on observed or simulated GPP estimates for the forest at 

SUS did not allow us to directly compare the present GPP estimates. However, at 564 (± 8) g m-2 

y-1, our total NPP estimates agreed closely with the NPP of ~550 g m-2 y-1 derived for this forest 

type by Murphy et al. (1995). Over the same period, rainfall amount (median, interquartile 

range) at SUS was 916 (386) mm. Between 2008 and 2012, the amount-weighted average 

rainfall δ18O and δ2H were -3.5 and -17.4 ‰, respectively (Govender et al. 2013). 

 

Using the time-series from Figures 2.1a and 2.1b, we calculated the respective spectral density 

patterns (Baldocchi et al., 2001) for rainfall, GPP, and rainfall isotopic composition to examine 

whether any periodic structure existed in the data and to identify the frequencies associated with 

any such periodicity. For LUQ, Figure 2.1c demonstrates that both GPP and rainfall isotopic 

composition have a periodicity (i.e. occurrence of dominant peaks) of ~12 months. There are also 

underlying alternative periodic components (i.e. smaller peaks) recurring about every ~7 and ~6 

months for GPP and rainfall isotopic composition, respectively. Using Fisher’s Kappa statistic to 

test the null hypothesis that the time series is drawn from a normal distribution, against the 

alternative hypothesis that the time series has some periodic component, we rejected the null 

hypothesis and confirmed the periodic components of GPP and rainfall isotopic composition in 

the case of LUQ (Fisher’s Kappa = 16.23, P<0.0001).  
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Rainfall amount, on the other hand, showed no apparent dominant peaks or identifiable spectral 

pattern with this method, (Fisher’s Kappa = 5.30, P = 0.20). Nevertheless, LUQ rainfall has the 

annual pattern of the Caribbean region, with a winter dry season (Dec-Apr), an early wet season 

(Apr-May), a mid-summer drier period (Jun-Jul) and a late wet season (Aug-Nov) (García-

Martinó et al., 1996; Comarazamy and Gonzalez, 2011). The variability in timing and magnitude 

of these “seasons”, suggests that a wet/dry bimodal pattern in rainfall may not become apparent 

as a signal with the same frequency (García-Martinó et al., 1996). A more recent effort to 

identify any periodic components in rainfall at LUQ (Van Beusekom et al., 2015), however, 

confirmed earlier research findings that rainfall in Puerto Rico generally has a periodic 

component with a recurrence interval between 4–12 months. This range corresponds reasonably 

well with that observed in the GPP and rainfall isotopic composition signals (Fig. 2.1a). 

 

At SUS, Fig. 2.1d shows a generally similar pattern to that found for LUQ, except for a more 

pronounced absence of any dominant peaks in rainfall amount, and low-amplitude, smaller peaks 

in GPP and rainfall isotopic composition signals. Nevertheless, the results of the spectral density 

analyses for both sites support the observation that rainfall amount and GPP have periodic 

components of a few months to 1 year. 

 

Finally, to demonstrate the temporal correspondence between rainfall amount and GPP, using the 

same data-sets we calculated the mean monthly values of the two variables. Figures 2.1e and 2.1f 

show that long-term mean monthly rainfall amount correlates positively with long-term mean 

monthly GPP (Pearson’s r = 0.20 for LUQ, r = 0.22 for SUS; P<0.05 using two-tailed test). On 

the other hand, rainfall amount was negatively correlated with rainfall isotopic composition (r = -

0.38 for LUQ, r = -0.44 for SUS; P<0.05 using two-tailed test).   

 

On an annual timescale, Figure 2.2 shows the calculated actual evapotranspiration as a function 

of site aridity index (i.e. the ratio of potential evapotranspiration to precipitation, PET/P). 

Pertinently, the range of PET/P-values for SUS is much wider (1.68) than that for LUQ (0.09). 

On the other hand, the range of the ratio of actual evapotranspiration to precipitation (AET/P) at 
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SUS is narrower (0.09) than that for LUQ (0.13). Calculating the long-term average AET/P 

deviation from the general Budyko curve shows that LUQ has a slightly negative deviation of -

0.60 (±0.28) (mean ± SD), which is statistically different (two-tailed t-test P<0.05) from SUS’s 

slightly positive deviation of 0.10 (± 0.32) from the Budyko prediction. Taken altogether, the 

calculated AET/P at both sites are in excellent agreement with the Budyko curve’s prediction (r2 

= 0.98, P<0.0001), suggesting that rain inputs and plant physiological behavior are “in phase”. 

 

2.4.2 Ecohydrological separation: line-conditioned excess 

Stable isotope values of all water samples plotted in dual isotope space for the two study sites are 

shown in Figures 3a-d. The slope and intercept of the LMWL at LUQ (δD = 8.59 δ18O + 13.14) 

are different from the LMWL at SUS (δD = 7.79 δ18D + 10.85); the SUS intercept (10.85) is 

closer to that of the GMWL ((δD = 8δ18D + 10) while the LUQ intercept (13.14) reflects the 

generally higher d-excess in precipitation samples there (Scholl et al. 2014). At LUQ, while bulk 

soil and plant xylem water were isotopically distinct from stream water, groundwater, and 

rainfall (LMWL), this separation, as shown by the lc-excess*, was more evident during the wet 

period (inset Figure 2.3a) than during the dry period (inset Figure 2.3b). Table 2.2 shows the key 

statistical information derived from the data in Figure 2.3. Differences in soil and xylem water 

lc-excess* at LUQ were not statistically significant in either moisture period (P>0.05 using two-

tailed t-test). These soil and plant xylem water lc-excess* patterns at LUQ indicate that the 

variability of soil water isotopic composition – down to depths of 30 and 60 cm during the wet 

and the dry period, respectively – can explain a fair degree of the observed variability in xylem 

water composition. The difference in groundwater lc-excess* at LUQ, however, was statistically 

significant between the two periods with contrasting moisture status (P<0.0001 using two-tailed 

t-test). Also, the lc-excess* values of soil water and xylem water were statistically different from 

the lc-excess* of groundwater during both periods (P<0.0001 using non-parametric Steel-Dwass 

Method).      

 

Like at LUQ, bulk soil and plant xylem water isotopic composition was also distinct from that of 

groundwater and rainfall at SUS during the wet period (inset Fig. 2.3c) and the dry period (inset 
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Fig. 2.3d). Differences in soil water lc-excess* at SUS were statistically significant (P<0.00001 

using two-tailed t-test) between the two moisture periods. Xylem water lc-excess* values, on the 

other hand, were not significantly different between the two periods. Unlike at LUQ, the soil and 

plant xylem water lc-excess* patterns observed at SUS suggest that the isotopic variability of soil 

water may not explain the variability in xylem water. Like at LUQ, the lc-excess* values of soil 

water and xylem water at SUS were statistically different from the lc-excess* of groundwater 

during both the wet and the dry period (P<0.0001 using non-parametric Steel-Dwass Method).  

 

Depth profiles of soil water d-excess values during the wet and dry periods are shown in Figure 

2.4 while Table 2.3 lists the corresponding key statistical information. At LUQ (Fig. 2.4a), d-

excess values of soil water between 10 and 30 cm depth were closer to the LMWL during the dry 

period than during the wet period. Differences in soil water d-excess between the wet and dry 

periods were statistically significant at depths of 10 cm and 20 cm. Conversely, the difference at 

30 cm depth was not statistically significant between the two moisture periods. However, the 

inferred magnitudes of evaporation between 10 and 30 cm depth during the wet period were not 

statistically different. During the dry period, a pairwise comparison of soil water d-excess values 

between 10 and 50 cm showed that only the d-excess values at 20 and 50 cm depth were 

statistically different from each other (P<0.0001, non-parametric Steel-Dwass method). At 60 

cm, the mean d-excess was highest and closest to the LMWL, while it differed statistically from 

values derived for all depths between 10 and 50 cm. The inset in Figure 2.4a shows the modeled 

characteristic length (LC) for Stage 1 evaporation (Equation 3) which suggests an LC of ~180 cm 

for the low soil water evaporation rates considered applicable at LUQ (0.14-0.19 mm d-1). 

Higher evaporation rates (~0.71 mm d-1), however, would be required to explain the depth of soil 

water evaporation, as inferred from observed soil water d-excess below the LMWL value, which 

persisted down to 50 cm (Fig. 2.4a).     

 

Figure 2.4b shows that soil water d-excess patterns at SUS were different from those found for 

LUQ. During the wet period, soil water d-excess values were more positive than during the dry 

period. Differences in soil water d-excess between wet and dry periods were statistically 

significant at a depth of 10 cm only, but not at 20 cm and 30 cm. Similarly, the magnitude of soil 
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water evaporation inferred from d-excess between 20 and 30 cm depth during the two moisture 

periods was not statistically different. During the dry period, comparison of differences in soil 

water d-excess between 10 and 60 cm showed that the d-excess values at 10 and 60 cm were 

statistically significant from those at 50 and 30 cm depth only (P<0.05, Tukey-Kramer HSD). 

 

2.4.3 Source water partitioning: Bayesian simple linear mixing (SLM) model 

Potential sources of xylem water were determined using a Bayesian mixing model approach. 

Figures 5 and 6 show the results for LUQ and SUS, respectively, for both wet and dry periods 

and all landscape positions, while Table 2.4 lists the corresponding key statistical information. 

Also shown are the respective probability density plots for each end-member, superimposed on 

the plots of their relative contributions to xylem water.  At LUQ, groundwater contribution to 

xylem water in ridge-top trees decreased from (mean ±1SD) 26±12% during the wet period to 

14±12% during the dry period, while “deep” soil water contribution increased from 27±13% to 

53±19%, respectively. Groundwater contribution to xylem water in valley-bottom (i.e. riparian) 

trees increased from 25±15% during the wet period to 28±14% during the dry period, while rain 

water contribution decreased from 42±18% to 21±13%, respectively. Trees on slopes also 

showed an increase in groundwater contribution from 21±13% to 29±15%. At SUS, groundwater 

contribution to ridge-top trees increased from 23±12% (wet period) to 35±9% (dry period). 

Overall differences in source water proportions for ridge-top and valley-bottom trees at LUQ 

were statistically significant (P<0.05) between wet and dry periods. Source water proportion 

differences, however, were not significant (P>0.05) for all landscape positions at SUS, nor for 

the trees on the slope at LUQ between wet and dry periods. 

 

2.5 Discussion 

Stable isotope ratios of water from trees, soils, streams, wells, and rainfall were used to test for 

ecohydrological separation (plants using soil matrix water rather than rapidly percolating water 

that contributes to groundwater recharge and streamflow). Our two sites in Puerto Rico had 

contrasting moisture dynamics: a tropical wet forest at Luquillo (LUQ) and a tropical dry forest 

at Susua (SUS). Both these sites have lower seasonality (i.e. precipitation input is more ‘in 
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phase’ with primary productivity) than previously studied sites for which there is evidence of 

ecohydrological separation between preferential flow and soil matrix water (see Evaristo et al., 

2015). We originally hypothesized that the plant water use patterns that would indicate 

ecohydrological separation as reported by Brooks et al. (2010) and Goldsmith et al. (2012) might 

not be equally evident at our sites where rainfall and gross primary productivity are more in-

phase, because exchange between soil-matrix and preferential flow path waters may be more 

frequent (sensu Phillips, 2010). We found instead a clear separation between water forming plant 

transpiration and water forming groundwater recharge and/or streamflow at both our sites. We 

also showed how mahogany trees at our two contrasting sites may have partitioned the sources of 

water by demonstrating the utility of a simple linear mixing model (SLM), implemented within a 

Bayesian framework. In the following we will discuss the processes that may lead to evaporative 

isotopic enrichment of soil water; examine the state-of-the-research regarding the 

ecohydrological separation hypothesis; and, explore the utility of a simple linear mixing model, 

implemented in a Bayesian framework, in understanding source water partitioning for mahogany 

trees at different landscape positions and moisture periods. 

 

2.5.1 Evaporative isotopic enrichment of soil water 

Soil water isotope concentrations at SUS generally reflected more evaporation than those at 

LUQ, with greater apparent soil water evaporation during the dry period than during the wet 

period. We found the opposite pattern at LUQ where apparent soil water evaporation appeared to 

be greater during the wet period than during the dry period. Direct measurement of evaporation 

rates from the forest floor soil and litter (Es) at LUQ are not available but annual totals observed 

in old-growth lowland equatorial rain forests in French Guyana (Roche, 1982) and Amazonian 

Venezuela (Jordan and Heuveldop, 1981) as well as in subtropical evergreen forest in South 

China (Liu et al., 2015) ranged between 36 and 68 mm only (0.14–0.19 mm d-1). Actual values 

of Es in the studied mahogany stand at LUQ may well be somewhat higher, however, given the 

site’s location in the trade-wind belt and the occasional passage of canopy-opening hurricanes. 

Conversely, (very) high wet-canopy evaporation rates (Ew) during and shortly after rainfall have 

been reported for the Tabonuco forest close to where we conducted our study. Whilst estimates 

of Ew for the Bisley forest vary depending on the methodology used (Schellekens et al., 2000; 
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Holwerda et al., 2006, 2012) the best estimates converge around a value of ~0.6 mm h-1 

(Holwerda et al., 2012). Such evaporation rates are well in excess of levels sustained by net 

radiant energy in the area (Schellekens et al., 2000; Holwerda et al., 2012). Instead, the observed 

high rates of Ew are thought to be maintained by a negative downward sensible heat flux from 

the overlying (warmer) air towards the (cooler) wetted canopy. In addition, evaporative exchange 

between the canopy and the atmosphere appears to be facilitated by the complex topography of 

the area which may lead to enhanced turbulence and thus greater aerodynamic conductance 

(Holwerda et al., 2012). We considered whether the well documented high rates of Ew at LUQ 

would lead to throughfall with evaporated isotopic signatures. If true, such isotopically enriched 

throughfall would infiltrate into the soil, filling parts of the soil profile that are accessible by the 

roots. This might then explain the observed evaporated signal in the xylem water even with 

minimal soil evaporation rates. A corollary, however, is that parcels of the same evaporated 

throughfall input should be detectable in groundwater and stream baseflow. Our LUQ 

groundwater (e.g. Figure 2.3), stream, and long-term stream isotope data in eastern Puerto Rico 

(Scholl et al., 2014) do not support the interpretation of a considerable contribution from 

throughfall with an evaporated isotopic signature. An alternative but as yet unproven explanation 

would be that most of the high Ew occurs during low-intensity rain events of long duration (cf. 

Schellekens et al. 1999). The associated (and enriched) throughfall would be absorbed by the soil 

matrix and taken up by the trees. Conversely, high-intensity rain events of short duration would 

be less prone to enrichment by wet-canopy evaporation but would tend to contribute to 

preferential flow rather than being absorbed by the matrix (cf. Schellekens et al. 2004). Event-

based sampling for stable isotopes analysis of throughfall associated with the two types of 

rainstorms (cf. Te Linde et al. 2001) would be required to demonstrate the existence of such a 

mechanism.       

 

The range of soil water evaporation rates typically found for old-growth lowland rain forests 

(0.14–0.19 mm d-1) that we used initially to calculate the characteristic length LC (Stage I 

evaporation) was also too low (i.e. calculated LC too large) to explain the extent of evaporative 

enrichment inferred from the d-excess parameters for soil water. The inset in Figure 2.5a shows 

that higher evaporation rates (0.70-0.72 mm d-1) would be required to explain the d-excess 
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derived depth of soil water evaporation. Indeed, as stated earlier, it is not impossible that actual 

rates of soil evaporation in the studied mahogany plantation may have been somewhat higher 

than these initially low assumed values as the LUQ stand is likely to be better ventilated than the 

dense equatorial forests for which the cited rates were derived (cf. Roberts et al., 2005). 

Furthermore, the characteristic length LC is derived from models that are “porous media centric” 

rather than ‘atmospherically centered’. That is, these soil-based models are informed 

parsimoniously by two parameters derived from the properties of the soil: the van Genuchten 

model parameters n and α. An explanation is therefore needed for the observed vertical extent of 

soil water with an evaporated isotopic signature —i.e. down to 50 cm. Interestingly, very little 

variation in soil water d-excess was observed between 10 cm and 50 cm (Figure 2.5a), 

suggesting that evaporative isotopic enrichment either did not systematically decrease with depth 

or that evaporation was restricted to the top 10 cm and transported vertically with depth. Another 

possibility is the mixing of rainfall having different isotopic signatures would lead to a relatively 

constant d-excess with depth. The d-excess values of rainfall prior to sampling, however, closely 

tracked the weighted rainfall d-excess, suggesting that mixing may not be as important a factor 

as evaporative enrichment.  The last possibility we want to discuss is that pathways may exist for 

transport of water vapor from deeper pore spaces to the surface during capillary-driven Stage 1 

evaporation (or similarly, during drainage) and vice versa during vapor-diffusion-driven Stage 2 

evaporation (see Or et al. (2013) for discussion). One plausible way for vapor transport to persist 

with depth is via a subsurface architecture of soil macropores due to soil cracks, root channels, 

and animal burrows (as seen at LUQ by Stallard and Murphy (2012) and Larsen et al. (2012)) 

where air moves in and out of the soil system. Indeed, Silver et al. (1999) found that Tabonuco 

forest soils, where our samples were collected, remained well-aerated close to ambient O2 

concentrations of 21% down to a depth of 35 cm, which was their maximum sampling depth. 

Medium-size and fine roots have also been observed at our site in LUQ down to a depth of 97 

cm (USDA NRCS, 2002). Further work on rooting depths, oxygen dynamics, and vapor 

transport in soils may shed some light on this topic in the future.   

 

In addition to evaporation, root water uptake also leads to soil drying. How soil drying, as a 

direct result of root water uptake, affects liquid-vapor fluxes within the soil profile, however, is 
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not well understood, nor are the effects of evaporation and root water uptake taking place in 

parallel with drainage (e.g. after a rainfall event) during redistribution of water within the rooting 

zone. Several recent studies have questioned the reliability of commonly used soil water 

extraction methods for isotopic analysis (Meissner et al. 2014; Oerter et al. 2014). These studies 

provided evidence that soil physico--chemical characteristics may play a role in isotopic 

fractionation, particularly with respect to δ18O, such that δ18O in xylem water may not 

necessarily reflect the δ18O of soil water (e.g. Geris et al., 2015).  On the other hand, an earlier 

study by Ellsworth and Williams (2007) provided evidence to the contrary in that δ18O in xylem 

water did reflect δ18O in soil water. Clearly, more studies are needed to resolve the apparent 

issues with soil water sampling and laboratory techniques for water extraction and isotope 

analysis. Techniques for in-situ, high-frequency measurements of liquid and vapor isotopes in 

the unsaturated zone (Volkmann and Weiler, 2013; Gaj et al. 2016; Sprenger et al., 2015) hold 

great potential for exploring many of the research questions that remain unanswered with respect 

to ecohydrological separation (Bowen, 2015). 

 

2.5.2 Ecohydrological separation research techniques: New approaches 

We know, based on stable isotopes, that the water that drains through the soil profile 

(preferential flow water) and replenishes groundwater and streamflow is isotopically different 

from the residual topsoil water (soil matrix water) that roots take up for transpiration. There is 

now widespread, global-in-scale evidence for ecohydrological separation. The meta-analysis of 

Evaristo et al. (2015) adapted the lc-excess* method of Landwehr and Coplen (2006) while 

Good et al. (2015) used an approach that required ecohydrological separation in order to close 

the global water-isotope budget. These lines of evidence notwithstanding, we still lack a 

complete process-based understanding behind the apparent separation between topsoil water and 

xylem water on the one hand, and groundwater recharge and stream water on the other.  

 

While cryogenic vacuum distillation (and now many other forms of complete water extraction) 

identify ‘tightly bound water’, clues have already been given regarding the role of mycorrhizal 

fungi in facilitating extraction of water held under tensions much greater than the hydrological 
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community might expect (as reviewed by Auge (2001); Auge et al., (2015)) and the many papers 

thereafter (e.g. Allen (2007); Barzana et al. (2012)). Lodge (1996) reported that 98% of all trees 

at LUQ have roots that form symbiotic relationships with mycrorrhizal fungi to facilitate nutrient 

uptake from the soil. Recently, big-leaf mahogany (Swietenia macrophylla) was also reported to 

have mycorrhizal fungi associations, with diversity that was twice greater in mature trees than in 

seedlings (Rodríguez-Morelos et al., 2014). An even more intriguing observation is that many 

mycorrhizal-associated plants appear to have a mechanism for extracting water below the wilting 

point of non-mycorrhizal-associated species (Bethlenfalvay et al., 1988; Franson et al., 1991). 

However, current extraction techniques prevent us from interrogating the water the plants are 

actually extracting for isotope analysis, both in time and space. This is a key issue for progress. 

 

At present, we can only sample either the most mobile waters via suction lysimeters or 

effectively “all the water” via cryogenic vacuum distillation (-10 to -15 MPa) or hydraulic 

squeezing (~41 MPa). Even more problematic is the range of spatial scales at which these current 

techniques are able to extract water. The range of pore sizes and subsurface architecture 

amenable to our extraction techniques (10-5<range<10-2 m) is orders of magnitude greater than 

the scales that may be relevant to water uptake by roots (10-5<diameter<10-3 m) and/or fungal 

hyphae (10-6<diameter<10-5 m) (Smith et al., 2010). Moreover, the destructive nature of 

sampling related to these extraction techniques eliminates the opportunity to account for effects 

on soil properties by soil microfauna and microflora (Hallett et al., 2013) and vice versa 

(Schwartz et al., 2016; Kravchenko et al., 2013). Given the spatio-temporal incongruence 

between our soil water extraction techniques and plant (root/mycorrhizal) water uptake 

mechanisms, we need to develop fundamentally new extraction approaches that are able to 

interrogate water sources and root water uptake mechanisms at matching scales. 

 

2.5.3 Ecohydrological separation and groundwater use? 

Ecohydrological separation – defined as plants using water of a character different to mobile 

water found in soils, groundwater and streams – in no way suggests that plants do not use 

groundwater. There is recognition of the role of groundwater as a water source for plants when 
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and where phreatic water is accessible (see review by Fan 2015). Our Bayesian mixing model 

results show that groundwater contribution to dry period xylem water of valley-bottom (i.e. 

riparian) trees could comprise as much as 38±10% and 28±14% at the xeric (SUS) and mesic-

hydric (LUQ) sites, respectively. Source water partitioning to riparian trees, between soil and 

phreatic water, is known to be influenced by moisture input fluctuations and local, or tree-level, 

conditions such as floodplain surface elevation and gravel layer elevation in the subsurface 

(Singer et al., 2014). These insights notwithstanding, in landscape positions (e.g. ridge-tops) at 

which source water partitioning results show groundwater contribution –we underline that 

mixing model results are dependent on the chosen end members. One plausible explanation for 

our mixing model-inferred groundwater use by trees on ridge tops is that deep soil water , 

saprolite water (Oshun et al. 2015) or perched groundwater within the hillslope may be 

isotopically  the same as deeper groundwater. Synthesis of water stable isotope data may need to 

be cognizant of such a caveat when surveying groundwater use patterns by vegetation from 

regional to global scales. Nevertheless, the role of landscape position in routing and 

redistribution of soil water (Du et al., 2015) across space and time scales will need to be 

considered in future studies. 

 

2.6 Conclusion 

In this work we provided another line of evidence for ecohydrological separation (i.e. trees using 

a different water source from groundwater and streams) in two contrasting ecosystems of the less 

seasonal tropics in Puerto Rico. These results suggest that ecohydrological separation might be 

related less to temporal phase differences between hydrology (i.e. precipitation inputs) and 

ecology (i.e. primary productivity and water uptake by the vegetation) than with the fundamental 

processes that drive soil drying – e.g. soil water evaporation, root water uptake, and drainage. 

The interplay between the water that replenishes streamflow (preferential flow), and the water 

that is retained in the soil matrix for root water uptake, remains poorly understood. Future work 

should be focused at assessing the relative importance of these processes in both space and time; 

and on developing new experimental designs and methods for isotopic analysis of soil water and 

plant tissue. Event-based sampling for stable isotopes analysis of throughfall associated with 

different storm types, for example, may also prove instructive in the future. Lastly, we 
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partitioned the sources of water by using a Bayesian mixing model. This showed that 

groundwater contribution to xylem water was greater for valley-bottom (i.e. riparian trees) than 

for ridge-top trees, and at the xeric site than at the mesic-hydric site. 

 

2.7 Transition Statement 

This chapter provided a vital link to the following chapter, which established ecohydrological 

separation as a widespread phenomenon. It may be useful to note that heretofore, ecohydrological 

separation was demonstrated only in settings with high seasonality, particularly, in Oregon (USA) 

and Veracruz (Mexico). Indeed, the original proposition (Phillips, 2010) for the controls on 

ecohydrological separation was predicated on the temporal phasing between hydrologic input and 

primary productivity. This work in Puerto Rico provided evidence that ecohydrological separation 

was more fundamental than the latter original interpretation. The evidence, insights, and 

conclusions drawn from this chapter laid the foundation for the global-in-scale investigation that 

would follow and is presented in the following chapter.   
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Table 2.1. Summary of site characteristics 

Site 

Name1 

Elevatio

n (masl) 

MAP2  

(mm y-1) 

Mean Annual 

RH2 (%) 

Lifezone and 

Geology3 

Topography
4 

Land use 
Mahogany 

species5 

LUQ 160-207 3700 86.4 
wet ; volcanic 

sedimentary 
R, S, V 

protected 

forest 

big-leaf (S. 

macrophylla) 

SUS 132-172 1200 65.5 
dry; 

serpentine 
R, V 

protected 

forest 

small-leaf (S. 

mahagoni) 

 

1LUQ=Luquillo; SUS=Susua 

2MAP=mean annual precipitation; RH=relative humidity; Sources: Luquillo Critical Zone 

Observatory website for LUQ, Weather Underground for SUS between 2004 and 2012 

3Puerto Rico falls within the subtropical belt of the Holdridge Life Zone System (Helmer et al. 

2002) 

4R, S, V mean ridge, slope, and valley, respectively 

5Hybrid (S. macrophylla x S. mahagoni) also present in LUQ 
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Table 2.2. Stable isotope ratios and lc-excess* of soil, xylem water, and groundwater (mean 

(1 ±SD)). 
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Table 2.3. Stable isotope ratios, d-excess of soil water per depth and moisture period, mean 

(1 ±SD). 

Site Moisture Period Depth (cm) δ2H δ18O d-excess N 

LUQ 

Wet 

10 -4 (9.5) -1 (1.4) 4.4 (3.1) 18 

20 -2.6 (8.4) -0.9 (1.3) 4.4 (3.1) 18 

30 -5.4 (6.6) -1.4 (0.92) 5.8 (3.0) 18 

Dry 

10 -1 (6.2) -1 (0.95) 7.2 (3.7) 18 

20 -7.1 (5.0) -2 (0.62) 9 (1.7) 18 

30 -11 (7.1) -2.4 (0.62) 8.1 (3.8) 17 

40 -6.6 (5.8) -1.8 (0.55) 7.6 (3.7) 15 

50 -4 (6.8) -1.2 (0.82) 5.8 (2.2) 17 

60 -7.6 (5.4) -2.5 (0.47) 12.3 (1.5) 9 

SUS 

Wet 

10 8.17 (7.0) 0.73 (1.4) 2.44 (4.7) 12 

20 3.1 (16) 0.44 (2.2) -0.6 (6.8) 12 

30 6.1 (8.6) 0.79 (1.2) -0.1 (6.3) 9 

Dry 

10 -1.8 (5.7) 0.43 (1.2) -5.4 (4.2) 12 

20 -16 (13.2) -1.8 (2.2) -1.6 (5.4) 12 

30 -18 (13.8) -2.4 (2.0) 0.92 (2.6) 12 

40 -17 (9.8) -1.9 (1.9) -1.5 (5.9) 12 

50 -21 (14) -2.9 (2.4) 2 (5.8) 12 

60 -5.5 (4.1) 0.24 (1.3) -7.5 (6.5) 5 
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Table 2.4. Bayesian mixing model results, mean (1 ±SD). 

Remarks: Water source proportion differences in Ridge-top and Valley-bottom (i.e. riparian) 

trees at LUQ are statistically significant (P<0.05) between wet and dry periods. However, it is 

not the case for all landscape positions at SUS and for the slope position at LUQ (P>0.05) 

between wet and dry periods.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site 

Wet period 
Ridge Slope Valley 

Ground
water 

Deep 
soil 

Shallow 
soil Rain Ground

water 
Deep 
soil 

Shallow 
soil Rain Ground

water 
Deep 
soil 

Shallow 
soil Rain 

LUQ 0.26 
(0.12) 

0.27 
(0.13) 

0.19 
(0.11) 

0.28 
(0.10) 

0.21 
(0.13) 

0.23 
(0.14) 

0.27 
(0.14) 

0.28 
(0.14) 

0.25 
(0.15) 

0.20 
(0.13) 

0.13 
(0.10) 

0.42 
(0.18) 

SUS 0.23 
(0.10) 

0.32 
(0.12) 

0.30 
(0.11) 

0.15 
(0.10) - - - - 0.31 

(0.11) 
0.28 

(0.09) 
0.20 

(0.11) 
0.22 

(0.11) 
 Dry period 

LUQ 0.14 
(0.12) 

0.53 
(0.19) 

0.24 
(0.15) 

0.08 
(0.08) 

0.29 
(0.15) 

0.25 
(0.14) 

0.24 
(0.14) 

0.22 
(0.14) 

0.28 
(0.14) 

0.30 
(0.15) 

0.21 
(0.13) 

0.21 
(0.13) 

SUS 0.35 
(0.09) 

0.25 
(0.11) 

0.19 
(0.10) 

0.21 
(0.10) - - - - 0.38 

(0.10) 
0.24 

(0.12) 
0.24 

(0.12) 
0.14 

(0.09) 
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Figure 2.1 Demonstrating “in phase” correspondence between hydrology (precipitation) 

and ecology (primary productivity). (A) and (B) Monthly GPP, rainfall amount, and rainfall 

isotope between January 2005 and June 2013 in LUQ and SUS, respectively. (C) and (D) Power 

Spectral Density analysis of GPP, rainfall amount, and rainfall isotope in LUQ and SUS, 

respectively. (E) and (F) Long-term, monthly means (error bars are standard error) of GPP, 

rainfall amount, and rainfall isotope over the same 2005-2013 period. 
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Figure 2.2. Inter-annual ecohydrologic variability and the Budyko curve. AET/P vs. PET/P 

calculated between 2005 and 2013. AET = actual evapotranspiration; PET = potential 

evapotranspiration; P = precipitation. PET was calculated after Hamon (1963). Data sources: 

Luquillo Critical Zone Observatory website for LUQ; Weather Underground for SUS; USGS 

stations 50065500 and 50114000, respectively.  
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Figure 2.3. Dual isotope plot. (A) and (B) Stable isotopes of water from xylem (N=18), bulk 

soil (N=54 “wet period”, 9–13 July 2012; N=94 “dry period”, 11–15 February 2013), stream 

(N=166), and groundwater wells (N=37 wet period; N=12 dry period) at LUQ. (C) and (D) 

Stable isotopes of water from xylem (N=12 wet period; N=11 dry period), bulk soil (N=33 wet 

period; N=65 dry period), and groundwater (N=31 wet period; N=16 dry period) at SUS. LUQ 

LMWL: δD=8.59δ18O+13.14; SUS LMWL: δD=7.79δ18O+10.85 (Govender et al., 2013). Insets 

show respective line-conditioned excess (lc-excess*) values (using Equation 2). All samples 

were taken during the rainless periods within the dates indicated. Values of groundwater and 

rainfall represent long-term averages of each site’s respective “wet” and “dry” periods. The 

extents of the boxes show the 25th and 75th percentiles; whiskers show the extents of outliers. 
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Figure 2.4. Soil water d-excess. Soil water and LMWL d-excess in LUQ (A) and SUS (B) 

during wet (dark gray circles) and dry (light gray circles) periods; error bars are 1SD; 

**statistically significant (α=0.05); N.S. Not Significant. LMWL d-excess was calculated using 

long-term annual VWA values δ2H and δ18O. Inset in (A) shows the calculated evaporation rate 

e0 and characteristic length LC in LUQ using van Genuchten model parameters (after Or et al., 

2013). Depth sample sizes are: 10-cm N=18, 20-cm N=18, 30-cm N=18 during wet period in 

LUQ; 10-cm N=18, 20-cm N=18, 30-cm N=17, 40-cm N=15, 50-cm N=15, 60-cm N=9 during 

dry period in LUQ; 10-cm N=9, 20-cm N=12, 30-cm N=12 during wet period in SUS; 10-cm 

N=12, 20-cm N=12, 30-cm N=12, 40-cm N=12, 50-cm N=12, 60-cm N=5 during dry period in 

SUS. 
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Figure 2.5. Source water partitioning using Bayesian mixing model (results shown for 

LUQ). Top-left illustration shows distance from ridgetop to stream divide and slope steepness 

(in percent slope). Also shown are the respective probability density plots of each putative source 

water superimposed on plots of relative contribution to xylem water. 
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Figure 2.6. Source water partitioning using Bayesian mixing model (results shown for 

SUS). Top-left illustration shows distance from ridgetop to stream divide and slope steepness (in 

percent slope). Also shown are the respective probability density plots of each putative source 

water superimposed on plots of relative contribution to xylem water. 
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CHAPTER 3 

GLOBAL SEPARATION OF PLANT TRANSPIRATION FROM GROUNDWATER AND 

STREAMFLOW 

 

Status: Published 

Citation: Evaristo, J., S. Jasechko, and J. J. McDonnell (2015), Global separation of plant 

transpiration from groundwater and streamflow, Nature, 525, 91-94. 

 

3.1 Abstract 

Current land surface models assume that plant transpiration, groundwater and streamflow are all 

sourced and mediated by the same well mixed reservoir—the soil. Recent work in Oregon1 and 

Mexico2 has shown evidence of ecohydrological separation, whereby different subsurface 

compartmentalized pools of water supply either plant transpiration fluxes or the combined fluxes 

of groundwater and streamflow. However, these findings have not yet been widely tested. Here 

we use hydrogen and oxygen isotopic data from 47 globally-distributed sites to show that 

ecohydrological separation is widespread across different biomes. Precipitation, stream water 

and groundwater from each site plot approximately along the δ2H/δ18O slope of local 

precipitation inputs. Soil and plant xylem waters extracted from the 47 studies all plot below the 

local stream water and groundwater on the meteoric water line, suggesting that plants use soil 

water that does not itself contribute to groundwater recharge or streamflow. Our results further 

show that at 80% of the sites, the precipitation that supplies groundwater recharge and stream 

flow is different from the water that supply parts of soil water recharge and plant transpiration. 

The ubiquity of subsurface water compartmentalization found here and the segregation of storm 

types relative to hydrological and ecological fluxes may be used to improve numerical 

simulations of runoff generation, streamwater transit time and evaporation-transpiration 

partitioning. Future land surface model parameterizations should be closely examined for how 

vegetation, groundwater recharge and streamflow are assumed to be coupled. 
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3.2 Main Text 

Fresh water fluxes via plant transpiration (45,0003 to 62,000 km3/year4), streamflow (37,000 to 

40,000 km3/year5) and groundwater recharge (12,000 to 16,200 km3 per year6) are central 

components of the terrestrial hydrosphere. Understanding the sources of water and processes that 

govern each component is of fundamental importance for predicting the effects of global change 

on water security and ecosystem services7.  One of the most useful tools for quantifying water 

cycle components and the linkages between plant ecology and physical hydrology is stable 

isotope tracing8. Global isotopic databases developed over the past 60 years9 have enabled 

continental-scale assessments of transpiration/evaporation ratios4 and recycling of rainfall back 

into the atmosphere10.  

 

While global datasets of precipitation9, streamflow9 and groundwater11 are now available for 

analysis, measurements of plant xylem waters (i.e., water moving within plants) remain 

dispersed throughout the primary, specialist literature. Synthesizing global groundwater, 

streamflow and plant xylem water isotopic data is important because recent watershed-based 

case studies have shown evidence of ecohydrological separation1,2 —meaning that the water that 

supplies plant transpiration is isolated from the water that recharges groundwater and replenishes 

streamflow. These two recent field studies both showed that plant transpiration is supplied by 

waters within unsaturated soils but that local streamflow and groundwater were supplied by 

mobile water (linked to infiltrating precipitation) that moves through the soil seemingly unmixed 

with the waters that are retained in the soil. 

 

Compartmentalization of a poorly mobile plant transpiration water pool versus a highly mobile 

stream/groundwater pool, if widespread, would challenge existing land surface model 

parameterizations that assume that plants and streams draw from a singular, well-mixed 

subsurface water reservoir12. Such widespread ecohydrologic separation if true, would also have 

important implications for isotope-based assessments of evaporation/transpiration ratios reliant 

on well-mixed systems4. Here we apply a new global ecohydrological isotope database to test the 
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ecohydrological compartmentalization hypothesis: that the isotopic composition of waters that 

supply plant transpiration differs from waters that supply groundwater and streamflow. The 

global ecohydrological isotope database consists of 18O/16O and 2H/1H ratios of plant xylem 

water (n = 1460), soil water (n = 1830), stream water (n = 336), groundwater (n = 2749) and 

precipitation (n = 488) at 47 globally-distributed locations (Table 3.1, Figure 3.1). 

  

Our approach is predicated on the knowledge that precipitation δ2H and δ18O values co-vary 

along a regression with a δ2H/δ18O slope of eight (i.e. the global meteoric water line, GMWL)13. 

The physical process of evaporation occurs under disequilibrium and produces a strong kinetic 

isotope effect that yields δ2H/δ18O slopes of less than eight14 and results in a situation where 

water samples that have undergone some evaporation plot “below” the regression of precipitation 

isotopic data. We use this well-known difference between the meteoric water line and the local 

evaporation line as a key marker for ecohydrological compartmentalization (refs 1, 2). 

 

Figures 2.1a-d show isotopic data for groundwater, stream water, plant xylem water and soil 

water, respectively, from our compiled database. Globally, headwater streams and groundwater 

plot approximately along the GMWL. These patterns suggest that stream water and groundwater 

follow the local precipitation input signal15. Plant xylem and soil waters extracted from the 47 

studies plot below the regression of global meteoric waters, a result of the strong kinetic isotope 

effect via the process of evaporation14. 

   

To quantify the similarities or differences between waters used by plants and waters contributing 

to groundwater and streamflow, we use a site-by-site comparison based on a precipitation 

offset16: 

Precipitation offset = [δ2H – a ∙ δ18O – b] / S     (3.1) 

 

where a and b are slope and y-intercept, respectively, calculated from monthly measurements of 

δ18O and δ2H of local precipitation at each study site, and S is one standard deviation 
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measurement uncertainty for both δ18O and δ2H. The precipitation offset describes the difference 

in the isotopic composition of environmental waters from that of local precipitation, which has 

by definition, a precipitation offset of zero. The precipitation offset is able to distinguish 

hydrological processes that occur under chemical equilibrium (e.g. the condensation of vapour13) 

from hydrological processes that occur under disequilibrium (e.g. evaporation17). Plant 

transpiration does not impact the precipitation offset, whereas the evaporation of meteoric water 

near the land surface results in precipitation offset values of less than zero. By comparing the 

local precipitation offsets of our four water types (i.e. soil water, plant xylem water, stream water 

and groundwater) we can use the stable isotopes to distinguish evaporated waters from non-

evaporated waters and to test whether streamflow, groundwater and plant transpiration are 

supplied by one well-mixed subsurface water reservoir, or more than one water reservoir (water 

that is retained in the soil vs water that recharges groundwater and discharges in streams). 

 

Figure 3.2 shows that plant xylem water offsets (median, interquartile range, p<0.0001 using 

nonparametric Steel-Dwass Method) (−5.6, 4.7) and soil water offsets (−6.2, 4.4) are 

significantly different from the offset of groundwater (−1.8, 3.2) and stream water (0.22, 3.7) in 

all five biomes represented by the 47 sites in our database. Of our 47 sites, 40 sites have 

groundwater precipitation offsets that are statistically distinct (p<0.05 using two-tailed 

homoscedastic/heteroscedastic tests, as applicable) from both soil water and plant xylem water 

precipitation offsets. Our analysis is suggestive of widespread occurrence of ecohydrological 

separation, i.e. poor and incomplete mixing of subsurface water, with one reservoir of water 

sustaining plant transpiration, and another reservoir contributing to groundwater recharge and 

streamflow. On a site by site basis, groundwater and streamwater have a precipitation offset that 

is on average 5.4 and 4.8 higher (i.e. closer to zero) than soil and plant xylem waters. The 

greatest differences between the precipitation offsets of streamwater/groundwater and plant-

xylem/soil water are found in the tropical and Mediterranean biomes (7.7 and 5.4, respectively), 

with smaller differences observed in the arid, temperate grassland, and temperate forest biomes 

(3.6, 2.4, and 1.6 on average, respectively). 
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Recent work has shown that different storm types contribute disproportionately to groundwater 

recharge (e.g. refs 11, 18). Some studies have shown that more intense storms dominate 

groundwater recharge18, others present evidence to the contrary19. While our analyses do not 

allow us to associate storm intensity with either plant transpiration or groundwater recharge 

fluxes, we can nevertheless trace the isotopic composition of the precipitation from which plant 

xylem water originated. We calculated the intersection points of local plant xylem evaporation 

lines (EL) with local meteoric water lines (LMWL), i.e. plant xylem δ source value (see Figure 

3.3 and Methods): 

δ2H intercept = δ2H – m ∙ δ18O      (3.2) 

δ18O intercept = [δ2H intercept – b] / a     (3.3) 

where m, a, and b are slope of evaporation line, LMWL-intercept, and LMWL-slope, 

respectively. 

 

Results of this analysis show that at 80% of the sites (see Table 3.2, 37 of 46) where plant xylem 

water δ source values may be calculated, groundwater isotope values (median, interquartile 

range, p<0.05 using nonparametric Wilcoxon Method) (-52, 63 ‰ δ2H,) are statistically different 

from plant xylem water δ source values (-82, 83 ‰ δ2H). This suggests that in many cases, 

ecologically and hydrologically important precipitation is segregated in both space and time even 

before the fate of these waters become further segregated in the subsurface for plant transpiration 

or for groundwater recharge and streamflow (see Methods and Figures 2.4 and 2.6). 

 

We also use Equations (3.2) and (3.3) to trace the isotopic composition of precipitation from 

which soil water originated, i.e. soil water δ source value. We find that at 83% of the sites (Table 

3.2, 29 of 35) where soil water isotopic data are available, soil water δ source values (-104, 96 ‰ 

δ2H) are statistically different from groundwater isotope values. The significant difference 

between soil water δ source and groundwater isotope values suggests that some forms of 

precipitation recharging the subsurface may be more important than others to plant transpiration 

fluxes. We assess the uncertainties in parameter m (Equation 3.2) and find overall average 
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uncertainties of 1.07 ‰ for δ18O and 5.54 ‰ for δ2H (2σ). These are slightly less than but 

somewhat comparable to the prediction uncertainties in precipitation isotope values (1.17 ‰ for 

δ18O and 9.4 ‰ for δ2H; ref. 20). 

  

Plants regulate water fluxes from the subsurface to the atmosphere4. Our discovery that 

ecohydrological separation is widespread throughout the terrestrial water cycle has major 

implications for isotope-based estimates of runoff sources12, streamwater residence times21 and 

evaporation/transpiration partitioning4. Recent estimates4 of catchment-scale 

transpiration/evapotranspiration ratios (T/ET) have followed an assumption of well-mixed water 

stores within the critical zone consistent with most land surface parameterizations12; our findings 

here of widespread ecohydrological separation fundamentally challenge the well-mixed reservoir 

assumption of catchment-based evapotranspiration partitioning4,22,23 and most land surface 

models12. Our work would suggest that downstream water isotope compositions are biased to 

precipitation and groundwater source contributions and do not reflect the composition of water 

seen in soil. This in turn casts doubt on the estimates of transpiration/evapotranspiration made in 

other studies if based-solely on isotope data, meaning that evapotranspiration partitioning based 

on downstream water isotope compositions may not represent an integrated catchment-wide 

isotopic signature as widely applied . Notwithstanding these issues, the general finding that 

transpiration comprises the greatest fraction of terrestrial evapotranspiration is reinforced by 

multiple lines of evidence shown in ref. [4] in addition to land surface models [terrestrial T/ET of 

59% to 80%23,24], atmospheric vapor isotope measurements [European T/ET of 62%26], global 

syntheses of stand-level transpiration measurements [terrestrial T/ET of ~61%5] and some but 

not all general circulation models (see refs [27, 28]). While transpiration is, indeed, the largest 

component of terrestrial evapotranspiration4, the results in this current work show that the 

mechanisms by which such partitioning takes place, and links to other components of the water 

cycle29, are still very poorly understood. These combined findings point the way to critical new 

research that is needed to understand the ecophysiological basis of ecohydrological separation 

across biomes. Lastly, our results also suggest that existing land surface model parameterizations 

of plant physiological processes and runoff30 (i.e. stream flow) can be more realistic through 

incorporation of ecohydrological separation. 
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3.3 Methods 

3.3.1 Data compilation and treatment 

We performed a keyword-based search in published literature for stable water isotopes in 

ecology and hydrology. Since ecohydrological separation31 is based on the offset of a water 

sample from the local meteoric water line [i.e. precipitation offset16, Equation (2.1) in Main 

Text], we included only dual isotope findings and excluded papers that utilized either δ2H or 

δ18O isotopes only. Stable isotope values from the 47 papers were then extracted in one of two 

ways: [1] where data were reported in tabular form, we compiled the data directly into the 

database; [2] where plant xylem and soil water isotope data were not reported in tabular form, we 

used a graphical user interface to extract data points from figures in the original paper. We then 

calculated the precipitation offset values based on Equation (2.1) in the Main Text. The 

measurement uncertainty S in Equation (2.1) was calculated as: 

𝑆𝑆 = [(δ2H analytical error )2 + ( δ18O analytical error)2]0.5  (3.4) 

Reported analytical errors for δ2H and δ18O are 1‰ and 0.2‰ on average, respectively. 

We extracted groundwater isotope data for 45 of 47 sites either from the compiled papers (n = 

24) or from a comprehensive global groundwater database (n = 21) of S. Jasechko. Of the 21 

groundwater datasets compiled using the latter database, 16, 2, 1, and 2 datasets are within 200-, 

300-, 400-, and 500-km radius of actual study sites. The motivation for the choice of radii within 

which groundwater data were extracted was so that we could build groundwater datasets for most 

of the 47 sites in our database. To test whether or not the choice of radii imposed a scale-

dependent variation (i.e. bias) in isotopic trends, we performed a sensitivity analysis by 

calculating the precipitation offset values of groundwater at distances 25, 50 and 100 km. We 

found that precipitation offset values of groundwater did not differ statistically in space. That is, 

precipitation offset of groundwater at 25-km radius (-3.5 ±2.2, n = 688) of study sites was not 

statistically different from precipitation offset at 50 km (-2.5 ±2.4, n = 1605), 100 km (-2.4 ±2.4, 

n = 3295), 200 km (-2.7 ±2.2, n = 6598), 300 km (-2.5 ±4.5, n = 12000), 400 km (-2.8 ±4.6, n = 

18239), and 500 km (-2.8 ±4.8, n = 24000). This scale-invariant behavior of groundwater 

precipitation offset supported our choice of radii in building the datasets for 45 of 47 sites in our 
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database. It also reinforced one of the key messages in this work in that groundwater isotopes 

generally fall along the local meteoric water line. 

To show that plant transpiration water and groundwater recharge are related to different storm 

types, we traced the precipitation δ source value of plant xylem water by calculating the 

intersection points of local evaporation lines (LEL) with local meteoric water lines (LMWL) 

[Equations (3.2) and (3.3); see Figure 3.3]. On a site-by-site basis, we compared the calculated 

precipitation δ source value of plant xylem water and soil water with the mean groundwater δ 

value (see Table 3.2). 

Comparing plant xylem water δ source values with mean groundwater δ values requires 

intuitively that both should be situated as close to each other as possible at a site. The distance of 

groundwater wells to actual study sites in our database, however, varies from 0 to almost 500 

km. To test whether our approach of comparing both isotope composition values was statistically 

robust, we ran a sensitivity analysis by comparing plant xylem water δ source values with only 

the closest groundwater well to a given site. Increasing the radii between actual study sites and 

site of groundwater measurements were then used as a critical evaluation metric for the approach 

(see Figure 3.5). Our results showed that for five increasing radii ranges between actual xylem 

water study site and groundwater well site, the differences [median (interquartile ranges), 

absolute δ2H ‰] between plant xylem water δ and groundwater δ values [24 (29), n = 7; 30 (30), 

n = 8; 31 (42), n = 7; 21 (22), n = 9; 23 (40), n = 11) are not statistically different from each other 

(p>0.90, Tukey-Kramer HSD). This suggests that our approach in comparing plant xylem water 

δ source values (i.e. xylem EL intercept with LMWL) and mean groundwater value at a site is 

valid. We underline that this does not imply that groundwater isotope values are invariant in 

space, but rather that the mean difference between plant xylem water δ source values and mean 

groundwater values is invariant in space (statistically not different) as shown in Figure 3.5. 

We make a distinction between the two phenomena: “segregation” of storm types and 

“ecohydrological separation”. The former is related to source precipitation analysis [Equations 

(2.2) and (2.3)]; the latter to the fate of these waters either as groundwater or for plant 

transpiration [Equation (2.1)]. Segregation of storm types and ecohydrological separation in 

space is ubiquitous in the global dataset. We are unable to test for both phenomena in time due to 

limitations in the available information in the compiled source papers. That is, if a source paper 
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has data for at least two time points (usually contrasting moisture time points) then we can use 

such information to explore temporal contrasts (38 of 47 sites). For the 38 sites that satisfy this 

criterion, both storm type segregation and ecohydrological separation exist in 30 and 32 of 38 

sites, respectively (p<0.05 using nonparametric Wilcoxon Method). 

We recognize that non-weighted plant xylem water isotope values would be biased toward 

values where transpiration rates are low. To test the robustness of the precipitation offset 

parameter, we also calculate the transpiration-amount-weighted isotopic composition of plant 

xylem water (𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝑤𝑤𝑡𝑡)) using compiled long-term, global, biome-level transpiration rate 

estimates3: 

𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝑤𝑤𝑡𝑡) =
∑ 𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥(𝑖𝑖)𝑇𝑇𝑖𝑖𝑛𝑛
𝑖𝑖=1
∑ 𝑇𝑇𝑖𝑖𝑛𝑛
𝑖𝑖=1

    (3.5) 

where, 𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥(𝑖𝑖) represents the isotopic composition of xylem water during sampling month i and 𝑇𝑇𝑤𝑤 

represents the amount of transpiration during month i. As illustrated in Figure 3.2, both 

transpiration-amount-weighted and non-weighted plant xylem precipitation offsets are 

statistically different from zero, and supports our primary conclusion that plant transpiration 

water chemistries are different from groundwater and streamflow at 40 of 47 locations. We 

employ no amount weighting on groundwater isotope values, supported by observations that 

showed little change in groundwater isotopic composition on timescales of years and 

decades32,33.      

To trace the fate of water after precipitation (i.e. either as groundwater recharge or plant water 

uptake), we quantified the precipitation offset from the LMWL [Equation (2.1)]. We confirmed 

ecohydrological separation at a study site if plant xylem water and soil water isotopic 

composition fall below the regression of δ2H and δ18O values in local precipitation on the. 

LMWL.   

Conventional notation for isotope composition is used where δ = (Rsample/Rstandard − 1) x 1000 ‰, 

where R is the ratio of 18O/16O (δ18O) or 2H/1H (δ2H) in the sample, or in the international 

standard: (Vienna-Standard Mean Ocean Water, V-SMOW). 
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3.3.2 Statistical analysis 

Parametric requirements of normality and equal variances, particularly for aggregate 

precipitation offset values, are not satisfied via attempts to transform the data. Testing whether 

group means are located similarly across groups is performed using nonparametric tests, which 

use functions of the response ranks (or rank scores). A Kruskal-Wallis/Steel-Dwass Method is 

performed to test whether or not the precipitation offset values of the water types – groundwater, 

stream water, plant xylem water, and soil water -- differ statistically with each other. We perform 

a similar nonparametric test (Dunn All Pairs for Joint Ranks Method) by computing ranks on all 

the data. The results are the same as the pairwise method Kruskal-Wallis/Steel-Dwass test. To 

test whether each water type is statistically different from zero (i.e. the precipitation offset value 

of local precipitation), the Dunn Method for Joint Ranking is performed. The test shows that 

plant xylem water and soil water are statistically different from zero, while groundwater and 

stream water are not statistically different from zero. This test result supports the interpretation 

that groundwater and stream water fall along the δ2H/δ18O slopes of local meteoric water lines, 

while plant xylem water and soil water fall “below” the slopes of this linear regression. The same 

method is also used to test for statistical significance of precipitation offset values of each water 

type across biomes. These nonparametric tests are based on ranks and control for the overall 

alpha level (α = 0.05). The Dunn Method, which reports p-values after a Bonferroni adjustment, 

is used to correct for multiple testing problem that may arise from an inflated Type I error rate. 

Where parametric requirements are met, particularly for intra-site tests on water types, Student’s 

t/Tukey-Kramer HSD tests are performed as applicable. Uncertainty estimation, particularly for 

Equations (2.2) and (2.3) parameters, is performed via Jackknifing approach34. 

 

3.3.3 A mechanism for Ecohydrological Separation 

Partial mixing of “new” (incoming) and “old” (resident) water in the subsurface is rarely 

considered in conceptual models35,36. Our key finding that groundwater/stream water and 

soil/plant uptake water are fundamentally (physically and temporally) separated supports the 

dynamic partial mixing model of ref (37). In fact, it was the contrasting conclusions drawn by ref 

(1) compared to those of refs (38) and (39) regarding the mixing mechanisms that led ref (37) to 
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propose the use of the following dimensionless mixing coefficient𝐶𝐶𝑀𝑀,𝑤𝑤, controlled mainly by soil 

moisture content: 

 

𝐶𝐶𝑀𝑀,𝑤𝑤 = 1
2
− 1

2
𝑒𝑒𝑒𝑒𝑒𝑒 �

𝑆𝑆𝑈𝑈
𝑆𝑆𝑈𝑈𝑚𝑚𝑚𝑚𝑥𝑥

−𝜇𝜇𝐶𝐶𝑀𝑀,𝑖𝑖

𝜎𝜎𝐶𝐶𝑀𝑀,𝑖𝑖√2
�    (3.6) 

 

where 𝑆𝑆𝑈𝑈, 𝑆𝑆𝑈𝑈𝑚𝑚𝑚𝑚𝑥𝑥  are actual storage and storage capacity within the root zone, respectively; and, 

𝜇𝜇𝐶𝐶𝑀𝑀,𝑤𝑤, and 𝜎𝜎𝐶𝐶𝑀𝑀,𝑤𝑤 are location and shape parameters, respectively. Equation (2.6) above is applied 

to tracer (e.g. stable water isotopes) balance equations, which may then enable functional 

comparisons amongst other alternative diagnostic models (e.g. the more widely used complete 

mixing model). 

 

Our precipitation offset parameter analysis [Equation (2.1) in Main Text] is used to modify 

Equation (2.6) by substituting the precipitation offset value of soil water for the term  𝑆𝑆𝑈𝑈
𝑆𝑆𝑈𝑈𝑚𝑚𝑚𝑚𝑥𝑥

 : 

 

𝐶𝐶𝑀𝑀,𝑤𝑤 = 1
2
− 1

2
𝑒𝑒𝑒𝑒𝑒𝑒 �|𝑃𝑃𝑥𝑥|−𝜇𝜇𝐶𝐶𝑀𝑀,𝑖𝑖

𝜎𝜎𝐶𝐶𝑀𝑀,𝑖𝑖√2
�     (3.7) 

 

where |𝑃𝑃𝑥𝑥| is the absolute value of precipitation offset parameter. This results in a dimensionless 

mixing coefficient 𝐶𝐶𝑀𝑀,𝑤𝑤 value that decreases as precipitation offset |𝑃𝑃𝑥𝑥| value increases. When 

𝐶𝐶𝑀𝑀,𝑤𝑤 is applied in tracer mass balance equations [as outlined in ref (37)], mixing between “new” 

and “old” water increases as soil moisture decreases; or, conversely, separation between “new”, 

“fast flowing” waters and “old”, “matrix” waters increases with higher antecedent soil moisture. 

The persistence of “old” water within the soil matrix and reduced participation in dispersive and 

diffusive exchange with preferential flow path water lead to continued exposure to evaporation 

[via Stage 1 (capillary action) and Stage 2 (vapor diffusion) evaporation) For details regarding 

evaporation from porous media, please see review by ref (40).     

 

Our conceptual formulation as outlined in Equation (2.7) is supported by the results of our 

precipitation offset analysis. Our analysis provides a site-by-site (see Table 3.3 below) and 
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biome-level (see Table 3.4) quantification of the magnitude of separation – and by extension, 

mixing – between groundwater recharge and stream discharge, and the water that recharges the 

soil matrix and is being taken up by plants for transpiration. Table 3.4 shows that in soils of the 

arid biome, the precipitation offset value is highest (i.e. closer to zero); conversely, in soils of the 

humid tropics where antecedent soil wetness is high, the precipitation offset value is lower. 

Calculating the dimensionless mixing coefficient 𝐶𝐶𝑀𝑀,𝑤𝑤 using the precipitation offset values in 

Table 3.4 and plugging these values into Equation (2.7) support the observation that in the dry 

soils of the arid biome, mixing between “new”, “fast flowing” waters and “old”, “matrix” waters 

increases. The opposite is true for the other extreme in humid tropical soils where antecedent soil 

wetness is high. In general, since plants in our compiled database use soil water, these 

precipitation offset trends in soils are therefore consistent with plant xylem water data. That is, 

the magnitude of ecohydrological separation – plants using evaporated soil water that is 

isotopically distinct from groundwater recharge and stream discharge – increases with antecedent 

soil wetness. The relationship between soil wetness and dimensionless mixing coefficient 𝐶𝐶𝑀𝑀,𝑤𝑤 is 

discussed in detail and tested with actual, long-term catchment-level data in ref (37). We, 

however, state a caveat that the use of the precipitation offset parameter in Equation (2.7) may be 

considered as a coarse (first-order) approximation given the nonlinear relationship between 

evaporative loss and the precipitation offset parameter.  

While ref (1) was the first to develop the ecohydrological separation concept and was relatively 

successful at proposing a mechanistic explanation for the observed results, other works have 

shown that such mechanism may not universally explain the observed ecohydrological 

separation. For example, ref (2) also found ecohydrological separation in a seasonally dry cloud 

forest in Mexico, they argued that the mechanism proposed by ref (1) was not likely to explain 

the observed isotopic separation in their study. Plant xylem water values in ref (1) are more 

enriched than most of the soil water values, which was the opposite to that observed and reported 

by ref (2). If the “first-in-last-out” mechanism proposed by ref (1) was correct, then the measured 

plant xylem values should have matched those of (or at least be bounded by) their measured soil 

water values. Their data suggests that this was not the case. In contrast, ref (2) observed their 

plant xylem water to lie completely in between precipitation and bulk soil water values. The 

aggregate result from our global dataset lends support more to the interpretation of ref (2) than to 

ref (1). 



73 
 

 

3.3.4 Water extraction techniques 

As underlined in the central message of this work, plant xylem water and soil water isotopes plot 

“off” the local meteoric water lines (LMWL), supporting the widespread occurrence of 

ecohydrological separation on a global scale. This finding is true across the different techniques 

used to extract water out of soil and plant stem samples in our dataset. Ref (1) argued that plant 

transpiration is supplied by “tightly bound” waters within unsaturated soils. This interpretation 

was inferred from the laboratory technique employed to extract water out of a soil sample (i.e. 

cryogenic vacuum distillation) that uses suction pressures orders of magnitude greater than those 

used in other field techniques (e.g. suction lysimetry). Potential nuances in the fidelity of water 

extraction from soil samples using existing laboratory techniques have recently been 

explored41,42,43. These findings suggest that soil physico-chemical characteristics may play a role 

in isotopic fractionation, specifically with respect to δ18O. We explored the relationship between 

water extraction techniques and plant xylem water/soil water δ18O in our dataset. Figure 3.7 

shows the plant xylem water/soil water δ18O values using liquid-vapor equilibration technique 

from cryogenic vacuum distillation and azeotropic distillation. While there is statistically 

significant differences (p<0.0001, nonparametric Dunn Method for Joint Ranking) between both 

cryogenic vacuum (n = 2640) and azeotropic distillation (n = 441), and liquid-vapor equilibration 

methods (n = 204), there is no significant difference in plant xylem water δ18O between the two 

more widely used techniques, cryogenic vacuum and azeotropic distillation (p = 0.35, 

nonparametric Dunn Method for Joint Ranking). Despite these differences in δ18O of plant xylem 

water and soil water with respect to water extraction techniques, both water types plot “off” the 

LMWL in dual isotope space. This suggests that ecohydrological separation exists beyond any 

differences in soil water δ18O related to different water extraction techniques. 

 

3.3.5 Global map of plant xylem water δ2H and δ18O 

For the first time in the literature, we also provide not only a global map of plant xylem δ2H and 

δ18O, but also their relationship to respective local meteoric water lines as integrated in the 

precipitation offset parameter – a fundamental descriptor of ecohydrological separation (see 
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Figure 3.8). Our compilation of global plant xylem δ2H and δ18O may complement other existing 

large-scale isotopic datasets in precipitation44 and streams45, in pursuing future research 

questions related to plant-water relations from continental to global scales. 

 

3.4 Transition Statement 

This chapter has established that ecohydrological separation is a widespread phenomenon, 

transcending large-scale differences in physiographic settings including species, seasonality and 

biome. Implicit in the global-in-scale demonstration of ecohydrological separation, however, is 

the outstanding question on the degree of groundwater use by vegetation. Notwithstanding the 

more than three decades of using water stable isotopes as a tool in ecohydrological 

investigations, a global synthesis of published literature specifically quantifying groundwater use 

by vegetation was wanting. This chapter, therefore, provided an impetus for the following 

chapter, which sought to quantify the magnitude of groundwater use by vegetation at the scale of 

the globe.  
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3.7 Brief Communications Arising 
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An error in Equations 2.2 and 2.3 was corrected and published as a Brief Communications 

Arising Comment [Citation: Javaux, M., Rothfuss, Y., Vanderborght, J., Vereecken, H. & 

Brüggemann, N. Isotopic composition of plant water sources. Nature 536, 

doi:10.1038/nature18946 (2016)]. An appropriate Reply was initiated and published [Citation: 

Evaristo, J., Jasechko, S., & McDonnell, J.J. Reply to Isotopic composition of plant water 

sources. Nature 536, doi:10.1038/nature18947 (2016)]. The Comment authors found that rainfall 

segregation could be observed at only 74% of the sites, and not 80% as we originally reported. 
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Table 3.1. Key information on 47 globally-distributed isotopic datasets. 

Biome 
Number 

of 
papers 

RH (%) MAT (°C) MAP (mm y-1) LMWL slope Plant δ2H Soil δ2H 
Stream 

δ2H 
GW 
δ2H 

Arid 7 49 ± 8.5 13 ± 5.2 314 (89) 8.0 (0.3) -66 (39) -44 (51) -73 (15) -27 (50) 

Mediterranean 6 58 ± 7.3 15 ± 4.0 331 (157) 7.1 (2.5) -48 (19) -43 (27) -46 (24) -31 (17) 

Temperate forests 17 58 ± 8.5 8.9 ± 5.0 533 (692) 8.2 (0.8) -79 (36) -79 (23) -91 (48) -84 (41) 

Temperate 

grasslands 
7 56 ± 5.1 16 ± 3.8 478 (662) 7.1 (0.5) -28 (18) -28 (10) -22 (14) -30 (41) 

Tropics 10 65 ± 11 23 ± 3.8 1350 (1340) 8.2 (0.3) -34 (33) -38 (64) -7.4 (30) -14 (10) 

Abbreviations: RH (relative humidity), MAT (mean annual temperature), MAP (mean annual 

precipitation), LMWL (local meteoric water line), GW (groundwater). Values are mean ±1 

SD, otherwise median (interquartile range). 
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Table 3.2. Site-by-site source precipitation δ values for soil, plant xylem, and 

groundwater. Plant xylem and soil water δ source precipitation values (median, interquartile 

range) are calculated using Equations (2.2) and (2.3) in Main Text. The last two columns on 

the right show whether or not the source precipitation values are statistically different 

amongst the three water compartments [** denotes statistically significant difference 

(alpha=0.05); N.S. means Not Significant]. Superscripts after site locations refer to the source 

paper (see references). 
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Table 3.3. Site-by-site soil water precipitation offset values (median, interquartile range). 
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Table 3.4. Biome-level soil water precipitation offset values (median, interquartile range). 
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Figure 3.1. δ18O and δ2H values of groundwater, stream water, plant xylem water, and 

soil water at 47 globally-distributed sites [median (interquartile range) δ18O and δ2H, 

respectively]. a, Groundwater  [-7.7 (7.4), -51.5 (62.6), n = 2749]. b, Stream water [-6.2 

(8.8), -37.1 (66.9), n = 336]. c, Plant xylem water [-5.5 (6.1), -50.6 (50.6), n = 1460]. d, Soil 

water [-7.5 (7.4), -63.9 (52.2), n = 1830]. Inset in a shows locations of 47 globally-

distributed stable isotopic datasets. Histogram borders show partitioning of the dataset at 30 

identical intervals or bins. The Global Meteoric Water Line (GMWL13) is also shown. 
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Figure 3.2. Precipitation offset values of groundwater, stream water, plant xylem water, 

and soil water for 47 sites grouped by biome. Extents of plant xylem (white) and soil 

(gray) water bars show 25th and 75th percentiles. All values of groundwater (squares) are 

shown for visualization of data density (i.e. darker regions) and dispersion (i.e. lighter 

regions). Mean values of stream water (circles) are also shown. Transpiration-amount-

weighted values of plant xylem water (triangles) are also shown. 
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Figure 3.3. Schematic representation for tracing the isotopic composition of source 

precipitation. Plant xylem water isotopic values plot on a linear regression called the 

evaporation line (EL). The point in the local meteoric water line (LMWL) where plant xylem 

water EL intersects provide a good approximation of the mean isotopic value of plant xylem 

source precipitation. The same method is used in tracing the soil water δ source value. 

 

Figure 3.4. Tracing the isotopic composition of plant xylem source precipitation versus 

mean groundwater value. Plant xylem water (gray triangles) plotted in δ18O-δ2H space. 

Shown are mean plant xylem source precipitation value (green triangle with error bars, 

±1SD), mean groundwater value (blue circle with error bars, ±1SD), amount-weighted 

average precipitation (star), GMWL (solid black line), LMWL (dashed black line). 

Illustration of a case in Oregon, USA (ref 1) where mean groundwater isotope value is more 

positive than plant xylem source precipitation value. This is the case in 41 of 47 sites in the 

database. 
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Figure 3.5. Difference between precipitation δ-source precipitation values of plant 

xylem and mean groundwater value (abs ‰ δ2H) plotted against increasing distance of 

groundwater locations from actual plant xylem study site. Extents of boxes show 25th and 

75th percentiles; whiskers show extents of outliers. Also shown are median (interquartile 

range) values for arbitrary distance ranges. 
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Figure 3.6. Groundwater and plant xylem source precipitation. δ18O-δ2H plot of global plant 

xylem water (green triangles), soil water (gray circles), and groundwater (blue circles). Also 

shown are isotopic composition of source precipitation leading to groundwater recharge (blue 

circle with error bars, mean ±1SD) and precipitation leading to plant water uptake (green triangle 

with error bars, mean ±1SD). Inset shows linear regression of plant xylem water and soil water 

forming distinct evaporation lines (EL) whereby, at a site level, plant xylem water is completely 

bounded by soil water. Also shown are GMWL and LMWL in main plot and inset, respectively. 
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Figure 3.7. Comparison of plant xylem (black boxes) and soil water (gray boxes) δ18O 

based on water extraction techniques. Extents of boxes show 25th and 75th percentiles, while 

whiskers show extents of outliers. Also shown are median (interquartile range) values for each 

water type and water extraction technique. 
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Figure 3.8. Global map of plant xylem water precipitation offsets. 
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CHAPTER 4 

GROUNDWATER USE BY PLANTS NOT WIDESPREAD GLOBALLY 

 

Status: Minor revision 

Submitted: March 2016 

Citation: Evaristo, J. and J. J. McDonnell (in revision), Groundwater use by plants not 

widespread globally, (Nature) Scientific Reports. 

 

4.1 Abstract 

The degree of groundwater use by plants has not yet been synthesized worldwide. Here we 

present evidence, derived from a global compilation of xylem and groundwater dual stable 

isotope (δ2H and δ18O) information, that groundwater use is limited to 12±5% of ~4000 plants 

(mostly trees) globally across 126 sites and 9 terrestrial biomes; this calculation is in stark 

contrast to that made using the standard single isotope analysis of these data that suggests global 

use of groundwater by plants is widespread (41±45%). This finding highlights the importance of 

using both isotopes in plant water uptake studies and consequently the more limited use of 

groundwater by plants than is assumed in the largely single isotope dominated literature. 

 

4.2 Main Text 

The stable isotopes of water are powerful, non-invasive tools for tracing water sources for 

plants1. Since root water uptake is generally a non-fractionating process2, 3, the isotopic 

composition (δ2H/δ18O) of xylem (i.e. plant stem) water should reflect that of its source within 

the rooting zone. This fundamental understanding of water uptake and transport from roots to 

shoots underlies the utility of stable isotopes in plant water uptake investigations. While many 

site-based studies have now been completed, a global synthesis of these data has not yet been 

made. 
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Here we use a compiled database of groundwater (n = 6964) and xylem water isotopes from 

3,898 plant samples (trees n = 3,162; shrubs n = 622; others n = 114), representing 275 species 

(angiosperms n = 245; gymnosperms n = 30), and 126 sites across 9 terrestrial biomes (Figure 

4.1 inset) to reveal the global picture of groundwater use by plants. Where dual isotope was used 

in the source paper (hereafter “dual isotope method”), we quantify the number of xylem samples 

that are consistent with groundwater (see Methods). Using a modification to the method used by 

ref. 4, we develop an index for groundwater use by plants: 

xylem-groundwater connectivity = [δ2H − 𝑎𝑎 ∙ δ18O − 𝑏𝑏]/S     (4.1) 

where δ2H and δ18O are isotopic composition of xylem water at each study site, a and b are the 

slope and y intercept, respectively, calculated from measurements of δ18O and δ2H of 

groundwater, and S is one standard deviation measurement uncertainty. A xylem-groundwater 

connectivity value of zero means strong coupling between xylem and groundwater (that is, 

groundwater use); a xylem-groundwater connectivity value farther from zero suggests 

decoupling (that is, soil water use).  

Globally, Figure 4.1 shows a “high” connectivity (median, interquartile range) between 

groundwater and precipitation (3.2, 4.7), and a “low” connectivity between xylem and 

groundwater (12, 13). This finding supports recently reported studies on widespread 

ecohydrological separation – the water that supplies plant transpiration is different from the 

water that recharges groundwater and replenishes streamflow4, 5.  

We also calculate the coefficient of variation (CV) of xylem-groundwater connectivity at the 

species (n = 121), genus (n = 77), and biome (n = 9) level (Figure 4.2a). The CVs of xylem-

groundwater connectivity across intra-specific, intra-genus, and intra-biome groupings are not 

significantly different (oneway ANOVA, P = 0.22); post hoc tests (Tukey–Kramer honest 

significant difference) show no significant difference between each grouping: species-genus (P = 

0.97), species-biome (P = 0.22), genus-biome (P = 0.19). These results illustrate that the 

variability in xylem-groundwater connectivity is not related to species, genera, and biomes 

represented by the plants in our database.  

Grouping into angiosperms (n = 46) and gymnosperms (n = 12), however, shows that 

angiosperms exhibit greater offset from zero than gymnosperms (z-value = -2.1; P < 0.05) 
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(Figure 4.2b). Greater offset from zero in angiosperms than in gymnosperms supports the 

interpretation that gymnosperms have access to deeper subsurface water sources than 

angiosperms at the aggregated scale of our analysis. The CV of xylem-groundwater connectivity 

amongst angiosperms is also higher (86%) than amongst gymnosperms (66%). This finding 

supports the understanding related to key anatomical differences between the two groups6: xylem 

vessels (angiosperms) allow for more varied sizes and thicknesses than tracheids 

(gymnosperms); and greater number of parenchyma cells in angiosperms7. 

Our findings run counter to the traditional approach for quantifying groundwater use by plants 

using either δ2H or δ18O where xylem water δ2H or δ18O is “matched” to that of groundwater (the 

“single isotope method”). Recent studies have shown that the single isotope analysis is 

problematic4 because the physical process of evaporation8 has a disproportionately greater effect 

on δ18O than on δ2H. This means that either isotope may provide different information on 

potential water sources of plant water uptake9. Figure 4.3a interrogates our global database of 

published papers between 1991 and 2015 that use either δ2H or δ18O (hereafter “single isotope 

method”). This is quantified via direct interpolation (e.g. refs. 10, 11) and/or the use of mixing 

models (e.g. ref. 12). Figure 4.3a shows that using the single isotope method with our global 

dataset, 41±45% (median 19%, interquartile range 100%) of xylem values are consistent with 

groundwater use. Using the dual isotope method (e.g. ref. 13) (Figure 4.3b), only 8% (within 25th 

and 75th percentiles) and 16% (within 10th and 90th percentiles) of plants in the database are 

consistent with use of groundwater. While single isotope mixing models12 may be useful in other 

applications (e.g. trophic and animal foraging studies), the single isotope approach for plant 

water uptake can lead to potentially unrealistic source water identification.  

Overall, our results illustrate that groundwater use by plants (mostly trees in our global database) 

is not as widespread as is increasingly being argued in the literature14. Our finding that most trees 

rely on soil water may have several implications including greater vulnerability to drought 

impacts across scales15 – from impaired growth after drought stress at plant and ecosystem scales 

to uncertainties in modeling climate-vegetation feedbacks at global scales16; less impact on river 

discharge at catchment scales than the case might be with widespread groundwater use17; and a 

rethinking on approaches used in afforestation schemes and silvicultural systems that place 

emphasis on species selection and groundwater use18. 
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4.3 Methods 

4.3.1 Data compilation and treatment 

We searched the published literature for water stable isotope papers (hereafter “source papers”) 

in ecology and hydrology. Where single isotope (δ2H or δ18O) was used in a source paper, we 

compiled percent groundwater use by vegetation either from direct interpolation method or from 

reported mixing model results (e.g. IsoSource, after ref. 12). Where dual isotopes were used in a 

source paper, we used equation (1) to calculate the “offset” (xylem-groundwater connectivity) of 

a xylem water value from the groundwater line. The groundwater line (see slope and intercept 

parameters in Table S1) is calculated from measurements of δ18O and δ2H of groundwater at a 

site19. S in equation (1) is one standard deviation measurement uncertainty (S = [(δ2H analytical 

error)2 + (a ∙ δ18O analytical error) 2]0.5). We then defined upper and lower bounds of 

groundwater use if a xylem-groundwater connectivity value falls within the 10th and 90th 

percentiles and within the 25th and 75th percentiles of groundwater nonparametric data density 

space, respectively. We employed species-level accounting in establishing groundwater use by 

plants. This approach enabled us to test for effects not only at a site level but also at other 

categories of interest (e.g. species, genus, biome, etc.). 

 

4.4 Publication bias 

Any meta-analysis is prone to publication bias (i.e. the file-drawer problem). This is a function, 

by and large, of the inherent propensity of many journals to not publish negative results. A meta-

analysis such as this contribution, therefore, may not be immune to such publication bias in the 

most fundamental sense. Nevertheless, in the treatment of the data where we sought to quantify 

the degree of groundwater use by vegetation, we suggest that publication bias is not likely to 

drive our main conclusions. Our method for literature search did not discriminate against any 

studies in a particular environment. That is, we compiled as many single- and dual-isotope 

papers as we could find between 1991 and 2015 using standard indexing databases (ISI Web of 

Science and Scopus) without prejudice to papers from any physiographic setting (e.g. arid/semi-

arid, humid tropical climates, etc.) While our literature search was exhaustive, we could not 
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discount the possibility that we may have missed some papers in the literature. Given the extent 

of our search that encompasses 9 terrestrial biomes and 275 species (angiosperms n = 245; 

gymnosperms n = 30) across 126 sites, however, we suggest that our compiled database – the 

largest to date in the literature – is global-in-scale and representative of the current state-of-

knowledge that is decipherable in a meta-analysis of this nature. 

 

4.5 Taxonomic and biome effects on groundwater use 

To assess whether species, genus, or terrestrial biome classification has an effect on xylem-

groundwater connectivity (i.e. groundwater use), we calculated the coefficient of variation (CV) 

of respective categories (Figure 4.2a). We also compared the xylem-groundwater connectivity 

differences based on embryophyte classification (primarily angiosperms and gymnosperms) 

(Figure 4.2b). Because xylem-groundwater connectivity as an index of groundwater use is based 

on dual isotopes, we considered only source papers that met this criterion in the analysis made in 

Figure 4.2. Approximately 90% of taxonomic information in our database were referenced from 

National Center for Biotechnology Information (NCBI http://www.ncbi.nlm.nih.gov/taxonomy). 

 

4.6 Transition Statement 

This chapter quantified the degree of groundwater use by vegetation via meta-analysis of 

published literature on water stable isotopes in plant-water relations. Heretofore, isotope-based 

evidence of groundwater use by vegetation has been dispersed in the literature. In light of global-

in-scale lines of evidence for ecohydrological separation, the publication of this chapter is timely 

because (1) it addressed some of the questions surrounding the implications of ecohydrological 

separation on the role of groundwater in sustaining vegetation, and (2) it strengthened the 

foundation upon which a search for the mechanistic underpinnings of ecohydrological separation 

would be based. The aforementioned points were the central research questions pursued in the 

following chapter.              

 

4.7 Author Contributions 

http://www.ncbi.nlm.nih.gov/taxonomy
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Figure 4.1: Nonparametric density contour plot of xylem, groundwater, and precipitation 

connectivity (unitless index). Contour lines are quantiles. Connectivity between xylem (i.e. 

stem) water (n = 1460) and groundwater (y-axis) (n = 6964) and between groundwater and 

precipitation (x-axis). Values are calculated using equation (1), expressed in absolute values and 

rescaled for comparison. Inset map shows sites (n = 126) of source papers and number of xylem 

samples (n = 3,898) in the meta-analysis (map generated using ArcMap 10.2; 

http://services.arcgisonline.com/arcgis/rest/services/World_Street_Map/MapServer). 

 

 

 

 

 

http://services.arcgisonline.com/arcgis/rest/services/World_Street_Map/MapServer
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Figure 4.2: Xylem-groundwater connectivity. a, Intra-specific, intra-genus, and intra-biome 

coefficient of variation (CV) of xylem-groundwater connectivity; b, xylem-groundwater 

connectivity between angiosperms and gymnosperms. Box in box plots bounds the interquartile 

range (IQR) divided by the median; whiskers extend to a maximum of 1.5 × IQR beyond the box. 

Numbers below bars in 2a indicate the sample size of respective groupings; numbers below bars 

in 2b represent the number of angiosperms and gymnosperms used in the analysis. Different letters 

denote statistical significance at P < 0.05; same letters denote no statistical significance. 
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Figure 4.3: Single- versus dual-isotope method in inferring sources of plant water uptake. 

a, single isotope method (sites n = 126; xylem n = 3,898); b, dual isotope method (sites n = 67; 

xylem n = 1,460). Map of 16 terrestrial biomes delineated by The Nature Conservancy 

http://www.nature.org. Map was generated using ArcMap 10.2 

(http://services.arcgisonline.com/arcgis/rest/services/World_Street_Map/MapServer) based on 

data reported by 98 source papers between 1991 and 2015. 

http://www.nature.org/
http://services.arcgisonline.com/arcgis/rest/services/World_Street_Map/MapServer
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CHAPTER 5 

SOURCE APPORTIONMENT IN THE CRITICAL ZONE: CHARACTERIZING THE 

FLUXES AND AGE DISTRIBUTION OF SOIL WATER, PLANT WATER AND DEEP 

PERCOLATION 

Status: To be submitted (October 2016) 

Citation: Evaristo, J., J. J. McDonnell, Kim, M., van Haren, J., Pangle, L., Harman, C.J., and Troch, 

P.A. Water Resources Research  

 

5.1 Abstract 

Determining the ages and sources of water that supply transpiration and groundwater recharge is 

a major challenge in ecohydrology. Compounding such difficulty are recent lines of evidence 

showing widespread ecohydrological separation whereby transpiration water is different from the 

relatively more mobile water in soils, groundwater, and streams. Such an assertion has been met 

with varied reactions from the water resources community. Of the many outstanding questions 

surrounding ecohydrological separation, one overarching question is explored in this paper: is 

ecohydrological separation a separation in time or in space? That is, transpiration might be 

taking place at a time and space in the subsurface different from groundwater recharge. Here we 

take a holistic view of transit times at the ecosystem level. We present new results from the 

35000-m3 mesocosm, Biosphere 2-Tropical Rainforest (B2-TRF) biome. We test the null 

hypothesis that the ecohydrological system is tightly connected in that transpiration and 

groundwater recharge are sourced from the same storage volume (L3) at comparable average 

water flux (L3 T-1), thus, having similar mean transit times. We performed a 10-week drought 

and then added 66 mm of labelled rainfall with 152‰ δ2H distributed over four events (mean 

16.5 mm per event). This was followed by a total of 87 mm of rainfall (-60‰ δ2H) distributed 

over 13 events that were spaced every 2-3 days. Our results show that mean transit times through 

the individual ecohydrological domains (groundwater recharge and plant transpiration) were 

highly preferential: groundwater recharge was 3-7 times younger (~10 days) than transpired 
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water (range 24-71 days). The “age” of transpired water showed strong dependence on species 

and was strongly linked to water transport driving force (difference between soil matric potential 

and midday leaf water potential). We also partitioned tree water uptake via roots by using a 

mixing model implemented in a Bayesian inference framework. During drought, our results 

show that the fraction of mobile water in xylem increased exponentially (mean 0.50, range 0.26-

0.78) with driving force. In contrast, immediately after rewetting, almost 90% (±2%) of water in 

xylem came from the top 40 cm of the soil profile before decreasing to 70% (±16%) and 60% 

(±20%) seven and 14 days after the first rainfall, respectively. The fraction of mobile water in 

xylem post drought, therefore, decreased (mean 0.21, range 0.08-0.34), suggesting a switch to 

soil matrix water. Overall, our findings underline two key discoveries: (1) mobile water fraction 

in xylem increases with water transport driving force, underlining species-level control; (2) 

transpiration flux is older than groundwater recharge flux. The latter discovery is consistent with 

a perceptual (qualitative) model whereby transpiration and groundwater recharge fluxes are 

sourced from separate storage volumes and sampled at markedly different average sampling flux. 

Our study is the first to measure and quantify what was referred heretofore as the “missing exit 

age” of transpiration. 

 

5.2 Introduction 

Water uptake by vegetation (i.e. transpiration) returns almost half of precipitation that falls on 

the Earth’s critical zone (Schlesinger and Jasechko, 2014). The ages and sources of transpiration 

water, from hillslope-catchment to continental scales, however, are poorly understood. 

Determining the ages and sources of transpiration water, and stream water, is important because 

of recent global-in-scale evidence showing widespread ecohydrological separation (Evaristo et 

al., 2015; Good et al., 2015). Ecohydrological separation (also known colloquially as the two 

water worlds hypothesis; McDonnell, 2014) posits that the water used by vegetation is different 

from the “more mobile” water in soils, groundwater and streams. A similar phenomenon was 

also recently reported using nitrate isotopes (two nitrate worlds) (Hall et al., 2016), thereby 

supporting the idea that water/nutrient uptake by vegetation and groundwater recharge/nutrient 

export to streams are separated. Indeed, if ecohydrological separation is real, then the 

implications for quantifying transit times in streams using current approaches that assumed a 
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well-mixed critical zone are profound, since ecohydrological separation is synonymous with an 

acutely non-well mixed subsurface. 

Originally reported in the Pacific Northwest, USA (Brooks et al., 2010) and later in various sites 

in the tropics and elsewhere (Goldsmith et al., 2012; Evaristo et al., 2016; Hervé-Fernández et 

al., 2016), the two water worlds hypothesis has been met with much informed skepticism (e.g. 

Geris et al., 2015; Tetzlaff et al., 2015) and constructive criticism (e.g. Sprenger et al., 2016). In 

cases where benefit of the doubt was given to the hypothesis (Bowen 2015; Brooks 2015; 

Bowling et al., 2016) questions pertain to the purported mechanisms proposed by the original 

and later authors. Of the many outstanding questions surrounding ecohydrological separation, 

one overarching question is explored in this paper: is ecohydrological separation a separation 

between transpiration and mobile soil water in time or a separation in space?          

Earlier research on the two water worlds hypothesis carried the implicit suggestion that 

transpiration flux is older than the more mobile water pool. This runs counter to most catchment 

modeling studies that suggest that evapotranspiration fluxes are younger (Hrachowitz et al., 

2013, 2015; Harman, 2015). This time aspect involves quantifying the mean transit time (MTT) 

from corresponding transit time distribution (TTD) of subsurface water and transpiration. But no 

studies have yet quantified the transit time of transpired water1 or the transit time of the low 

mobility water2. Of course, in steady state conditions, MTT is the ratio between storage volume 

(L3) and average water flux (L3 T-1). Catchment transit time is the time that a water parcel spends 

from input as rainfall to output as streamflow or transpiration water (also known as “exit age”). 

In rainfall-runoff literature, the shape of streamwater TTDs and associated MTT provide insights 

on catchment behavior with implications for runoff generation, nutrient export, and contaminant 

fate and transport (Kirchner et al., 2000; McDonnell et al., 2010; Hrachowitz et al., 2016).  

While streamwater MTT and TTD has been, and continues to be, the source of much active 

research (McGuire and McDonnell, 2015) the other piece of the exit age distribution—namely 

plant transpiration—has until now been neglected. Soulsby et al. (2015) note that “estimating the 

age distribution of evaporated waters remains a fundamental research need in order to quantify 

the total exit age of waters leaving a catchment”. Nevertheless, the only work in this regard are a 

                                                           
1 Except for residence time studies that used D2O label injection directly into trees. See later Discussion. 
2 Except for a recent study using tritium (Zhang et al., in review, Hydrological Processes).  
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few studies in the plant ecophysiology literature (e.g. James et al. 2003) where within-tree D2O 

labelling has been done to estimate tracer velocity and ages. James et al. (2003) have reported 

tree water ages for two tropical species in Panama that ranged between 2 days (Cordia alliodora) 

and 22 days (Anacardium excelsum). A similar range was reported by Meinzer et al. (2006) for 

two coniferous (Douglas fir and western hemlock) species in southwestern WA, USA, while 

Gaines et al. (2016) reported a range between 5 and 22 days for four tree species in PA, USA. 

While these data suggest marked variability, no work has yet explored plant water age, soil water 

age and streamflow experimentally. Such work is key not only for understanding mixing and 

source apportionment in the critical zone, but also for testing the time based (if any) aspects of 

ecohydrological separation. 

TTDs and MTTs, however, are not measured per se but rather inferred from conservative 

geochemical tracers (e.g. Cl-, 18O, 2H) in inputs and outputs. The inferential nature of TTD 

modeling implies, with all its simplifying assumptions (see Kirchner 2016), that the shape of a 

TTD can be assumed—although recent work has called for catchment scale labelling experiments 

to define experimentally the TTD (McDonnell and Beven, 2014; Klaus et al., 2015).  

While experimental and modeling work in rainfall-runoff TTD are now common practice 

(McGuire and McDonnell, 2015), rarely, if ever, has the “TTD tracer toolbox” contained 

rainfall-transpiration tracer parameterization. Similarly, when water transport studies included 

isotope labeling in vegetation (e.g. James et al., 2003; Meinzer et al., 2006; Gaines et al., 2016), 

they lacked the typically high-resolution sampling in rainfall-runoff experiments (McGuire and 

McDonnell, 2006), let alone comparison to whole-catchment travel times with explicit labeling 

and tracking of root water uptake sources (Soulsby et al., 2015).  

Beyond time, the space aspect of ecohydrological separation entails quantifying the source 

proportions of the isotopic signal that is integrated in the xylem (i.e. plant stem) water. 

Approaches in plant source water identification using water stable isotopes generally fall under 

two main categories: process based mixing (PBM) models and simple linear mixing (SLM) 

models (Ogle et al., 2014). PBM models (e.g. RAPID by Ogle et al., 2004; Ogle et al., 2014) 

integrate stable isotope data and a biophysical model into a Bayesian framework. Where two or 

three water sources are identified, traditional SLM models may prove sufficient for explicit 
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representation of sources via simple mass balance (e.g. Thorburn and Walker, 1994; Brunel et 

al., 1995). 

In the simplest case where xylem water may represent an integrated signal of two sources, the 

proportional contribution of each source may be resolved using a single isotope in a two-source 

system of mass balance equation (Dawson 1993; Phillips and Ehleringer, 1995): 

𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑒𝑒𝐴𝐴𝛿𝛿𝐴𝐴 + 𝑒𝑒𝐵𝐵𝛿𝛿𝐵𝐵         (5.1) 

where 𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥 is plant xylem water (either δ2H or δ18O), and the proportions (𝑒𝑒𝐴𝐴, 𝑒𝑒𝐵𝐵) of sources 

(summing to 1) with isotopic signatures (𝛿𝛿𝐴𝐴, 𝛿𝛿𝐵𝐵), respectively. 

In many if not most cases, however, the number of possible sources far exceeds the number of 

isotopes in the system, that is: 

𝛿𝛿𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑒𝑒𝐴𝐴𝛿𝛿𝐴𝐴 + 𝑒𝑒𝐵𝐵𝛿𝛿𝐵𝐵 + 𝑒𝑒𝐶𝐶𝛿𝛿𝐶𝐶 + ⋯𝑒𝑒𝑛𝑛𝛿𝛿𝑛𝑛      (5.2) 

In such an underdetermined system, where the number of sources is greater than the number of 

isotopes plus one, the most widely used approach to date is a simple linear, Visual Basic-based 

program and iterative algorithm called IsoSource (Phillips and Gregg, 2003). Notwithstanding 

the widespread use of IsoSource in systems with multiples sources, the method can only provide 

a range of feasible (not likely) solutions. The lack of a robust statistical foundation of an iterative 

approach, therefore, boosts the case for an alternative method that frames the mixing model atop 

a solid statistical (i.e. Bayesian) formulation. In this study, we quantify the source water 

proportions in xylem (“mixture”) water by using an algorithm implemented in a Bayesian 

framework (Parnell et al., 2010). 

So how can we evaluate and quantify these time- and space-based components of 

ecohydrological separation when boundary conditions in natural catchments are unknown and 

largely unknowable? In general, experiments that allow for high degree of control over 

environmental variables at useful space and time scales are needed. What is needed going 

forward to characterize sources, flowpaths and exit time distributions is some combination of the 

degree of control typical in growth chamber scale experiments with something like a field-based 

experiment where the representative elementary volume of the critical zone domain is large 

enough to contain a sufficient range of heterogeneity and thereby satisfy scale requirements. But 
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such scales then come at a cost of not being able to control experimental variables. Here we take 

advantage of the 27 m tall, 1936 m2 mesocosm Biosphere 2-Tropical Rainforest (B2-TRF) biome 

that represents a total volume of 35000 m3. The B2-TRF has soils that vary from 1-3 m with 23 

dominant tree species where much basic ecosystem work has already been done (Scott 1999; 

Leigh et al., 1999; Rascher et al. 2004; Rosolem et al., 2010). As such the B2-TRF biome 

represents the ideal scale at which to address fundamental aspects of water sources, flowpaths, 

and transit times through the critical zone, enabling controlled experiments to be designed and 

implemented at the biome scale, but with complete boundary controls. Here we present new 

results from a 10-week drought experiment where we induce water stress on 4 tree species (n = 

8) and then add 66 mm of labelled rainfall with 152 ‰ deuterated water distributed over four 

events. We follow the label with a total of 87 mm of rainfall (-60‰) distributed over 13 events, 

spaced every 2-3 days. Over the course of this 9-month experiment we test the null hypothesis 

that the ecohydrological system is tightly connected in that water forming groundwater recharge 

and plant transpiration is sourced from a common pool. Alternatively, if labelled water taken up 

via roots is the same as the water that contributes to groundwater recharge (and eventual routing 

to streams), then their “ages” (i.e. mean transit times) and by extension sources in the subsurface, 

should be the same. Our specific questions include: 

a. What is the nature of source water apportionment in time and space by B2-TRF trees 

and how is it affected by drought and rewetting? 

b. What are the relative transit times of plant water and deep percolation water? 

c. What soil- and plant-level factors control the sources, flowpaths and age distribution 

of water in the critical zone? 

 

5.3 Materials and Methods 

5.3.1 Biosphere 2 Tropical Rainforest 

Biosphere 2 (B2) is a large-scale Earth science facility near Tucson (Arizona, USA). It consists 

of five biomes, including the tropical rainforest (B2-TRF) biome where we conducted this study. 

Constructed between 1990 and 1991, the B2-TRF is a 1936 m2 mesocosm with a total volume of 
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35000 m3. The distance between the lowest soil level and the highest point in the enclosed, 

pyramidal glass structure is ~27 m. Rainfall, humidity, and temperature inside the B2-TRF are 

controlled to reflect climatic conditions that are comparable to natural rainforests (Leigh et al., 

1999).  

Artificial rainfall, applied every 3-4 days, is delivered via and distributed equally over four 

sections of overhead sprinklers. During normal conditions (i.e. without an ongoing experiment), 

the B2-TRF receives an annual rainfall of ~1300 mm (3.6 mm d-1) with relatively constant δ2H 

and δ18O values (mean ±1SD) of -60.2 ±4.2 and -8.3 ±0.75 ‰, respectively. Rainfall amounts are 

monitored through in line flow meters before the water enters the rainforest. Operating in “flow 

through mode” where drier air is vented through the system and humidity fixed between 70-85%, 

an inversion layer exists above the mean canopy level resulting in two distinct daytime humidity 

regimes. Turbulence is negligible suggesting that most mass and energy transfer are driven 

largely by mass transfer (Arain et al., 2000). Rainfall events take place usually during nighttime 

so that isotopic enrichment of throughfall and interception via evaporation water are minimal. 

The plant community consists of a mix of trees, vines and herbs designed to mimic a tropical 

rainforest (Leigh et al. 1999).  The plants were derived from multiple locations closely 

representing a pan-tropical distribution. The largest trees currently reach to ~25 m in height and 

~50 cm in diameter. This study focuses on soil water, deep percolation and five tree species 

(described in detail below), and their partitioning of water sources and its drivers during and after 

a controlled drought. We derived the total, ecosystem-level transpiration amount from 

meteorological conditions, particularly vapor density (g m-3), and by systematically accounting 

for airflow injection and water loss to the flow through system. This study places emphasis on 

the use of water stable isotopes as well as soil moisture and water potential measurements. For a 

detailed study with emphasis on atmospheric forcing and vegetation response at the B2-TRF, the 

interested reader is directed to Rosolem et al., (2010). 

 

5.3.2 Environmental monitoring and sampling 

There are three soil pits at the B2-TRF, with depths varying between 1 and 3 m. The four walls 

of each soil pit are fixed by an acrylic glass (Plexiglas). Holes were made into the Plexiglas walls 
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to accommodate instrumentation and sampling. Volumetric water content (VWC) was 

determined by measuring the dielectric constant of the soil using capacitance/frequency domain 

technology (5TM Decagon Devices WA, USA), and was calibrated with the gravimetric method. 

Soil water potential was measured at the same depths (15, 25, 55, 65, 100, 130, 150 cm) with 

recording tensiometers (T4e UMS GmbH Germany). T4e measurement range is between +100 

and -85 kPa with an accuracy ±0.5 kPa. 

We collected rainfall (throughfall) samples during one, seven, and six events in February, June, 

and July 2014, respectively, before the drought. Seepage samples (representing “zero tension” 

groundwater recharge) from collector pipes that drain the overlying mesocosm were also 

collected during the same times as for rainfall sampling and at higher frequency during post-

drought (rewetting). We sampled for soil water isotopes weekly by collecting bulk soil samples 

(three replicates each) at 15, 25, 35, 55, 100, 130, 250 cm. Although each soil pit was covered by 

a 1.5-cm thick metal sheet when no sampling was performed, care was taken during each 

sampling by scraping ~3cm of soil off the face of the wall at respective depths. This was done to 

ensure that we were not sampling for evaporatively enriched soil water at the soil face. 

Weekly stem (“xylem”) water samples were taken from the part of stems with mature bark 

closest to the main branch (following Dawson, 1993) to minimize the effect of evaporative 

enrichment by water loss through unsuberized stems. Stem samples were collected (three 

replicates each) using clipping just below canopy height via bosun’s chair from five canopy 

species: Ceiba pentandra (N=2, DBH=36 and 53 cm), Clitoria racemosa (N=4, DBH=29±3 cm), 

Hura crepitans (N=1, DBH=45 cm), Hibiscus elatus (N=1, DBH=28 cm), and Pterocarpus 

indicus (N=1, DBH=24 cm). 

Water from bulk soil and stem samples were extracted using cryogenic vacuum distillation 

method. Isotope analysis of all stem water samples were performed using isotope ratio mass 

spectrometry at the University of Victoria (Alberta Innovates - Technology Futures) due to 

possible spectral contamination of plant water. Isotope analysis of bulk soil, rainfall, and seepage 

water samples were performed using isotope ratio infrared spectroscopy (LGR OA-ICOS CA, 

USA) at McDonnell Watershed Hydrology Lab. Laboratory precision at both University of 

Victoria and McDonnell Lab was ±1‰ and ±0.2‰ δ2H and δ18O, respectively. 
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5.3.3 Soil and tree measurements 

We described the rooting profile by averaging the maximum rooting depth visible from the four 

walls of each soil pit. Consistent with an earlier survey of the B2-TRF (Rosolem et al., 2010), we 

found no roots below 65 cm, with the highest fraction found at the top 15-20 cm of the soil 

profile (Figure 5.2). For our purposes in this paper, we set 60 cm as the maximum rooting depth. 

We then compared the isotopic composition (δ18O) of bulk soil water at respective sampling 

depths within each moisture period (drought and post drought). Finding no statistical difference 

in δ18O of bulk soil across depths within a moisture period (P>0.05 Tukey’s HSD), we 

discretized the soil profile into three depth groups 10-20, 20-40, and 50-60 cm by averaging the 

isotopic composition of bulk soil water from 15, 25-35, and 55 cm, respectively (Figure 5.2). 

Mean and range of bulk soil δ18O and VWC, as well as soil textural composition at respective 

depths are also shown in Figure 5.2. 

To be able to calculate the driving force for water transport, we measured predawn and midday 

leaf water potential (MPa) of C. racemosa and H. elatus by cutting three 20-cm long branches 

and using a pressure chamber (PMS, Albany, Oregon). These measurements were made on 29 

Jul, 05 Aug, 11 Aug, and 09 Sep. Leaf water potential of H. crepitans was also measured on 29 

July. Midday driving force (where transpiration is most active) for water transport was calculated 

by taking the difference between corresponding soil water potential and midday leaf water 

potential. 

 

5.3.4 Drought and rewetting experiment 

To be able to assess the possible changes in source water apportionment in the dominant canopy 

species, we performed a drought experiment by closing all the water valves going into the 

rainforest. The drought lasted for 68 days between 23 July and 29 September 2014. During 

rewetting that began 30 September 2014, we introduced a 99.5% deuterium oxide (D2O) label 

(Cambridge Isotopes, Cambridge, MA, USA) into the sprinkler (“rainfall”) system. A total of 66 

mm of labelled rainfall with 152‰ δ2H was distributed over four events (mean 16.5 mm per 

event) including the 30 Sep rain: 01 Oct, 05 Oct, 07 Oct. This was followed by a total of 87 mm 

of rainfall (-60‰ δ2H) distributed over 13 events that were spaced every 2-3 days. 
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5.3.5 Isotope mass balance calculation 

Major components of the water balance at the B2-TRF include rainfall (P), soil water (S), subsoil 

drainage or “seepage” (L), interception (I), soil evaporation (ε), and root water uptake (T). We 

know the mass and isotopic composition associated with each component of the water balance 

except for I. The isotope mass balance was formulated as: 

𝑚𝑚P + 𝑚𝑚i = 𝑚𝑚L + 𝑚𝑚I + 𝑚𝑚f + 𝑚𝑚ε + 𝑚𝑚T      (5.3) 

and 

𝛿𝛿P𝑥𝑥P + 𝛿𝛿i𝑥𝑥i = 𝛿𝛿L𝑥𝑥L + 𝛿𝛿I𝑥𝑥I + 𝛿𝛿f𝑥𝑥f + 𝛿𝛿ε𝑥𝑥ε + 𝛿𝛿T𝑥𝑥T     (5.4) 

 

where 𝑚𝑚x is mass, 𝛿𝛿x is the isotopic composition and the subscript x represents the fraction of 

corresponding component in the water balance. Soil water mass is represented by subscripts i 

and f to indicate the initial soil water mass i prior to rainfall and the final soil water mass f. 𝛿𝛿i and 

𝛿𝛿f were calculated using the weighted isotopic composition at each soil layer (following Sutanto 

et al., 2012): 

𝛿𝛿𝑤𝑤 = 𝛿𝛿𝑓𝑓 =
∑ �𝛿𝛿𝑠𝑠𝑠𝑠∙𝑧𝑧𝑠𝑠∙𝜃𝜃𝑠𝑠�𝑛𝑛
𝑠𝑠=1

𝜃𝜃�∙𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑥𝑥
         (5.5) 

where n is the number of soil layer, 𝛿𝛿sj is the isotopic composition at corresponding layer j, 𝑧𝑧j is 

the corresponding depth at layer j, 𝜃𝜃j is the soil water content at layer j, �̅�𝜃 is the average soil 

water content, and 𝑧𝑧total is total depth. For purposes of closing the water balance, we considered 

three depths: 25, 65 and 150 cm.  

The unknown variable in the water balance 𝑥𝑥I was calculated as derived from Equation (5.6): 

𝑥𝑥I = 𝛿𝛿P𝑥𝑥P−𝛿𝛿L𝑥𝑥L−𝛿𝛿f𝑥𝑥f−𝛿𝛿ε𝑥𝑥ε−𝛿𝛿T𝑥𝑥T+𝛿𝛿i𝑥𝑥i
𝛿𝛿I

           (5.6) 

𝛿𝛿ε was calculated following Craig and Gordon (1965) with parameters derived from a pan 

evaporation experiment that we conducted inside the B2-TRF. The isotope mass balance was 

solved during the four weeks (25 Jun-23 Jul 2014) that we have data prior to drought onset. 
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5.3.6 Modeling 

5.3.6.1 Root water uptake and Bayesian inference 

We determined the source water proportions in xylem (“mixture”) water by using a simple linear 

mixing model implemented in a Bayesian framework. We employed the SIAR (stable-isotope 

analysis in R) Bayesian mixing model statistical package (Parnell et al., 2010) to determine the 

most likely proportion of xylem water from various depths in the soil profile using Markov 

Chain Monte Carlo (MCMC) methods. We discretized the soil profile following the three soil 

depth groups (“sources”) as shown in Figure 5.2. We identified a fourth source in the model 

called “mobile” water. During the drought, the value of mobile water was set as the seepage 

water prior to the onset of drought (-60.2 ±4.2‰ δ2H, -8.3 ±0.8‰ δ18O). Seven sampling time 

points, spanning the entire 68 days (~10 weeks) of drought, were included in the model run: 29 

Jul, 05 Aug, 11 Aug, 09 Sep, 16 Sep, 23 Sep, and 29 Sep.    

During rewetting, the values of mobile water were the corresponding seepage water values in the 

following eight sampling time points, spanning 70 days (10 weeks) post-drought: 30 Sep, 02 Oct, 

07 Oct, 14 Oct, 21 Oct, 28 Oct, 04 Nov, and 09 Dec. The model was run with 500 000 iterations 

(discarding the first 50 000) and a source water’s most likely contribution (i.e. the mean of the 

posterior distribution of the MCMC simulation) to xylem water was obtained. The SIAR method 

was an appropriate treatment of our data because the proximity between our bulk soil water 

values across the soil profile was relatively small. Evaristo et al., (in review) showed that a 

Bayesian approach constrains the uncertainty estimates better than a simple mass balance 

approach (e.g. Brunel et al., 1995) when maximizing the difference between sources is not 

possible. The validity of our approach in combining the bulk soil water values from two or more 

sources also leads to more constrained and less diffuse solutions (Phillips et al., 2014) than if we 

assigned sources with statistically insignificant differences. 

5.3.6.2 Transit time distribution 

The differences in time scales of transport dynamics towards each outflux could be revealed by 

examining transit time distributions (TTDs). We used the observed breakthrough curves (BTCs) 

associated with the fluxes to estimate the TTDs. In this study, we estimated MTT by assuming 
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that the TTD ℎ(𝜏𝜏) follows the widely-used two-parameter gamma distribution (Kirchner et al., 

2000, 2010):  

ℎ(𝜏𝜏) = 𝜏𝜏𝛼𝛼−1

𝛽𝛽𝛼𝛼𝛤𝛤(𝛼𝛼)
𝑒𝑒−𝜏𝜏/𝛽𝛽 = 𝜏𝜏𝛼𝛼−1

(𝜏𝜏�/𝛼𝛼)𝛼𝛼𝛤𝛤(𝛼𝛼)
𝑒𝑒−𝛼𝛼𝜏𝜏/𝜏𝜏�       (5.7) 

where 𝛼𝛼 and 𝛽𝛽 are the shape and scale parameters, respectively; 𝜏𝜏 is the transit time, and 𝜏𝜏̅ = 𝛼𝛼𝛽𝛽 

is the mean transit time. 

We applied time-invariant TTD modeling to characterize the transit times of outfluxes. This 

approach was done to estimate “rough” transit times associated with each outflux and their 

relative differences. A key assumption in this approach is that flow pathways – towards seepage, 

soil water recharge, or transpiration – do not vary in time, and therefore the partitioning of the 

labelled water particles into each outflux are not a function of time. Time-invariant TTDs were 

estimated by fitting a specific form of TTDs to model the observed BTCs by convolving the 

distributions with the injection concentration time-series (Maloszewski and Zuber, 1982). The 

widely-used two-parameter gamma distribution (Kirchner et al., 2000, 2010) was chosen 

arbitrarily, and scaling parameter was also applied to consider the mass-recovery issue which is 

inevitable in practice, especially, in this type of a complex system. We note that a problem in 

closing the tracer mass balance is inherent in the time-invariant TTD modeling; thus, the scaling 

parameter is not guaranteed to be consistent with the physical mass recovery ratios. Parameters 

(three for each BTC – shape, scale, and scaling) were estimated in a Bayesian way to consider its 

uncertainty using the DREAM (DiffeRential Evolution Adaptive Metropolis; Vrugt et al., 2009) 

algorithm. 

 

5.4 Results 

5.4.1 Environmental conditions 

Pre-drought meteorological conditions, particularly temperature and vapor pressure deficit 

(VPD), at 13 m above the forest floor were (mean ±1SD) 29 ±7°C and 1.2 ±0.2 kPa, 

respectively. At 1 m above the forest floor temperature was 25 ±2°C and VPD was 0.3 ±0.1 kPa. 

During the drought, temperature at both levels and VPD at 13m were similar to pre-drought 

conditions, except for VPD at 1 m above the forest floor which was 0.4 ±0.2 kPa. Post-drought 
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temperature was 24 ±3°C and 26 ±5°C at 1 m and 13 m, respectively. VPD was similar to pre-

drought levels over the course of the record (Figure 5.1 top panel).    

Total ecosystem transpiration pre-drought ranged between 900 and ~2700 kg d-1 (1733 ±389 kg 

d-1). During the drought, ecosystem-level transpiration decreased to between 100 and ~1500 kg 

d-1 (877 ±319 kg d-1). Transpiration amount recovered slightly during the first two weeks 

following rewetting (similar to early and mid-drought levels) but maintained at subdued levels 

(635 ±296 kg d-1) over the course of the record (Figure 5.1 middle panel). 

Soil volumetric water content (VWC) at 25 cm pre-drought ranged between 0.26 and 0.31 cm3 

cm-3 (0.28 ±0.01 cm3 cm-3) (Figure 5.1 bottom panel). During the drought, VWC at 25 cm 

decreased to between 0.20 and 0.26 cm3 cm-3 (0.22 ±0.02 cm3 cm-3). VWC at 25 cm began to 

recover to pre-drought levels ~8 days following rewetting. It fully recovered (i.e. stabilized) to 

pre-drought levels at ~14 days. Water content at 65 cm pre-drought ranged between 0.15 and 

0.16 cm3 cm-3. During the drought, this decreased to between 0.11 and 0.15 cm3 cm-3 (0.13 ±0.01 

cm3 cm-3). Like water content at 25 cm, VWC at 65 cm began to recover to pre-drought levels ~8 

days following rewetting and stabilized at ~14 days. Soil water potential (SWP) pre-drought 

ranged between -3 and -2 kPa (~20-30 cm H2O). During the drought, this decreased to between -

77 and -3 kPa (~30-785 cm H2O). SWP recovered to pre-drought levels ~ 14 days following 

rewetting. 

 

5.4.2 Source water apportionment by trees 

Results from Bayesian inference modeling showed that the fraction of mobile water in xylem 

(represented by “zero tension” seepage water pre-drought) increased steadily through the drought 

from 0.33 ±0.09 on 29 Jul to 0.69 ±0.12 on 16 Sep. Thereafter, the mobile water fraction in 

xylem decreased to 0.52 ±0.16 on 23 Sep and 0.30 ±0.09 immediately prior to rewetting on 29 

Sep (Figure 5.3a). Over the course of the drought, the fraction of mobile water in xylem for all 

four tree species was not statistically different from each other (P>0.05, Tukey-Kramer HSD), 

ranging from 0.21 to 0.78. 

The fraction of mobile water in xylem (represented by “zero tension” seepage water during 

rewetting) also increased somewhat steadily through the rewetting from 0.08 ±0.01 on 30 Sep to 
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0.37 ±0.05 on 09 Dec. These values, however, were smaller and statistically different (P<0.01, 

Tukey-Kramer HSD) from the drought. Like during the drought, inter-specific differences in 

mobile water fraction in xylem were not statistically different (P>0.90, Tukey-Kramer HSD), 

ranging from 0.08 to 0.42. 

These trends in the fraction of mobile water in xylem during the 68-day drought and 70-day 

rewetting (as illustrated in Figure 5.3) were effectively the inverse of the trends in soil water 

contribution to xylem. That is, there was a steadily decreasing contribution from all three depth 

sources in the bulk soil during the drought, and a steadily increasing contribution from all bulk 

soil sources during rewetting. The relative contributions of bulk soil sources during the drought 

were not statistically different from each other, suggesting that all three sources contributed 

equally likely to xylem. Nevertheless, immediately after rewetting (30 Sep), almost 90% (±2%) 

of water in xylem came from the top 40 cm of the soil profile before decreasing to 70% (±16%) 

and 60% (±20%) seven and 14 days after the first rainfall, respectively. 

We note that one of the five tree species, Pterocarpus indicus, was not included in the Bayesian 

source water apportionment model. P. indicus, showed persistent use of “stream water”, a small 

body of open water at B2-TRF that meanders around the mound where P. indicus is planted. 

 

5.4.3 Soil water retention and driving force 

The soil water retention curve (10 Jul-25 Sep) is shown in Figure 5.4 through the dry down. An 

empirical model fit after Brooks and Corey (1964) best explained the data (R2=0.98, AIC=-

198.4). The last two data points that slightly deviated from the model on the matric suction axis 

reflected the tensiometer detection limit as the T4e instrument approached its maximum range 

(~85 kPa). Nevertheless, Figure 5.4 shows a water retention curve that is characteristic of a 

loamy substrate. 

Following the insights from the Bayesian mixing model suggesting that root water uptake took 

place mostly from the top 40 cm of the soil profile, we found a nonlinear relationship between 

the fraction of mobile water in xylem of each tree species and VWC. Figure 5.5 shows that the 

fraction of mobile water in xylem increased as soil water content decreased. A three-parameter 

exponential model best described the data. The model’s asymptote 0.22 [0.17, 0.27 95% C.I.] 
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reflected the threshold whereby each source in the four-source Bayesian mixing model was 

equally likely. Stated differently, because such threshold reflects bulk soil water contribution, 

only the values above the confidence limits of this threshold may be considered as sourced from 

mobile water with much greater likelihood than bulk soil water. This can be extended by 

juxtaposing Figure 5.5 over the Bayesian isotope mixing model results in Figure 5.3. For 

example, C. racemosa in Figure 5.5 has four data points above the threshold 0.21 [0.10, 0.34 

95%C.I.]. The region to which these observations are located coincides with the four weeks in 

Figure 5.3 (i.e. columns 3-6) when mobile water contribution to C. racemosa was significantly 

greater than bulk soil water. 

Figure 5.6 shows the calculated difference between soil water potential and midday leaf water 

potential (i.e. driving force) at four corresponding times during the drought. There was a 

nonlinear, exponential relationship (R2=0.86) between the fraction of mobile water in xylem and 

driving force (MPa). Conversely to the case in Figure 5.5, the fraction of mobile water in xylem 

increased as driving force increased. Nevertheless, a threshold-like trend similar to Figure 4.5 is 

also apparent in Figure 5.6 represented by a three-parameter exponential. The best-fit model’s 

asymptote was 0.22 [0.06, 0.38 95% C.I.], representing the threshold below which bulk soil 

water dominated over mobile water. The corresponding measurements above this threshold 

corresponded to 60% (±15%) contribution from mobile water for C. racemosa and 70% (±15%) 

for H. elatus. As the drought proceeded and soil water potential decreased from -2.9 kPa (-0.003 

MPa, 30 cm H2O) to -7.4 kPa (-0.007 MPa, 75 cm H2O), leaf water potential also decreased 

correspondingly (albeit in a species-specific manner). For example, when soil water potential 

was -2.9 kPa, leaf water potential was -527 kPa (-0.53 MPa, 5371 cm H2O) for C. racemosa, 

while it was -320 kPa (-0.32 MPa, 3263 cm H2O) for H. elatus. At the lowest point in soil water 

potential value of -7.4 kPa, leaf water potential was -1170 kPa (-1.17 MPa, 11931 cm H2O) for 

C. racemosa, while it was -743 kPa (-0.74 MPa, 7580 cm H2O) for H. elatus. 

 

5.4.4 Transit time, flow velocity and mass balance 

The time-scale differences among the waters that traveled through the different flow pathways 

(and indeed ended up in different outfluxes) were significant (Figure 5.7). In terms of mean 

transit time, the mean for the seepage flow was the lowest and was around 230 h (~9.6 days). 
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The mean transit times for C. racemosa  and H. elatus were quite similar to each other, 610 h 

(~25 days) and 650 h (~27 days), respectively. H. crepitans transpired much older water than all 

the others, with a transpiration flux mean transit time of around 1700 h (~71 days). Values of 

TTD shape parameter α for seepage, H. elatus, C. racemosa, and H. crepitans were 0.30, 0.80, 

1.0, and 2.3, respectively. We note that we excluded C. pentandra in TTD modeling because we 

did not detect any uptake of the tracer in the tree; that is, xylem δ2H remained relatively 

unchanged before, during, and after the drought at -56 (±4.5) ‰. P. indicus was excluded in 

TTD modeling for the same reason that it was excluded in Bayesian source water apportionment 

model, that is, persistent use of “stream water” at all stages of the experiment. 

Figure 5.8 shows a plot where calculated tracer velocity (done by dividing tree height with mean 

TT) is plotted against midday driving force. Results for three tree species in this study and four 

tree species in Gaines et al. (2016) are presented in the same plot for comparison. It can be 

shown that H. crepitans had the lowest tracer velocity and midday driving force, while C. 

racemosa had the highest midday driving force although its tracer velocity is comparable to H. 

elatus.   

When soil water storage was in presumed steady state prior to onset of drought, results from our 

isotope mass balance calculations showed the following: initial soil water mass (51%) and total 

rainfall input mass (49%). Losses are partitioned into seepage (6%), interception (27%), soil 

water (51%), soil water evaporation (~4%), and transpiration (13%). 

 

5.5 Discussion 

Much of our analysis has relied on water stable isotopes and the assumption that they are useful 

tools in tracing and partitioning various components of the water cycle, as others have done  (e.g. 

Ehleringer and Dawson, 1992; Gibson and Edwards, 2002; Jasechko et al., 2013; Coenders-

Gerrits et al., 2014; Jameel et al., 2016). And, because of their conservative nature, they are 

affected mainly by physical processes that are relatively well understood (Friedman 1953; 

Dansgaard 1964). The general assumption that root water uptake, in most environments, is a 

non-fractionating process has been shown to be valid in both laboratory (Wershaw et al., 1966; 

Thorburn et al., 1993) and field (White et al., 1985) settings. Exceptions to this rule, however, 
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have been reported in certain environments (Lin and Sternberg, 1992; Ellsworth and Williams, 

2007; Evaristo et al., in review). Notwithstanding the long history in the use of water stable 

isotopes in root water uptake studies, dating back to the seminal work of Dawson and Ehleringer 

(1991), its descriptive power in hydrological models is still in its infancy. At the B2-TRF, 

transpiration accounts for 13% of the water balance (1.4 mm d-1). Owing to small evaporative 

demand under the dense canopy of B2-TRF (4% or 0.4 mm d-1), T/ET is estimated at 79%. This 

value is well within the 70 ±14% range of estimates in tropical rainforests (Schlesinger and 

Jasechko, 2014; Good et al., 2015). Although the uncertainties associated with our isotope mass 

balance estimates are likely to be non-trivial, we note that the magnitude and relative proportions 

of each component are within expectations. For example, despite our lack of actual measurement 

for interception, our approach showed that interception accounts for 27% (2.9 mm d-1) of the 

water balance. This is well within the 2-5 mm d-1 range as estimated by the analytical model of 

De Groen (2002), and comparable to 3.3 mm d-1 estimated by Schellekens et al. (2000) for a 

mature Tabonuco forest in northeast Puerto Rico. 

 

5.5.1 How does our study differ from earlier D2O labeling experiments? 

The transit time of water in our monitored trees was 24-71 days. Others have indeed explored the 

time it takes for xylem water to ascend the tree stem using deuterated water. James et al. (2003) 

reported tree water ages in this way for two tropical species in Panama that ranged between 2 

days (Cordia alliodora) and 22 days (Anacardium excelsum). A similar range was reported by 

Meinzer et al. (2006) for two coniferous (Douglas fir and western hemlock) species in 

southwestern WA, USA, while Gaines et al. (2016) reported a range between 5 and 22 days for 

four tree species in PA, USA. While transit times for two of our tree species here (C. racemosa 

and H. elatus) are comparable to these earlier studies, we know of no earlier labeling study that 

have reported transit times as long as 71 days (H. crepitans). 

Moreover, the method that we used to estimate tree water transit time is different to most tree-

based injection work. Heretofore, tree water transit time was estimated based on the time it takes 

for the label to reach 10% of maximum tracer concentration in the leaves (from the point of 

tracer injection either at the base of the tree or in the trunk) and return to within 5% of baseline 

deuterium concentration (e.g. Gaines et al., 2016). None of these earlier studies included D2O 



123 
 

labelling in rainfall and tracer breakthrough in soils or in streams. To the best of our knowledge, 

our study is: 

1. the first to use D2O label and follow its evolution (i.e. breakthrough) in seepage 

(groundwater recharge), soils (soil water recharge), and trees (RWU) 

2. the first to sample stem water for isotopes at such high frequency 

3. the first to apply the time-invariant TTD modeling in stem water isotopes, let alone over 

an extended period of over six months 

We suggest that our rainfall labeling approach represents the plant water uptake system better 

than tree-based injection methods because it can “follow the water” from input as rainfall 

through to water uptake via roots. Equally noteworthy was our use of Bayesian inference 

methods in quantifying the sources of water used by trees during and after a prolonged drought. 

This means that we not only identified tracer breakthrough in the tree, we also quantified root 

water uptake sources in the subsurface, as we now describe below. 

 

5.5.2 Ecohydrological determinism in the critical zone? 

By applying a root water uptake (RWU) source apportionment model implemented in a Bayesian 

framework and by estimating “water ages” based on transit time distribution (TTD) modeling, 

we were able to provide the first unequivocal evidence of ecohydrological separation in space 

and in time, respectively. The main advantage of the Bayesian inference approach used here is 

that unlike previous work that has had to rely on the “offset” of a water sample from the local 

meteoric water line (e.g. Evaristo et al., 2015), or in earlier mixing model capabilities providing 

only “point estimates” (e.g. Brunel et al., 1995), here we have a labeled source whose 

uncertainties as it is partitioned into various reservoirs prior to root water uptake are fully 

accounted for. The main advantage of the TTD modeling used here over tree-based injection 

work is that we have a full catchment description of transit times not only in trees but also in 

soils and seepage (proxy for groundwater recharge).     

The Bayesian model of RWU sources showed that the fraction of mobile water in the stem is a 

nonlinear function of soil-to-leaf driving force (Fig. 6). The driving force, in turn, is a composite 
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function of soil texture and species-specific patterns. Such species-level control over soil-to-leaf 

driving force translates to tree water transit times. For example, when soil matric potential was -

0.007 MPa (75 cm H2O), leaf water potential for C. racemosa was -1.17 MPa (11931 cm H2O), 

and therefore greater driving force (1.16 MPa) and shorter mean transit time. In contrast, leaf 

water potential was -0.74 MPa (7580 cm H2O) for H. elatus, and therefore relatively smaller 

driving force (0.74 MPa) and longer transit time. Our leaf water potential data during the drought 

and TTD model results post-drought suggest species-specific patterns that span both extremes in 

moisture periods. Our leaf water potential trends are also consistent with drought and post-

drought data for the same tree species in an earlier study at B2-TRF (Rascher et al., 2004). 

Nonetheless, one overarching question remains: why did trees use mobile water when soils 

became drier, and why did the same trees not use mobile water when soils became wetter? 

Evaristo et al. (2015) proposed a conceptual mixing model (following Hrachowitz et al., 2013) 

informed only by the degree of separation between “more mobile” and “less mobile” waters – 

the line-conditioned excess (LCE) of Landwehr and Coplen (2006). The LCE parameter is not 

applicable in the B2-TRF because of (1) a rainfall isotopic composition that stays relatively 

constant all year round; and, (2) very limited evaporative demand (0.4 mm d-1). Both factors lead 

to little natural variation of isotopic composition thereby making the dual isotope approach, upon 

which the LCE parameter is derived, not applicable (Brunel et al., 1995). The B2-TRF system, 

therefore, is an ideal setup for a mechanistic assessment of ecohydrological separation. This is 

because RWU sources can be identified mainly on the basis of a xylem water’s “proximity” to its 

possible sources, without the potential complications in interpretation due to isotopic enrichment 

effects of soil water evaporation. 

During rewetting, the dimensionless mixing coefficient 𝐶𝐶𝑀𝑀,𝑤𝑤(equation 28 in Hrachowitz et al., 

2013) that is informed only by changes in soil moisture, may explain our results in conceptual 

terms. That is, as the soil is wets-up, the resultant decrease in soil matrix suction leads to 

increasingly smaller proportions of tracer infiltrating the soil matrix, and thus increasingly 

greater proportions of the D2O label (new water) being routed to preferential flow pathways. The 

high flow velocities in preferential flow pathways results in earlier breakthroughs in seepage and 

therefore shorter mean transit times (~10 days) than soil matrix water that is taken up by roots 
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(25-71 days). Indeed, our soil matric potential measurements fully recovered to pre-drought 

levels (~20-30 cm H2O) ~14 days after the first post-drought rainfall. 

During drought, we hypothesize a converse mechanism whereby during dry-down due to root 

water uptake, the resultant and increasingly negative matric potential gradients in the rhizosphere 

would have directed the mobile water from pockets of larger pore spaces into refilling the site(s) 

of root water uptake in the soil matrix (Carminati et al., 2010). Following the Hrachowitz et al. 

(2013) model, such a drying condition would result in a higher dynamic mixing coefficient 

between the “refilling” mobile water that contributes to root water uptake and resident matrix 

water. Such matrix water in the early ecohydrological separation work was referred to as “tightly 

bound water” (Brooks et al., 2010). These findings support the idea that antecedent soil moisture 

conditions and species-level response determine the partitioning between a “more mobile” and a 

“less mobile” water source for both vegetation and groundwater recharge. 

 

5.5.3 On the physical meaning of ‘tightly bound water’ 

The first paper on ecohydrological separation by Brooks et al. (2010) first introduced the phrase 

“tightly bound water” to describe the soil matrix water that is used by trees. Our study enabled us 

to clarify some of the implications of the so-called “tightly bound water” by providing evidence 

based on our soil and leaf water potential data, and Bayesian model of root water uptake sources. 

The positive nonlinear relationship between fraction of mobile water in xylem and soil-to-leaf 

driving force (Fig. 6) demonstrates that soil matric potential is only one piece of this puzzle. For 

example, at matric potential -2.9 kPa (~30 cm H2O) mobile water in xylem was 25% in both C. 

racemosa and H. elatus. As drought progressed and at a more negative matric potential of -7.5 

kPa (~76 cm H2O), mobile water in xylem was 67% and 27% in C. racemosa and H. elatus, 

respectively. This suggests that access to mobile water, during soil dry-down depended on the 

extent with which a species compensated for a decrease in soil matrix potential (i.e. the soil-to-

leaf driving force). Following Darcy’s law, sap flow Q is related to transport driving force ΔP by 

hydraulic conductance K; that is, Q = K∙ ΔP (Smith and Sperry, 2014). At a given Q, K is 

reduced as ΔP increases. Although we lack Q measurements, the decrease in leaf water potential 

for a given soil matric potential (increased ΔP) during drought could, in theory, lead to reduced 

K and greater risks for embolism (Wheeler et al., 2013; Smith and Sperry, 2014). This is not a 
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surprise but rather simply demonstrates that C. racemosa was more “water stressed" than H. 

elatus. What is surprising and novel is the suggestion that such an increase in ΔP and reduction 

in K is associated with greater fraction of mobile water in xylem. These results suggest (and this 

is what we emphasize in this section) that there is no tightly bound water sensu root water 

uptake. While cryogenic vacuum distillation method for soil water extraction represents suction 

pressures as high as 3x10-8 MPa (Orlowski et al., 2015), this should not be interpreted as the 

region of suction pressures that drive water ascent in trees. “Tightly bound water” in the sense of 

Brooks et al. (2010), therefore, was a misnomer that we hope has been clarified by these results. 

 

5.5.4 On the isotopic similarity between soil mobile water and groundwater 

In natural field settings, an increase in the fraction of mobile water in xylem would be associated 

with, or interpreted as, preferential uptake of saturated zone water (or groundwater) as soil water 

potential decreases, for example, during drought (Barbeta et al., 2015). Our results (Fig. 5) are 

consistent with the latter except that this mobile water source is not synonymous to a 

groundwater source in natural field settings. Firstly, there is no “groundwater”, no fully saturated 

zone at the B2-TRF. Soil texture at the B2-TRF could not support a capillary rise greater than 

~16 cm (Fig. 4) Secondly, maximum rooting depth at the B2-TRF is ~60 cm while soil depth 

ranges between 1 and 3 m. If the B2-TRF had a fully saturated zone, then our results would have 

supported an interpretation in favor of capillary flow, that is, “upward, vertical refilling” of soil 

matrix water from the saturated zone. This would have resulted from root water uptake induced 

negative potentiometric gradients as drought progressed. We rule out this possibility here. 

Instead, we suggest that the increase in the use of mobile water during drought when soil matric 

potential was low (≅16% v/v water content) resulted from refilling of rhizosphere water by 

diffused mobile water pockets in the bulk soil. Thus, we suggest caution in interpreting root 

water uptake of groundwater in field observations unless it can be established that the depth to 

the water table and/or capillary fringe exceeds the maximum rooting depth (Naumburg et al., 

2005). 
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5.5.5 On ecohydrological separation in time and space   

The work presented here is the first evidence of ecohydrological separation that addresses the 

question whether or not the two water worlds is a separation in space or in time. As Bowen 

(2015) asked: “…the relative roles of physical and temporal segregation remain unclear. Do 

plants draw water from different parts of the soil matrix from groundwater recharge, or do plant 

withdrawals happen at a different time from groundwater recharge?” 

Results from our Bayesian model of root water uptake sources support an interpretation of 

ecohydrological separation in space. Model results show that use of preferential flow (“more 

mobile”) water increased through the drought (as soil matric potential decreased), and that use of 

soil matrix (“less mobile”) water increased during rewetting (as soil matric potential recovered). 

If we qualify ecohydrological separation as vegetation using low mobility, soil matrix water over 

high mobility, preferential flow water (sensu Brooks et al., 2010), then our results suggest that 

there was greater ecohydrological separation during wet-up than during dry-down. This is 

(conceptually) consistent with the dynamic partial mixing mechanism of Hrachowitz et al. 

(2013) in that the dynamic active storage below the root zone dominates preferential flow, while 

the dynamic passive storage around the root zone dominates soil matrix water. Notwithstanding, 

some nuances are apparent. Our results provide evidence of species-level control with respect to 

the fraction of more mobile water in xylem, in that leaf water potential differentially 

compensated for the drop in soil matric potential to be able to maintain water transport.  

Results from our time-invariant TTD modeling suggest a “time based segregation”, that is, the 

water taken up by roots is older than seepage water by a factor of three to seven. The value of 

shape parameter α for seepage (0.30) is at the lower end of the 0.3-0.7 range reported in many 

catchments in nature (Godsey et al., 2010; Kirchner and Neal, 2013; Aubert et al., 2014), 

representing rapid tracer release in seepage flux and subsequent lower tracer concentrations ~8 

weeks after the first labelled rainfall. α was larger in H. elatus (0.80) and C. racemosa (1.0) with 

the latter representing an exponential. The larger α in H. elatus and C. racemosa implies lesser 

variability in transit times of these outfluxes than in seepage. Consequently, skewness (2/√𝛼𝛼) 

and kurtosis (6/𝛼𝛼) were smaller in both species than in seepage. While we know of no study to 

date that used time-invariant TTD modeling for xylem, the shape factors for H. elatus and C. 

racemosa fell well within the range of typical rainfall-runoff catchment TTDs (Kirchner, 2016). 
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Notwithstanding, the differences in MTT is not trivial – seepage flux being one-fourth of the 

average MTT for both species. Even more surprising is H. crepitans with α that rises to a peak 

after a long 6-week delay thereby approximating a normal distribution.  

If we qualify ecohydrological separation strictly as a time-based segregation (sensu Bowen 

2015), then these MTT differences between seepage and transpiration fluxes may be interpreted 

as sampling of water from the same subsurface storage volume that differed only in average 

sampling flux. That is, transpiration water flux being slower than seepage flux by a factor of 

three to seven. An alternative interpretation, as discussed earlier, might be sampling of water 

from different subsurface compartments – transpiration from passive storage around the root 

zone (soil matrix water), seepage from active storage below the root zone (preferential flow 

water) – and different average sampling flux. The latter alternative explanation is more 

consistent with our definition of ecohydrological separation in this study, underpinned by the 

modeling approaches employed herein.  

While the broad family of gamma distributions for TT has been used widely elsewhere with 

success (Kirchner et al., 2000; Godsey et al., 2010; Jasechko et al., 2016; Kirchner 2016), our 

adoption of the gamma distribution here is our first attempt at estimating transit times in a time 

invariant way. Future TT modeling work will consider time variability, caused by unsteady 

fluxes and time-varying flow pathways (Harman and Kim, 2014; Harman 2015; Kim et al., 

2016). 

 

5.6 Conclusions 

We present an assessment of ecohydrological separation by performing controlled drought and 

rainfall rewetting experiment at the Biosphere 2-Tropical Rainforest biome – a scale that is 

representative of a real world critical zone but with known and controlled boundary conditions 

(Figure 5.9). Our Bayesian mixing model of root water uptake sources show that transpiration is 

derived from soil matrix water and is different from the mobile water component in soils, 

particularly during wet-up. During dry-down, mobile water fraction in xylem increases as driving 

force increases, the latter explained mainly by species-level control that compensates for a 

decrease in soil matric potential. Our time-invariant transit time distribution modeling of xylem 
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water and deep percolation all show that the water taken up by roots is older than seepage 

(“groundwater recharge”) water by a factor of three to seven. One possible explanation for these 

age differences is sourcing of transpiration and seepage water from the same storage volume but 

at markedly different average sampling flux. The Bayesian root water uptake and time-invariant 

TTD modeling results presented here, however, are consistent with a perceptual (qualitative) 

model whereby transpiration is sourced from soil matrix (determined by antecedent moisture 

states and species-specific control) at a markedly different average sampling flux. The latter 

perceptual model may be implemented with future transit time modeling approaches that could 

account for unsteady fluxes and time-varying flow pathways. 
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Figure 5.1 – Environmental conditions during the study period. Gray shaded area represents 

drought period (23 Jul-29 Sep 2014). Top panel is 15-min resolution vapor pressure deficit 

(VPD) at 13 m (top subplot) and 1m (bottom subplot) above the forest floor. Black solid curves 

in each subplot represent simple moving average smoothed and centered at 200 (window size). 

Middle panel is ecosystem-level transpiration mount; left axis is daily total in kg (gray curves); 

right axis are 15 min totals (filled yellow circles), error bars represent 1 SD. Bottom panel is soil 

water content (left axis) and soil matric potential (right axis) at 25 and 65 cm. 
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Figure 5.2 – Summary of bulk soil water isotope and volumetric water content during and 

after drought. Left panel shows a schematic of root fraction distribution following Rosolem et 

al. (2010). Middle and right panels show bulk soil water isotope (δ18O) and soil volumetric water 

content profiles, respectively, during and after drought (error bars represent ranges) Also shown 

are particle size fractions (mean ±1SD). 
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Figure 5.3 – Source water partitioning using Bayesian mixing model during drought (a) 

and post-drought (b). Numbers below each column correspond to week of sampling. Drought: 

29 Jul, 05 Aug, 11 Aug, 09 Sep, 16 Sep, 23 Sep, 29 Sep. Post-drought: 30 Sep, 02 Oct, 07 Oct, 

14 Oct, 21 Oct, 28 Oct, 04 Nov, 09 Dec. Error bars represent 1 SD. 
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Figure 5.4 – Soil moisture retention curve at 65cm. 
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Figure 5.5 – Fraction of mobile water in xylem versus soil volumetric water content during 

and after drought. Error bars represent 1 SD. 
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Figure 5.6 – Fraction of mobile water in xylem versus water transport driving force 

(difference between soil matric potential and leaf water potential) during drought. Best-fit 

is a three-parameter exponential with an asymptote, scale, and growth factors. Error bars 

represent 1SD. 
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Figure 5.7 – Time-invariant transit time distribution (TTD) modeling. Shaded area shows 

four rainfall events with a D2O label. Middle inset shows CDFs and four subplot insets are model 

parameters derived from DREAM (DiffeRential Evolution Adaptive Metropolis; Vrugt et al., 

2009) algorithm. 
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Figure 5.8 – Tracer velocity (tree height divided by mean transit time) versus water 

transport driving force for three tree species in this study. Also shown are data from four tree 

species in Gaines et al. (2016). Best-fit is linear, 95% confidence limits represented by gray 

dashed lines. 
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Figure 5.9 – Summary schematic illustration of the study during and after drought. θ and ψ 

represent soil volumetric water content (cm3 cm-3) and water potential (MPa), respectively. δ-

fmobile represents fraction on mobile water in xylem from the Bayesian model of root water uptake 

sources. Values within brackets are ranges. Ages are derived from the time-invariant TTD 

model; agegw recharge ≡ seepage. 

 

 

 

 

 

 

 

 



147 
 

 

CHAPTER 6 

CONCLUSION 

 

The water balance (precipitation = runoff – evapotranspiration) is one of environmental science’s 

simplest and most important equations. Water drives most physical and biogeochemical reactions 

at the landscape scale. Understanding the cycling of water is fundamental to human 

infrastructure and ecosystem services and predictions of future water security. While 

hydrologists have studied the water balance for over a century, recent work on ecohydrological 

separation has suggested that one piece of the water balance—evapotranspiration (the sum of 

evaporation and plant transpiration) is separated from the more mobile cycling of water that 

forms groundwater recharge and streamflow generation. The basic research questions explored 

over the course of my PhD education were directed towards achieving greater clarity and 

understanding of the phenomenon that is ecohydrological separation.  

  

Originally reported in the Pacific Northwest, USA (Brooks et al., 2010) and later in various sites 

in the tropics and elsewhere (Goldsmith et al., 2012; Evaristo et al., 2016; Hervé-Fernández et 

al., 2016), ecohydrological separation (two water worlds) is now recognized as a widespread 

phenomenon (Evaristo et al., 2015; Good et al., 2015). A similar phenomenon (two nitrate 

worlds) pertaining to nitrogen cycling (Hall et al., 2016) supports the idea that water/nutrient 

uptake by vegetation and groundwater recharge/nutrient export to streams are separated. Prior to 

these recent advances in our understanding of ecohydrological separation, however, it was 

initially assumed that the phenomenon might be related to the temporal phasing between 

hydrologic activity (e.g. rainfall/snowmelt) and ecological activity (i.e., primary productivity) 

(Phillips, 2010). My work in Puerto Rico (Chapter 2, Evaristo et al., 2016, Hydrological 

Processes) provided evidence disproving the latter. That is, ecohydrological separation might be 

related less to ecosystem-scale temporal phase differences between hydrology (i.e. precipitation 

inputs) and ecology (i.e. primary productivity and water uptake by vegetation) than with the 



148 
 

fundamental processes that drive soil drying – e.g. soil water evaporation, root water uptake, and 

drainage.  

 

Having been able to demonstrate that ecohydrological separation was present in the less seasonal 

settings of Puerto Rico, my meta-analysis work (Chapter 3, Evaristo et al., 2015, Nature) 

provided a global-in-scale evidence supporting ecohydrological separation, transcending large-

scale differences in physiographic settings including species, seasonality and biome. Indeed, the 

same global-in-scale conclusion was supported by a study using remotely sensed vapor isotopic 

data (Good et al., 2015). Implicit in the global-in-scale demonstration of ecohydrological 

separation, however, was the research question on the degree of groundwater use by vegetation. 

My work on a global synthesis of published literature (Chapter 4, Evaristo and McDonnell, in 

revision, Nature Scientific Reports), specifically quantifying the prevalence of groundwater use 

by vegetation, provided evidence that groundwater use was not as widespread as increasingly 

being assumed in the literature. Among others, our finding that most trees rely on soil water may 

have several implications including greater vulnerability to drought impacts across scales – from 

impaired growth after drought stress at plant and ecosystem scales to uncertainties in modeling 

climate-vegetation feedbacks at global scales; less impact on river discharge at catchment scales 

than the case might be with widespread groundwater use; and a rethinking on approaches used in 

afforestation schemes and silvicultural systems that place emphasis on species selection and 

groundwater use. This wide range of implications notwithstanding, in view of ecohydrological 

separation, this work addressed some of the questions surrounding the implications of 

ecohydrological separation on the role of groundwater in sustaining vegetation. Moreover, it 

strengthened the foundation upon which a search for the mechanistic underpinnings of 

ecohydrological separation would be based. 

 

Indeed, my PhD research work culminated in a mechanistic assessment of ecohydrological 

separation (Chapter 5, Evaristo et al. for submission). Achieved by performing a controlled 

drought and rainfall experiment at the Biosphere 2-Tropical Rainforest biome (Arizona, USA), 

our results showed that transpiration water was derived from soil matrix water and was different 

from the mobile water component in soils, particularly during wet-up period. During dry-down, 
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mobile water fraction in xylem increased as the driving force of root water uptake increased, 

which was explained mainly by species-level control that compensated for a decrease in soil 

matric potential. Our time-invariant transit time distribution modeling of xylem water and deep 

percolation all showed that the water taken up by roots was older than seepage (“groundwater 

recharge”) water by a factor of three to seven. These results are consistent with a perceptual 

(qualitative) model whereby transpiration water is sourced from soil matrix (determined by 

antecedent moisture states and species-specific control) at a markedly different average sampling 

flux. I propose that the latter perceptual model may be implemented with future transit time 

modeling approaches that could account for unsteady fluxes and time-varying flow pathways. 

McDonnell (2014) issued a call to the ecohydrology community for the design of experiments 

that would elucidate the controls on ecohydrological separation. The culmination of my PhD 

work provided in this Biosphere 2 experiment provides the first detailed evidence of 

ecohydrological separation at the scale of an ecosystem.  

 

The results condensed in this PhD thesis embody a significant advance in the field of 

ecohydrological research. I was able to demonstrate the generality of ecohydrological separation 

and quantify the degree of groundwater use by vegetation. I was also able to reveal the possible 

and likely controls behind the partitioning of subsurface water between root water uptake and 

groundwater recharge.  These advances go against a century of research in the hydrological 

sciences where mixing in the subsurface and translatory flow are assumed, and high mobility 

water linked to flow and transport is often the focus of plant water uptake. 

 

Indeed, the implications of ecohydrological separation are manifold. In rainfall-runoff modeling 

and water balance studies, ecohydrological separation implies that research using chemical or 

isotopic tracers to partition water sources for streamflow may be missing a significant part of the 

soil water balance related to transpiration and soil water evaporation. Transpiration and soil 

water evaporation are non-trivial components of the water balance (Jasechko et al., 2013). Good 

et al. (2015) showed that while evapotranspiration fluxes comprised ~52% of the global 

terrestrial water budget, my findings at the Biosphere 2-Tropical Rainforest biome (Chapter 5, 

Evaristo et al. for submission) show that the age of transpiration water could be older than 
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groundwater recharge. Together these recent discoveries suggest that model estimates of transit 

times (i.e. “ages” of water in a catchment), informed mainly by tracers in precipitation and 

streams, may represent only the “younger” component of water that enters and leaves a 

watershed. Ecohydrological separation suggests that a full accounting of tracer fluxes, including 

transpiration and soil matrix water, is needed to be able to simulate the high temporal variability 

of streamflow and large uncertainties in transpiration flux estimates. The former has direct 

implications for stormflow generation models; the latter has a wide range of applications, 

including understanding and predicting the long-term response of vegetation to episodic 

droughts. 

   

Finally, ecohydrological separation has direct implications for soil biogeochemistry as well as 

nutrient use and export. As demonstrated by recent findings of Hall et al. (2016), 

ecohydrological separation also calls into question our fundamental understanding of nutrient 

fate and transport in soils. Similar to the implications of ecohydrological separation in rainfall-

runoff studies, our view of nutrient export into streams may be biased towards the “younger” 

component of the nutrient mix that is relatively disconnected from the older component 

associated with nutrient use by vegetation. In applied terms, ecohydrological separation may call 

into question current irrigation and nutrient application schemes that rely on assumptions based 

on a “well mixed” soil water system. Emerging irrigation techniques like partial root drying and 

regulated deficit irrigation hold great potential for improving water and nutrient use efficiency 

within the framework of ecohydrological separation.  

 

These scientific advances notwithstanding, we face a myriad of technological challenges for 

improving the ways with which we interrogate ecohydrological processes at various scales. 

Techniques for in-situ, high-frequency measurements of liquid and vapor isotopes in the 

unsaturated zone (e.g. Volkmann and Weiler, 2014) hold great potential for improving the 

models used in subsurface water fluxes. The range of pore sizes amenable to current extraction 

techniques (10-5<range>10-1 m), however, is orders of magnitude greater than the scales that may 

be relevant to water uptake by roots (10-5<diameter<10-3 m) and/or fungal hyphae (10-

6<diameter<10-5 m) (Smith et al., 2010). Moreover, the destructive nature of sampling related to 
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these extraction techniques eliminates the opportunity to account for effects on soil properties by 

soil microfauna and microflora (Hallett et al., 2013) and vice versa (Hallett et al., 2009; 

Kravchenko et al., 2013 ). Given the spatio-temporal incongruence between our soil water 

extraction techniques and plant (root/mycorrhizal) water uptake mechanisms, we need to develop 

fundamentally new water extraction approaches. 

 

Nevertheless, future research should build on the information synthesized in this body of 

scholarly work. Explicit representation of ecohydrological separation in hydrological and water 

chemistry models is an obvious next step, in addition to addressing the aforementioned 

technological challenges. These hold great potential for future discoveries. The application of 

ecohydrological separation found in my PhD research has implications that span a wide range of 

research, from improving the efficiency of water and nutrient applications in agricultural systems 

to better quantification of runoff generation, nutrient retention and export, and pollutant fate and 

transport. 

 

6.1 References 

1. Brooks, J. R., H. R. Barnard, R. Coulombe, and J. J. McDonnell (2010), Ecohydrologic 

separation of water between trees and streams in a Mediterranean climate, Nature Geosci., 3, 

100-104. 

2. Evaristo, J., S. Jasechko, and J. J. McDonnell (2015), Global separation of plant transpiration 

from groundwater and streamflow, Nature, 525, 91-94. 

3. Evaristo, J., J. J. McDonnell, M. A. Scholl, L. A. Bruijnzeel, and K. P. Chun (2016), Insights 

into plant water uptake from xylem-water isotope measurements in two tropical catchments 

with contrasting moisture conditions, Hydrol. Process., 30, 3210-3227. 

4. Evaristo, J., and J. J. McDonnell (In Revision), “Groundwater use by plants not widespread 

globally". Nature (Scientific Reports) 



152 
 

5. Evaristo, J., J.J. McDonnell, M. Kim, J. van Haren, L. Pangle, C. Harman, P. Troch (For 

Submission), “Source apportionment in the critical zone: Characterizing the fluxes and age 

distribution of soil water, plant water and deep percolation”. Water Resources Research 

6. Goldsmith, G. R., L. E. Muñoz-Villers, F. Holwerda, J. J. Mcdonnell, H. Asbjornsen, and T. 

E. Dawson (2012), Stable isotopes reveal linkages among ecohydrological processes in a 

seasonally dry tropical montane cloud forest, Ecohydrology, 5, 779-790. 

7. Good, S. P., D. Noone, and G. Bowen (2015), Hydrologic connectivity constrains partitioning 

of global terrestrial water fluxes, Science, 349, 175-177. 

8. Hall, S. J., S. R. Weintraub, and D. R. Bowling (2016), Scale-dependent linkages between 

nitrate isotopes and denitrification in surface soils: implications for isotope measurements and 

models, Oecologia, 1-11. 

9. Hallett, P. D., D. S. Feeney, A. G. Bengough, M. C. Rillig, C. M. Scrimgeour, and I. M. Young 

(2009), Disentangling the impact of AM fungi versus roots on soil structure and water 

transport, Plant Soil, 314, 183-196. 

10. Hallett, P. D., K. H. Karim, A. G. Bengough, and W. Otten (2013), Biophysics of the Vadose 

Zone: From Reality to Model Systems and Back Again, Vadose Zone J., 12. 

11. Hervé-Fernández, P., C. Oyarzún, C. Brumbt, D. Huygens, S. Bodé, N. E. C. Verhoest, and P. 

Boeckx (2016), Assessing the “two water worlds” hypothesis and water sources for native and 

exotic evergreen species in south-central Chile, Hydrol. Process., n/a-n/a. 

12. Jasechko, S., Z. D. Sharp, J. J. Gibson, S. J. Birks, Y. Yi, and P. J. Fawcett (2013), Terrestrial 

water fluxes dominated by transpiration, Nature, 496, 347-350. 

13. Kravchenko, A., H. -. Chun, M. Mazer, W. Wang, J. B. Rose, A. Smucker, and M. Rivers 

(2013), Relationships between intra-aggregate pore structures and distributions of Escherichia 

coli within soil macro-aggregates, Appl. Soil Ecol., 63, 134-142. 

14. McDonnell, J. J. (2014), The two water worlds hypothesis: ecohydrological separation of water 

between streams and trees?, WIREs Water, 1, 323-329. 

15. Phillips, F. M. (2010), Hydrology: Soil-water bypass, Nature Geoscience, 3, 77-78. 



153 
 

16. Smith, S. E., E. Facelli, S. Pope, and F. A. Smith (2010), Plant performance in stressful 

environments: interpreting new and established knowledge of the roles of arbuscular 

mycorrhizas, Plant Soil, 326, 3-20. 

17. Volkmann, T. H. M. and M. Weiler (2014), Continual in situ monitoring of pore water stable 

isotopes in the subsurface, Hydrol. Earth Syst. Sci., 18, 1819-1833. 


