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The two water worlds hypothesis:
ecohydrological separation
of water between streams
and trees?
Jeffrey J. McDonnell1,2,3∗
Recent work in ecohydrology has shown that in some forested watershed systems,
streams and trees appear to return different pools of water to the hydrosphere.
Thus far, evidence for this has come exclusively from wet Mediterranean climates.
This short opinion article outlines the hypothesis and a research agenda for future
work. The most pressing issue is the need to gather more data points whereby
dual isotope-based studies in forested catchments compare samples of plant water
and tightly bound soil water as well as mobile waters (soil, groundwater, and
streamﬂow) in the catchment. New work is needed to test the hypothesis across
different climates and vegetation regimes, especially places that contrast with the
Mediterranean climates and forest types where two water worlds have been found.
These include, but are not restricted to humid areas where plant water use and
precipitation input are in phase, wetter zones where seasonality of precipitation
is low, and drier zones where water stress is higher. Of equal importance to these
basic research issues are the practical issues surrounding the sampling methods of
plant and soil waters. Studies are needed to compare extraction techniques for low
and high mobility soil waters and to understand the effect of sampling protocol
on water isotope composition. Once these issues are resolved, high frequency
sampling of soil and xylem waters will be especially instructive in development
of mechanistic models of ecohydrological interaction—and an explanation for the
hypothesis that is still wanting. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

H

ow water moves in forested, humid watersheds
has been the focus of studies for almost a
century.1 Central to this work has been the concept
of translatory flow2 where water entering the soil
surface as infiltrating precipitation displaces water
held in the soil prior to the precipitation event and
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pushes it deeper into the soil profile and ultimately
into the stream. A main tenant of forest hydrology is
that trees transpire water that would otherwise form
streamflow within a well-mixed subsurface reservoir.
Brooks et al.3 questioned this existing translatory
flowa and single ecohydrological reservoir paradigm.
They showed, for a humid but seasonally dry watershed in Oregon, USA, that tightly bound water in the
soil (retained following the long summer dry season
and used by trees) did not participate in the runoff
process later on in the wet season. In other words,
water was not displaced via translatory flow and did
not mix with or displace mobile water and did not
enter the stream. For that catchment, there were ‘two
water worlds’: one water world used by trees and
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seemingly not contributing to streamflow and a
second, mobile water world related to infiltration,
groundwater recharge, hillslope runoff, and streamflow that possessed a character unrelated to the water
taken up by trees.
Since Brooks et al.,3 other studies have seen evidence in support of the two water worlds hypothesis,
defined here as ‘vegetation and streams returning different pools of water to the hydrosphere’. In forested
watersheds in Mediterranean climates in Mexico5 and
in the Coast Range of Oregon6 there have been similar observations of forests and streams, metaphorically, existing in the same key but playing to a different melody. While the significance of these findings has been commented upon,7 the evidence is still
in its infancy. Indeed, it is still puzzling why plants
would ‘prefer’ water that is not easiest, energetically,
to obtain. I argue here that posing the two water
worlds hypothesis as a rejectable null hypothesis has
value. This short opinion article serves to outline a
research agenda for going forward with such testing
and the pressing priorities for future research.

TWO WATER WORLDS: ABSENCE OF
EVIDENCE OR EVIDENCE OF
ABSENCE?
To understand the two water worlds hypothesis is to
understand the cycling of the stable isotopes of water
through a forest catchment. Figure 1(a) shows a stylized dual isotope plot of data derived from catchments where two water worlds have been observed.
As with findings from humid catchments around the
world, mobile water sampled from precipitation, suction lysimeter-derived soil water, groundwater, hillslope runoff (as sampled from a trench), and streamflow, all fall on the meteoric water line (Figure 1(a)).
Like most data sets from such regions, precipitation
spans the widest range of delta values, with a progressive damping of the extremes of heavy and light per mil
values in soil water, streamwater, and groundwater.
Prior to Brooks et al.,3 we thought that if we sampled the xylem water of trees growing in humid catchments, the delta values would also fall on the meteoric water line, perhaps constrained within the range
of soil water or groundwater values and in keeping
with single isotope-derived estimates of plant water
sources (see early important work by Dawson and
Ehleringer).8 Figure 2(b) shows what such xylem delta
values actually look like in dual isotope space of the
Brooks et al.3 and Goldsmith et al.5 studies: they plot
on a slope considerably less than the local meteoric
water line for precipitation in that region. This begs
the question: Where are trees getting their water if soil

water sampled via suction lysimeters falls on the meteoric water line?! It was not until soil samples were
extracted and subjected to cryogenic extraction in3
using methods of West et al.,9 where all the water is
removed and analyzed (down to −15 MPa) that the
answer became obvious: tightly bound soil water. Of
course, these data do not indicate how tightly bound
the water is that the plants are using—simply that the
water is held under greater tension than that sampled
with a suction lysimeter and less than the extremes
of plant water tension represented by the cryogenic
extraction capabilityb . Such type and character of soil
water is rarely examined in hydrologically based studies of soil water where mobility, as linked to flow and
transport, is often the focus. In the case of Brooks
et al.,3 such cryogenically extracted water was always
more depleted than the water sampled from suction
lysimeters. Hence, the water that the trees were using
was not the water found in the stream and the water
in the stream is not the water that the trees were using.
While now obvious in hindsight, such a distinction
was not anticipated against the historical backdrop
of displacement and mixing described by Hewlett and
Hibbert,2 and the many forest hydrology studies that
followed.

PRESSING PRIORITIES FOR FUTURE
RESEARCH
Clear, testable, well-posed null hypotheses are rare in
hydrology and ecohydrology. I argue here that the two
water worlds hypothesis is one such example. There
are many pressing priorities for research going forward in this area. Chief among these, and beyond the
scope of this commentary, are the plant physiological and soil physics underpinnings of this water use
behavior. Evidence from the dual isotope approach in
the context of the water worlds hypothesis indicates
that plants are using more tightly bound soil water.
Given that water moves through plants via gradients
of water potential, the use of more tightly bound water
remains counterintuitive. In short, we do not understand why plants would use more tightly bound water
over less tightly bound water. How mycorrhizal fungi
may facilitate extraction of the tightly bound water is
also an important research question. These and other
plant water use strategy questions remain open to scientific inquiry. Neither Ref 3 nor Ref 5 has yet provided a mechanism for the observed findings. But in
the spirit of ‘the isotopes don’t lie’, such mechanistic explanation must indeed follow. But before that,
several pressing priorities for research remain to help
facilitate such discovery. Regardless of whether or not
the reader ‘believes’ in the hypothesis and the veracity
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FIGURE 1 | The two water worlds hypothesis in diagrammatic form, showing (a) the mobile water mixing space and schematic representation of
mixing and (b) the low mobility water mixing space and schematic representation of mixing. Streamwater is lagged and damped relative to the
rainfall input signal and therefore represents a narrower distribution of isotope values. Similarly, the plant water values represent a narrower range
than the tightly bound soil water, representative of the depth where water is extracted through the soil proﬁle. Shallower soil waters plot farthest
away from the meteoric water line (due to evaporation); deepest soil waters plot on the meteoric water line.

of the data in the papers that have yet shown it, these
priorities have potential to advance more generally our
understanding of hydrological–ecological linkages.

Going Beyond the Single Isotope Approach
While obvious, it is important to distinguish between
the single (i.e., using 2 H or 18 O) versus dual isotope
(i.e., both together on a meteoric water line plot)
approach to determining plant water sources. Dual
isotopes are needed for a two water worlds hypothesis
test as the meteoric water line is the key reference
point for evaporative enrichment and water pool
differentiation. The early Dawson and Ehleringer8
paper used a single isotope approach. Since then,
many studies have appeared that have related xylem
water to source waters using 18 O or 2 H. Single isotope
studies continue to build on this work in quantifying
the depth of water uptake by plants. Li et al.10 quantified tree water sources in cold, semi-arid regions
of Mongolia; Bertrand et al.11 have explored the
spatiotemporal variability of tree water uptake in
Switzerland. Many studies in the tropics have used
the single isotope approach to quantify tree water
sources12–16 and seasonally dry environments.17,18
While these and many other studies have used either

18

O or 2 H to determine tree water sources in space and
time, few beyond Brooks et al.3 and Goldsmith et al.5
have explicitly addressed the on–off the meteoric
water line issue via the needed dual isotope approach.
Where studies have used a dual isotope approach, the
focus on plants has usually resulted in the absence of
data on mobile waters and streamwater isotopes.19–21
Where studies have used a dual isotope approach
in hydrological studies, the focus on streamflow has
usually resulted in the absence of data on plants.22

The Need for Dual Isotope Approaches
from a Variety of Systems
Thus far, the two water worlds finding has really only
been seen in Mediterranean climate regimes where
precipitation input and the main transpiration output
are out of phase. Systematic examination and testing
of the two water worlds hypothesis across different
climate and vegetation assemblages is most needed
in areas where precipitation inputs and transpiration
outputs are in phase. In very recent preliminary work,
Penna et al.23 suggested that xylem water in a small
pre-alpine catchment in Italy was similar to soil and
rain waters, but statistically different from streamflow
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and groundwater. They found no marked difference
between the isotopic composition of the xylem water
of trees located in the riparian zone versus those
located on hillslopes. Other recent preliminary work
from Scotland by Geris et al.24 hints that the two water
worlds hypothesis may not apply in the wet Scottish
highlands with little precipitation seasonality. While
no vegetation water was presented, they showed via
centrifuge analysis that tightly bound soil water was
similar to mobile water in the soil. Work elsewhere is
urgently needed; across climate, vegetation, and soil
types. Such systematic examination will be very helpful for hydrologists to understand where trees actively
alter subsurface mixing and helpful to ecologists for
(partially) informing plant-soil-climate coevolution.

The Need to Compare Soil Water Extraction
Approaches
Soil water extraction approaches for mobile and
immobile waters need urgent comparison. For mobile
waters, Landon et al.25 showed that isotope values
for soil water collected from suction lysimeters and
wick samplers differed because each sampling method
collected different fractions of the total soil water
reservoir. This discrepancy reflected the presence of
relatively more and less mobile components of soil
water. Unlike the collection of mobile waters via suction lysimetry and wick samplers, sampling of tightly
bound soil water (and plant water) for isotopic analysis is difficult and extremely time-consuming. This is
because it requires separation of the water from the
plant or soil media via a lab-based extraction technique (azeotropic distillation, centrifugation, cryogenic extraction, etc.). Scrimgeour26 provided an early
review of the measurement of plant and soil waters isotope composition. While cryogenic extraction (where
water is evaporated from the sample and condensed
in a collection tube) represented a major advance over
azeotropic distillation, many have commented on
the extreme laboriousness of the approach.27 Recent
work has suggested procedures to reduce time for the
cryogenic method28 but still little, if any intercomparison (beyond important work in Ref 8) between each
of the various techniques has been done.
The two soil water (or pore water) extraction
intercomparison studies that have been done suggest
differences between approaches. Kelln et al.29 compared direct CO2 core equilibration against mechanical squeezing, centrifugation and azeotropic distillation, and found differences in the completeness of
the extractions between all techniques—in their case,
different fractions of the clay water reservoir. More
recently, Figueroa-Johnson et al.30 compared water

collected by centrifugation and azeotropic distillation to water collected by suction lysimetry. They
found that the 𝛿 18 O of water from a sandy soil was
about 0.25 per mil more negative when collected by
centrifugation and azeotropic distillation than when
collected by suction lysimetry. Additionally, for a
well-structured soil, they found a greater difference,
on the order of 2.0–7.0 per mil. However, their results
were very preliminary.
More recently, a vapor-based pore water sampling approach has been introduced by Wassenaar
et al.31 that capitalizes on the new vapor laser spec
machines. This method takes advantage of isotope
ratio infrared spectroscopy where no extraction or
distillation is necessary, thus significantly reducing the
time necessary to prepare samples for analysis. The
analysis speed of laser-based instruments is now leading to efforts designed to monitor changes in soil water
isotope composition in the field in real-time.32–34 This
is in contrast to previous approaches that were limited
to discrete time points. Of course, this holds much
promise for easing the sampling and analysis of tightly
bound soil and plant waters, as well as improving
temporal resolution of the sampling. Despite these
developments, work is urgently needed to compare
values obtained via the vapor technique against cryogenic extraction. We still do not know if they allow
interrogation of the same water.
Soderbery et al.35 have recently reviewed measurement and modeling techniques for stable isotopes
of water vapor in the vadose zone, however, intercomparisons of techniques remain limited. For
instance, Garvelmann et al.33 showed using their
vapor approach for two hillslopes in the Black Forest,
Germany, that sampled soil water was well linked to
streamwater; but again, we still do not know how
this compares to cryogenically extracted soil water.
Lastly, more work is needed to quantify and resolve
the discrepancies observed in the stable isotope values of plant and soil waters analyzed by isotope
ratio infrared spectroscopy versus isotope ratio mass
spectrometry as shown by West et al.8,25

Towards High Frequency Sampling of Soil
and Vegetation Waters
High frequency sampling of rainfall and streamwaters
with field deployed laser specs has commenced.22 The
same is needed in the context of two water worlds
with an explicit focus on temporal resolution. A key
to better coupled ecohydrological understanding will
be elucidating the temporal dynamics of draining and
refilling of soil water by plants. Most of the evidence
for the two water worlds to date derives from very few
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data points, given the laborious cryogenic approach.
We need studies in higher frequency that effectively
‘fill in the gap’ between plant and soil, and test explicitly the types of models shown in Figure 1(b). We need
higher resolution sampling during times when refilling
is occurring and we need to do that sampling with an
eye to the time lags that are occurring between soil and
tree water uptake. This goes beyond the useful work
on the uptake of water from soil by tree roots (e.g.,
Refs 36 and 37) and focuses on tracing transport in the
subsurface.20 In the future, such work should be done
with field-based vapor approaches once tested against
the other standard methods as discussed above.

CONCLUSIONS
While all soil and plant waters are ultimately
precipitation-derived (perhaps except for foliar
uptake), the two water worlds hypothesis suggests
a much more compartmentalized ecohydrological
system. Phillips6 termed this ‘wetness-dependent
interconnectivity’. Such effects have important implications for how transpiration is linked to streamflow,
how labile nutrients are flushed on forest hillslopes,
and the nature of streamwater transit time distributions in forested catchments. This short opinion
article has attempted to show the two water worlds
hypothesis as a useful, rejectable null hypothesis that
needs testing. There are many pressing research priorities for future work. Most pressing perhaps is the
need for isotope-based studies in forested catchments
to use a dual isotope approach and include samples
of plant water and tightly bound soil water as well as
mobile waters (soil, groundwater, and streamflow) in
the catchment. Work is needed in contrasting climates
and vegetation regimes, especially places that contrast with the Mediterranean climates and forest types
where two water worlds have been found: humid areas

where plant water use and precipitation input are in
phase, wetter zones where seasonality of precipitation
is low, and drier zones where water stress is higher. Of
equal importance to these basic research issues are the
practical issues surrounding the sampling of plant and
soil waters. Studies are needed to compare extraction
techniques for low and high mobility soil waters and
to understand the effect of sampling protocol on water
isotope composition. While promising, the new vapor
laser spectrometer methods that facilitate simpler and
quicker sampling need comparison against cryogenic
extraction. Once these issues are resolved and understood, high frequency sampling of soil and xylem
waters during times when refilling is occurring within
the soil and within the plant will be especially instructive in the development of robust mechanistic models
of how plant water use and streamflow generation
combine within different ecohydrological regimes.
Such work is a grand challenge in forest hydrology as
the implications go well beyond academic exercise and
water balance nuances (although the work suggested
here should of course be complemented by traditional
hydrometric measurements of key fluxes in small
watersheds). It is hoped that this opinion is a useful
starting point for organizing such research efforts.

NOTES
a

Although much non-isotope-based literature has
questioned the translatory flow concept in the past two
decades based on evidence of preferential flow at plot
and hillslope scales (e.g., Ref 4).
b
Of course one would not expect plants to be using
water held at −15 MPa—however, with present techniques, we lack the fidelity to sample water at tensions
intermediate between ‘free water’ in a suction lysimeter and the −15 MPa water represented by cryogenic
extraction.

ACKNOWLEDGMENTS
Greg Goldsmith, Sandra Timsic, and Chris Gabrielli are thanked for very helpful and insightful comments on an
early draft of this manuscript. I thank Renee Brooks and Holly Barnard for early collaborations on the two water
worlds hypothesis. Indeed, it was Renee’s data that first showed evidence of two water worlds when compared to
meteoric water line plots of mobile water data from catchments draining the HJ Andrews Experimental Forest.
Subsequent discussions with Taka Sayama, Luisa Hopp, and Maria Dragila (together with Renee Brooks) were
very helpful in honing and developing these ideas as were more recent discussions with Jaivime Evaristo, Greg
Goldsmith, Todd Dawson, Heidi Asbjornsen, and Lyssette Muñoz-Villers. Most recently, Cody Hale is thanked
for his ideas on Coast Range presentation of two water worlds as well as ongoing discussions with Sandra
Timsic, Doerthe Tetzlaff, Chris Soulsby, Josie Geris, Rhett Jackson, Julian Klaus, and John Blake. However, any
irrational nonsense presented here is attributable only to me. Finally, critical feedback from two anonymous
reviewers is greatly appreciated.

© 2014 Wiley Periodicals, Inc.

wires.wiley.com/water

Opinion

REFERENCES
1. Bates C, Henry A. Second phase of streamflow experiment at Wagon Wheel Gap, Colo. Mon Weather Rev
1928, 56:79–80.
2. Hewlett JD, Hibbert AR. Factors affecting the response
of small watersheds to precipitation in humid areas.
In: Sopper WE, Lull HW, eds. Forest Hydrology. New
York, NY: Pergamon Press; 1967, 275–291.
3. Brooks R, Barnard R, Coulombe R, McDonnell JJ.
Ecohydrologic separation of water between trees and
streams in a Mediterranean climate. Nat Geosci 2010,
3:100–104. doi: 10.1038/NGEO722.
4. Weiler M, McDonnell JJ. Conceptualizing lateral preferential flow and flow networks and simulating the effects
on gauged and ungauged hillslopes. Water Resour Res
2007, 43:W03403. doi: 10.1029/2006Wr004867.
5. Goldsmith GR, Muñoz-Villers LE, Holwerda F,
McDonnell JJ, Asbjornsen H, Dawson TE. Stable isotopes reveal linkages among ecohydrological processes
in a seasonally dry tropical montane cloud forest.
Ecohydrology 2011, 5:779–790.
6. Hale, C.V. 2010. Beyond the paired watershed
approach: stable isotopes reveal the states, stocks,
flows and residence times of waters. PhD Thesis,
Department of Forest Engineering, Oregon State
University, Corvallis, OR.
7. Philips F. Hydrology: soil-water bypass. Nat Geosci
2010, 3:77–78. doi: 10.1038/ngeo762.
8. Dawson TE, Ehleringer JR. Streamside trees that do not
use stream water. Nature 1991, 350:335–337.
9. West AG, Patrickson SJ, Ehleringer JR. Water extraction time for plant and soil materials used in stable
isotope analysis. Rapid Commun Mass Spectrom 2006,
20:1317–1321. doi: 10.1002/rcm.2456.
10. Li S, Romero-Saltos H, Tsujimura M, Sugimoto A,
Sasaki L, Davaa G, Oyunbaatar D. Plant water sources
in the cold semiarid ecosystem of the upper Kherien River catchment in Mongolia: a stable isotope
approach. J Hydrol 2007, 333:109–117.
11. Bertrand G, Masini J, Goldscheider N, Meeks J,
Lavastre V, Celle-Jeanton H, Gobat JM, Hunkeler D.
Determination of spatiotemporal variability of tree
water uptake using stable isotopes (18O, 2H) in an
alluvial system supplied by a high altitude watershed,
Pfyn forest, Switzerland. Ecohydrology 2012. doi:
10.1002/eco.1347.

14. Jackson PC, Meinzer FC, Bustamante M, Goldstein
G, Franco A, Rundel PW, Caldas L, Igler E, Causin
F. Partitioning of soil water among tree species in
a Brazilian Cerrado ecosystem. Tree Physiol 1999,
19:717–724.
15. Meinzer FC, Andrade JL, Goldstein G, Holbrook NM,
Cavelier J, Wright SJ. Partitioning of soil water among
canopy trees in a seasonally dry tropical forest. Oecologia 1999, 121:293–301.
16. Moreira MZ, Sternberg L d SL, Nepstad DC. Vertical
patterns of soil water uptake by plants in a primary
forest and an abandoned pasture in the eastern Amazon: an isotopic approach. Plant and Soil 2000, 222:
95–107.
17. Stratton LC, Goldstein G, Meinzer FC. Temporal and
spatial partitioning of water resources among eight
woody species in a Hawaiian dry forest. Oecologia
2000, 124:309–317.
18. Querejeta JI, Estrada-Medina H, Allen MF,
Jiménzen-Osornio JJ. Water source partitioning among
trees growing on shallow karst soils in a seasonally dry
tropical climate. Oecologia 2007, 152:26–36.
19. Hartsough PC, Poulson SR, Biondi F, Galindo Estrada
I. Stable isotope characterization of the ecohydrological
cycle at a tropical treeline site. Arctic Antarct Alp Res
2008, 40:343–354.
20. Schachtschneider K, February E. The relationship
between fog, floods, groundwater and tree growth
along the lower Kuiseb River in the hyperarid Namib.
J Arid Environ 2010, 74:1632–1637.
21. Moreno-Gutiérrez C, Dawson T, Nicolás E, Querejeta J. Isotopes reveal contrasting water use strategies among coexisting plant species in a Mediterranean ecosystem. New Phytol 2012, 196:489–496. doi:
10.1111/j.1469-8137.2012.04276.x.
22. Berman E, Gupta M, Gabrielli C, Garland T, McDonnell JJ. High-frequency field deployable isotope analyzer
for hydrological applications. Water Resour Res 2009,
45:10. doi: 10.1029/2009WR008265.
23. Penna D, Oliviero O, Assendelft R, Zuecco G,
Tromp-Meerveld I, Anfodillo T, Carraro V, Borga
M, Dalla Fontana G. Tracing the water sources of trees
and streams: isotopic analysis in a small pre-alpine
catchment. Procedia Environ Sci 2013, 19:106–112.

12. Bonal D, Atger C, Barigah TS, Ferhi A, Guehl J-M, Ferry
B. Water acquisition patterns of two wet tropical canopy
tree species of French Guiana as inferred from H2 18 O
extraction profiles. Ann For Sci 2000, 57:717–724.

24. Geris, J., C. Soulsby, D. Tetzlaff and J.J. McDonnell,
2013. Using isotopes to examine the mechanisms of
water storage, transmission and release in a northern
headwater catchment. Abstract ID: 6475 with program.
Canadian Geophysical Union Meeting, Saskatoon, SK

13. Jackson PC, Cavelier J, Goldstein G, Meinzer FC,
Holbrook NM. Partitioning of water resources among
plants of a lowland tropical forest. Oecologia 1995,
101:197–203.

25. Landon M, Delin G, Komor S, Regan C. Comparison of
the stable-isotopic composition of soil water collected
from suction lysimeters, wick samplers, and cores in a
sandy unsaturated zone. J Hydrol 1999, 224:45–54.

© 2014 Wiley Periodicals, Inc.

WIREs Water

The two water worlds hypothesis

26. Scrimgeour CM. Measurement of plant and soil water
isotope composition by direct equilibration methods. J
Hydrol 1995, 172:261–274.
27. West AG, Goldsmith GR, Brooks PD, Dawson TE. Discrepancies between isotope ratio infrared spectroscopy
and isotope ratio mass spectrometry for the stable isotope analysis of plant and soil waters. Rapid Commun
Mass Spectrom 2010, 24:1948–1954.
28. Koeniger P, Marshall J, Link T, Mulch A. An inexpensive, fast, and reliable method for vacuum extraction of soil and plant water for stable isotope analyses
by mass spectrometry. Rapid Commun Mass Spectrom
2011, 25:3041–3048. doi: 10.1002/rcm.5198.
29. Kelln CJ, Wassenaar LI, Hendry MJ. Stable isotopes
(𝛿 18 O, 𝛿 2 H) of pore waters in clay-rich aquitards: a
comparison and evaluation of measurement techniques.
Groundwater Monit Remediation 2001, 21:108–116.
doi: 10.1111/j.1745-6592.2001.tb00306.x.
30. Figueroa-Johnson JT, Friedel M. A comparison of 18O
composition of water extracted from suction lysimeters,
centrifugation and azeotropic distillation. Water Air Soil
Pollut 2007, 184:63–75.
31. Wassenaar L, Hendry M, Chostner V, Lis G. High
resolution pore water 2H and 18O measurements
by H2O(liquid) – H2O(vapor) equilibration laser spectroscopy. Environ Sci Technol 2008, 42:9262–9267.

32. Munksgaard NC, Wurster CM, Bird MI. Continuous analysis of 𝛿 18 O and 𝛿D values of water by
diffusion sampling cavity ring-down spectrometry: a
novel sampling device for unattended field monitoring of precipitation, ground and surface waters. Rapid
Commun Mass Spectrom 2011, 25:3706–3712. doi:
10.1002/rcm.5282.
33. Garvelmann J, Külls C, Weiler M. A porewater-based
stable isotope approach for the investigation of subsurface hydrological processes. Hydrol Earth Syst Sci 2012,
16:631–640. doi: 10.5194/hess-16-631-2012.
34. Rothfuss Y, Vereecken H, Brüggemann N. Monitoring water stable isotopic composition in soils using
gas-permeable tubing and infrared laser absorption
spectroscopy. Water Resour Res 2013, 49:3747–3755.
doi: 10.1002/wrcr.20311.
35. Soderbery K, Good S, Wang L, Caylor K. Stable isotopes
of water vapor in the vadose zone: a review of measurement and modeling techniques. Vadose Zone J 2012.
doi: 10.2136/vzj.2011.0165.
36. Raats PAC. Uptake of water from soils by plant roots.
Transp Porous Media 2007, 68:5–28.
37. Steudle E. Water uptake by plant roots: an integration
of views. Plant and Soil 2000, 226:45–56.

© 2014 Wiley Periodicals, Inc.

