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Global separation of plant transpiration from
groundwater and streamflow
Jaivime Evaristo1, Scott Jasechko2 & Jeffrey J. McDonnell1,3,4

Current land surface models assume that groundwater, streamflow
and plant transpiration are all sourced and mediated by the same
well mixed water reservoir—the soil. However, 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. These findings have not
yet been widely tested. Here we use hydrogen and oxygen isotopic
data (2H/1H (d2H) and 18O/16O (d18O)) 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 d2H/d18O slope
of local precipitation inputs. But soil and plant xylem waters
extracted from the 47 sites 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
streamflow is different from the water that supplies 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,
stream water 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.
Freshwater fluxes via plant transpiration (45,000 km3 yr21, ref. 3,
to 62,000 km3 yr21, ref. 4), streamflow (37,000 km3 yr21 to 40,000 km3
yr21, refs 5, 6) and groundwater recharge (12,000 km3 yr21 to
16,200 km3 yr21, ref. 7) are central components of the terrestrial
hydrosphere. Understanding the sources of water and processes that
govern each component is important for predicting the effects of global
change on water security and ecosystem services6. 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 the recycling of rainfall back into the atmosphere10.
While global sets of precipitation9, streamflow9 and groundwater11
data are now available for analysis, measurements of plant xylem

waters (that is, 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 soil 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 single, well mixed subsurface water reservoir12. If true, such widespread ecohydrological separation would also have implications for isotope-based assessments of
evaporation/transpiration ratios that rely on well mixed systems4.
Here, we use a new global isotope database to test the ecohydrological
compartmentalization hypothesis: that the isotopic composition of
waters that supply plant transpiration differs from that of waters
that supply groundwater and streamflow. The global ecohydrological
isotope database consists of 18O/16O and 2H/1H ratios for plant xylem
water (n 5 1,460), soil water (n 5 1,830), stream water (n 5 336),
groundwater (n 5 2,749) and precipitation (n 5 488) at 47 globally
distributed locations (Table 1, Fig. 1).
Our approach is predicated on the knowledge that precipitation d2H
and d18O values (see Methods for definitions) co-vary along a regression line with a d2H/d18O slope of eight (this is the global meteoric
water line, GMWL)13. The physical process of evaporation occurs
under disequilibrium, produces a strong kinetic isotope effect that
yields d2H/d18O slopes of less than eight14, and results in a situation
in which water samples that have undergone some evaporation plot
‘below’ the regression line 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 compartmentalization1,2.
Figure 1a–d shows isotopic data for groundwater, stream water,
plant xylem water and soil water from our compiled database.
Globally, headwater streams and groundwater plot approximately

Table 1 | Key information on 47 globally distributed isotopic data sets
Biome

Number of papers

RH (%)

MAT (uC)

MAP (mm yr21)

LMWL slope

Plant d2H (%)

Soil d2H (%)

Stream d2H (%)

GW d2H (%)

Arid
Mediterranean
Temperate forests
Temperate grasslands
Tropics

7
6
17
7
10

49 6 8.5
58 6 7.3
58 6 8.5
56 6 5.1
65 6 11

13 6 5.2
15 6 4.0
8.9 6 5.0
16 6 3.8
23 6 3.8

314 (89)
331 (157)
533 (692)
478 (662)
1350 (1340)

8.0 (0.3)
7.1 (2.5)
8.2 (0.8)
7.1 (0.5)
8.2 (0.3)

266 (39)
248 (19)
279 (36)
228 (18)
234 (33)

244 (51)
243 (27)
279 (23)
228 (10)
238 (64)

273 (15)
246 (24)
291 (48)
222 (14)
27.4 (30)

227 (50)
231 (17)
284 (41)
230 (41)
214 (10)

RH, relative humidity; MAT, mean annual temperature; MAP, mean annual precipitation; LMWL, local meteoric water line; GW, groundwater. Values are mean 6 1 s.d. or median (interquartile range).
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Figure 1 | d18O and d2H values of groundwater,
stream water, plant xylem water and soil water
at 47 globally distributed sites. The median
(interquartile range) d18O and d2H values are:
a, groundwater: 27.7 (7.4), 251.5 (62.6),
n 5 2,749; b, stream water: 26.2 (8.8), 237.1
(66.9), n 5 336; c, plant xylem water: 25.5 (6.1),
250.6 (50.6), n 5 1,460; d, soil water: 27.5 (7.4),
263.9 (52.2), n 5 1,830. The inset in a shows
the locations of 47 globally distributed stable
isotopic data sets. The histogram borders show
partitioning of the data sets at 30 identical intervals
or bins. The global meteoric water line (GMWL13)
is also shown. V-SMOW, Vienna-standard
mean ocean water.
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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 that contribute to groundwater and streamflow, we
use a site-by-site comparison based on a precipitation offset16:


Precipitation of f set~ d2 H{a d18 O{b =S
ð1Þ
where a and b are the slope and y intercept, respectively, calculated
from monthly measurements of d18O and d2H from local precipitation
at each study site, and S is one standard deviation measurement uncertainty for both d18O and d2H. 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 can distinguish hydrological
processes that occur under chemical equilibrium (for example, the

condensation of vapour13) from hydrological processes that occur
under disequilibrium (for example, evaporation17). Plant transpiration
does not affect 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 (that is, 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 (namely water that is retained in the soil and water that
recharges groundwater and discharges in streams).
Figure 2 shows that plant xylem water offsets (median, interquartile
range, P , 0.0001 using nonparametric Steel–Dwass method)
(25.6, 4.7) and soil water offsets (26.2, 4.4) are significantly different
from the offsets of groundwater (21.8, 3.2) and stream water (0.22,
3.7) in all five of the biomes represented by the 47 sites in our database.
Of our 47 sites, 40 have groundwater precipitation offsets that are
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Figure 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 (grey) water
bars show 25th and 75th percentiles. All values
of groundwater (squares) are shown for visualization of data density (that is, darker regions) and
dispersion (that is, lighter regions). Mean values of
stream water (circles) are also shown, as are the
transpiration-amount-weighted values of plant
xylem water (triangles).
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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 a widespread
occurrence of ecohydrological separation—that is, poor and incomplete mixing of subsurface water, with one reservoir of water sustaining plant transpiration, and another contributing to groundwater
recharge and streamflow. On a site-by-site basis, groundwater and
stream water have a precipitation offset that is on average respectively 5.4 and 4.8 higher (that is, closer to zero) than do 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).
Recent work has shown that different storm types contribute disproportionately to groundwater recharge (see, for example, 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 with local meteoric water
lines (LMWLs)—that is, plant xylem d source value (see Extended
Data Fig. 1 and Methods):
d2 H intercept~d2 H{m d18 O


d18 O intercept~ d2 H intercept{b =a

ð2Þ
ð3Þ

where m, a and b are the slope of the evaporation line, the LMWL
slope, and the LMWL intercept, respectively.
The results of this analysis show that at 80% of the sites (see
Extended Data Table 1; 37 of 46 sites) where plant xylem water d
source values can be calculated, groundwater isotope values (median,
interquartile range, P , 0.05 using nonparametric Wilcoxon method)
(252, 63% d2H) are statistically different from plant xylem water d
source values (282, 83% d2H). This suggests that, in many cases (see,
for example, Extended Data Fig. 2), ecologically and hydrologically
important precipitation is segregated in both space and time, even
before these waters become further segregated in the subsurface for
plant transpiration or for groundwater recharge and streamflow (see
Methods and Extended Data Figs 2 and 4).
We also use equations (2) and (3) to trace the isotopic composition
of precipitation from which soil water originated—that is, the soil
water d source value. We find that at 83% of the sites (Extended
Data Table 1; 29 of 35 sites) where soil water isotopic data are available,
soil water d source values (2104, 96% d2H) are statistically different
from groundwater isotope values. The significant difference between
soil water d source and groundwater isotope values suggests that some
forms of precipitation that recharge the subsurface may be more
important than others to plant transpiration fluxes. We assess the
uncertainties in parameter m (equation (2)) and find overall average
uncertainties of 1.07% for d18O and 5.54% for d2H (2s). These are
slightly less than, but somewhat comparable to, the prediction uncertainties in precipitation isotope values (1.17% for d18O and 9.4% for
d2H; 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 isotopebased estimates of runoff sources12, streamwater residence times21
and evaporation/transpiration partitioning4. Recent estimates4 of
catchment-scale transpiration/evapotranspiration (T/ET) ratios have
followed an assumption of well mixed water stores within the critical
zone, consistent with most land surface parameterizations12; our
findings fundamentally challenge this assumption as it relates to

catchment-based evapotranspiration partitioning4,22,23 and most land
surface models12. Our work would suggest that downstream water
isotope compositions are biased towards 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, our general finding that transpiration comprises the greatest fraction of terrestrial evapotranspiration
is reinforced by the lines of evidence discussed in ref. 4, and by the
results of land surface models (terrestrial T/ET of 59% to 80%; refs 24,
25), atmospheric vapour isotope measurements (European T/ET of
62%; ref. 26), global syntheses of stand-level transpiration measurements (terrestrial T/ET of roughly 61%; ref. 3), and some but not all
general circulation models (see refs 27, 28). Although transpiration
is, indeed, the largest component of terrestrial evapotranspiration4,
our results show that the mechanisms by which such partitioning
takes place, and links to other components of the water cycle29, are
still poorly understood. These combined findings point the way
towards the research that is needed to understand the ecophysiological basis of ecohydrological separation across biomes. Finally, our
results also suggest that existing land surface model parameterizations of plant physiological processes and runoff 30 (that is, streamflow) can be made more realistic through the incorporation of
ecohydrological separation.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Data compilation and treatment. We performed a keyword-based search of
published literature for stable water isotopes in ecology and hydrology. Because
ecohydrological separation31 is based on the offset of a water sample from the local
meteoric water line (that is, ‘precipitation offset’16; equation (1)), we included only
dual-isotope findings and excluded papers that used either d2H or d18O alone.
Stable isotope values from the 47 papers found were then extracted in one of two
ways: first, where data were reported in tabular form, we compiled the data directly
into the database; second, 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 on the basis of equation (1). The measurement uncertainty S in equation
(1) was calculated as:
h
2 
2 i0:5
ð4Þ
S~ d2 H analytical error z d18 H analytical error
Reported analytical errors for d2H and d18O are 1% and 0.2% on average,
respectively.
We extracted groundwater isotope data for 45 of 47 sites either from the compiled papers (n 5 24) or from the comprehensive global groundwater database
(n 5 21) of ref. 11. Of the 21 groundwater data sets compiled using the latter
database, 16, 2, 1 and 2 data sets are within a 200-, 300-, 400- and 500-km radius
of actual study sites. The radii within which groundwater data were extracted were
chosen so that we could build groundwater data sets for most of the 47 sites in our
database. To test whether or not the choice of radii imposed a scale-dependent
variation (that is, bias) in isotopic trends, we performed a sensitivity analysis by
calculating the precipitation offset values of groundwater at distances of 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
(23.5 6 2.2, n 5 688) was not statistically different from precipitation offset
at 50 km (22.5 6 2.4, n 5 1,605), 100 km (22.4 6 2.4, n 5 3,295), 200 km
(22.7 6 2.2, n 5 6,598), 300 km (22.5 6 4.5, n 5 12,000), 400 km (22.8 6 4.6,
n 5 18,239) and 500 km (22.8 6 4.8, n 5 24,000). This scale-invariant behaviour
of groundwater precipitation offset supported our choice of radii in building the
data sets for 45 of 47 sites in our database. It also reinforced one of the key messages
of 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 d source value of plant xylem
water by calculating the intersection points of local evaporation lines with local
meteoric water lines (LMWLs) (equations (2) and (3); Extended Data Fig. 1). On a
site-by-site basis, we compared the calculated precipitation d source value of plant
xylem water and soil water with the mean groundwater d value (Extended Data
Table 1).
Comparing plant xylem water d source values with mean groundwater d 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 km 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 d source values with only
the closest groundwater well to a given site. Increasing the radii between actual
study sites and sites of groundwater measurements was then used as a critical
evaluation metric for the approach (Extended Data Fig. 3). Our results showed
that, for five increasing radii ranges between the actual xylem water study site and
groundwater well site, the differences (median (interquartile ranges), absolute
d2H%) between plant xylem water d and groundwater d values (24 (29), n 5 7;
30 (30), n 5 8; 31 (42), n 5 7; 21 (22), n 5 9; 23 (40), n 5 11) are not statistically
different from each other (P . 0.90, Tukey–Kramer honest significant difference).
This suggests that our approach in comparing plant xylem water d source values
(that is, xylem evaporation line 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 d source values and mean groundwater values is invariant in
space (statistically not different), as shown in Extended Data Fig. 3.
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) and (3)), the latter to the fate of these waters either as
groundwater or for plant transpiration (equation (1)). Segregation of storm types
and ecohydrological separation in space is ubiquitous in the global data set. We are
unable to test for both phenomena in time because of limitations in the available
information in the compiled source papers. That is, if a source paper 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
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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 towards values where transpiration rates are low. To test the robustness of
the precipitation offset parameter, we also calculate the transpiration-amountweighted isotopic composition of plant xylem water (dxyl(weighted)) using compiled
long-term, global, biome-level transpiration rate estimates3:
Pn
d
Ti
Pn xylðiÞ
ð5Þ
dxylðweightedÞ ~ i~1
i~1 Ti
where dxyl(i) represents the isotopic composition of xylem water during sampling
month i, and Ti represents the amount of transpiration during month i. As illustrated in Fig. 2, both transpiration-amount-weighted and non-weighted plant
xylem precipitation offsets are statistically different from zero, supporting our
primary conclusion that plant transpiration water chemistries are different from
groundwater and streamflow at 40 of 47 locations. We use no amount weighting
on groundwater isotope values, in agreement with observations that showed
little change in groundwater isotopic composition on timescales of years and
decades32,33.
To trace the fate of water after precipitation (that is, either as groundwater
recharge or as plant water uptake), we quantified the precipitation offset from
the LMWL (equation (1)). We confirmed ecohydrological separation at a study
site if plant xylem water and soil water isotopic composition fall below the regression of d2H and d18O values in local precipitation on the LMWL.
Conventional notation for isotope composition is used where d 5 (Rsample/
Rstandard 2 1) 3 1,000%, where R is the ratio of 18O/16O (d18O) or 2H/1H (d2H)
in the sample, or in the international standard (Vienna-standard mean ocean
water, V-SMOW).
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 from 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 those from the pairwise method Kruskal–Wallis/Steel–Dwass test. To test
whether each water type is statistically different from zero (that is, 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 d2H/d18O 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 (a 5 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
(0.0001 # P # 0.05). Where parametric requirements are met, particularly for
intrasite tests on water types, Student’s t/Tukey–Kramer HSD tests are performed
as applicable. Uncertainty estimation, particularly for equations (2) and (3) parameters, is performed with the jack-knifing approach34.
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 with those of refs 38 and 39 regarding the mixing
mechanisms that led the authors of ref. 37 to propose the use of the following
dimensionless mixing coefficient CM,i , controlled mainly by soil moisture content:
!
SU
{mCM,i
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S
CM,i ~ { erf Umax pﬃﬃﬃ
ð6Þ
2 2
sCM,i 2
where SU and SUmax are actual storage and storage capacity within the root zone,
respectively; mCM,i and sCM,i are location and shape parameters, respectively; and
i is the storage compartment. Equation (6) is applied to tracer (for example, stable
water isotopes) balance equations, which may then enable functional comparisons
amongst other alternative diagnostic models (for example, the more widely used
complete mixing model).
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Our precipitation offset parameter analysis (equation (1)) is used to modify
equation (6) by substituting the precipitation offset value of soil water for the
SU
term
:
SUmax
!
1 1
jPx j{mCM,i
pﬃﬃﬃ
ð7Þ
CM,i ~ { erf
2 2
sCM,i 2
where jPx j is the absolute value of precipitation offset parameter. This results in a
dimensionless mixing coefficient CM,i value that decreases as precipitation offset
jPx j value increases. When CM,i 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 (stage 1, capillary action, and stage 2, vapour diffusion). For details
regarding evaporation from porous media, see ref. 40.
Our conceptual formulation as outlined in equation (7) is supported by the
results of our precipitation offset analysis. Our analysis provides a site-by-site
(Extended Data Table 2) and biome-level (Extended Data Table 3) 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. Extended Data Table 3 shows
that in soils of the arid biome, the precipitation offset value is highest (that is, 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 CM,i using the precipitation offset values in Extended Data Table 3 and
plugging these values into equation (7) supports 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, because 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 the dimensionless mixing coefficient CM,i is discussed in detail and tested with actual, long-term catchment-level
data in ref. 37. However, we state a caveat: the use of the precipitation offset
parameter in equation (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 paper to develop the ecohydrological separation
concept and was relatively successful at proposing a mechanistic explanation for
the observed results, other work has shown that such a 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;
these authors argued that the mechanism proposed in ref. 1 was not likely to
explain the observed isotopic separation in their study2. The plant xylem water
values in ref. 1 are more enriched than most of the soil water values—the opposite
case to 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) the measured soil water values. Their data suggest that this was not
the case. In contrast, the authors of ref. 2 observed their plant xylem water values to
lie completely in between precipitation and bulk soil water values. The aggregate
result (Extended Data Fig. 4) from our global data set lends support more to the
interpretation of ref. 2 than to that of ref. 1.
Water extraction techniques. As underlined in our central message, plant xylem
water and soil water isotopes plot ‘off’ the LMWLs, supporting the idea of a
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 data set. The authors of ref. 1 argued that plant transpiration is
supplied by ‘tightly bound’ waters within unsaturated soils. This interpretation
was inferred from the laboratory technique used to extract water out of a soil
sample (cryogenic vacuum distillation), which uses suction pressures that are
orders of magnitude greater than those used in other field techniques (for example,
suction lysimetry). Potential nuances in the fidelity of water extraction from soil
samples using existing laboratory techniques have recently been explored41–43.
These findings suggest that soil physicochemical characteristics may contribute
to isotopic fractionation, specifically with respect to d18O. We explored the relationship between water extraction techniques and plant xylem water/soil water
d18O in our data set. Extended Data Fig. 5 shows the plant xylem water/soil water
d18O values using a liquid–vapour equilibration technique from cryogenic vacuum
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distillation and azeotropic distillation. Although there are statistically significant
differences (P , 0.0001, nonparametric Dunn method for joint ranking) between
both cryogenic vacuum (n 5 2,640) and azeotropic distillation (n 5 441), and
liquid-vapour equilibration methods (n 5 204), there is no significant difference
in plant xylem water d18O between the two more widely used techniques, cryogenic vacuum and azeotropic distillation (P 5 0.35, nonparametric Dunn method
for joint ranking). Despite these differences in d18O 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 d18O that are related to different water
extraction techniques.
Global map of plant xylem water d2H and d18O. For the first time, to our
knowledge, we provide not only a global map of plant xylem d2H and d18O, but
also their relationship to respective LMWLs as integrated in the precipitation
offset parameter—a fundamental descriptor of ecohydrological separation
(Extended Data Fig. 6). Our compilation of global plant xylem d2H and d18O
may complement other existing large-scale isotopic data sets from precipitation44
and streams45, in pursuing future research questions related to plant-water relations from continental to global scales.
31. McDonnell, J. J. The two water worlds hypothesis: ecohydrological separation of
water between streams and trees? WIREs Water 1, 323–329 (2014).
32. Darling, W. G., Bath, A. H. & Talbot, J. C. The O and H stable isotopic composition of
fresh waters in the British Isles. 2. Surface waters and groundwater. Hydrol. Earth
Syst. Sci. 7, 183–195 (2003).
33. Genty, D. et al. Rainfall and cave water isotopic relationships in two South-France
sites. Geochim. Cosmochim. Acta 131, 323–343 (2014).
34. Wu, C. Jackknife, bootstrap and other resampling methods in regression
analysis—discussion. Ann. Stat. 14, 1261–1295 (1986).
35. van der Velde, Y., Torfs, P. J. J. F., van der Zee, S. E. A. T. M. & Uijlenhoet, R.
Quantifying catchment-scale mixing and its effects on time-varying travel time
distributions. Wat. Resour. Res. 48, W06536 (2012).
36. Page, T., Beven, K. J., Freer, J. & Neal, C. Modelling the chloride signal at Plynlimon,
Wales, using a modified dynamic TOPMODEL incorporating conservative
chemical mixing (with uncertainty). Hydrol. Processes 21, 292–307 (2007).
37. Hrachowitz, M., Savenije, H., Bogaard, T. A., Tetzlaff, D. & Soulsby, C. What can flux
tracking teach us about water age distribution patterns and their temporal
dynamics? Hydrol. Earth Syst. Sci. 17, 533–564 (2013).
38. Legout, C. et al. Solute transfer in the unsaturated zone-groundwater continuum of
a headwater catchment. J. Hydrol. 332, 427–441 (2007).
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Extended Data Figure 1 | Schematic representation of tracing the isotopic
composition of source precipitation. Plant xylem water isotopic values plot
on a linear regression called the evaporation line. The point on the local
meteoric water line (LMWL) where the plant xylem water evaporation line
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
d source value.
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Extended Data Figure 2 | Tracing the isotopic composition of plant xylem
source precipitation versus mean groundwater value. Plant xylem water
(grey triangles, n 5 88) plotted in d18O–d2H space. Shown are the mean plant
xylem source precipitation value (green triangle with error bars, 61 s.d.,
n 5 88), mean groundwater value (blue circle with error bars, 61 s.d., n 5 271),

G2015

amount-weighted average precipitation (yellow star), GMWL (solid black line)
and LMWL (dashed black line). This is an example 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 our
database.
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Extended Data Figure 3 | The difference between plant xylem d-source
precipitation values and mean groundwater d2H values, plotted against
increasing distance of groundwater locations from actual plant xylem study
sites. The extents of the boxes show the 25th and 75th percentiles; whiskers
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show the extents of outliers. Also shown are median (interquartile range) values
(P . 0.90, Tukey–Kramer honest significant difference) for five (n 5 7; n 5 8;
n 5 7; n 5 9; n 5 11) arbitrary distance ranges.

Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH

Extended Data Figure 4 | Groundwater and plant xylem source
precipitation. Plot of d18O versus d2H for global plant xylem water (green
triangles, n 5 1,460), soil water (grey circles, n 5 1,830), and groundwater
(blue circles, n 5 2,749). Also shown are the isotopic composition of source
precipitation that leads to groundwater recharge (blue circle with error bars,
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mean 6 1 s.d.) and precipitation that leads to plant water uptake (green triangle
with error bars, mean 6 1 s.d.). The inset shows the linear regression of
plant xylem water and soil water, forming distinct evaporation lines (ELs)
whereby, at a site level, plant xylem water is completely bounded by soil water.
Also shown are GMWL and LMWL in the main plot and inset, respectively.
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Extended Data Figure 5 | Comparison of plant xylem (black boxes) and soil
water (grey boxes) d18O, based on water extraction techniques. Cryogenic
vacuum (n 5 2,640) and azeotropic distillation (n 5 441) are significantly
different from liquid–vapour equilibration methods (n 5 204) (P , 0.0001,
nonparametric Dunn method for joint ranking). Cryogenic vacuum and
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azeotropic distillation are not significantly different from each other (P 5 0.35,
nonparametric Dunn method for joint ranking). The extents of the boxes
show the 25th and 75th percentiles; whiskers show the extents of outliers. Also
shown are median (interquartile range) values for each water type and water
extraction technique.
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Extended Data Figure 6 | Global map of plant xylem water precipitation offsets from 47 study sites.
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Extended Data Table 1 | Site-by-site source precipitation d values for plant xylem water, groundwater and soil water

Plant xylem and soil water d source precipitation values (median, interquartile range) are calculated using equations (2) and (3). The last two columns show whether or not the source precipitation values are
statistically different amongst the three water compartments. N.S., not significant. Superscript numbers after site locations refer to the source paper (refs 46–90).
**Denotes statistically significant difference (a 5 0.05).

G2015

Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH
Extended Data Table 2 | Site-by-site soil water precipitation offset
values

Values are median (interquartile range).
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Extended Data Table 3 | Biome-level soil water precipitation offset
values

Values are median (interquartile range).

G2015

Macmillan Publishers Limited. All rights reserved

Copyright of Nature is the property of Nature Publishing Group and its content may not be
copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.

