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Abstract: The ecohydrological separation between soil water sources for plant water
uptake and groundwater recharge has been recently examined in various climate zones
primarily based on isotopic composition of water. The existence of the
ecohydrological separation has profound implications for mechanistic
ecohydrological modeling and water resource management. However, it is still
unclear when and where the ecohydrological separation occurs, especially in humid
regions. In this study, high frequency sampling of precipitation, bulk soil water,
groundwater and twig xylem water for hydrogen and oxygen isotope composition
measurement was conducted in a humid subtropical site in the central southern China
from March 2017 to April 2018. We examined evidence of the ecohydrological
separation with three methods (dual-isotope space, line-conditioned excess (lc-excess),
and the piecewise isotope balance (P1B) method). The results show that the isotope
compositions of plant xylem and bulk soil water are not distinguishable from those of
precipitation water on the dual-isotope space due to a weak evaporation effect at the
study site, indicating that there is no evidence of the ecohydrological separation.
However, the other two methods support the ecohydrological separation in this humid
area, with the results from the PIB method revealing more temporal details. The
present study suggests that the ecohydrological separation can happen in subtropical
humid climate. It is more likely to occur in spring and winter at the study site when
plant-accessible water pool has been replenished by antecedent precipitation, while
ecohydrological connection seems to occur during winter snowmelt. With the

limitations of three methods, the caution should be taken when only one method is



applied in examining the ecohydrological separation in such an environment.
Keywords: ecohydrological separation; stable isotopes; plant accessible water; water

replenishment; lc-excess; piecewise isotope balance method

1 Introduction

Soil water is the immediate water source for plants in the terrestrial ecosystems,
thus, the plant-accessible water in soil is essential for plant growth. Generally, soil
water has been assumed to be a well-mixed water pool (Hewlett and Hibbert, 1966;
McCutcheon et al., 2017), which means that plants extract water from the same pool
that drains into groundwater and/or flows into streams. However, recent studies
suggest that streams and plants appear to have water originated from two different
water pools: mobile water for groundwater/stream recharge, and immobile water for
plant use. Such a phenomenon was first proposed in Brooks et al. (2010) based on
distinguished isotopic composition between stream and plant water in a
Mediterranean climate zone. Thereafter, this phenomenon was referred to as the two
water worlds (McDonnell, 2014) or the ecohydrological separation hypothesis (Geris
et al., 2015; McCutcheon et al., 2017).

Evidence for the ecohydrological separation hypothesis has been reported in
various climate zones (Bowling et al., 2017; Brooks et al., 2010; Evaristo et al., 2016;
Gierke et al.,, 2016; Goldsmith et al.,, 2012; Hervé-Fernandez et al., 2016;
McCutcheon et al., 2017; Zhao et al., 2018). Meanwhile, at the global scale, Evaristo
et al. (2015) suggest that the ecohydrological separation occurs at 80 % of the sites,

and Good et al. (2015) report that 38 % of surface water comes from the plant
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accessible soil water pool. These studies suggest that the ecohydrological separation
may commonly occur. These findings not only challenge the assumptions (e.g. water
in soils is well-mixed) that have been commonly accepted in conceptualizations of
hydrological and biogeochemical cycles, but also have practical implications for
agricultural fertilizer application, surface-induced groundwater pollution, and fate and
transport of subsurface contaminants (Phillips, 2010).

The reported degrees of the ecohydrological separation vary greatly among
different studies. The highest separation was estimated by Brooks et al. (2010) in a
Mediterranean climate, in which the separation exists from the rainy season (winter)
to the next wet-up period in autumn. However, most other studies show that the
ecohydrological separation seems to be temporal and more likely to occur during dry
periods (Brooks et al., 12010). In humid climate, the reported results of
ecohydrological separation are not consistent among studies. For example, no marked
separation wasfound in wet environment (Geris et al., 2015; Hervé-Fernandez et al.
2016). Two studies (Qian et al., 2017; Zhao et al., 2018) with investigations being
conducted in the same climate zone (subtropical monsoon climate) showed
contrasting results of the ecohydrological separation. The inconsistency in these
previous studies suggests it is still unclear when and where the ecohydrological
separation occurs, especially in humid regions.

Despite increasing evidence of the ecohydrological separation, several potential
problems arise from current methods in the investigation of the ecohydrological

separation. Firstly, current methods for assessing the ecohydrological separation do



not necessarily work for humid environments. The commonly used methods for
assessing the ecohydrological separation hypothesis are the so called dual-isotope
space and line-conditioned excess (Ic-excess) assessment. For the dual-isotope space;
groundwater and stream water generally plot on or near a local meteoric water line
(LMWL) based on the seasonal §°H and §'®0 variations in precipitation. Soil-water
usually varies along a soil water evaporation line (SWEL) with different degree of
deviation from the LMWL due to different evaporation and mixing processes. The
ecohydrological separation is considered occurring when plant water is plotted to the
right of the LMWL and close to the SWEL, with isotopic distinction from mobile
water (stream and ground water). For the lc-excess assessment, this variable is to
quantify the isotopic distance of a water sample from the LMWL (Landwehr and
Coplen, 2006). Theoretically, precipitation Ic-excess values will fluctuate near zero,
so do the Ic-excess values of mobile water. Soil water that has undergone evaporation
will have a negative lIc-excess value. Thus, evaluation of the ecohydrological
separation is based on the significant difference in the lc-excess values between plant
water and mobile water. Note that these two methods are effective based on the
assumption that plants use water has undergone notable evaporation. However, this
assumption may be problematic for an environment where evaporative effects on the
isotopic composition of environmental waters are not significant. This may be one
reason for the inconsistent results of the reported ecohydrological separation in humid
climate as we mentioned above.

Secondly, common soil water samplings do not necessarily reflect the isotopic



composition of water used by plants. Recently, Sprenger et al. (2015) gave an
overview of various methods of soil water extraction for stable isotope analysis,
which shows that different methods extract pore waters of different mobility. For
those previous studies on the ecohydrological separation, bulk soil water that includes
both mobile and immobile (matric-bound) water (Brooks et al., 2010) was sampled
with the cryogenic vacuum distillation. In addition to bulk soil water sampling, some
studies also extracted mobile soil water using suction lysimeters (Brooks et al., 2010;
Hervé-Fernandez et al., 2016), centrifugation (Geris-et al., 2015), or wick samplers
(Gierke et al., 2016). As most studies on the ecohydrological separation assume that
plants rely on the immobile soil water, it should be reasonable to investigate isotope
composition of immobile water to reflect the isotopic composition of water used by
plants. However, it is difficult to sample the immobile soil water that is really
extracted by plants based on current technologies. Although the isotopic composition
of bulk soil water (generally based on point measurements) can reflect that of the
water acquired by plants in some case (e.g. during dry periods), such bulk soil water
samplings may give uncertainties in inferring the isotopic composition of water
acquired by plants during wet periods.

Finally, the different degrees of the ecohydrological separation reported in the
literature can be partly resulted from a low frequency of isotope sampling. As
Hervé-Fernandez et al. (2016) mentioned that sampling frequency is still one of the
most significant limitations in ecohydrological studies, and many field campaigns in

previous studies only have samples collected a few times per season (e.g. wet-dry



season) (Brooks et al., 2010; Evaristo et al., 2016; Geris et al., 2015; Goldsmith et al.,
2012). A low sampling frequency likely misses the detail of temporal variation. Such
temporal variations likely provide important information to understand the
mechanism of ecohydrological separation. High frequency sampling of plant water
and soil water for isotopic composition analysis is thus especially beneficial for
improving understanding of the ecohydrological separation (McDonnell, 2014).

In this study, we examined evidence of the ecohydrological separation in a
humid subtropical area based on high frequency sampling (two to four times in a
month). In addition to these two commonly used methods mentioned above, we
adopted a new approach, referred to as the piecewise isotope balance method (see
section 2.6 for details). The method requires high frequent samplings of isotopic
composition of plant xylem water and precipitation. Isotopic composition of plant
xylem water generally reflects the integrated isotopic compositions of plant-accessible
soil water with'the assumption that no isotope fractionation occurs during root water
uptake and water flow in plant xylem (Flanagan and Ehleringer, 1991; White et al.,
1985). With this assumption, it is possible to use plant water isotopes for investigating
plant-accessible water replenishment, which can be used to infer the ecohydrological
separation possibility.

In this study, we aimed to answer the following questions: (1) To what extent
does ecohydrological separation happen in a humid subtropical area? (2) What is the
difference in assessing the ecohydrological separation hypothesis in this humid

subtropical area by using the three methods (dual-isotope space, Ic-excess assessment



and the piecewise isotope balance method)?
2 Materials and methods
2.1 Study site

The field experiment was conducted in a grove, located in the suburb of
Changsha city in the central southern China (28°22'8.02"N, 112°45'42.91"E,; 51 m
a.s.l.) (Fig. 1). This area has a humid subtropical monsoon climate, generally with a
dry and cold winter, and a wet and hot summer. Mean annual air temperature is about
17.4°C, and mean annual precipitation is 1447 mm (mainly distributes from March to
June). Resulting from different air mass influences in the summer monsoon season,
precipitation distributes unevenly between months, often leading to low precipitation
in midsummer (Luo et al., 2016). Soils at this site are silty loam, with clay, silt and
sand content about 20.1%, 75.7% and 4.2%, respectively. The average soil bulk
density at this site is-about 1.32 g cm™. The soil thickness at the study site exceeds 4
m based on a soil profile near the study grove (see the Fig. S1 in the supplementary
material).

[insert Fig.1 about here]

The study grove is dominant by evergreen broadleaf trees Cinnamomum
camphora, mixed with some Cunninghamia Lanceolata, Pinus massoniana, and
sparse grasses on soil surface. We chose C. camphora as our sample trees. The
average age and height of the trees are about 13 years and 9 m, respectively. Most
roots (85%) of C. camphora generally distribute in the shallow soil layer (0-40 cm) in

the study area according to Yao et al. (2003). We selected a plot of 20x40 m? as the



target site. This site is flat (slope <3°), and thus the effect of lateral flow on root zone
water can be neglected.
2.2 Sampling

Soil and twig xylem water sampling was conducted from March 2017 to April
2018, with a high sampling frequency (two to four times in a month). For twig
samples, only non-photosynthetic stem sections (about 4 cm in length and 1.5-2 cm in
diameter) were collected from 3-6 individual trees. The bark was quickly removed
before each sample was immediately sealed into glass bottles with parafilm. Soil
samples were collected every 10 cm to a depth of 130 cm using a soil corer driven by
an engine harmer (Christie Engineering Pty Ltd., Australia). Three replicates of soil
samples were collected near the trees from which the twig samples were taken.
Meanwhile, for each 10-cm soil section, a 2-cm soil core (3.8 cm in diameter) was
collected for soil water content and bulk density analysis. On the same day,
groundwater was collected from a well, which was about 30 m away from the
sampling site. This well has a depth of 20 m with approximately 18 m to the water
table. Tt'is pumped daily for the owners’ family use. Water from this well very likely
represents the groundwater in this study area (reflected by the elevation in Fig. 1). The
well was perched by 30 minutes pumping at a rate about 1 m®h before water samples
were collected. All samples were sealed in airtight vials, placed in a cooler box, and
transported to the lab and stored in a refrigerator before analysis.

Rainfall water samples were collected at an automatic meteorological station

located in Hunan Normal University, which is about 26 km away from the study site.



Continuous precipitation sampling (based on precipitation event (>0.1 mm)) for
isotope analysis has been conducted for more than 8 years at the site. We use these
high-frequency data set to represent the isotopic composition of precipitation at the
study site with an assumption that there is no significant difference between these two
sites. This is supported by high similarity in the precipitation event size pattern and
isotopic composition between these two sites, as shown in Fig. S2 in the
supplementary material. Precipitation sampling includes rainfall water and snowfall
(if any). More information of sampling at this site can‘be found in (Li et al., 2015; Wu
etal., 2015).
2.3 Soil water content

Soil volumetric water content (6, cm®/cm?®) was automatically monitored using a
frequency domain reflectometry (FDR) system ET100 (Insentek Co., Ltd, China).
This equipment estimates volumetric water content based on measurements of the
apparent dielectric constant in the soil. We installed ET100 (6.3 cm in diameter) to a
depth of 100 cm nearby the sample trees. Each ET100 has two sensors at each layer
with 10-cm intervals for monitoring soil water content and temperature (average of
each 10 cm soil layer). The sampling interval was set as one hour.
2.4 Micrometeorological data

An automatic weather station (WeatherHawk-232, USA) was installed in an open
area approximately 50 m from the grove. Meteorological variables, including
precipitation, air temperature, solar radiation, relative humidity and wind speed were
measured at 30 min intervals.
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2.5 Data analysis

Soil and twig xylem water samples were extracted using an automatic water
extraction system LI-2100 (LICA United Technology Limited, China) based on the
cryogenic vacuum distillation method (Li et al., 2015; Wu et al., 2015). Generally, a
complete water extraction should be processed to obtain unfractionated water samples.
In this study, we set moisture extraction time of 150 and 180 min for soil and twig
samples, respectively, in order to collect more than 99% of the water from these
samples. Isotopic composition (82H and §'80) of the extracted water, precipitation and
well water were analyzed with a Cavity Ring-Down Spectroscopy (CRDS) Isotopic
Water Analyzer (Los Gatos Research, Inc., Mountain View, USA) at the Key
Laboratory of Resources and Environmental Sciences, Hunan Normal University. 5°H

and 880 values are generally expressed in delta notation (8) as

5 = (:t%ld — 1) x 1000 (1)
where & (%o) is the 2H/H and 80/*0 ratio relative to Vienna Standard Mean Ocean
Water (V-SMOW), R is the ratio (*H/H and 0/®0) of sample and standard
(V-SMOW), respectively. Accuracy of the IRIS analyzer was £0.2 %o for §'®0 and
+0.6 %o for 8%H.

Previous studies have shown that organic materials in the extracted plant and soil
water samples may cause spectral interference and lead to incorrect isotope values in
the IRIS analyses (Schultz et al., 2011; West et al., 2010; Zhang et al., 2017).
However, such problems can be corrected by a standard curve method (Schultz et al.,

2011). Methanol and ethanol are two main organic contaminations in the extracted
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water samples. Firstly, we prepared water samples of known concentrations of
methanol and ethanol, and obtained the correcting curve according to Wu et al. (2014).
Then, the Spectral Contamination Identifier (LWIA-SCI) post-processing software
was used to identify and quantify spectral contamination. Only methanol
contamination was found in twig xylem water samples in this study. Therefore, all
isotope values for the extracted twig xylem water were corrected for the methanol
contamination.

2.6 Methods for the ecohydrological separation assessment

Three methods, dual-isotope space, Ic-excess, and the piecewise isotope balance
(P1B) method, were applied to examine the ecohydrological separation in this study.
For the dual-isotope space method, the ecohydrological separation of soil water
sources for trees and groundwater is determined by the isotopic distinction between
plant xylem water and groundwater with different degrees of deviation from the
LMWL. Note that the LMWL in this study was produced based on isotopic
composition of daily precipitation with the amount larger than 2 mm, because we
found there was no contribution of small rainfall events (<2 mm) to soil water.

For the Ic-excess assessment, the isotopic composition of all water samples was
compared to the LMWL by using Ic-excess, which quantifies °H deviations from the
LMWL. In this study, Ic-excess (%o) was calculated following Landwehr and Coplen
(2006):

Ic — excess = 8°H —a x 8'%0 — b (2
where a and b are the slope and intercept of the LMWL. Generally, the Ic-excess

12



indicates the degree of offset of the sampled waters from the presumed source (e.g.
the LMWL). Once the Ic-excess values of plant xylem water are negative and
significantly different from those of groundwater, the ecohydrological separation is
considered occurring.

For the piecewise isotope balance (PIB) method, based on high  frequent
sampling of twig xylem water and precipitation, we calculated the proportion of
plant-accessible water (reflected by the isotopic composition of xylem water) within
the root zone replenished by precipitation between two consecutive sampling events.
Here we assumed that precipitation is the main source for plant-accessible water
replenishment. Meanwhile, evaporation effects on water sources for plant use were
neglected due to weak evaporation influencing the isotopic composition of waters at
the study site. In this study, we only used 580 values (no fractionation of oxygen
isotope was found during root water uptake in the literature) for quantifying the
replenishment proportion (3, %), using the following equation:

p= (Bx,i - 8)(,1—1)/(82p - 5x,i_1) x 100 3)
where 8x;i and Sxi1 are 880 values of twig xylem water between two consecutive
sampling events. Sz, represents the volume-weighted mean precipitation 580 value
between two consecutive samplings. Note that 8 was assumed to be 0 when dxi < dxi-1,
and Osp > Ox,i-1 OF when 0Oxi > 0Oxi-1, and Oxp < Ox,-1. In addition, if the difference
between 8xi and 8xi-1 was very small (smaller than the accuracy (0.2 %o) for &'20)
during a short period when 6 was high and did not change much between two
sampling intervals, B was assumed to be 0. Only two such cases were found during
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the sampling period between 26 March and 9 April, and between 29 April and 11 May
2017.
2.7 Statistical analyses

Statistical analyses were conducted using Origin 9.0 software (OriginLab, USA).
The Kruskall-Wallis test (ANOVA) was used to analyze differences in -isotope
composition and Ic-excess values among different water pools. Comparison of isotope
composition between different periods was analyzed - via the non-parametric
Mann-Whitney test.
3 Results
3.1 Seasonal variations in isotopic composition for specific waters

Fig. 2 shows the range of isotopic composition for different water pools. A large
variability for H and O isotope composition is shown in precipitation with low values
in summer and high values in spring, which forms a local meteoric water line (LMWL)
as 5°H=8.69x5*0+19.99 (R?=0.98). The volume-weighted mean precipitation values
for 580 and &°H are -7.09 %o and -42.56 %o, respectively. Groundwater, bulk soil
water and twig xylem water isotopes plot close to or along the LMWL, indicating that
the evaporative effect is not significant in these water samples. There are no
significant differences in mean &0 of twig xylem water, groundwater and
precipitation, but mean 880 of soil water is significant different (P<0.05) with them.
Such difference pattern for 580 is not consistent with that for 8°H. For groundwater,
5180 and &%H give a small seasonal variation, in a range from -6.7 to -5.4 %o for §'0
and from -39.2 to -32.8 %o for 8°H (Fig. 2).

14



Bulk soil water shows a notable temporal and spatial (vertical) variation in
isotope values during the study period (Fig. 2 and 3b). Soil water are more enriched
with heavy oxygen isotope in spring and more depleted in summer and autumn,
reflecting seasonal variation of precipitation inputs. The mixing processes of 820
within the soil profile over time are illustrated in Fig. 3b. The 580 of bulk soil water
decreases with depth between March and early June 2017. However, the largest
decrease of §'®0 in shallow soil water (0-40cm) occurs in mid-June due to more
depleted oxygen isotope inputs from precipitation (Fig. 3¢). The low §'80 in shallow
soil persists to the end of autumn, &0 in shallow soil increases in the following
season due to the replenishment and mixing by precipitation. 80 of deep soil water
(>60cm) maintains relatively stable between mid-summer and winter, the
corresponding 6 does not change much over time either.

Twig xylem water 5'80 has a small seasonal variability in comparison with that
of precipitation (Fig. 2a). !0 keeps relatively constant (-3.89 + 0.33 %) in spring,
and decreases significantly (P<0.05) in June and to a low value of -7.26 + 0.18 %o on
14" July: This decrease indicates that root-accessible water has been replenished.
Twig water 880 has been relatively stable (-7.19+0.29 %o) from July to February
except for a slightly increase during a short dry period (21 rain-free days) in late July,
and two decreases in mid-August and late October respectively due to replenishment
by the precipitation inputs. The §'80 value of twig xylem water is very close to that of
snowfall and the groundwater in the early February, indicating a relatively full mixing
in the soil and ecohydrological connection during the winter snowmelt. Twig xylem

15



water 380 shows a step change during the following spring 2018. In addition, 580 of
twig water matches that of shallow soil water (0-40 cm) for most of the time during
the study period (Fig. 3a and 3b).

[insert Fig. 2 about here]

[insert Fig. 3 about here]
3.2 Examination of the ecohydrological separation

Isotopic values of all water samples are close to the LMWL as shown in the
dual-isotope plots in Fig. 2, which indicates that these waters have not experienced
significant evaporation. Meanwhile, twig Xylem water and groundwater are not
isotopically distinct (reflected by &'0). Thus, this result does not support the
ecohydrological separation based on the dual-isotope method that has commonly been
used in other studies.

Precipitation shows both positive and negative Ic-excess values, but they are not
significantly different (P<0.05) from 0. The Ic-excess of groundwater is significantly
less than 0 (P<0.05) (Fig. 4). The Ic-excess values of soil water differ significantly
from 0. Twig xylem water has the most negative lc-excess values, and is significant
different (P<0.05) from that of groundwater. This suggests that water extracted by
plants (twig xylem water) is isotopically distinct from that recharges groundwater.
Thus, this result supports the ecohydrological separation hypothesis in this study.

Although the result based on the lc-excess method suggests that ecohydrological
separation occurs in this subtropical region, it does not show the temporal variation in
ecohydrological separation and its duration. The Ic-excess values of twig xylem water

16



are consistently different from that of groundwater during the whole study period (Fig.
4), which seems to suggest that ecohydrological separation happens all the time at this
site. However, this is unlikely the case as there have not been similar results reported
in the literature.

Therefore, in order to investigate when the ecohydrological separation happens
at this site and how long it lasts, we investigate the dynamics of twig xylem water
isotope composition to examine the ecohydrological separation. The §'80 values of
twig water show relatively constant values between March and May 2017 while those
of precipitation fluctuate. This result indicates that precipitation is likely to have
bypassed the root-accessible water pool, suggesting the ecohydrological separation
occurs. Such an ecohydrological separation seems to happen in other periods at the
study site (e.g., late November to January, and April 2018) based on the relatively
constant isotope signature of twig xylem water. The ecohydrological separation is
further examined by the PIB method, which calculates plant-accessible water
replenishment, shown in the following section.

[insert Fig. 4 about here]
3.3 Plant-accessible water replenishment

Fig. 5 shows the percentage of precipitation contributes to plant-accessible water
based on &0 of twig water and precipitation. The results indicate that no
replenishment occurs between March and early May 2017. This means that
plant-accessible water does not mix with precipitation during this period, and that the
plant-accessible water pool replenished by antecedent precipitation has maintained

17



more than two months. Some similarities in the replenishment pattern can also be
found in spring 2018. These replenishment patterns support the ecohydrological
separation analyzed above. The first large replenishment (41 %) occurs in later May,
and about 32 % replenishment happen again between 71" June and 9" July 2017 due to
heavy precipitation (making 6, to field capacity). During the dry period (from July to
October 2017), plant-accessible water has been replenished for several times. Such
replenishments are easy to occur when 6 is significantly low especially in the topsoil
(Fig. 3c). However, the isotopic composition of twig xylem water in September is
close to that in August (Fig. 3a). This short life of replenishment signal suggests that
they may occur only in the shallow root zone, thus maintain for root water uptake
only for about 2~3 weeks (reflected by the variations in §'80 values of twig water in
Fig. 3a). In addition, significant low replenishment (0~5.8%) is inferred between
December and mid-January, suggesting an ecohydrological separation during this
period. The highest replenishment (54.5 %) occurs between the later January and
early February, which is mainly due to the contribution of snowmelt (snowfall
accounts for about 50 % of precipitation during this period). The 520 value of twig
xylem water observed in the early February is close to that of the snowfall (Fig. 3a)
and groundwater, indicating the possibility of ecohydrological connection. Such
isotope signature of the replenished plant-accessible water maintains until the later
March before the next replenishment event (reflected by the §'80 values of twig
xylem water in Fig. 3a, and Fig. 5).
[insert Fig. 5 about here]
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4 Discussion

4.1 Evidence of the ecohydrological separation in subtropical humid climate

The ecohydrological separation is observed in this subtropical humid study site.
The separation is more likely to occur in spring and winter season based onthe
integrated results from the Ic-excess and PIB methods (Fig. 4 and 5). Such a pattern of
separation differs from two other studies in the subtropical monsoon climate zones in
China (Fig. 6). Qian et al. (2017) suggest no ecohydrolgical separation in a
subtropical riparian area, based on the dual-isotope space and lc-excess method. This
may be due to significant contribution of river water and groundwater to plant water
uptake in their riparian zone. Zhao et al. (2018) report the existence of ecohydrolgical
separation in May, Jun, October and ‘November, but not during wet season in their
study site (between July and September) based on the Ic-excess method. Nevertheless,
Evaristo et al. (2016) report that occurrence of ecohydrological separation in wet
season for a humid tropical region. The different results of these studies suggest
complexity-of the ecohydrological separation in humid climates. Based on the results
from ‘this present study and previous studies, the ecohydrological separation very
likely occurs in tropical and subtropical humid climates, but with temporal pattern
less predictable.

[insert Fig. 6 about here]

In this study, the ecohydrological separation is more likely to occur in spring and
winter, and can last for a few months according to the PIB-inferred replenishment
events. Generally, small pores are filled first and dried out last, while large pores will

be a dominant pathway of infiltration water moving through the soil profile once
19



small pores are fully filled (Brooks et al., 2010). Water in small pores is relatively
immobile, and has the longest residence time (Brooks et al., 2010). Therefore, the
common possibility for the separation in spring and winter at the study site is that
immobile water (plant-accessible water) for tree transpiration has been replenished by
initial precipitation during the wet-up period prior to these two seasons (such-as high
replenishment in November 2017 or the early spring 2018 in Fig. 5), and such
immobile water is sufficient for root water uptake. But the condition for the separation
seems to be different between spring and winter. For spring, the separation occurs
under the condition of high soil water content and atmospheric demand, precipitation
over the remainder of the spring bypasses root zone through larger pores and
preferential flow paths, and does not seem to mix fully with immobile soil water used
by plants (reflected by relatively constant values of xylem water §*80 in Fig. 3a). For
winter, the pre-existing immobile water probably persists in small pores for a few
months due to low depletion from evaporation and tree transpiration during this
period (based on sapflow measurements, data not shown), and thus does not mix with
the subsequent precipitation inputs. On the other hand, the ecohydrological
connection occurs during snowmelt in late winter at the site, indicating that snowfall
events (occurred frequently at the study site based on records at the Changsha weather
station) are likely to lead to the end of separation and be an important water source for
root zone water replenishment.
4.2 Comparison of three methods for estimating the ecohydrological separation

The results of the ecohydrological separation among these three methods are not
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consistent. The dual-isotope space method does not show evidence of the
ecohydrological separation, while the other two support ecohydrological separation at
the study site. Due to weak evaporation isotope effect at the study site, the isotope
compositions of plant xylem and soil water are not distinguishable from precipitation
water, leaving the dual-isotope method without a basis. Even though significant
deviation of plant and soil water from the LMWL, the dual-isotope method cannot
give an unambiguous determination of water source(s) of plant use (Bowling et al.,
2017).

The Ic-excess assessment gives clear evidence of ecohydrological separation
based on the significant difference in Ic-excess values between twig xylem water and
groundwater. Few previous studies have focused on temporal variations in Ic-excess
values of different water pools due to low frequency of isotope sampling.
Hervé-Fernandez et al. (2016) and Zhao et al. (2018) suggest that the ecohydrological
separation does not occur during the wet season based on temporal variations in
Ic-excess values. However, temporal variations in Ic-excess values in this study infer a
high degree of separation during the study period. The consistently deviation of the
Ic-excess values between twig xylem water and groundwater should not be caused by
evaporation at the study site. The potential cause for this is that the pre-existing
plant-accessible water cannot be completely replaced by infiltration precipitation
water (also confirmed by the plant-accessible water replenishment proportion (< 60 %)
in Fig. 5). Therefore, the lc-excess assessment does not seem to be a reliable method,
and its results need a further confirmation with other additional evidences for
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assessing the ecohydrological separation.

The PIB method shows more details of the ecohydrological separation based on
plant-accessible water replenishment in this humid subtropical area. The pattern of
replenishment proportion is similar with the variation of 580 values of xylem water
in response to precipitation (Fig. 3a and 5). The advantage of this method is that it
shows when and how long the ecohydrological separation occurs and lasts.
Furthermore, the PIB method only uses isotope data of plant xylem water and
precipitation. It does not rely on isotopically distinction between plant xylem water
(immobile water) and ground/stream water (mobile water) as such distinctions may
not relate to soil water mobility (McCutcheon et al., 2017).

Despite the obvious advantages of the PIB method, some limitations still need to
be noted. The first limitation is that we neglect the evaporation effects between each
sampling interval when calculating replenishment proportion. Nevertheless, the
effects of evaporation on isotope are not significant in this study, which provides a
good experiment condition to apply the PIB method. The second limitation is that
there exist some uncertainties in estimation of replenishment proportion based on
mean isotopic values of precipitation inputs between two consecutive sampling events.
It is difficult to accurately estimate the relative contribution of multiple precipitation
events in any a sampling interval. In this study, a volume weighted isotope
composition was applied, which can certainly lead to an error in PIB calculation. With
an understanding that small events do not contribute to root zone moisture
replenishment, precipitation events smaller than 2 mm were excluded. This is the best
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approximation we can have to apply for the PIB method at this stage. The third
limitation is that the PIB-inferred replenishment does not necessarily suggest
ecohydrological connectivity, which needs to be confirmed with other evidences. In
addition, the lateral flow should be considered if the study is conducted at a sloped
site. Future studies need to take consideration of evaporation effects as well as-lateral
flow into investigations to further test the PIB method. In short, there are no perfect
methods for assessing the ecohydrological separation among current studies, and
caution should be taken in choosing a method for examining the ecohydrological
separation in such a humid environment.
5 Conclusions

The ecohydrological separation hypothesis was assessed based on high
frequency of isotope sampling in the humid subtropical region of the central southern
China. In this study, bulk soil water, groundwater and twig xylem water isotopes plot
close or along the local meteoric water line (LMWL), with isotopically similarity
between groundwater and twig xylem water. This indicates the evaporation effect on
isotopes of these waters is not significant. Evaluations of the ecohydrological
separation among these three methods are not consistent. The dual-isotope space
method does not show an evidence of ecohydrological separation. The lc-excess
assessment suggests that the separation seems to occur during the whole study period,
which, however, is unlikely in this humid environment. The piecewise isotopes
balance method supports the ecohydrological separation with more details in terms of
the frequency and duration. The PIB result indicates that the ecohydrological
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separation does occur in this subtropical humid area. It is more likely to occur in
spring and winter. Snowmelt at the study site leads to mixture of the two water pools
(mobile and immobile water) and thus the ecohydrological connection. We suggest
the ecohydrological separation should be examined with a combination of different

methods, aided with high frequency of samplings.

24



Declaration of Interest Statement:
We declare that we have no conflict of interest, no financial or personal relationships
with other people or organizations other than those listed or acknowledged in the

manuscript that would influence the publication of our work.

Acknowledgements

The authors would like to thank two anonymous reviewers for their constructive
comments and suggestions, and to thank Tianci Yao, Xuejie Wang and Yilong Li, who
provided sampling help. This study was funded by the National Natural Science
Foundation of China (Grant' No. 41571021), and the first-class disciplines (Geography)
in Hunan Normal University (Grant No. 810006). The first author has been supported
by China Scholarship Council for his PhD study in Flinders University. Xiang Xu is
supported by the National Natural Science Foundation of China (Grant No.

41807148).

25



References:

Bowling, D. R., Schulze, E. S., and Hall, S. J. 2017. Revisiting streamside trees that do not use stream
water: can the two water worlds hypothesis and snowpack isotopic effects explain a missing water
source? Ecohydrology, 10(1): e1771.

Brooks, J. R., Barnard, H. R., and Coulombe, R., et al. 2010. Ecohydrologic separation of water
between trees and streams in a Mediterranean climate. Nature Geoscience, 3: 100-104.

Evaristo, J., Jasechko, S., and McDonnell, J. J. 2015. Global separation of plant transpiration from
groundwater and streamflow. Nature, 525(7567): 91-94.

Evaristo, J., McDonnell, J. J., and Scholl, M. A., et al. 2016. Insights into plant water uptake from
xylem-water isotope measurements in two tropical catchments with contrasting moisture
conditions. Hydrological Processes, 30(18): 3210-3227.

Flanagan, L. B., and Ehleringer, J. R. 1991. Stable isotope composition-of stem and leaf water:
applications to the study of plant water use. Functional Ecology, 5(2): 270-277.

Geris, J., Tetzlaff, D., and McDonnell, J., et al. 2015. Ecohydrological separation in wet, low energy
northern environments? A preliminary assessment using different soil water extraction techniques.
Hydrological Processes, 29(25): 5139-5152.

Gierke, C., Newton, B. T., and Phillips, F. M. 2016. Soil-water dynamics and tree water uptake in the
Sacramento Mountains of New Mexico (USA): a stable isotope study. Hydrogeology Journal,
24(4): 805-818.

Goldsmith, G. R., Mufioz-Villers, L. E., and Holwerda, F., et al. 2012. Stable isotopes reveal linkages
among ecohydrological processes.in a seasonally dry tropical montane cloud forest. Ecohydrology,
5(6): 779-790.

Good, S. P., Noone, D., and Bowen, G. 2015. Hydrologic connectivity constrains partitioning of global
terrestrial water fluxes: Science, 349(6244): 175-177.

Gouet-Kaplan, M., Tartakovsky, A., and Berkowitz, B. 2009. Simulation of the interplay between
resident and infiltrating water in partially saturated porous media. Water Resources Research,
45(5): W05416.

Hervé-Fernandez, P, Oyarzun, C., and Brumbt, C., et al. 2016. Assessing the 'two water worlds'
hypothesis and water sources for native and exotic evergreen species in south-central Chile.
Hydrological Processes, 30(23): 4227-4241.

Hewlett, J., and Hibbert, A. (1966). Factors affecting the response of small watershed to precipitation
in humid areas. In International Symposium on Forest Hidrology Pergamon Press: Oxford & New
York; 275-279.

Landwehr, J., and Coplen, T. (2006). In: Isotopes in Environmental Studies 132-135
(IAEA-CN-118/56, International Atomic Energy Agency).

Li, G., Zhang, X. P., and Zhang, L. F., et al. 2015. Stable isotope characteristics in different water
bodies in Changsha and implications for the water cycle. Environmental Science, 36(6):
2094-2101.

Luo, Z., Guan, H., and Zhang, X., et al. 2016. Responses of plant water use to a severe summer drought
for two subtropical tree species in the central southern China. Journal of Hydrology: Regional
Studies, 8: 1-9.

McCutcheon, R. J., McNamara, J. P., and Kohn, M. J., et al. 2017. An evaluation of the
ecohydrological separation hypothesis in a semiarid catchment. Hydrological Processes, 31(4):

26



783-799.

McDonnell, J. J. 2014. The two water worlds hypothesis: ecohydrological separation of water between
streams and trees. WIREs Water, 1: 323-329.

Phillips, F. M. 2010. Soil-water bypass. Nature Geoscience, 3: 77-78.

Qian, J., Zheng, H., and Wang, P., et al. 2017. Assessing the ecohydrological separation hypothesis and
seasonal variations in water use by Ginkgo biloba L. in a subtropical riparian area. Journal of
Hydrology, 553: 486-500.

Schultz, N. M., Griffis, T. J., and Lee, X., et al. 2011. Identification and correction of spectral
contamination in 2H/*H and ®0/**0O measured in leaf, stem, and soil water. Rapid
Communications in Mass Spectrometry, 25(21): 3360-3368.

Sprenger, M., Herbstritt, B., and Weiler, M. 2015. Established methods and new opportunities for pore
water stable isotope analysis. Hydrological Processes, 29(25): 5174-5192.

West, A. G., Goldsmith, G. R., and Brooks, P. D., et al. 2010. Discrepancies between isotope ratio
infrared spectroscopy and isotope ratio mass spectrometry for the stable isotope analysis of plant
and soil waters. Rapid Communications in Mass Spectrometry, 24(14): 1948-1954.

West, A. G., Patrickson, S. J., and Ehleringer, J. R. 2006. Water extraction times for plant and soil
materials used in stable isotope analysis. Rapid Commun Mass Spectrometry, 20: 1317-1321.
White, J. W. C., Cook, E. R., and Lawrence, J. R., et al. 1985. The D/H ratios of sap in trees:
Implications for water sources and tree ring D/H ratios. Geochimica et Cosmochimica Acta, 49(1):

237-246.

Wu, H., Zhang, X., and Xiaoyan, L., et al. 2015. Seasonal variations of deuterium and oxygen-18
isotopes and their response to moisture source for precipitation events in the subtropical monsoon
region. Hydrological Processes, 29(1): 90-102.

Wu, Y., Zhou, H., and Zheng, X., et al. 2014. Seasonal changes in the water use strategies of three
co-occurring desert shrubs. Hydrological Processes, 28(26): 6265-6275.

Yao, Y., Kang, W., and Tian, D. 2003. Study of the biomass and productivity of Cinnamomum
camphora plantation. Journal of Central South Forestry University, 23(1): 1-5.

Zhang, C., Li, X:, and Wu, H., et al. 2017. Differences in water-use strategies along an aridity gradient
between two coexisting desert shrubs (Reaumuria soongorica and Nitraria sphaerocarpa):
isotopic approaches with physiological evidence. Plant and Soil, 419(1-2): 169-187.

Zhao, P., Tang, X., and Zhao, P., et al. 2018. Temporal partitioning of water between plants and
hillslope flow in a subtropical climate. Catena, 165: 133-144.

27



Figure captions

Fig. 1 Location of study site. The photo in (b) and altitude in (c) were originally
extracted from Google Earth, showing some hydrological settings of this site. The red
dot symbol in (a), (b) and (c) highlights the study site.

Fig. 2 Water isotopes (5°H and §'80) of precipitation (P), bulk soil water (S), twig
xylem water (X) and ground water (G) during the study period. Isotope values are
summarized on boxplots for §2H (right) and &80 (top), respectively. Boxplots show
maxima, 75th percentile, average (square), median (solid line), 25th percentile and
minima. Different uppercase letters on the top and right of the box indicate mean
isotope values are significantly different (P<0.05). LMWL represents the local
meteoric water line (8°H= 8.69x5'80+19.99, R?=0.98).

Fig. 3 Seasonal variations of 580 for precipitation, twig xylem water, groundwater (a)
and bulk soil water (b), and daily soil water content (c). 50 values in (a) and (b) are
indicated by colors.

Fig. 4 The Ic-excess values of different water pools, showing the ecohydrological
separation hypothesis assessment. Boxplots show maxima, 75th percentile, average
(square), median (solid line), 25th percentile and minima. Different uppercase letters
above the box indicate mean Ic-excess values are significantly different (P<0.05)
while different lowercase letters indicate mean Ic-excess values of soil water at
different depth are significantly different (P<0.05).

Fig. 5 Plant-accessible water replenishment and accumulated precipitation between
two consecutive sampling events. Daily average soil water content within the soil
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profile (65, 0-100 cm) are shown as well. Breakings in red symbol line indicate that no
precipitation occurring between the two consecutive samplings. Open circles
represent the cases that the difference in twig xylem water 380 is very small (<0.2 %o)
between two samplings under the condition of high 6.

Fig. 6 Comparison of three studies on the ecohydrological separation in subtropical
humid regions in China, showing the corresponding long-term mean monthly

precipitation (1970-2016) and patterns of ecohydrological separation and connection.
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Fig. 1 Location of study site. The photo in (b) and altitude in (c) were originally
extracted from Google Earth, showing some hydrological settings of this site. The red

dot symbol in (a), (b) and (c) highlights the study site.
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Fig. 2 Water isotopes (5°Hand &'®0) of precipitation (P), bulk soil water (S), twig
xylem water (X) and ground water (G) during the study period. Isotope values are
summarized on boxplots for §°H (right) and &80 (top), respectively. Boxplots show
maxima, 75th percentile, average (square), median (solid line), 25th percentile and
minima. Different uppercase letters on the top and right of the box indicate mean
isotope values are significantly different (P<0.05). LMWL represents the local

meteoric water line (8°H= 8.69x5'80+19.99, R?=0.98).
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Fig. 5 Plant-accessible water replenishment and accumulated precipitation between
two consecutive sampling events. Daily average soil water content within the soil
profile (65, 0-100 cm) are shown as well. Breakings in red symbol line indicate that no
precipitation occurring between the two consecutive samplings. Open circles
represent the cases that the difference in twig xylem water 380 is very small (<0.2 %o)

between two samplings under the condition of high 6.
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Fig. 6 Comparison of three studies on the ecohydrological separation in subtropical
humid regions in China, showing the corresponding long-term mean monthly
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Highlights

e Two commonly used methods for assessing the ecohydrological separation show

inconsistent results.

e A new method based on root zone isotope mass balance supports the

ecohydrological separation at the studied humid site.

e The ecohydrological connection occurs during snowmelt at the site.
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